STATUS RI 'ORT ON DOSIMETRY
BENCHMARK NEUTRON FIELD DEVELOPMENT

CHARACTERIZATION APPLICATION

W. N. McElroy

E. P. Lippincott

ASTM LURATOM SYMPOSIUM
October T-7, 78

Ptiltfi Alto, CA

HANFORD ENGINEERING DEVELOPMENT 1 ABO! TORI
Operated by Weitmjhouie Hanf.'id Ccvpany, a -
Wevimghou:e Elcctne Corpoialii'ii. unil*:r the Depa’lri rt (1

Energy Contrad No. EY-76C 1471/0
oeen iCOEYI‘RIGHT Eitf >'Sr NOTirr
bosPle v B H L
DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.



STATUS REPORT Of' DOSIMETRY bfNCHMARK NEUTRON Hi D
DEVELOPMENT, CMARACTERI7AtION AND APPLICATION

A. Fabry
Centre d’'l tilde de I'Energie Nuc lea ire
S. C.K./C.E.N., Mol, Belgium

J.A. Grundi
National Bureau ol Standards

Washington, D.C.. USA

W.N. McElroy, E.P. Lippincott
Hanford Engineering Development Laboratory

Richland, Washington, USA

Marry Farrar IV
Rockwell International
Atomics International Division

Canoga Park, California, USA

INVITED REVIEW PAPER, Second ASTM-EURATOM Synposium
on REACTOR DOSIMETRY, Palo Alto, California, October 3-7,

itFilivs.. |

1974~



STATUS RLfORT ON DOSIf-'TTRY BENCH-ARK NfUTK™. F: ;
DEVELOPMENT, CHARACTERIZATION AND APPIICAT:CN

ABSTRACT

This report attenipts to present a brief, but compressive review
of the status anJ future directions of benchmark neutron field devel-
opment, characterization and application in perspective r th two major
objectives of reactor dosimetry:

1) fuel fission rate and burn-up passive monitoring,

2) correlation of materials irradiation damage effects ard projec-
tion to commercial power plants.

The report focuses on the Light Water Reactor and Fast Breeder
Reactor program needs.

Current interfaces between dosimetry, reactor physics, cross
section metrology, solid state research and metallurgy are highlighted
through a tentative classification of the benchmark fields and its
justification.

A sunmary is given of indications drawn regarding the accuracy of
fundamental fission cross sections, of dosimetry sensor r,cigar data,
of helium production assessment, of dosimetry fission yields, and of
some other nuclear cross sections, on the basis of integral ~easure-
ments in selected benchmark neutron fields. The ENDF/B i. data files
are used as reference for the discussions. The success o0* tnis bench-
mark field approach to reactor dosimetry must not hide its present
limitations and it is tried to adopt throughout a critical attitude to
this respect, so as to delineate the areas where improvements are most
needed.



1. DIRECTION'S Ol DOSIMETRY BENCHWR< FIELD DEVELOPMENT AND APPLICATION

Benchmark neutron fields for reactor dosimetry have been documented and

discussed at recent international conferences; see the proceedings of:

i First ASTM-LURATOM Symposium on Reactor Dosimetry, Pe»tcn, September 197b

. International Conference on the Interactions of Neutrons with Nuclei,
Lowell, Mass., July 1976

. IAEA Consultants’ Meeting on “Integral Cross Section Measurements in

Standard Neutron Fields for Reactor Dosimetry”, Vienna, November 1976

. International Symposium on Neutron Standards and Applications, N3S,

Washington D.C., March 1977

The benchmark approach to the validation and calibration of dosimetry

techniques is shown schematically in Figures 1 and 2.

As shown in Figure 1 input information is the best estimate X0(E) of

an energy-dependent function X(E) and differential-energy response functions

vy~E) which are:

. reaction cross sections <>.(E) when X(E) is a differential-energy

flux spectrum :(E),

. flux spectra t.(E) when X(E) is a differential-energy reaction

cross section o(E) or a damage function -*(E)

Adjustment or unfolding codes are used to modify XO0(E) within its
assigned uncertainties until a solution X(E) is obtained which produces mea-
sured integral responses - reaction rates R. or materials property changes

AP! - within their assigned uncertainties, according to the constraint



vi 1 A~D X(E) dl

Given the above, the purpose is then to derive consistent projected in-
tegral responses Y|, generally materials property changes, for in-service

conditions in commercial reactors.

The functionals y”~(E) and X(E) can and possibly should be simultaneously
adjusted. These functions arc by .0 means of direct technological interest,

but are essentially transfer functions between the measured integral quanti-
ties Y. and the projected ones Yj. These energy-dependent transfer func-

tions, are amenable however to observation and/or theoretical assessment.

A strategy, which has become widely accepted In the last few years, to
take maximum advantage of all available information, is detailed schema-

tically in Figure 2.

Two main objectives of reactor neutron dosimetry are well indicated on

this second figure:

1) calibration and validation of radiometric and stable fission product

passive sensors for fuel fission rate and burn-up measurements

2) correlation of materials radiation induced damage.

This includes the validation and/or adjustment of nuclear data - cross
sections, fission yields - necessary for interpretation of the dosimetry

sensor responses.

The uncertainty ranges shown In Figure 2 are typical of the current
state-of-the-art capabilities developed In the frame of the Fast Breeder

Reactor (FBR) program.



