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EVALUATED NEUTRON-INDUCEDCROSS SECTIONS

FOR ‘39P” ANo 240P.

by

R. E. Hunter, L. Stewart, T. J. Hirons

ABSTRACT

for 239PU and 240Pu hava been
from about 100 keV to 20 MeV.

The neutron-inducedcrbas sections
evaluated for incident-neutronenergies
Tabulatedvalues are presented, and recommendedcurves are compared
with the experimentaldata. Theee cross sections are merged with the
BNDF/B-111 evaluated curves from 10-100 keV. Below 10 keV, the
ENDF/B-111 files are recommended. The complete cross-sectionsets
have been tested by comparing calculated and measured valuea for a
series of tntegral experiments. These integral results are
end discussed.

presented

I.

have

INTRODUCTION

The neutron cross sections for 239Pu and 240Pu

been studied and values recommended for neutron

energies from 100 keV to 20 MeV. These data are

available in the ENDF/B format and extrapolate

snnothlywhen combined with the low-energydata on

MAT 1159 end MAT 1105, the
239

Pu and 240Pu evalua-

tions, respectively,in ENDF/B-111.

This evaluationeffort was concentratedat high-

er energies with the primary emphasis in two regions:

100 keV to 3 MeV and from 13-15 MeV. Extensions to

the representationcurrently in the ENDF/B files are

the treatmentof first-, second-, and third-chance

fission and the inclusion of “direct-interaction”

procesees for high-energyneutrons.

The complete evaluationawere used in checking

an extensive set of integral experiments,including

bare and reflected critical assemblies,spectral

indices, central core reactivityworths, and leakage

spectra. For most of the calculationsthe process-

ing and neutronics codes were ETOG and DTF, respec-

tively. A few comparisonswere run with SIGMA* and

MDN,* primsrily for high-energy testa where the cur-

rent ENDF codes are not adequate for handling many

R
Los Alamos ScientificLaboratory (LASL) cross-
section processingand neutronics codes.

processee, for example,

spectral representation

tering.

The cross-section

Sees. II and III, with

described in Sec. IV.

II. PLuTONIUM-239

multiple-chancefission and

for direct inelastic acat-

?valuationaare discussed

the integral comparisons

in

A. Total Cross Section

Measurementsof the total cross section of
239

Pu have been presented by Ribdon and Langsdorf,
1

Meads,2 Bratenahl et al.,3 Peterson et al.,4 Foster
5

and Glaagow, end for a number of unpublished Loa
6

tiemos results. Recently, Schwartz et al. reported

measurements over the energy range from 500 keV to

15 MeV which show good agreement with the higher-
5

energy data of Foster and Glasgow. The evaluated

curve above 2.5 MeV is the average of these data,

except that above 13 MeV the recommendedvalues lie

somewhat above the measurements.

Below approximately1 MeV, the ENDF/B-111

values which lie within the spread of the experimen-

tal data (althougha bit low) were followed except

for minor deviationa. The curve between 1.0 end

2.5 MeV was obtained by merging into the average ob-

tained from the measurements by Foster and Glasgow.

The recommendedcurve is shown in Fig. 1.

1
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B. Elastic ScatteringCroae Section

Knitter and Coppola,7 Coppola and Knitter,8 and

Allen et al.g mde measurementsof the angular dia-[

tributions. Above 6-7 MeV, u
n,n

waa obtained by

continuously“boot-strapping”nearly all cross sec-

tions in order to meintein a sumoth curve. fiso,

the elastic cross section wee epecified to be great-

er then one-half of the total croaa section at each

point. The recommendedcurve ia shown in Fig. 2.

c. Fiaaion Croee Section

The resonance parameters from MAT 1159 of

BNDF/B-111were not modified in thie evaluation; the

fission cross section is representedby resonance

parameters up to 25 keV.

In the ENDF/B-111 file, the fission cross sec-

tion ie representedby resonance paremetera below

25 keV. No attempt has been made here to reevaluate

these parameters; instead it is recommended that

they be lifted directly from MAT 1159.

Most experimentaldifferential
239h fi~sion

cross sectione are measured as a ratio of the fiseion

I

I

n
-

J
b“

Fig. 2.

cross section of 239W to that of 235U. In this
10,11

evaluation, the data of Poenitz, Pfletschtnger
12 13

and I&ppeler, Soleilac et al., White et al.,

Nesterov end .%irenldn,
15

Savin et al.,
16

Lehto,;

Smith et al.>8
19

and White and Warner were employed.

