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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of studies
in the field of microscopic nuclear data. The primary objective is
the dissemination of information in the comprehensive form required
for nuclear technology applications. This Series is devoted to: a)
Measured microscopic nuclear parameters, b) Experimental techniques
and facilities employed in data measurements, c) The amnalysis, cor-
relation and interpretation of nuclear data, and d) The evaluatiom
of nuclear data. Contributions to this Series are reviewed to assure
technical competence and, unless otherwise stated, the contents cam
be formally referenced. This Series does not supplant formal journal
publication but it does provide the more extensive informationm re-~

quired for technological applications (e.g., tabulated numerical data)

in a timely matter.
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. PREFACE
This report contains material which was prepared for presenta-
tion at a meeting of the ENDF/B Dosimetry File Task Force held at the
; National Bureau of Standards, Gaithersburg, Maryland, during the

4 period March 25~31, 1977,

-3-




TABLE OF CONTENTS
Page
ABSTRACT ,.veveseerocnsasesassiracansesacnsncsasnanas 3
I. INTRODUCTION .e..vevvsvreresncscsccncnanssocass B
II. FORMALISM .uuveeucercsnososasaancrocasncsnnsans 7

ITII. APPLICATION OF THE METHOD TO
SELECTED EXAMPLES cisesvvvcscncscrsoscesrosassas 13

ACKNOWLEDGEMENTS .cccsceceesscccvctocoasacnccnssannoss 19
REFERENCES .......... ceseseseraetaseanesan e seeeaes 20

APPENDIX: GRAPHICAL AND TABULAR INFORMATION
CORRESPONDING TO THE RESPONSE OF
SEVERAL THRESHOLD REACTIONS TO A
U-235 THERMAL-NFUTRON FISSION
SPECTRUM ...:iceceverecessassscssocasoancans 21



ANALYSIS OF THE SENSITIVITY QF
SPECTRUM-AVERAGE CROSS SECTIONS
TO INDIVIDUAL CHARACTERISTICS OF X
DIFFERENTIAL EXCITATION FINCTIONS
by
Donzld L. Smizh

Argonne Naticnal Laboratory, Argonne, I1linois 60439, U.S.A.

ABSTRACT
A simple procedure for analyzing the sensitivity of
computed spectrum-averagz cress sections to detailed prop-~
erties of excitation functioms for threchold nmuclear reac-
tions commonly used in reactor dosimetry is desczribed. The
approach is based upcn consideration of twe energy-dependent

functions F and G defined by the formulas

E
F(E) = f o(e)d(e)de

©

E
and G(E) = f o' (e)¢(e)de,
where o is t;e differential excitation function, ¢' is its
first derivative with respect to energyv, and ¢ is the
neutron spectrum used in computing the spectrum=-average
cross section <o> . This procedure is shown to be useful im
identifying specific needs for improved differential data

and as a tool to be emrlsyed in performing evaluationms.

Several examples are presznted te illustrate the subject matter.

This work performed under the auspices of the U.S. Energy
Research and Development Admimistration.
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I. INTRODUCTION
The d2velcopment of accurate, reliable reactor dosimetry tech-
niques ranks nwigh among the priorities of reactor research programs
in several countries including the U.S.i. The implications are
profound since they encompass major iIssues such as safety (monitor-
ing the structural integrity of containment vessels and key com-
potients of heat transfer systems) and economics (fuel cycle manage-
ment). There are three essential ingredients reguired in order to
develop reactor dosimetry technology to the level of maturity re-
quired for the routine demands associated with application in the
electric power industry:
i. Accurate, reliable and relatively simple procedures
are required for the measurement of reaction rates ex-
perienced by dosimetry moniters during routine operation
of power reactors.
ii. The microscopic differential cross sections for a basic
set of dosimetry monitor reactions need to be known
with a precision adequate to satisfy the vrequirements
for this application, Taken together, these reactions
must encompass a wide range of spectral szensitivities
(from thermal energies to many MeV).
iii. Efficient and mathematically rigorous numerical procedures
are needed in order to unfold reactor spectra and deduce
neutron deses from the observed reaction rates for the

monitors.
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Items (i) =id {§fii) appear to present no real difficulties;
however, limitations in the cross section data base are primarily
responsible for impeding progress in the development of reactor
dosimetry technology.