In the last two years, renewed emphasis has teen placed also on covering

the needs of the Light Water Reactor (IW'R) program, in p3rticular pressure
vessel surveillance (PVS).(?,3,4,5)

A number of new, relevant neutron fields have been identified, some of
which do not match the current classification,”™ Table I, into standard,

reference or controlled environment benchmark fields; it has been proposed to

label them as "test regions". (See the chairman’s report of the workshop on
benchmarks is conference). The essential feature in which test regions
differ from, say, any arbitrary position in a nuclear reactor, is the extent
and quality of their envirrnmental character i/ation by dosimetry methods,
making them most suitable for the improvement of radiation damage analysis

(Figure 2).

Note that only neutron benchmark fields are considered in this report;
€.g., garrma ray benchmark fields developed in relation to heating and to

shielding applications are not reviewed.

Also, only dosimetry fields are discussed; e.g., fields in which passive
dosimetry sensors are or have been or will be used; this thus excludes from
the present report most reactor physics benchmarks, whether clean assemblies

or mock up criticals, and most one-material nuclear data testing experiments.

Table Il is an attempt to delineate somewhat further the directions of
benchmark neutron field development and use for LWR and FBR programs. The
table is a matrix in which major fields are grouped within the four field

categories and four interrelated areas of applications:

1) Validation and/or Calibration of Sensors

This application encompasses:

Performance testing of passive dosimetry sensor sets; in particular,

careful inter laboratory comparisons of individual sensors



Dosimeter sensor quality assurance; most crucially, mass assay

Calibration of passive and active sensors with respect to relevant

standards; some examples are:

a) calibration of conmercial fission chambers by exposure to the
MOL-ri field(?4)

b) calibration of radiometric fission foils as fusion rate indi-
cators by irradiation in CFRMP#*

c) distribution of threshold activation foils exposed to a certi-

fied Cf fission spectrum fluence (NBS)

Flux transfer”~*”~ from 2~2Cf standard fields to actual reactor

environments by means of 239Pu and/or 238U fission sensors

(usually fission chambers).

2) Validation and Adjustment of Dosimetry Sensor Nuclear Data(1) H27)(28)

This area is reviewed in subsequent sections.
3) Validation of Damage Exposure and Correlation Parameters

This area, which is a most crucial one, especially if effective advantage
is to be taken from advanced dosimetry methods, calls for good interdiscipli-
nary cooperation between the dosimetrist, the metallurgist and the solid

state physicist.

(29)

as a common exposure unit for damage experiments, whether in reactors or in

International adoption of the dpa, number of displacements per atom,

particle accelerators, constitutes a first significant achievement. Property
changes in materials are, however, related to specific types of residual de-

fects rather than to dpa. Physically grounded multiparametric data fits are



desiralLlr arJ .CLCOSary to q“rtify temperature,(?’)’ gah. productionsw\o)

and other c¢ffe; tv that influence th' correlation of radiation damage in dif-
ferent e'n °"°-'-nts;'131' the data L>:-j would Lc benefic ial’y <j«?..ndcd if
specimen ri:r'structure, chemistry °rd even mechanical stresses could be
properly a.::c .nted for usinn adv.inc*d correlation methods: : ' arly, a long
way to go. > th>s respect, it mu:.t be pointed out that the existence of
non-linca-- 'stf rffrcnrcs between various defert production r'-chanisms may in
the long terr reveal that the damage function approximation, e.g. the
definition of energy-dependent damage cross sections, is not sat isfactory,
and minor alterations of the logistics schematized in figures 1 and 2 may

thus beco~e warranted.

The important trend however is the separate identification of test region
neutron fields for data development and testing: an appropriate focus for

the needed continuation and amelioration of interdisciplinary efforts.

In Table Il are indicated those neutron fields in which important joint
metallurgy and high quality dosimetry programs are underway or firmly

planned.
4) Validation of Reactor Physics Data and Codes for Dosimetry Applications

Reactor physics and dosimetry are inseparable. Physics calculations,
even when inaccurate as in compW geometrical arrangements or in locations
subject to time-varying perturbations, are needed to define a best estimate
of the neutron spectrum required as input to unfolding codes (Figure 1);
conversely, the adjustment of neutron spectra on the basis of integral reac-
tion rate measurements provides insight into biases of physics modeling and
of nuclear data (see next sections). Often, reactor physics computations are
used also to extrapolate dosimetry and metallurgical data from test or sur-
veillance to in-service conditions (Figure 2). The validation of such calcu-
lations is essential when the range of extrapolation is sizeable as in LWR

pressure vessel surveillance.