All of these measurementswere reported within the

past eeven years, although the data of Smith et al.

reeult from corrections to an older experiment.

In addition, recent “absolute”measurements

have been reported by James,
20

Perkin et al.,
21

and

Dubrovina and Shigin.
22

Older measurements by Allen
23 24

and Ferguson and by Dorofeev and Dobrynin were

also used.

Some earlier experimentsare not included here

on the assumption that they would not appreciably

affect the end results. On the baei.eof the measure-

ments considered, the evaluated curve follows gener-
16

ally the measurements of Savin et al. and Nesterov
15

and Smirenkin, although it falla a bit below their

measurements at energies less than 2 MeV. At ener-

gies above 1 MeV, the ratio measurements actually

I I I I 1 I I
I

I 1 I I I I
I

I I I I 1 I I II 6

‘\
\ \ — I

●

A

T \

●

Knitter 8 Coppola7

Coppola & Knitter*

Allen etal.g
I

I

1
2

I

o

L

51 I I I I I I 1 I I I I I I I I I I I 1 I I I I I
0.02 0.1 1.0 10 20

En (MeV)
Elastic-scatteringcroaa section for 239PU,

3



diverge; Soleilac et al.,13 for ex~ple, find a raP-

idly decreasing ratio while other data indicate an

increase.

Above 6-7 MeV, the curve is even more uncertain.

The data were taken from Smith et al.,
18

who measur-

ed separately the ratio to
235U and to 238U ~e.

latter measurementswere converted to ratios with
235U via the 235U,238U ratios, as evalu_

respect to
25

ated by Pitterle et al. There Is also a value at

14.2 MeV from White and Warner.
19

The uncertainties

on the data of Smith et al. are relatively large.

Also, Adams et al.
26

measured separately

23%) relative to Uf(Clf(239Pu) and cff(
238

U) above

12.6 MeV. lkom these, the ratio Uf(23$’Pu)/uf(235U)

was obtained. Unfortunately,these measured ratios

provide little constrainton the absolute cross sec-

tion above 1 MeV--preciselythat region where “hard

spectrum” assembly fluxes are large.

A rather pronounced dip in the ratio between

850 keV and 1.0 MeV is fairly well established. This

dip seems to indicate a correspondingincrease in
the 235

U fission cross section rather than a drop in

the 239PU fission cross section. The recommended

%%) to Uf(
235

curve for the ratio of Uf( u) is

Figs. 3 and 4.

I .4

I .2

I
b+ LO
\

z
m 0.8
al

Fig. 3.

4

0.6

0.4

The 235U fission croaa aectton uasd to obtain

the correspondingcurve for
239

~ wsa established

by Pitterle et a~
25

and is based largely on recent

data (not reviewed here) which tend to raiae the

curve above 1 MeV and lower it below that point,

relative to current published evaluations. The
235

U fission cross-sactionevaluation shown in

Fig. 5 has not been tested extensivelyby integral—

comparisons. Smell changes in
23~u fission can

easily be accommodatedby adjustments in evaluating

the ratio, without doing violence to the uncertainty

in either quantity.

The 23’Pu cross section obtained from this ratio

generally falls within the experimentalerrors of

the “abaolute”measurements,except that it lies be-

low the data of Dubrovina and Shigin
22

between 80

end about 400 keV and above about 1 MeV. It also

lies below the cross sections of Allen and Ferguson
23

at 550 keV end 1.5 MeV. The recommended curve for

of(
239

Pu), togetherwith the experimentaldata, ia

shown in Fig. 6.

As is well.known, the “total” fission cross

section (which is the measured quantity) is composed

of several processes, referred to as first-, second-,

third-, ““” chance fission:

I 1 1 I I I 1 1 I I 1 I I I 1 I I I I I I I I I I

ALehto’7

23■Allen & FerguSOn

I I I I I 1 I I I I I I I I I I I I I I I I I I I

0.0001 0.001 0.01 0.1

En (MeV)

Ratio of fission cross section for
239

Pu to that of 235U, for energies up to 0.1 MeV.

*

.
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2.0 “

I.8 -

1.6-

L4 -

1.2-

l.O[ I I I I I I I I 1 I t I I I I I I I I I I I I I t I

1.0 10

En (MeV )
reference.