Granted that the establishment of an accurate datz base of
microscopic differential cross sections is crucially important for
future development cf the techmology, it is worthwhile to examine
what steps are to be taken in order to achieve this objective. It
seems clear, in general terms, that progress will come from a com~
bination of improved differential measurements and careful evalua~-
tion of existing data using consistent cross section standards and
accurate supplementary non-neutron data (e.g. decay properties).
The microscopic neutron cross sections are fundamental quantities
and knowledge of these parameters may be required in the future for
other technologies (e.g. medicai applicatioms). Therefore, it is

suggested that development of an accurate data base for these cross

sections should not be unduly influenced by expediencies having

their origin in the desire to satisfy certain reguirements of re-

actor_ technologv. More specifically, cross section values should

not be adjusted in order to obtain convenient consistency in the
limited context of current reactor applications, with mo regard to
the possible implications for other techmologies.

Of course, it is understandable why it has been temptiag for
scientists who have borne the responsibility for developing a viable
dosimetry technology to resort to expedient sclutions to bypass

difficulties which vere encountered as a result of the poor quality
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of the avaiiable c¢ifferential data., Fortunately, the situation
has improved considerably in the last several yvears, owing to
availability of new differential data which has ewmerged from re-
search programs in several countries. It now appears possible to
progress toward achievement of the goals of dosimetry technology
without resorting to questionable scientific procedures.

Within limits consistent with this admonition, it is reason-
able to employ benchmark fields as tools in the process of develop-
ing a differential cross section data base which is adequate for
dosimetry applications. The benchmark facilities should be
characterized by a high degree of reproducibility, well-known
spectral properties, and structural simplicity to facilitate the
interpretation of experimental results by means of computations.
Furthermore, it is desirable to have some benchmark fields with
spectra resembling those of power reactors. Reaction rate measure-
ments in benchmark fields can serve to check on the consistency of
currently recommended differential data sets. This can be very
useful for pointing out apparent problem areas. However, the

results of reaction rate measurements in benchmark fields should

not be used to renormalize or otherwise adjust differential data,

for to do this would be tantamount to an acceptance of the reaction

rates, or equivalently, the spectrum-average cross Sections, as

fundamental quantities. Discrepancies in benchmark field reaction

rate measurements {(assuming that the fields are correctly character-
ized) can serve to identify needs for additional monoenerpgetic

measurements designed to vield improved accuracy for the relevant



differential cross sections. It is incorrect to assume that real
progress can be made in development of dosimetry technology by
simply adjusting the differential cross scecticons without the guid-
ace offered by new experimental microscopic data,

The objective of this report is the description of a2 simple
formalism which is useful in analysis of the sensitivity of integral
reaction rates to the details of differential cross sectiom data.

The purpose of performing such analyses is to decide how to best con-
centrate the expenditure of funds and manpower in the measurement of
differential cross sections in order tc establish s data base which
is sufficiently accurate for dosimetry applications.

The mathematical formalism is presented in Section II. Some ex-—
amples which illustrate the application of the method are presented
in Section ILI. Emphasis is placed on threshold dosimeztry reacticns
rather than reaction processes which are sensitive to low-energy
neutrons, however the approach need nmot be limited to this category
of monitors.

IT. FORMALISM

The reaction rate for a dosimetry moniter in an integral field

¢ is related to the spectrum~average cross sectiom <o> defined by

the formula

<g> = jm o(e) ¢ (edde (1)

o

with the constraint of normalization

jm ¢{e)de = 1 {2
o

—0-



required for the function ¢ .