Significant, recent progress has bc-n made on the application of transport
theory methods in this area of benchmark fields by the development of a capa-
bility for credible flu* spectral and reaction rat! unc-'+| -ty nalysis
emjiloying multigroup iross section covariance File s _I1r ¢ capability

has been applied so far to GODIVA and
?. FLUX SPECTRAL CHARACTERIZATIdfl OF DOSIMETRY U! NCIIMAARK M ; ?r, FIELDS

An adequately accurate characterization of multigroup neutron flux spec-
tra in dosimetry bend mark fields generally requires”)} 4 combination
of reactor physics calculations, neutron spectrometry, and integral reaction
rate measurements. The weighting to be made between these complementary
types of information depends on the benchmark and the energy range consid-
ered; this is often a matter of delicate judgment for the evaluator. For
example, a family of fields, the Intermediate-energy Standard Neutron Field

(ISNF)~*"~ (and the near-l/E version labeled ISN1/CV) h.r. specifically

been designed so as to be governed by simple and well understood physical
processes”” and thus to be computable with group flux uncertainties less
than ¢ bX below 1 MeV. Fission neutron spectra on the other hand are
obviously not amenable to a transport theory assessment (f*c(.pt 'mall cor-
rections for neutron scattering and absorption within the v,,rses and exper-
imental structures”. Finally it is noteworthy that in-pile neutron spectro-
(38 ,39)

metry techniques are usually not applicable to test regions; an

exception is, perhaps, the cavity behind the pressure vessel of a LWR plant
just before the initial start of full power operation.”

Neutron spectrometry in benchmark fields is often essential in view of
the current deficiencies of calculations and also because of the lack of

response of present dosimetry sensors in the energy range 10 - 500 keV.

A great achievement of modern neutron spectrometry is to have established

ZbZ
the Cf spontaneous fission neutron spectrum as a primary standard field

In the energy range "'0.?S - 8 MeV, where it is kno*n with on accuracy of



+ ?2 - 5%;~" outside of this r(infje, more work is warranted and is in pro-

gress. A most valuable test of neutron spectrometers today is to expose
them to a Californium source; if these are devices used for in-pile measure-
ments however, precaution and corrections are needed to relate this beam-
type georetry with the one in environments where the .inuur flux spectrum

may range from isotropic to one highly peaked along some streaming direction.

The ISNf and ISNF/CV assemblies are the other primary standard fields
relevant to dosimetryapp ! ications. Californium-252 driven /ersions will pro-
vide an ideal test bed for confrontation of in-pile spectrnnftry techniques

with reliable physics calculations and with integral measurements.

All other dosimetry benchmark fields are more poorly characterized than
252Cf and ISNF, even the thermal-neutron induced uranium-235 fission neu-
tron spectrum ,~which is nevertheless considor*d a standard
(Table I1). A brief discussion of the present status for some reference
fields of the FBR program is relevant here; further corrments are given in

the next section.

Neutron spectroscopy techniques applied so far in FBR roforence dosimetry

benchmarks are generally limited to proton recoil proportional counters, and
to the 6Li(n,a) sandwich spectrometer. In the MOL-::r facitity, MMJ* a

sophisticated “He(n,p) spectrometer*” has also been used successfully. A"

Time-of-flight has been done in the RPI iron blocks(141’ in relation to

physics applications, but not yet in an arrangement suited for dosimetry

purposes. The T.Z inter laboratory comparison (of five independent spectro-
meters) has shown”) that group flux spectra can be measured to within ¢ 5%

in the energy range 220 keV - 2 KeV. The “~Li (n,a) and gas proton recoil

technique have been applied also in BIGTENAA* and CFRMF;~* in this last

assembly, yet unsatisfactorily resolved discrepancies betwmn 100 and %500

keV are a challenge to the experimenters and the evaluators.

So, neutron spectrometry in reference dosimetry neutron fields may pres-

ently provide a good characterization between 20 keV and 2 KeV, where it is



cons £-'ed a most valuable validation constraint (Figure 2) on bc*.n calcula-
tions and integral unfolding schemes. Outside of this range, less /.i-ignt is

given to spectroscopy results.

Below ?0 kcV, the experimental data are less quantitative, but are still
useful b'-cause calculations are often so unreliable(4/) that even predicted
fission rates may be affected in soft spectra. Time-of-f|is-‘ measurements,
whenever feasible, would be helpful. It is true however that the lew energy
spectral detail below 20 keV, so important to safety aspects of the FBfi, is
generally of marginal significance in terms of major dosimetry and metallur-
gical objectives (Figure ?). The most reasonable strategy to overcome low-
energy spectral uncertainties in IBR benchmarks consists in validating
selected sensors by exposure in the ISNF and us;ng them for subsequent spec-
tral adjustment of reference fields. Such adjustments have already been

done”*>“~ on the basis of the gold capture reaction and ISNF validation

is In progress.

The energy range above 1 MeV is extremely important for radiation damage
correlation. In this respect, the application, whenever feasible, of alter-
nate proton recoil techniques such as nuclear emulsions, liquid scintillators
and simple solid state sandwich spectrometers, or of other methods as yet ex-

39)

ploratory.f should be most actively encouraged.

At this moment, from an evaluation viewpoint, integral s;:pt—zict{;l adjust-
ment based on the best known threshold reactions (category |
cross sections on Figure ?) remains the most accurate approach to assess the
group flux spectrum above 1 MeV in reference benchmark neutron fields. (21,28)
This is true because of the lack of systematic spectrometry efforts in this

range” and of the comparatively large uncertainties of transport theory

computations - which is often traceable to uncertainties in neutron inelastic

(*)It seems that the focus of neutron spectrometry has been on FBR physics

where, in contrast to FBR dosimetry applications, the energy range above
2 MeV is not very important.



scatterirg data. Ar ;; ropriatP Ulustrati-+ n given in i JH for two
rcfereocn dosi" try fields, CfRW and BIGTL'.. Uraoiuo-?3c 1 ;stic scatter-
ing cross t usn cf "™oes i>ptw"pn the FN').'t" MI and ENDF/L /* files are

responsible for up to "10% variations of tin predicted integral reaction

rates of threshold reactions sensitive in toe rang.* 0.1 - f,0te tfi.it
the bar "fling of the neitron spectra suggesti+ fy EfJDFIB ;. s relatively
consistent witfi *he inplirations of spectral , jstnent of the
SAND-Il cos'- based on category | - typi integral re e<-.on rates.