0.02 0.1

Fig. 5. Fission cross section for 235u used aa

u =0 +a +U +a + ● ** ,
n,F n,f n,n-f n,2nf n,3nf

*,F Is the total fission cross section.where a

(1)

u
n,f

refera to the process whereby fission occurs direct-

ly. In the n,n”f reaction (second-chancefi.asion),

the compound nucleus initially decays by the emis-

sion of a neutron end the residual nucleus then

undergoes fission. In n,2nf, two neutrons are emit-

ted prior to fission.

The differentiationof these processes is im-

portant because the energy distributionof the pre-

fission neutrons is considerablydifferent from that

of the prompt neutrons emitted in the fission proc-

ess, especiallynear threshold. ‘l’hatthe prefission

neutrona are lower In energy than fission neutrona

is indicatedby the thresholdnature of the higher

order processes and confirmedby fragmentaryexperi-

mental evidence.

The n,n-f process is fundamentallyan inelaatic-

scatteringreaction, and competes in the sequential

mode with the n,n-y and n,2n channels rather than

6

#

.

0

the n,f channel. This is indicatedby a rather

sharp rise in the total fission cross section that

occurs simultaneouslywith a sharp drop in the

n,n”y cross section (for those isotopes where such

measurementsexist). Similarly, the n,2nf process

occurs in competitionwith the n,2ny and n,3n

channels.

Of course, no experimentaldata exist on the

individual fission chennela, such as n,n”f, n,2nf,

etc. The23’ Pu fission cross section is relatively
*

constant below the n,n-f threshold at about 5.5 MeV.

Therefore, first-chancefission, an,f, is assumed to

be constant from this thresholdall the way to

20 MeV. Similarly, the n,n-f cross section is as-

sumed to be constant above the n,2nf thresholdat

11.5 MeV. It is emphasizedthat these assumptions

are based on a total lack of measurementsand

*
Note that the n,n-f and n,2n thresholdsare approx-
imately the same. l%is is also true for the n,2nf
and n,3n thresholds.

,

●
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theoreticalunderstanding. The recosrnendedcurves

for a and a are ahown in Fig. 7.
n,n’f n,2nf

D. Mean Number of Prompt Neutrons per Fiaalon

Many recent measurement on ~ have been report-

ed, ao that ~vs incident neutron energy la fairly

well eatabliahedup to 14.4 MeV. This evaluation

is baaed on the data of Soleilac et al.,

and Diven, Colvin an~;~~”

Cond6 et a~,%t=i1te11~~Y~32 and Neaterovet al.?’
34

plus the recommended thermal value of Hanna et al.

These data were meaaured with respect to the thermal
252Cf

spontaneous; for . ‘lheratios obtained were

then fitted with a curve that ia linear over two

regiona:

~=0,7599+ Oe041)09En, 0< En<ll,5MeV

;(cf)

= 0.8329 + 0.03374En , 11.5 < En < 20 MeV. (2)

- 252
Assuming v ( Cf) = 3.748,

0.7

0.6

0.5

~ 0.4
w
b 0.3

0.2

0. I

o

(3)

- 239
U( Pu) = 2.8480 + 0.1502En@eV), O ~ En< 11.5 MeV

= 3.1216 + 0.1237EnFfeV) ,

11.5 MeV <En< 20.0 MeV .

No experimentaldata exist between 14.4 and

22.4 MeV. Above the latter energy Soleilac et al.
27

have reported six measurements that indicate a

smeller slope; however, the curve fitted to data be-

tween 11.5 and 14.4 MeV Is consistentwith an inter-

cept at 22 MeV. Therefore, the above representation

is used up to 20 MeV; the results are given in

Fig. 8.

E. Delayed Neutrons from Fission

The delayed neutron fraction, from earlier work
35

summarizedby Keepin, appeared to be fairly con-

stant with incident neutron energy, with a thermal

value of 0.0061 neutrons/fissionand a “faat fiaaion

spectrum”value of 0.0063. However, one measurement

by Shpakov et al.
36

at 14.5 MeV indicated a signifi-

cant increase at energies above the fission spectrum

neutrona.

TWO recent measurementshave shown strong indi-

cations that the delayed neutron fraction decreases

I I

6 8 10 12 14 16 18 20

,

*

●

En (MeV)
239W

Fig. 7. Un,n.f and an,2nf fOr .

