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As part of our participation in the Cross Section
Evaluation Working Group, the authors have generated, compiled,
and documented an extensive set of sensitivity coefficients
based upon ENDF/B-IV for use in conjunction with the data
testing of the ENDF/B-V nuclear data file. The effort also
included the application and testing of a computer retrievable
sensitivity format (SENPRO) through the use of computer programs
for editing, mode changing, and folding with projected changes
to the nuclear data file.

Proposed reductions to 2 3 5 I M J ) and 2"DU(n,f) in the fast
energy range have significant impact for uranium fueled fast
critical assemblies. The long-standing LMFBR i3c/ugf calcu-
lated overprediction is not resolved by proposed Version 5
cross section modifications for 238U(n,Y) and 239Pu(n,f). The
upward evaluation for the 235Pu(n,f)/235U(n,f) ratio improves
criticality predictions for Pu fueled fast assemblies. For
thermal reactors, changes to the 238U resonance parameters
significantly reduce the long-standing 23p discrepancy. Reduced
resonance capture in the 1 eV 2l*°Pu resonance has significant
implications for LWR fuel cycle studies.
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INTRODUCTION

As ;xirt o: our participation in the Crjss Section Evaluation Working
Group, the authors have generated, ~ compiled,-"•'-'- and documented^-- an
extensive set of sensitivity coefficients based upon ENDF/B-IV for use in
conjunction with the data testing of the ENDF/B-V nuclear data file. The
sensitivities were generated for many of the measured reactor parameters
(i.e. k, reaction rate ratios, centr.il worths, etc.) in several of the fast
and thermal CSEV."G benchmark assemblies. The effort also included the
application and testing of a computer retrievable sensitivity format
(SENPRO),! through the use of computer programs for editing,13 mode
changing,1-5 folding with projected changes to the nuclear data file,13
and nuclear data induced uncertainty determination. 14

After some years of reevoluation, the preliminary ENDF/B-V file has
r;-c;r.tl-/ bier, a-ŝ r.hled and phase I review (checking cf clerical errors,
inconsistencies, etc.) initiated. The purpose of this paper is to
describe the existing sensitivity coefficient library and associated
computer programs, and the use of this library'to project calculated
reactor parameters for CSEWG benchmarks based upon proposed Version IV/
Version V differences. Section I will describe the available sensitivity
coefficients for fast reactors and Section II will describe those for
thermal reactors. The available computer software is described briefly in
Section III. Some of the important proposed data changes for U/Pu systems
are described in Section IV. Finally, Sections V and VI indicate the
assessment of such changes with regard to calculation of CSEWG fast and
thermal reactor data testing benchmarks. It is important to note that, at
this time, much of the ENDF/B-V file is still preliminary and .subject to
change before general release in approximately the Fall of 1978. Also, due
to the broad scope of this effort, only illustrative examples are provided
herein. More detailed documentation of this ongoing effort is planned
prior to the ENDF/B-V release, as approved by the CSEWG Data Testing
Subcommittee.

I. FAST REACTOR SENSITIVITY COEFFICIENTS

Cross section sensitivity coefficients were generated using ENDF/B-IV
for CST.WG fast reactor benchmarks15 ZPR-6/7, ZPR-6/6A. ZPR-3/43^ ZPR-3/56B,
ZPR-3/11, ZPR-9/31, as well as the fast metal spheres, GODIVA and JEZEBEL.
The two principal codes used to generate these coefficients were FORSS1^
and VAKI-1D.1'

With this large volume of sensitivity data at hand, it is not practi-
cal to present graphs and tables of energy-dependent sensitivities for
every assembly/response/nuclide/reaction type/Legendre moment/incident
energy/ard final energy. Nor have we found this to be necessary! To
within a reasonable approximation, the energy-dependent sensitivities of
ZPR-6/7, ZPR-6/6A, ZPR-3/4S, ZPR-3/563, ZPR-3/11, and ZPR-9/31 are similar
and typified by those illustrated for 7.PR-6/7. The degree of "reasonable-
ness" of this approximation is such that energy-dependent sensitivities



for different assemblies but identical responses, and comparable cross
sections agree in many cases to within "' 30Z for sensitivities whose
absolute magnitudes are relatively large (>_ 0.1), and within a factor of
3 for relatively small magnitudes (jL 0.01). One must examine the principal
fissile species (̂ .g., ""-'Pu and •-: 5U) and moderator (c.-.;., :cl) and 1-iC
whan comparing sensitivities of assemblies with sharply different consLi-
tuents. The similitude of sensitivity shapes can be used for applying
available sensitivities of GODIVA to JEZEBEL by associating 235U with
2-^Pu, 238U with 2l*^Pu, etc. It should be noted that this approximate
similarity of the energy-dependent sensitivity coefficients for different
assemblies, which has been employed here for convenience, has several
glaring exceptions, notably thi worth sensitivities (e.g., central Na
worth) and sensitivities of some of the threshold reactions (e.g., 23SU
inelastic and fission).