Let us define a function

E
F(E) = f o(e) ¢ (eide , ()
[e]

which is related to the spectrum—average cross section by the ex-
pression
<o >= F(=) . (4)

The function F is useful because it provides a means for ex-
amining the contribution to the spectrum-average cross cectionm
which comes from specific emergy intervals. For example, the
fractional contribution f(E;,E;) to the spectrum average, corre=-
sponding to the energy interval (E;,E;), is given by the formula

£(Ey,Ep) = [F(E2) - F(E})] / <o > ()

1t has been decided that a practical cuteff for the energy
integrations of Eqs. (1) and (2) is 20 MeV and this has been
selected as the upper limit for ihe ENDF/B-IV Dosimetry Fiie [17.
Thus,

<o > F(20 MeV) (&)

is assumed for most cross sections and spectra of interest for
current dosimetry applications.

Eq.(5) is the starting point for the present sensitivity
analysis,
Let

P = an assumed percentage change in the noraalization of

o in the interval (Ep,E;) ,

-10-



P = the percentage change in the computed < ~ > resulting
from this change in » within the interval (Ey,E;) ,
then

’ > - D 7
Pyo- P I COUT U0 B (7)

with f computed using Eqs.(3) and (5}.

Normalization considerations are not the onlyv cnes which may
be erccuntered in the development of accurate differential cross
sections for applications. There is also the matter of energy
scale definition. Differential cross sections are measured using
monoenergetic techniques and it is well known that uncertainties
exist in the determination of energy scales.

Assume that the function S represents an assumed excitation
function which is related to the c by the expression

S(E) = o {E + 8(E}] (8)
where & represents a small energv-dependent shift of the neutron-
energy scale. The magnitude of & generallv increases with energy,
but only gradially. The ratic §/E is a small gquamtity so it is
reasonable to consider using a Taylor series expansion to appreoxi-

mate Eq.(8):

S(E) v o(E) + 8(E) o' (E) + % &2(E) o'"(E} 3)
where ¢' and ¢'" are first and second derivatives of o respectivelv.

The relative importance of the individual terms in this expan-
sion can be examined by means of a numerical example which is repre-
sentative of typical applications for this formalism,

The greatest sensitivity te energy scale defimition for thresh-

old reactions is in the thresheld region. A rzasonable approximation

=]f=~



to threshold behavior of an excitatior function is

o(E) ~ a exp(bE), (10)
so that

o'(E) vbo, (11)

"' (E) v b2 o, Q1z)

For this model, the ratio of the first-order to zeroth order terms

is

Py = b a(E) , (13)

aznd the ratio of the second-order to zeroth order terms is

P2 = 4 b282(E) - (14)

Typically, b ~ 2.3 which corresponds to an order-of-magnitude
increase in o for an energy increase of ~ 1 Mev in the threshold
r2gion. An uncertainty in the energy, 3, of ©~ 0.0l to 0.02 MeV is
quite possible for a reaction with a threshold in the vicinity of a
few MeV. Conseguently, p! & 0,02 to 0.05 and p2 ~ 0.0003 to 0.001.
So, it is entirely reasonable to neglect the second- and higher-
order terms of the Taylor series expansion.

The relationship between the assumed excitation function S and
the true cress section o is well approximately by the formula

S(E} = o(E) + &(E)d" (E). 15
In terms of the spectrum average, defined as in Eq.(1l), we have

<S>=<g>+ <8d >. (16)
Let us define a function G as follows:

E
) o' () ¢ (e)de . an
(o)
~12-



The effect of an energy scale shift in the interval (El’E2) will

be shown to be related to the function g defined by
B(ELE) = [6(E) = G(E)L / <0 > . (18)

It happens that the function & varies so gradually with cnergy

-

that it can be approximated by a constant § ir a typical interval
(E ,E ). Let
1 2

PE = the percentage change in the computed < ¢ > resulting

from energy scale uncertainty, defined by the function

§ , in the interval (EI,EZ) ,

then
E
- 100 2 . 1
PE = IE 8§(c) o' (e) ¢(e)de
1
L —_
~ 100 & g(El,EZ) . (19)

It follows from the preceding formalism that what is needed for
routine sensitivity analyses are tables of the functions F and G vs.
energy. These tables can be computed uvsing evaluated cross sections
(e.g. ENDF/B~fV [1]). Tabular information, prepared for several
benchmatk fields, can be used in planning future measurements aimed
at improving the data base, or in clearly defining the implications of
proposed changes in differential cross sections including segment re-

normalization and energy scale adjustients.