8
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at higher energies. Evans et f11.37found a rather
*

abrupt drop in the curve for several iaotopea around

5 MeV, and Mastera et al.38 found a much lower value

at 14.9 MeV. The evaluated curve follows the data
37 38

Of EVaI18et al. and Mastera et al., using the
235

shape of the curve of Evana et al. for U to inter-

polate between 3.1 and 14.9 MeV. In the abaence of

data above 14.9 MeV, it ia aaaumed that the curve la

flat between 14.9 and 20.0 MeV.

*
They did not measure the delayed fraction for 239PU

above 1.8 MeV.

16

m 12
‘o

10

8

6

4

2

The value at thermal was derived from measure-
35

ments of Keepin and of Conant and Palmedo.39 An

average of these results agrees well with an extrap-
37

elation of the data of Evana et al. The recommend-

ed curve is shown in Fig. 9.

The energy distributionof the delayed neutrotxs

ia taken from the review by Keepin,
35

who integrated

all data over all groups. The recommended curve is

ahown in Fig. 10.

F. Fiaaion Neutron Energy Distribution

The conventionalway to represent the energy

distributionof prompt fission neutrona is by a

I I I I I I Ill I I I I I I I II I

. Evans etal?7

= Masters et a138
36

A Shpakov et al.

T Conant and Palmedo
39

● Keepin 35

~0.00625 at thermal

b ● w w

Shape of curve based on shape

for U*35 from Evans et al.
“-

1 I I I 1 I 1 II I I 1 I I I Ill I
.! I .0

En (MeV)
239PU0

Fig. 9. Delayed neutron fraction for Data of Conant and Palmedo
plotted at 0.1 MeV, the lowest energy point on the graph.

10

10.0

and of Keepin at thermal are

,

.

●
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0.4 0.8 1.2 1.6 2.0 2.4
E (MeV)

Fig. 10. Relative number of delayed neutron vs
final-stateneutron energy for 23%.

Mazwellian distribution,

F(E) = N E1’2 exp(-E/Tf) , (4)

where E is the emitted neutron energy, N ie the

normalizationfactor, and Tf la

ture. The latter

neutron energy by

i. ~Tf .

ia related to

the equation,

the nuclear tempera-

te mean secondary

(5)

Therefore, the evaluationof the energy distribution

consists of evaluating the meaaurementa of T
f aa a

function of the incident neutron energy, En.

Valuea of Tf are given by Barnerd et al.,40

Belov et al.,

During,
43

Sti~ZzY~p~~~1~~12=~r~dand

Bertrand and Voignier.45 Smith4’ found the ratio of

Tf(23gPu)/Tf(235U) to be 1.075 at energies of 35-400

keV. Baaed on the evaluationby Barnard et al.40 of

Tf(235U) = 1.297 MeV, this givea Tf = 1.394 MeV for

239PU
. The data are tabulatedin Table I.

The evaluated temperature are Tf = 1.39 MeV at

thermal energy and T= = 1.58 MeV at E = 14.0 MeV with

I TABLEI

FISSIONNSUTRONTEMPERATURES

Energy
(MeV)

III

Ill

0.04

0.130

0.035- 0.400

1.5

1.9

2.3

3.9

4.0

4.5

5.0

5.5

14.0

14.1

Temperature
(NeV)—

1.35 3 0.04

1.39 * 0.01

1.34 t 0.04

1.407* 0.020

1.394i 0.028

1.41 * 0.05

1,45 * 0,04

1.52 f 0.04

1.42 i 0.03

1.51 * 0.07

1.69 f 0.06

1.61 i 0.07

1.61 i 0.05

1.58 i 0.08

1.44 i 0.15

References

Belovet al.

Averageof severalex-
perimentsas referenced
by Barnardet al.

Cond& & During

Barnard et al.

Smith

COppOla & Snitter

Coppola & Knitter

Coppola & Rnitter

Smirenkln

Coppola 6 Rnitter

Coppola & Knitter

COppOla & Knitter

Coppola & Knitter

Zamyatnin et al.

Bertrand & Voignier

values at other energies obtained from a fit to the

curve,

1/2
Tf(E) = A + B[~(E) + 1] . (6)

This effectively ignorea the higher pointe of Coppola

and Rnitter in favor of the lower (and older) pointa

of Zamyatnin et al. and Smirenkin.

If the formof Eq. (6) ie ignored, the data of

Coppola and Knitter and of Zamyatnin can be recon-

ciled by a curve which riaea rapidly up to about

4-5 MeV, then flattens out to intersect the error

bara in the measurement of Zamyatnin. The recommend-

ed curve la shown in Fig. 11.