This is, however, in disagretn.cnt with &Li(n, .) spectroret j results~’4™

which support fNOF/B 111 in this energy ramp. The integr-M adjustment re-
sults have been published”~*”“~ well before calculation r<-\nifs based on
LNDF/B IV became available; they were and still are considers) reference
information; on this basis, version IV may be considered an "provement over

version 111, despite evident residual deficiencies.

J_n Sur™ar.y* despite considerable progress, further imprs/errent of the

accuracy of benchmark neutron field spectral characterization is desirable.

3. VALIDATION OF HIGH-ENERGY FISSION CROSS SECTIONS BY INTFCPAL MEASUREW NIS
IN DOSIMETRY BENCHMARK NEUTRON FIELDS

One of the traditional ways to ch ck the consistency of fission cross
sections of a new evaluated nuclear data file is to examine how well critical
masses and measured integral fission rate ratios are predicted in clean mul
tiplying assemblies. For example, in the U.S., the success;/e versions
the ENOF/B files are submitted to such integral data testing using a series

of fast criticals selected and documented by the Cross Section Evaluation
Working Group (CSEKG).~»

Dosimetry standard and reference neutron fields, Table Il, generally do
not provide adequate criticality information for data testing; some of them
however, hav* been subject to careful, well documented ; a'curate fission
rate ratio measurements. Their spectral characterlzatior,, despite its weak-

nesses (Section 2), is comparable in quality to the physics benchmarks and



sor.etin'ss it ‘* F. .jn-r ior . Corr ect *ntly, r,orr rf th- ¢+ .-notry tt-chr'a***.
field-, are "-.t s.i* t to integral data testing of foncaront»i fission cross
sections. A oritf »/ ;T.;nat i-n of the impficatn:’ of such t- .fag for the

LN[)1/i- IV Fif is warrantf'] and is presented m Tahir IV.

Tin- tabu is constructed using the |>t- st . h' -if* 't 1 ~easur--rnt
results (see for o<tarple r«-i < rences’ r- °* e.Ave been ob-

tained by ire.;ns of Nt>5 absolute fission chambc oj ™ 1 exsi;t )/, »
and Ji/FEEL (for these assemblies, the data relate to mone- r-rgetic ca!’"-a-

tions at 2.6 f--V where absolute ratio measuremer ts have been c-crfo----J to-

norma ! i/ation and are backed by 19C6 .nterlabe.ratc”*y comparisons in

F lattop) (53)

The differential-energy flux spectral shapes accepted for the calculated
terms in this confrontation are as follow

40
*82° *25:. ™~ Cv,a'on( )

JEZEBEL, GODIVA, BIGTEN, CfRMF: transport theory characterization
based on ENDF/B IV

ISNF: transport theory characterization based on ENDE/6 11l (minor
variation expected if ENDF/B IV had been used instead)
T.F. CEN/SCK evaluation, (D
1 KeV.

known however to be in error above

In the fourth column of the table, the absolute *AJU(n,f)/<*U(n, f)

measurement results have been renormalized to uranium-235 fission neutron
spectrum calibrations : for this highly spectral-sensitive index, the latter
calibration provider m<-isured-to-romputed ratios more strictly indicative of
transport theory calculation deficiencies for all fields which are not pure
sources: this norma!ization eliminates potential biases in absolute measure-
ments and partially compensates for uncertainties in the knowledge of the

source spectrum. Comparison of columns 3 and 4 nighlights how different the



testirq rc ', tan (™ for 23“Ufn. n,f) if t; elper ' "til values

are t a<e Dh i fissiin rate measlirement$ rat or ts ‘ ss.on neu
tron sp0C 4 ( :]tira*ifnr.  Inis is th!' case also for ‘ ' -'s, F/
2352,1_ f) e )/ g J( Nf) ratio”* but rot for the ' ‘. . f)/
282400 o ril s

The VI Pu(fi,t)/ U(n,f) ratio r. lirgf-ly 1 ¢ ve in
each bcnchm.ift w1 a'. luto ly noar,ur< 1, it .-uart- f*': r. IV predic-
tions by a (iirrtant 4 (+ /) X, a trend al'.o observed for 'n< »3 physics
benchnsirks.* “~ Furtticr'nore, |hr* measured absolute *' 'mifr.,, t, , rage

cross section in the Californium -252 fission spectrum is ah';;” J (4 2) 7
lower than tin comijiiited one isinqg ENDF/l IV.!