IIX, APPLICATION OF THE METHOD
TO SELECTED EXAMPLES

Various benchmark fields have been employed in the testing aad

validation of differential data sets for dosimetry applications [2].
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It is not practical to examine all these possibilities in the pres—
ent work. The formalism of Secticn II is quite simgle, so the
interested reader can readily generatz the tabular information needed
to appiy the method for any specific cases desired.

One rneutron field which is universally accepted as a standard
is the neutron spectrum resulting from thermal-neutrun induced fis-
sion of 2350. The energy range from 0.25 to 8 MeV is an important
one for threshold dosimetry reactions, and this spectrum can be repre-
sented to within ~ 2% by the Maxwellian function

1
¢(E) = C E? exp(-1.5 E/E, ) , (20}

with Eav = 1,97 MeV, in this energy range [3]. A collection of 22
threshold reactions from ithe ENDF/B-IV Dosimetry File {1] has been
investigacted using this standard spectrum. Relevant graphical and
tabtular information appear in the Appendix. Graphs of ¢ ¢ are use-
ful because they indicate the energy regions for which normaliza-
tion considerations are important. Likewise, plo:s of d ¢ point
out energy regions for which energy scale definition is crucial.
The examples given below are used to illustrate the metiod of
analysis developed in this work., These examples make use of some,
but by no means all, of the material in the Appendix.

Group structure formalism has n.t been used in the present

work., Integrals of the form

E
(= f I{e)de (21)
(]
are approximated by the finite sum
o 2
( v .E I(Ei)AE 22)
i=1
-14-




with Ac = 0.001 MeV, €, = (0.001)i and n is such that E % (0.001)n.
Interpolation laws specified in the ENDF/B-IV Dosimetry File
{1] have been utilized in calculating n({i). The derivative 0'(£i)

is approximated by the expressior

o (e;) ~ 2\1; fole yq) - ole;)] N (23)

The 56Fe(n;p)SGMn Reaction

This reaction has been designated as a Primary or Category I
reaction because of the good agreement wnich has been observed be-
tween the results of integral measurements in benchmark fields and
spectrum-average calcuiations based on ENDF/B-IV differential cross
sections. To be considered for inclusion in Category T, consistency
of the order of 3-5% is required for benchmark test results,

This reaction has a broad thresihold region and it is apparent
from the appropriate plot ir the Appendix that the spectrum-average
cross section is sensitive to the definition of the energy scale
over the range 4-11 MeV. An uncertainty E'i 0.03 MeV for the energy
scale in this region is a very likely possibility for this reaction.
Utilizing the appropriate G vaiuves from the Appendix and Eq.(19), it
is found that the computed < g > for 235U fission could be in error
by EY 2% as a result of this effect alone. This is not a large error,
but it seems that it may be a matter of luck that the ENDF/B~IV
evaluation for this reaction yields benchmark consistency of Category
1 caliber.

The 238U(n;f) Reaction

At a recent Specialists Meeting on fast-neutren fission for

isotopes of uranium and plutonium [4), a controversy arose concerning

-15-



definition of the energy scale for 2380 fission in the vicinity of

threshold. The pussibility of an uncertainty & ~ (.02 MeV was
raised. How significant is this from the point of view of dosimetry
applications? It is clear from the appropriate graph of o' ¢ in the
&ppendix that the energy interval 1-2 MeV is the only one of any
importance for this consideration. A calculation based on Eq.(19)
and values of G in the Appendix yields an uncertainty »f ~ 1% in

< o > for a 235U fission spectrum. This error is not large enough
to produce any sigrificant problems.