The energy distribution for pre-fiaaion neutrons

from the n,n”f and n,2nf proceasee is based on the

energy distribution for n,n” neutrons (see Sec. II-H).

G. Radiative Capture Croaa Section

The radiative capture cross section la deter-

mined almoet exclusively from meaaurementa of the

ratio, a, with respect to the fission cross sections.

This evaluation is baaed on the measurements of

Hopkins and Diven
47 48

and de Sauasure et al., cover-

ing the range above 25 keV. Many measurements have

been made in the energy range below 30 keV, the re-

gion covered by the resonance parameter representa-

tion taken from ENDF/B-111.

The capture crose section was obtained by mul-

tiplying pointwise the evaluated curves for a and

11
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1.45

1.40

1.35

1.30
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+

eight experiments
❑

Belov et al.4’

Bernard et o1.40

Cond~ ond During
43

Smirenkin44

Zamyotnin42

Coppolo ond

Bertrand and

Knitter*

Voignier
45

I I I I I I

2 4 6 8 10 12 I

En (MeV)
Fig. 11. Fission temperaturefor 239PU.

u The recommendedcurves for a and o
n,F”

are
n~y

shown in Figs. 12 and 13, respectively.

H. Inelaatic Scattering Cross Section

The inelastic scattering cross section at lower

energies was obtained by adding the cross sections

for exciting the individual energy levels. No meas-

urements of these level cross sections are available,

so those curves were specificallydrawn to resemble

in shape the curve for energy-levelcross sections

for other nuclidea, The general shapes of the total

inelasticcross section and the shapes for the low-

energy levels, were based roughly on the evaluation
49

of Hunter et al. The energies of the various ex-
50

cited levels were taken from Lederer et al.

~
16 18 20

Above the 556-keV level, few levels have been

identified. Therefore, above this energy a continuum

was introducedwhich was assumed to give the total

inelasticcurve in a smooth fashion as a function of

energy. At 556 keV, the average final-stateenergy

of the inelasticallyscattered neutrons was calcu-

lated, yielding a value of 0.33 MeV. Thus,

Tf = 0.166 MeV was used for the continuum energy-

distributionfunction at 556 keV.

The energy-distributiondata of Andreev51 and

Cranberg52 at about 1.2 and 2.0 MeV can be fitted

with temperaturesof 0.35 and 0.38 MeV, using the

distributionfunctionwhich describes evaporation

processes (u 20 3U, U
n,n-’ n,2n’ n,3n n,n-f

, and

2a
n,2nf):

.



.

.

0.5

0.4

0.3

0.2

0.1

0(

I I I I I I Ill

T

I I I I I I I II I

●

■

Hopkins and

de Saussure

Diven47

et 01?8

T-

*

.

■

I I 1 I 1 1 I II I I 1 I1III
01 0.1

1

1.0

En (MeV)
Fig.12. Ratio of radiative capture croaa section to fission cross section (a) for .239W

I.oc

0.0

1 I I I 1 1 1 I I I 1 I I I I I I I I
-1

En (MeV)
Fig. 13. Radiative capture croaa section for 239PU.

13



F(E) = NE exp(-E/Ti) . (7)

At an incident-neutronenergy of 14 MeV Zamyatnin

et al!’ meaaured the neutron energy distribution

of all secondaryneutrona, includingu 2a
n,n” n,2n

and 3U , ea well as V a neutrona. From these
n,3n n,F

measurements,they derived the spectrum of all evap-

oration neutrons which was then fitted with a tem-

perature af 0.53 MeV. Coppola and Knltter8 derived

the inelaatic energy distributionat incident ener-

gies of 1.5-5.5 MeV, by subtractingthe fiaaion

component from their meaaurad spectra. With their

data, a curve of Ti va En (shown in Fig. 14) was

. obtained. This energy-dependenttemperaturewaa”

used for all evaporationproceeaea,with appropriate

modification in the behavior ae each energy thresh-

old i.areached.

At high energies, inelaatic scattering certain-

ly occurs via direct interaction;that la, the

incident neutron collides with a nucleon and ia

scattered, leaving behind a part of its initial en-

ergy. TWO features are characteristicof such a

process. First, the energy 10SE of the scattered

neutron is small compared to the incident energy.

Second, the angular distributionof the scattered

neutron ia predominantlyforward-peaked.