It is tempting to conclude that in the energy range 0.1 - 5 MAV the
U(n,f) cross section in fNI%fE/)B IV may on the average !< s." stimated by

A3 - 4% while fortuitously, Pu(n,f) would be consistent , *h .ntegral
data. Such paradoxical speculation seems to be supported /,/ .m*/BEL criti-

cality. Indeed, column 4 of Fable IV suggests that the tr.e-.oort theory

flux spectrum characteri/ation of JEZEBEL is adequate. This r, not too sur-

prising: the JEZEBEL spectrum is comparatively insensitiv' > .ncertainties
in inelastic scattering data because the importance of r- . / nnscatter-
ing relative to tho fission spectrum comnonent is modest. ('<, , an idea
the Z35U(n,f)/7J8U(Nn.f) ratio is 3.94 inx~,”, 4.74 in 6.21 in

GODIVA and 26.9 in BIGTEN). If the JEZEBEL spectrum is not. grossly in error
(and according to the table, it is not) the critic! mac. is . close test of
the ‘Pu(n,f) cross section scale, as uncertainties are wvc'.ler. The
adequate prediction of JEZEBEL criticality by ENDF/B IV supports the sugges-
tion of Table IV that the 239 Pu(n,f) cross section may be correct in inte-
gral terms while the discrepancy on GODIVA critical mass is ‘ensistent with
two other implications of integral cross sections in dosimetry fields,

name 1y:

a) that the 235U(n,f) cross section in 1INDF/R IV ray be t/o high, and



b) thjt tho ' "J'j inol.r.tic scattering cross s( tion ir ’.i./B IV is too

low, or Uv dewnsr it terinq elements seriously biase: (column 4 of
Table V).

lhose speculation’, <<n to bi at variance wit’ r*'eat sens 111v ity

34 . ) . .
analysis of Gb'ilVA o.nd .11IfF.1!,( ) inJ.tKil, =‘ or is rests icted

to tl.r afisolute JU(n.f)~/Z*"Ufn.f) ratio for tn, . felds, column 3

of Table IV, it is J1/1Fll which s--ms poorly pr.-J'  t t y transport theory
and not GODIVA. But the contradiction is only apparent rrr ~uid presumably
disappear if a largn enough array of data, i.e. that in Ta;le IV, was con-
sidered in tim sensitivity studios; column 4 of the table s.pports this

statement rather unoguivocally.

The ¢ Np(n,f)/ U(n,f) ratio is much less spectral sensitive than
the 7J:;,U(n.,f)/ U(n,f) ratio; indeed, at the present ' vel of accuracy
of spectral characteri/ation for all benchmarks in the table, except it
is possible that the trend indicat%c7| by the last column is traceable to a

small bias, -3 (+ 2.G) %, in the Np(n,t) cross section in INDF/B IV.

The BIGTLN and CIRMF discrepancies in column 4 of Table IV point towards
a bias in the U downscattering data in FNOF/B IV; e.g. not enough neu-
tron removal from above to below *? MeV is calculated. It such bias was to

be expressed only in terms of the total inelastic scattering cross sertion
for 238U, this cross section would be too low in ENDF/B IV and much too

high in ENDF/B 1Il. Note that ~Lifn, i) spectrometry h..ever tends to

support LNDF/B 111 while the RPlI time-of-fl ight measurements on depleted ura-

nium”J) suggest to lower n n, for even more than has been done

in ENDF/B IV. Such conflicting implications of integral microscopic measure-
238

ments and differential macroscopic observations relative to U down-

scattering data call for more work in this area of relevance to both the FBR

and LWR programs.

Suimiarizinq, integral fission cross section measurements in dosimetry

benchmark neutron fields indicate that:



the fu A'U fiJ'tion cross sections in INW/'. 1; r y be

>
\
adequate! within uncertainties of + 3 X, on the c/*r ge( y

the ‘' Jjtl and fission cross sections in IfiDF/l. " ij be
biased t.v respectively ¢ 3 -4 (¢ ?) % and - 3 (## r . A cr the
averaue' '
the selection of and inelastic scatter - , ta in
LNUf/U IV is still unsatisfactory, but constitut* . : significant im-
provement over tfiDF/B 1ll.

STATUS OF DOSIMETRY CROSS SECTIONS

A number of new compilations”~’“> jnd evaluations'™”* ( have

been published recently for the differential-energy cross ions of nuclear

reactions relevant to reactor dosimetry; see reference“™] for a survey and

intercomparison of part of these data. The ENDF/B dosimetry rr0SS section

>
file version IV(f 7 has gained growing international recogn tion as a ref-

erence file and is the focus of the present brief outline.

The ENDF/B IV dosimetry file has been subjected to ‘ -osive integral
data testing”~” in benchmark neutron fields using an dy”rr recoimended

by an IAEA Consultants’ meeting in 1973, see illustration on the upper
part of Figure 2. A set of reactions, labeled category I, “«s b*en selected
for which differential-energy cross sections are a prior .-,ng the best
known. They have been used to adjust the low- and high-ererjy tails of
benchmark field neutron spectra (see discussion in Section 2): the selec-
tion of these category | reactions was indeed heavily weighted also by the
criterion that such spectral adjustments should be negligibly small in

energy ranges where the spectrum is well established by rwitrsn spectrometry

(*JNo suggestion is possible fnr what concerns the deta;1'-d -rases of fission

cross sections; compensation effects due to erroneous may lead to
apparent consistency or inconsistency between «llifrc¢ :' and integral
data.