115 115m

The In(n3n') In Reaction

An evaluation of this reaction has recently been under:akean for
the ENDF/B-V Dosimetry File [5]. This new evaluation is based en-
tirely on differential data (as it should be) and there are some
obvious differences between this evaluation and the corresponding
ENDF/B-IV evaluation [1]. The calculated spectrum-average cross
section for 2350 fission neutrons differ by + 13% for these two
evaluations, The spectrum-average cross section calculated using
the recent evaluation appears to be in good agreement with the cur-
rently accepted integral value [6].

Which differences in these evaluations are significant from the
point of view of the spectrum-average cross section? Energy scale
definition is c¢nly significant for the energy range 0.5 - 2 MeV.
Allowing for an uncertainty 3 ~ 0.01 MeV at these energies, it is
found that an uncertainty of v 0.5% is introduced into the computa-

tion of the spectrum-average cross section. This is negligible,

-165-




so one turns to consideration of normalization effects. From

Figs. 2 and 3 of Ref. 5, it is seen that the most obvious differ-

ences between the two evaluations for the 11"]ln(n;n')]usml[n re-

action are found in the energy regions 0.5 - 0.6 MeV, 0,7 - 1.0
MeV, 2 - 4 MeV and 5 - 7 MeV, Using the analysis described in

this report, it is seen that the ~ 107 difference in the regicn

2 - 4 MeV is by far the most significant insofar as the spectrum—
average cross section is concerned. The results of two recent
differential measurements {7,8)] agree very well in this importamt
region. The new evaluation {5] relies heavily on these comsistent
data sets in this region. This may explain why the spectrum-
average cross section computed using the new evaluation agrees with
the measured integral value.

The 46Ti(n;p)465c Reaction

Although the threshold for this reaction is 1.62 MeV, there are
no monoenergetic data upon which to base an evaluaticn in the thresh-~
old region below ~ 3.7 MeV. 1In a recent evaluation, it was neces-
sary to determine the shape of the differential cross section in
this region by means of statistical model calculations {9]. How
important is this energy region from the point of view of dosimetry
applications? What priority should be given to performing differ-
ential measurements at these energies? The table of F values for the
46Ti(n,p)%Sc reaction, which is contained in the Appendix,can be used
to readily show that n 11% of the contribution to < o > for a 235U

fission spectrum comes from energies < 3.7 MeV. The differential

-17-



cross section estimated from model calculations could be in error
by as much as 20% in this region which would lead to an error of

2 .
350 spectrum-average cross section and

>

v 27 in computation of the
significantly larger errors for softer spzctra characteristic of a
power reactor. Measurements for at least a few energies below

3.7 MeV are needed in order to verify the 2xcitation function de-

rived from model calculations.

The 47Ti(n;p)47Sc Reaction

A feature of both the ENDF/B-1IV [1] evaluaticn and a recent
evaluation by Philis et al. [9] is the presence of a cusp imn the
excitation function between 2.2 and 2.6 MeV. Just how large am ef-
fect does this cusp have on the 2350 spectrum-average cross section
for this reaction? Elimination of the cusp would be equivalent to
lowering the cross section by ~ 15% in this range. From Eq.(7) and
tabular information the Appendix, it can be shown that the effect
of removing the cusp is a reduction of the spectrum-average cross
section by < 2%. The presence of the cusp appears to be substanti-
ated by the existing experimental data; however, the significance
of its presence is modest from the point of view of dosimetry ap-
plications.

There are many other examples of the application of this
method of analysis which could be included in this report; however,
the objective of this report is to describe the method rather than
to exhaustively survey the current status of differential dosimetry
data.
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APPENDIX

GRAPHICAL AND TABULAR INFORMATION

CORRESPONDING TO THE RESPONSE OF

SEVERAL THRESHOLD REACTIONS TO A
235y THERMAL-NEUTRON FISSION SPECTRUM

Calculations were performed for the following threshold re-
actions using values from the ENDF/B-IV Dosimetry File [1]:

27A£(n;p)27Mg

27A2(n;a)24Na

32S(n;p)32P
46Ti(n;p)46Sc
47Ti(n;n,p)465c

47Ti(n;p)47Sc

ABTi(n;n,p)47Sc

asTi(n;p)assc

55Mn(n;2n)54Mn

5l'l"e(n;p)SLr'Mn

56Fe(n;p)56Mn

59Ct:o(n;21n)58Co

59Co(n;oz)561\ln

58Ni(n;Zn)57Ni

58Ni(n;p)SBCo
60Ni(n;p)ﬁOCo
63Cu(n;u)60Co
65Cu(n;2n)640u
IISIn(nm.)11553.1‘:1
127I(n;2n)1261

23240 (n3£)
238U(n;f)
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A 0.1-MeV interval was selected fer the tables, and values of
o (81G), o' (SIGP), ¢ {PHI), o ¢ (SIG*PHI), F, o"¢ (SIGP#PHL), and
G vs. energy E are provided. Plots cf o , ¢ (shown with ¢ but not
labelled), o¢ and o'¢ are included, aleng with the tabular informa-
tion, for each reaction. Discontinuities in the o'¢ plots result
from shortcomings in the evaluated ¢ curvec and in the interpolation

laws utilized in the computations.
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RELATIVE VALUES

AL-27 (N, P)MG-27
U-235 FISSION SPECTRUM
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AL=c7(N,P)MGe2)
Uegdd FISSien SPECTHLM

1

«19U0E
220008
s21U0E
22008
«2300E
22400E
«25UCE
«20UDE
«£70U0E
»2800€
«2900E
+JUUDE
2 S100E
+3200€
«JSUQE
« S4UOE
+3500€
«JOV0E
2« 3700¢
»SB00E
+ JYU0E
+4000€
+4100E
+4200E
+43UQE
+4400E
1 4500E
«4000E
24700E
2+ #48D0E
+$900E
+5000€
«2100E
«9200E
«5300E
+5400E
«9DU0E
150U 0E
»5740E
«5800€
«99U0E
26000
+6100€
«8200E
26300E
»6400E
«8500€
+5000E
+6700€
+6800E

01
61
01
01
01
'3
01
01
01
01
01
[}
c1
01
o1
01
01
01
01
03
01
03
01
01
03

01
01
01
01
02
o1
01
01
01
01
91
01
01
01
01
01
01
01
01
01
01
(131

01

516G

2 J412E=10
«FUY0E=-14
e D23UE~uY
1 50U0E=U?
21150k=ud
s 8UDDE=GS
e 3228J0c~u4
e 955008
deIUE=LS
85Y0E=US
o 818UE=LY
«l33Ctely
+2010f =4
2+ 2480E=02
1 2930E~L2
+2100¢ =2
«10iug=¢e
48600k
o100k =t¢
» 7700E=2
¢ 700UE=Ge
10207k~ lg
s 7500E=0¢
+9600E=02
»1070e-01
.1350&-01
«17068e=01
+2158€=01
+2300¢~02
s1650E=1]
«14800E=L1
22330E=01
W2t34Ee0]
s 2634E=01
-3U?5E'&1
o 3316E=01
2 354580l
2 3770c=ul
«3789¢t-4l
+9290E=L1
w4424k =01
+4540E=41
c‘ﬂle.al
+5062E=01
|5£7‘E'91
2 5430keUL
«5706k=C1
19929E=01
16146E=01
216367E-ul

SIGP

8745k-13
1 4545E=10
15301807
s216Ut=tH
12455E«4
e12526E-(d
e30ulE=G3
BL44E=0 S
21679k =2
W27B1E=C2
ed154Ee 2
15749E-ye
o450k
«47:0Ek~D¢
8273E=C¢
810UE=(L
e1600€a5]
1 3740E~01
e1450e=01
175002.02
16412t’05
«5333E=0¢
Wa2keh2
S R-T-%i LI}
+CE0UE=CL
W3uLUEeyl
WA050E=y1
o3722E=02
oOUulEefl
c§419E'02
1S3L0E-02
«JU4CE-L
«1996E=i}
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