0.6

0.5

g- 0.3

0.2

This process is displayed in the data of

lQumnerdiene<3who measured the angular distribution

of inelastically-scatteredneutrons at 14 MeV, using

ring geometry. According to the usual representation

of fission, these high-energy, forward-peakedneu-

trons can

tering.

Five

1.5, 2.0,

rising to

occur only through direct inelastic scat-

levels were arbitrarily introduced (at 1.0,

2.5, and 3.0 MeV), with cross sections

a total of 200 mb at 14 MeV. Each level

is associatedwith an angular distributionthat ie
*

forward-peaked. With appropriate thresholdmodifi-

cation the cross sections for each level are taken

to be the same above a fewMeV. The curves for the

varioua individualIevela, the continuum, and the

total Inelaatic croaa section

and 16.

1. an ‘n and an ~n

These cross sections are

are given tn Fige. 15

baaed largely on the
** 49

evaluation of Hunter et al., wtth thresholds

*
See Sec. II-J.

**
The final-stateenergy distributionwould perhape
be more physically representedby a different
temperaturerepresentationfor euccesaiveneutron
emission. ‘his will be taken into account in
future evaluations.

I

I x

4-

Andreev5’

Cranberg52

CoppolcI and

Zamyotnin42

Knittera

0.10 I I I I I I I I 1

246

Fig. 14. Inelastic-scattering

14

energy-dependent

8 10 12 14 16 18 20

En (MeV)

temperaturefor
239PU,

.
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54
obtained from Wapstra and Gove. The higher-energy

end of u
n,2n

was based on calculationsby Whalen

and Worlton.55 The recommendedcurves* are given

in Fig. 17.

J, Angular Distributions

The elastic-scatteringangular distribution

for 239Pu haa been measured by Knitter and Coppola,7

Coppola and Knitter,8 Allen et al.,g Cranberg~2
53

and Kammerdiener. These distributionswere fitted

by the Legendre expansion,

nn(En) Lu
~ (En,o) = ‘2n

I
!?,=0

x {—222+ 1 aL(En)PL(cose)} , (8)

where u is the elastic-scatteringcross section
n,n

and Pk(cos 13)is the Lth Legendre polynomial,

ao(En) E 1.0. The value of L is determined at each

energy by the fit to experimentaldata, subject to

the constraint that L must be even, and the energy-

dependent coefficientsmust extrapolatesmoothly

over the energy range. The angular distributions

at energiesbetween 0.19 and 14 MeV are shown in

Figs. 18-35. The graphs of the Legendre coeffi-

cients as a function of En are given in Figs. 36-39.

No attempt was made to remove inelasticcontribu-

tions from the experimentaldata.

The Legendre coefficientsplotted in Figs. 36-

39 were obtained from the initial best fits to the

experimentaldata in Figs. 18-35. These points

were then fit with a smooth curve, yielding the

final recommended set of Legendre coefficients.

*
The n,2n and n,3n meaaurementaof Mather et al.
(D. S. Mather, P. F. Bsmpton, R. E. Coles, G.
James, and P. J, Nind, “Measurementof (n,2n) Cross
Sections for Incident Energies Between 6 and 14
MeV,” Atomic Weapons Research Establishmentreport
AWRE O 72/72 and EANDC (UK) 142-AL, November 1972)
ware received about the time this evaluationwas
completed. These measurement do not a ree with
this evaluation. Since their data on 238U indicate
serious discrepanciesboth in shape and magnitude
with earlier experiments,it was decided that these
data would not be incorporatedIn the present
evaluation. Furthermore, the 239Pu measurements
were not borne out by integral calculationsof
Whalen and Worlton, which were factors of two to
three lower for un,2n”

Or—————T

0.1

II /wan,3n

OL—ULM
6 8 10 12 14 16 18 20

En (MeV)

Pig. 17. Un,2n and u for 239Pu,
n,3n

.

.

These coefficientswere used in turn to calculate

the angular diatributlonswhich are plotted in

Figs. 18-35. ~us, the curves shown in Figs. 18-35

are the final recommendedangular distributions,~

the initial best fita to the experimentaldata.

The inelasticangular distributionsfor the

constructeddirect-interactionlevels were baaed on

the elastic distributionsat energies below about

2 MeV.

The curves of the Legendre coefficientsfor the

direct-interactionlevels aa a function of E aren
shown in Fig. 40.

K. Charged-ParticleCross Sections

Cross sections for the n,a; n,t; n,p; ~d n,d

reactions are taken directly from the ENDF/B-111

evaluation. The curves are shown in Fig. 41.