As a specific example we consider ZPR-6/7, which is a large (3100
liter) piutonium oxide fueled fast critical assemblv with a soft spectrum
and other cft-irAC'eristics representative of mixed ?u/U LHrBR designs.
Table 1 summarises integral sensitivities of Several measured responses to
the important reaction types. Only those integral sensitivities are listed
whose absolute magnitude exceeds .02. The. integral sensitivity coefficient
is the percent change in the performance parameter resulting from a uniform
percent change in the cross section over all energy. The calculated and
calculation/experiment values given in Table 1 are nominal results (based
on EMDF/B-IV, without requiring criticality) intended only to give the
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reader ar. overall oense of whether the integral response parameter is
currently well calculated (see for example the -\> 9Z calculated overpre-
dictijn of the central -"sl* capturo/--39Pu fission rat io) .

r.'ijla 1 shows the expected l;i,;h sensi t ivi t ies to t!ie •":'Pu(n,f) and
•̂  •" "L'(n, ,) cress sections. The sensitivity to a cross section that appears
in the definition of a particular ratio response is also high (e.g. , the
2--L'(n,f) cross section in the ( — tY^f) r a t i o ) . This is a result of the
larce direct-effect contribution associated with a cross section which
a;;.>ears in a ratio response definition. Kote should also be made of the
small but non-negligible sensit ivi t ies (̂  0.1) for iron, oxygen, and
sodium. These sensitivity coefficients arc the result of indirect flux
effect terms only, and are therefore smaller than the direct-effect compo-
nents; nevertheless, they are important.

'tore detailed information enn be obtained about the sensitivity of
"iT for nan;: J parameters to cross section data by looking ac the enersy-
..:.•:•• -<.•:.. i : : v ! ' . : • . s :.•;" iv:-, [\ n i i . ' l i - i e . F i ^ u r ^ 1 p r e s e n t s t h e r e l a t i v e
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Figure 1. Sensitivity of 22:U Capture/239Pu Fission Central Reaction
Ratio in Assembly ZPR-fi/7 to the 233Pu Fission Cross Section.



s e n s i t i v i t y per uni t le thargy of the c e n t r a l 23/iU capture/23<3Pu f iss ion
ra t i o in ZPR-6/7 with r e spec t to the 2 3 9Pu f i s s ion cross s e c t i o n . The
Librarv of fas t reactor energy dependent s e n s i t i v i t y coe f f i c i en t s described
in Reference 12 i s ava i l ab le in a documented computer r e t r i e v a b l e format *•
through the Radiation Shielding Information Center at ORNL and the National
Nuciear Data Center a t BNL.

I I . THERMAL REACTOR SENSITIVITY COEFFICIENTS

Cross sec t ion s e n s i t i v i t i e s are cu r r en t ly ava i lab le for TRX-1 ar.d 2,~
MIT-1,15 a n d UL-2121^ ( the l a t t e r i s cu r r en t ly being considered for bench-
mark s t a t u s ) . The TRX c r i t i c a l s are rod l a t t i c e s of 1.3% ( 2 3 j U) enriched
uranium metal rods in water , MIT-1 i s a na tu ra l uranium metal rod l a t t i c e
in heaw water , and UL-212 i s a mixed oxide l a t t i c e in water .

The commonly measured i n t e g r a l parameters are (for a U235-U238
system):

^0 = r a t i o of ep i the rua i - to - the rmal L'238 captures
2 55 = r a t i o of epi ther iu i l - to- thermal U235 f iss ions
2r';S = r a t i o of U23S f i s s ions to U235 f i s s ions
C* = r a t i o of U238 captures to U235 f i s s ions (modified conversion

ratio)
kjf:ir = effective multiplication factor

(Thermal cut energy = .625 eV)

5 19In addition to the detailed perturbation theory approach, ' several
studies4 '°>9 in which specific data variations were made provide valuable
information for physics characterization of these assemblies. This infor-
mation describes the sens i t iv i t i e s of l a t t i c e performance parameters to
23aU, 235U, 239Pu, 2lt0Pu, H, 0, and Al cross sections and resonance para-
meters. The work of Hardy^ demonstrated clearly the large sens i t iv i t ies
for the ^-'-l! capture and 235U fission in tegra ls , particularly the
unshielded components of the capture.