252
measurerr-ents (for instance, 0.25 to 8 KeV in the Cf fission spectrum,
20 keV to 2 KeV in rr). Transport theory calculations based on tNDF/B 11l
were generally used to provide input neutron spectra (Fig.re 1) for the

(49)
unfolding code, SAND 11 in this case. The trends indicated >y these

(21)

spectral adjustments are illustrated in reference and discussed in
Sections 2 and 3 of this paper. On the basis of these *djust’-d benchmark

neutron spectra, the consistency of differential-energy cross sections for
category Il reactions has then been examined." !

The status of the testing is summarized in Table V. A few reactions not
Included in the ENDF/B IV file, but requested for version V, have been as-
sessed directly in terms of a quick appraisal of published differential mea-

surements.

In this table, consistency at a level of + 5 % (1 o) or better has been
singled out to attempt a simplified classification of the dosimetry reac-
tions: all reactions falling in the upper part of the table belong to cate-
gory | or should be considered as serious category | candidates. I|he * 5X
accuracy level is not entirely arbitrary: although accuracies in the range
of ¢ 1 -2% are requested for some cross sections - most noticeably for
fission in 235U and 239 Pu, the accuracy presently attainable by differen-
tial measurements for many of the reactions in tho table, and especially for
the threshold reactions, is at best ¢ 5X. Therefore, generally speaking,
state-of-the-art consistency is achieved for the 17 reactions in the upper

part of Table V.

For many reactions, integral cross section measurements have an accuracy
better than + 31. This is the case for essentially all the reactions in the
upper part of Table V and on another hand, gross errors in the energy-
dependent shapes of these cross sections are believed unlikely. It has been
suggested that under these conditions, differential-energy cross sections for
category 1l threshold reactions might valuably be rescaled (by less than 51)
SO as to provide improved matching between their measured and computed

values - computed on basis of neutron spectra adjusted by means of category



I reaction!,. Vorc- generally, these field-in." pendent f-asired-to-
!\

computed integral cross section ratios, called bias factors,’ may help

the evaluator to reduce current uncertainties of differential-energy cross

section data.

It is worth stressing here that the brnchr -rv “rg for testing of

the LfiDI/3 IV dosimetry file have so far been 11-"t< | to " < on spectra -
?5?7Cf and A U -, , CFRMF and BIGTEN, all of rfiich hav - exten-

sively studied by the Inter-l a! oratory Reaction Rate (ILRR> programne.”

For threshold reactions with major energy response above ? MeV, these
fields provide complementary and somewhat redundant information: redundant
because the spectral shapes above *2 MeV are very similar for the last four
fields; complementary because the most accurately known spectrum, Cf,
provides a less complete and accurate integral data set, while CFRMF (less
well characterized in spectral shape), has the most compi<t< md accurate
microscopic integral cross section data base. For non-t>>' wold reactions,
FT. and CFRMF are largely redundant to utner, as are the two fission
spectra wit 1 each other, but the major drawback in terms of data testing is
the lack oF accuracy in the characterization of the low-energy spectral
details. High accuracy measurements in the ISNF'*) are /0 bring
firm ground to the integral data testing for non-threshold reactions (see

also Section 2).

In surrmary. it must be stated that dosimetry for LWR and FBR reactors
benefits from a relatively satisfactory sensor cross section data base wvali-
dated by careful benchmark neutron field testing, and that areas for further
work and improvements are rather well delineated. By contrast, the knowledge
of sensor cross section data in the energy range of relevance to fusion
reactors is poor at this state. This gap must be filled if the best cost to
benefit ratio for all three types of reactor projects, LWR, FBR, and CTR, is
to be derived from current and planned materials testing resra*-ch and

development efforts.



ife

b. HE. ID* PRODUCT JO?; K: AO"'<€Mt«TS /U DOSIVi.THY NLUTRf;?« ULLDS

An ‘'Tiortant ,vA lion to the ro11ip Te foil ippfOach to rejtrr.n <lor=\-nl'y
has bt-n f.'.-,f loompnt < us of helijn accumulation *luonc*- monitors
(HAf M's). ' of. monitors genera Uy cm- r.t cfr;i- ia» . capsules
containing various eh . nts and isotop's with (Jilf* rtnt (n, #/ cross section
energy responsos. HAJV's operate on rs' aitially <« 1 e-o principlf. as the
radiometric multiple foils except that the nuclear product nf interest in
each case is helium, which can be measured with /A absolute accuracy over a
very broad concentrat r u range using isotope dilution mass spectrometryj(64)
The fact that the product is stable makes this method very attractive for

Tong term fluence measurements.

The first HAFM's contained natural boron and enriched °‘UF, and now

these are included routinely as an integral part of the U.S. Breeder Reactor
Program's multiple foil flux-fluence spectral sets."A” For typical power

reactor fluences, the amounts of boron and “UF are minimized (0.1 mg) to

keep the helium generation down to levels of <10~ atoms for convenience of

mass spectrometric measurement. The sensitivity of the mass spectrometer

(64) however, is such that helium levels as low as Ih** atoms can

system.

also be measured with + ?% absolute accuracy. This has mad- it possible to

measure the helium .general ion rates of boron and "liF in CFRMF, B1G1LN,

El, and in the fission cavity neutron spectrum of the BR1 reactor at MOL. A

planned increase in the power level of CFRMF, moreover, will make it feasible
14

to integrally test HAIM's containing materials such as gBe, N, and

328, which have relatively high integrated helium production cross sections

for breeder reactor neutron spectra.