L. Tabulated Cross Sections

The recommendedcross sections are tabulated

in Table II. The tabulatedvalues for the various

inelaatic levels are given in Table III.

,

,
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TABLE 11

NSUTRONCROSSSECTIONSFOR RI-239(2NSARNS)

a an,2nf n,a .& an*d “a”*t
E(MeV) an,T an,n fi
—— —

a
n,n’

a a a an.2n n.3n n,f n,n-f

0.007s83

0.0080
0.00s5

0.0090
0.0095

0.010

0.011 .
0.012
0.013

0.014

0.015
0.016

0.017

0.018
0.019

0.020

0.025 13.820

0.030 13.640

0.035 13.470

0.040 13.320

0.045 3.3.170
0.050 13.040
0.055 12.900

0.057239 12.849
0.060 12.7S0

0.070 12.530

0.076319 12.383

0.080 12.300
0.090 12.090

0.100 11. s90

0.110 11.733

0.120 11.540

0.130 11.3s0

0.140 11.240

0.150 11.095

0.160 10.9s0

0.1646S9 10.920
0.170 10.838

0. 1s0 10.740
0.193S11 10.592

0.200 10.530
0.250 10.080

0. 2S7201 9. SOS
0.300 9.720
0.3313S6 9.513

0. 3S9630 9.182
0.393646 9.163
0.400 9.130
0.435S23 8.9S1
o.471974 S.780

0.4 S8041 8.720
0.494066 S.707

0.500 S.655

0.507121 8.600

0.514150 8.565

0.558335 S.406
0.600 S.258

0.650 8.085
0.700 7.927

0.733051 7.S60

0.763177 7.765
0.803344 7.690
0.852549 7.590
0.900 7. Soo
0.950 7.420

0.000
0.005
0.027
0.056
0.082

0.095
0.116
0.130
0.142
0.155

0.165
0.176
0.184
0.192
0.197

0.202
0.216
0.225
0.232
0.237

11.216
11.105
11.006
10.950

10.852
10.758
10.633
10.589
10.524

0.645
0.560
0.484
0.417

1.743
1.750
1.748
1.716

0.371
0.339
0.31s
0.311
0.304

1.708
1.703
1.709
1.709
1.708

1.656
1.64S
1.642
1.634
1.614

1.589
1.564
1.555
1.542
1.534

0.239
0.240
0.240
0.240
0.244

0.257
0.262
0.266
0.281
0.296

0.316
0.336
0.351
0.365
0.375

0.282
0.274
0.269
0.261
0.2s2

0.246
0.241
0.233
0.227
0,221

10.335
10.199
10.123
9.914
9.728

9.5S2
9.399
9.241
9.106
8.965

8.859
8.805
8.720
S.611
8.454

8.3S8
7.924
7.632
7.535
7.304

0.217
0.214
0.212
0.206
0.200

0.197
0.179
0.166
0.162
0.154

1.522

1.518
1.511

1.502
1.495

0.382
0.3s3
0.395
0.421
0.443

0.456
0.482
0.501
0.509
0.521

1.4s9
1.495
1.506
1.514
1.s34

6.914
6.892
6.S54
6.678
6.457

6.383
6.362
6.298
6.238
6.190

0.138
0.136
0.134
0.126
0.117

0.114
0.113
0.112
0.111
0.109

1.560
1.561
1.562
1.570
1.57s

0.570
0.574
0.5s0
0.607
0.62S

0.644
0.652
0.664
0.669
0.6S3

1.579
1.580
1.581
1.5S2
1.583

S.981
5.774
5.553
S.334
S.223

0.101
0.093
0.084
0.077
0.073

1.592
1.603
1.618
1.641
1.664

0.732
0.788
0.830
0.875
0.900

S.0S6
4.977
4.840
4.717
4.s99

0.070
0.066
0.060
0.053
0.048

1.679 0.930
0.960
0.993
1.030
1.070

1.687
1.697
1.700
1.703
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.— . ..