9 8 5
Rothenstein, Finch and Tonlinson have computed sens i t iv i t ies to

resonance parameters. As an example, Finch has obtained the sensi t ivi ty
of integral parameters in TRX-2 to the variation of ?n and F_. for th-.* f i rs t
seven resonances of 2 j 8U. These are l i s ted below in Table 2.

Finally, an extensive set of energy dependent coefficients have been
computed for TRX-25 and UL-21219 respectively. In TRX-2, for example,
sens i t iv i t ies were obtained in 131 energy groups for k, 2f3p, 2~^, 2a6 and
C;': with respect to the following nuclear parameters: a r , <: , a , and v

f e e
of • U; a , -7_, ap, v, a. (by level), and individual resonance parameters
of -3-=L'; z and J for II, •:• and z for : G0, and a and J for Al. Table 3s c s c s c



l ists '.;rou;i sensitivities (collapsed to four croups for east; of reading)
Lor -v. as eomnuted bv Tomlinson3.

r.iblu 2. TI0\-2 Sensitivity Coefi ic iunts rr~
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I I I . R\NIPULATIOM AND HANDLING TECHNIQUES
FOR SENSITIVITY COEFFICIENTS

13 13
SF.MDi:! and SENTINEL a re two codes wr i t t en to help assess the

effects of nuclear data changes. SENDIM is used to convert unformatted
(binary) s e n s i t i v i t y f:'les in SENPRO iormat ' to card ima^e form and vice
versa. This is particularly useful for transferring sensitivity files from
onu installation to another. SENTINEL is used to calculate the percent
chan;;e in a specified response due to given percent changes in specified
reaction cr:jss sections over selected energy regions. An edited l i s t of
the most significant individual contributions to the response change is
also provided. COVERT̂ ''' and CAl'ALIF.pJ'* are two additional codes written
for estimating uncertainties in reactor performance parameters using SENPRO
sensivitity and COVERX covariance files. All codes are available from the
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i'"or t h o s e I'.'isfjti in which s e n s i t i v i t i e s a r e a v a i l a b l e wi th r e s p e c t to
s p e c i f i c resonance, pa r ame te r s ( s e e for example Table 2), a s s e s smen t of
proposed changes to the p a r a m e t e r s i s a r e l a t i v e l y s imple m u l t i p l i c a t i o n
process which, to d a t e , has been done by hand. (Mod i f i c a t i ons to the
SK.'.TliO lormat to inc lude s e n s i t i v i t i e s to r e s o n a n c e pa ramete r s a r e under
c o n s i d e r a t i o n . ) However, i n yen>-ral, sens Lizivi t i e s a r e a v a i l a b l e in a
lar;:e number of groups and for many r e a c t i o n t y p e s , i n t e g r a l parameter . ;
and a s s e m b l i e s . Thus, i t was important to g e n e r a t e computer programs
to f a c i l i t a t e the hand l ing of t h i s d a t a .
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Keeva 1 ua t i o n of ' ! ' l ! ( v ) u x p e r i men t a l d a t a c o u p l e d w i t ' i r e n o r n i a l i;:a t i o n
o f -- r j-'(;f(~) f o r K;;DF/I5-V Leads t o a r e d u c t i o n i n : : 3 ^ l l ( l 0 of t h e o r d e r of



1-2."I above 1 MeV, and .3-13 between 300 keV and 1 MeV. This factor com-
bined with proposed 2-3% reductions to the fast 235U(n,f) cross section,
and ignoring other changes, has significant consequences for uranium fueled
fast asser.'.blies as shown in Table 5.

Table 5. The Impact of Proposed Changes to 235U Fission
and v is Substantial for Fast Reactor Calculations.

P.U

CALCL'L'-.Tin:;

EXP::K,K::T

PF.•-:,-• r.,..rr i::

f) • •' •v.i.

::CK r-us: ro

•?)