When the results of the “B and ~Li helium production cross sections

for CFRMF and BIGTEN are compared with certain radiometric reaction measure-

ments made during the same irradiations, a discrepancy appears between the
measured and calculated helium production rates. Fven though the *(>B and

ALl (n,0 cross sections are considered to be well known, particularly at

energies below 100 keV, it appears that adjustments to each, and also other



standard*. v;rh the <“<“U (n.t) cross section, may be rffjtiired to )7 con-

sist'ncy. I’¥ it is expected that further analysis of the re‘jits, and the
additior ' ¢ *: frrr :: and the fission c r/ity spectrum, will provide an im-
proved Ir.r.wl'-f'p cf tne and “~Li cross sections, and will ccntirije to
increase Hii- ,!Sciracy of the HAIM’s usin') these reactions for fliKsso-

spectrum d' t' rnimat ions-
6. DOSIMilkY IISSION YIELD DA1A

Dosimetry f is*, ion rate measurements are carried out m most en. ironment
by measurement of one or a few fission products, which may have short half-
lifes, lomj half-lifcs, or be stable. Thus the yield of these fission pro-
ducts, together with the efficiency of detection of these products, must be
known in order to determine the absolute number of fissions produced. This
need for highly accurate fission yield data on a few isotopes is in contrast
to needs of other users of fission yield data, e.g. decay heat evaluators,
who need information on all fission products normalized to give exactly one

light and one heavy mass product per fission.

It has been shown in addition, that some fission yields vary signifi-
cantly with the energy of the neutron causing fission/ Thus for these
Isotopes, the fission yield in the spectrum of interest must be known.
Accordingly, measurements of fission yields in benchmark rrutron environ-
ments provide a means for increasing accuracies of fission rate measurements

in similar neutron fields.

In addition, measurement of fissions in benchmark fields has been used
to directly reference fission product measurement techniques to absolute
fission rate measurements using fission chambers or solid state track re-
corders. This "K factor™ technique thus combines the fission yield data
together with all efficiency factors into one absolute normalization con-

stant. This technique has been shown to be very accurate in the ranges in



which it has be°n appli'd. However, henct'diark field norrn.j' /a* ions to abso-
lute fission rates have only been available in low power facilities. Appli-

cation to riosirr try measurements in high power facilities, rsich use long

half-life prodacts surh as Cs or stable products lil’e ' has not
yet been done. Thus extrapolation from the other measun - -1 is required.
Present uncertainty estimate for absolute fission ra*< " isurernents in

high power facilities are in the range of bX. It is exper.teg that referenc-
ing to the benchmark field measurements will allow this uncertainty to be

reduced to under carefully controlled conditions. Fur'Se,- reduction to
goal accuracies of IX will require substantial efforts.M"

7. PRESENT LIMITATIONS OF IHE BENCHMARK FIELD APPROACH TO RFACTOR NEUTRON
DOSIMLTRY

The purpose of this last section is to tentatively indicate further
areas of dosimetry benchmark neutron field research which presently are major
weak links in the perspective of meaningful reactor fuels and materials irra-
diation data development, testing, exchange, and application. Various criti-
cal conments have been made in the previous sections, in particular Section

2, about spectral characterization, and are not repeated hero.

Perhaps, the most striking weakness of the benchmark dosimetry approach
to-day is the lack of a high flux standard or reference neutron field, ade-

quately tied to the existing low flux level benchmarks.

In Section 1, it has been stressed for instance, that benchmark neutron
fields allow the calibration and validation of dosimetry sensors. The sen-
sors referred to are different from the ones applied in actual reactors, and
so are the geometries for measurement in the case of radiometric detection.
These two gaps, a) sensor identity and b) detector sensitivity for sensor
response assessment, are difficult to bridge in practice. Mass assay and
neutron field perturbation problems largely depend on the sensor specifica-

tions. An inter laboratory radiometric measurement consistency established



for rr oo r v« to tra.fit Innal standard, refor(»»f, ;» controlled

pnvir eeest ! 'ncti: ,irk tiplds ° (Table II) may not exist sr :+ easily

att :u 1 & tur h fip fluence sauries.

It is i”;i>> t ifit to notf that essentially all radi-t .;e effect
studies an- t.trried out in reactor test and survil! | ¢ - --s which am
only indmutly (liarar t°ri/ed; even if this is done by = - “TO of a wvali-
dated dosimetry capability, figure ?, this is a weak lir- 1 ° application
of standard i/ed dosimetry methods and data. In this rega™:, “rrent LWR
dosimetry programs may be considered to represent a ror<- *+ ,* +Js approach in
which low power mock-ups of high flux materials-test env.r + nts are real-

ized and thoroughly investigated from a dosimetry standpoint.

The FBR program is also somewhat open to such considf** ons. Examples
are the current plans to mock up in SNEAK the start up rsrfis ;ration for
SNR 300, and nia)be most impressively, the FETE In-React<"' Ir, -,b]f (IRT),~"
which will allov, if fully implemented, the systematic app! ertion in an

actual FBR environment of all characterization and dosir. *., techniques dev-
eloped hy the ILRR program partic ipants®” and by other sp's-ali/ed groups.