CODIVA

k 1. JC^.0 - .97 - .S3

L . 0 i.

l.O-'S 2.09

.9-3 :.:i

Criticality prcdictionrf for CODIVA and ZPR-6/6A (fast and LMFGR uranium
assemblies) are significantly lowered rasulting in discrepancies with
integral data. The diruct impact on plutonium-fueled assemblies (e.g.
ZPR-9/31) is clearly less glaring. However, the reductions to ^3-L'(n,f)
impact directly the measured reaction rate ratios relative to -- JU(n,f)
alleviatin'i discrepancies in some cases, and further aggravating them in
others. The 2~i/'~'J£ ratio in ZPR-9/31, already ^ A% low, becomes 6% low
under these conditions, sor.e 3-5 standard deviations away in terns of the
integral experiment uncertainty.

The result of proposed changes to 238U(n,Y) and l '' 'l'u (u, f) are pre-
se.V;ed in T.:bi.- b. '!''•._ 1;: ?.:;•--J t-::r. ii :"..•; di.-:':rcp-incy for the overpred ict ion of
2:<j/'''f (see Table 1) is not helped by currently proposed changes to Version
5 data. The upward evaluation for the "^Pufn , 1 ) /' '''I'di, f) ratio improves
criticality predictions for Pu fueled fast assemblies.
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Table (3. The -"^IKn.y) and - 39Pu(n, f) Cross Section Changes
Will Also Impact Fast Reactor Calculations.

! N : ' ' ; : - \ ; . i:.\;.i:n..\i :•'••: v\.:;<:: : T L"L\:. ' .;:: ::; •i!:'.-iroi'.M\::ci: DUI: TO

KX!'!-::r.:-!!..vr • ' - i / ( n . , ) r rTu(u,o

GODIVA

k 1.004(1

: i ' ' w : r 1.03 3

.9")'JO .71

. - ' i ) ) . 09

• 'Mi .f'7

• '- •••'- - . 1 0 . 30

1.00J . 4 1 - . 3 ;

.'J71 . l 'J - . 3 9

The •'; U total inel.iHtic scattering cross section for Version 5 is
si/;u if ic.-iati;.- larger than that ot Version U over wide energy ranges. How-
ever, the newer evaluation actual]v leads to smaller onerev transfers due
p:::r.;i!\:y f-.i r r:.".ct :;:;IH in tue cc::;t i:u;i.:;;: ;-;c:; t: t > r.L::;; cr̂ ,i.j =ectien~ (;:os.--
sections fur lower lyinf; levels were increased). Assessment of such changes
via son?itLvity coefficients was not undertaken since the evaluation had
chan-ud in form (different number of levels, etc.). The shape of the fission
.spectrum was alsn changed from a Ma.v-eLlinn to an energy-dependent Watt spec-
trum resulting in more neutrons at intermediate energies and fewer neutrons
at. low and high energies. Kujawski" has determined the sensitivity of k
La 7.??.-::/7 ID tii-j change in the fission spectrum, shape to be ̂  .3"',.

Vir.Tl'y, Mr-.r'-.il-'riL23 h.:s sliowr. that the civ.r.-.'-: i:r ̂ .^ — -•; -.; •;-..-,) ̂ r
section are such as to increase the eigenvalue for -13 -U-;> ? 2Th Last systems
frvi •'!."! hv , 'L^1;; and to reduce the predicted S>-..'cdi:ir ratio uv •">.• 11',;,.
I'iiese ri-'SiilL.s are cca:; i.dera b 1 y alleviated by the necessary reduction of the
-'!' ::.;:•: !~ inv.ntory vhich is ro-juired te keep the reactor critical.

VT . IMPACT CF VT?.S I0M V DATA O".1 CSIf.'f.
THi:i<:iAL RKACTOR BENCICLMIKS

The impact of the reduction of the capture widths of the first three
s-v;ave Levels of - 3 t T , and the increased neutron widths of the levels at
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20.9 eV and 36.S eV are given below in Table 7. These changes by them-
selves would appear to remove much of the existing discrepancy for 2 r.
However, it is important to recall that final projections for the integral
quantity nust include other changes (other resonances, fission spectrum,
changes to che inelastic cross sections).

7 . T l ' . o S o d ' i d i o n c t t ' . ' .o C a p t u r e '.-.'ii.it h a o f t h e F i r s t : T l u v - c L e v e l s o f t 3 " L T ( ^ 1 5 " ) a n d

• ^ I - V M S . ... N o u i r - . n . . L i ' . - J : : ; l o r l i i e J O . 1 1 . m J l t i . . - j , • ' . ' L . - v e l s (, 1 0 : " ) A r e I n ; p i > r t : i « t ! . > r

Calculated CaUuil.'iled Calcul.iLcd Cniculacod Calculatod
.'J39J O..-:ii7 O.'j'iO .06) O.iiiH

-*"!.• ?,esi>natic<i C.iU:vi i .IL i.-v.i C.i I c u l i l i on / Cs lc i i i a i i o n / C i l o i l . i r i n n / C a ! : u l . i t Lon/
ii ' i i . :acc t ' . i r . i ne t e r EKperir-ent M:-:p^r i".i-nc Esj't-r j r«!ic Expcrii-.i'iit E.v.'er ir.enc
i—y 'v\>) V.iri-Ji .')•-: Si l . O ' o 0.9 . -0 Q.'j'.'ll 1 . IJOJ

0.1112 -0.lj!.7i

-0.03i_ O.-'.y72

O.'J7').- - . I . ' : ' I ' I 0

. : 2 - 1 . 7 :

0

-0

0

-IJ

„

. • J O 2 7

. . • . • . . ;

. ' i • • • : - >

.00'J7

.0131

• - : • • >

0

— 1)

"

-0

0

- 0

.0(">S7

. i j -

1 J ") 0

.1251

fi:.,-,6

0

-:•

-'

-0

0

-0

.O'.52

.i'.nf)

. ; io ' j

.2'J5O

Introduction of proposed energy dependence for 23'^Pu (v) increases
the oi'-envalue in UL-212 by ^ .17.. In addition, chan-es to the 1 eV
resonance capture in 2'iJPu reduces the u °c / : s f ratio in UL-212 by ^ 2fi.
It currently appears that the shape of the cross section between .0213
and .5 eV does not agree with the Version 5 resonance parameters; the
cross section should actually be higher. Since this inconsistency could
have important implications for thermal reactor fuel cycle analysis a
proposed revision is being suggested for consideration by the Data Test-
iri,z Subcommittee.
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CONCLUSIONS

The extensive effort made to generate, compile, and document
sensitivity coefficients for fast and thermal reactor CSEWG benchmarks
has been extreme!'.' valuable in providing rapid feedback to the data
testing process. The computer software and the library developed in
coniunction with this effort are available from RSIC and NNDC.

Eased upon an early version of ENDF/B-5 (pre-prcliriin.-1-y) we iind
that proposed reductions to 2 j 5U(~) and 235U(n,f) in the fast energy
ranse have significant import for uranium fueled fast critical assemblies.
The long-standing LMFBR 2°c/t*y£ calculated overprediction is not resolved
by proposed Version 5 cross section modifications for i-JOU(n,Y) and 2-'^Pu
(n,f). The upward evaluation for the 2j9Pu(n,f)/-^^U(n,f) ratio improves,
crideality predictions for Pu fueled fast assemblies. Changes to the
"'-Th(n,"i') cross section are such as to increase the eigenvalue for
--'U--1~Th fast systems (no -J 'U) by n* 4.8% and to reduce the predicted
br-.-ed ir.1* ratio b'f "-• 11.''. These nhnnuras are considerably dir.ur.iohed bv
the necessary reduction of the '--̂ U fissile inventory which is required to
keep the reactor critical.

For thermal- reactors, changes to the -^"U resonance parameters signi-
ficantly reduce the long-standing 2 8o discrepancy. The shape of the -1+0Pu
capture cross section between .0253 and .5 eV does not agree with the newly
evaluated resonance parameters; the cross section should actually be higher.
Since such an inconsistency could have significant implications tor fuel
cycle studies, a proposed revision is being suggested for consideration bv
the 2ata Testing Subcommittee.

The authors are deeply indebted to the following persons and their
contributions: J. E. White obtained cross sections from Version 5 and
ma-je plots of the percent differences from Version 4, M. A. Bjerke com-
puted tiie percent differences, and R. Q. Wright performed the SENTINEL
ruh:;. J. D. Drischler and J. L. Lucius compiled the sensitivity coeffi-
cient library, D. G. Cacuci coordinated r.uch of this effort and made
sure results were available on a timely basis. Lee Stewart, Mulki Bliat,
r.r.'l '..irry V.'-?c ton graciously confirmed the projected mul tigroup cross
section differences. R. V,7. Peelle and C. de Saussure both reviewed this
•.•.'fir/. nvA offered val;j;:ble comments and suggestions. Finallv. t'-;' unnor
wni.Lu r.Jt exitit v.'iuhout the careful typing and editing provided by Barbara
iieu::i and "ettv Scliuess ! er.
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