Along the same line, a high flux FBR reference field, MGHIKARE (th'-
NBSR Intermediate-energy Glory Hole Tailored Mass Assay ."l -eference Envi-
ronment) has been proposed recently: it is a boron-10 p-ed cylindrical
arrangement to be installed in a glory hole at the cent™ °*c¢ the NBS reactor,
in the heavy water gap decoupling the upper and lower 's-- - ifs. The flux

spectrum is expected to be similar to the one in the ISM, bat the flux level
will be in the range of 10~ cm * sec

Another serious weakness of the current benchmark approach the re-
stricted availability of high-quality fissionable dosimetry sensors of
““\ A39Pu and “Np, and the lack of inter!. Sc :tsry >ssy
and quality assurance comparisons for sensors of widely different masses.

International cooperation in this area is essential ar,! is jrqently needed.



..................... -Vj,. -vsMBf- 'SMBsa

The helium production measurement capability deveTcpc: a* Atomics Inter-
national”~*for .:pplication in benchmark neutron fields °’S so far unique

in terms of its rer-:*-lcably lew sensitivity. Inti-rnati ra' “tar.dard’iation of

dosimetry requires such techniques to become : >ro widely a.telable. Also,
the serious discrepancies relative to helium production °' ;nd °Li

in CFRKF and BIGTEN (Table IIl) call for an ind pendent r-*"*d to measure

these reaction rates.

Another, long-standing weakness, of dosimetry methods n t'-rms of radia-

tion damage correlation is the lac* of benchmark field val dsted sensors with

threshold response below 0.5 MeV.

Damage response monitors such as the graphite GAMIN detoctor”) may

in principle help to remedy this situation, but in practice, thny are deli-
cate to apply and so restricted in fluence range that they cannot be exposed

in most benchmarks nor in power environments. An exceptic- " be quartz
damage sensors”™” insofar as pressure vessel surveillance applications are

concerned: these sensors can be made sensitive in the fluence range 1'10*b

to 10i“.‘y sd:t’mz with expected negligible temperature response below 500eC. (68)

Additicnal work in this area is recommended.

Finally, it is-believed that improved error propagation methods that
-allow one to account®” for the off-diagonal elements of covariance

matrices in dosimetry adjustment schemes (Figure 1) may lead to a most bene-

ficial progress in the application of benchmark neutron f;- -d data.
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FIGURE 1.  Flow Chart Neutron Environment and Damage Exposre Correlation Parameter Determination
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IGURE 2. Flow Chart Interrelationships of Neutron Fi ) .
eld Validation and Calibration Stud .
les and Applicant
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(@) j* ¢ »plicaul- t: tbth tn< IWR and FER programs, unkK-ss oih* rwI' «
ir. °ti by 1:tris in th: t 1e.
Krjrr co",")Iptf, thnioh less differentiated list of & :'c-n 7/ fields ‘in-

c liid + o fusion r< : ton fy;-n onesj ny Pe fr indin reff -so ""fI}. The
Nil' pc .in; . n f rence (I'."), prc .ides ' r 'y c-.ss- * .-d *11 cur
rent ly .milihlo data tor many nf the stan-'.-t ref <e--s ¢« C™ troll* d-
rnvirm «int fn Ids, in particular fission ;' tra, . . A
(‘«JO.,! P + ih actor (CRR) Pool ifie f .ility I1"™.af h ¢+ <« press ire

v« ".'0] rc'Ck up, to Pil operational in i <79.

(c)f as! Flu* lest la ility In-Reactor Thimble: ur*entr * <o through
11 IF core center in c.ich extensive passive and acti.. '< . ci spectro-
metry and dosimetry character i/at ion measurements will rr performed in
Fall 1979.

(M)Jn iversity of Virginia swirnming pool reactor nvd for tm FPRI “Electric
Power Research Institute) dos imetry-rra talur'iy program.

(°)Bul. Shielding Reactor (swinininq pool) at Oak Ridge ur for the EPRI
program and for the USNP.C Heavy Section Steel lechnoltgy 'HSST) preqram.

(*)Cadnium-screened sodium loops in the high flux materials testing reictor
BRP at Mol, Belgium, used in particular for |HR tuel cw—" | | exper icionts.

A zero power engineering mock up, fcRO?, is available for : tra . charac-
terization and doscetry calibration (/13).

(9) Spherical assemblies of iron shells inside of n.itural ~r: ium driver
shells in the graphite thermal column of the HR1 react - a? Mol, Belgium.

(h)Spectral characterization by time-of-fi ight
(i"los AfariKis bare critical sphere of uranium-?3S natal.
(-i) Los Aifimos bare critical sphere of plutonium ?2.T9 metal.

(Mi os Ala-os natural n-aniur < f >r tod critical cylinder *.th homogenous
core central zone ot iui enrirlud uranium.

( *)()ak Ririge, Pool Critical Assemlilv USNRC low flux pressure vessel mock
up, to be operational by mid 19/B.

(w*)Ator>ics International thermal-fast coupled lew power facility, with fast

zone central flux spectrum similar to 1F1F. flow disrast'<d. Integral
data in ECtL core Ib are used for international compar ssss of spectral
unfolding methods.

(n)Ingineering M ck-.p Ciit’cal, /1ro power mock up of FFTr ;t Argcsne
National laboratcry, Idaho.
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