E (MeV) an,n 3iL
ZAELE II (Coat-d)

a
n,n”

a a a
n,2n

a~’ n,f n,n”f a
n,2nf

0.000

0.004

0.021
0.059

0.091
0.100

0.119

0.140
0.166

0.190

0.217

0.234

0.240

0.245
0.250

0.261

0.279

0.310
0.356
0.401

0.434

a
n,t

1.00418
1.2
1.4
1.50627
1.6

1.8
2.00836
2.25
2.51045
2.75

3.01254
3.25
3.50
3.75
4.00

4.25
4.50
4.75
5.00
5.25

5.50
5.67965
5.75
6.00
6.25

6.50
6.75
7.00
7.5
8.0

8.5
9.0
9.5
10.0
10.5

11.0
11.5
12.0
12.5
12.7069

13.0
13.5
14.0
14.5
15.0

15.5
16.0
16.5
17.0
17.5

18.0
18.5
19.0
19.5
20.0

7.350
7.230

7.220
7.240

7.260

4.492
4.245
4.077
4.000
3.955

0.043
0.028

0.020
0.0167

0.014

1.705
1.729

1.801

1.860

1.885

1.925

1.950
1.960

1.920
1.866

1.110
1.228
1.322
1.3633
1.406

7.340

7.450
7.560

7.680

3.942
3.979
4.027
4.144

0.010
0.006
0.002
0.000

1.463
1.515
1.571
1.616
1.6427.795 4.287

7.895 4.379
7.982 4..488
8.018 4.551
8.040 4.592
8.017 4.587

7.985 4.571
7.900 4.491
7.833 4.431
7.7221 4.325
7.5933 4.206

7.5125 4.141
7.4336 4.092
7.4137 4.079
7.3017 4.017
7.0908 3.957

1.860
1.834

1.806
1.787

1.769

1.753

1.748
1.741

1.736

1.733

1.730

1.731

1.735
1,768
1.837

1.656
1.660
1.661
1.661
1.661

1.661
1.661
1.661
1.661
1.654

1.641.
1.610
1.597
1.501
1.250

0.0

0.005

0.014
0.022

0.036

0.051

0.068

0.083

0.095
0.102
0.104

0.103

0.097
0.087
0.076
0.066

0.00
0.0001
0.0003

0.0005
0.0006

0.0007
0.0007

0.0008

1.730

1.730

1.730
1.730

1.730

0.00
0.001

0.005
0.038
0.107

0.000
0.002
0.015

0.046

6.9408 3.910
6.8549 3.890
6.7629 3.842
6.4832 3.724
6.3523 3.606

6.2559 3.5064
6.1059 3.3521
6.0196 3.2615
5.9608 3.1980
5.8824 3.1149

5.8524 3.0710
5.8431 3.0356
5.8333 2.9764
5.8420 2.9393
5.8580 2.9421

5.8922 2.9471
5.9562 2.9781
5.9981 2.9990
6.0310 3.0155
6.0700 3.0356

6.1050 3.0577
6.1300 3.0802
6.1600 3.1027
6.1900 3.1176
6.2150 3.1243

6.2350 3.1325
6.2600 3.1367
6.3052 3.1526
6.3452 3.1726
6.3610 3.2005

1.930
2.013
2.090
2.190
2.263

2.319
2.349
2.360
2.363
2.363

1.020

0.841
0.700

0.410
0.307

0.080

0.110
0.130

0.156

0.17s

1.730

1.730
1.730

1.730
1.730

0.200

0,283
0.360

0.460
0.533

0.0008

0.0009
0.0009

0.0011

0.0013

0.239
0.200
0.183
0.176
0.174

0.190
0.203

0.213
0.221
0.227

0.589
0.619
0.630
0.633
0.633

1.730
1.730

1.730
1.730

1.730

0.0015
0.0018

0.0021
0.0025
0.0030

0.00
0.0001
0.0002

G.00
0.0002
0.00030.00

2.367
2.384
2.422
2.454
2.463

2.482
2.503
2.529
2.553
2.580

0.178
0.183
0.191
0.202
0.206

0.213
0.221
0.225
0.223
0.221

0.232
0.235
0.237
0,238
0.237

0.234
0.226
0.205
0.180
0.152

1.730
1.730
1.730
1.730
1.730

0.633
0.633
0.633
0.633
0.633

0.633
0.633
0.633
0.633
0.633

0.0036
0.0043
0.0052
0.0063
0.0070

0.0077
0.0095
0.0117
0.0145
0.0179

0.0003
0.0005
0.0007
0.0009
0.0011

0.0013
0.0018
0.0025
0.0035
0.0049

0.0001
0.0002
0.0003
0.0005
0.0006

0.0007
0.0009
0.0013
0.0018
0.0025

0.0004
0.0005
0.0007
0.0010
0.0012

0.0014”
0.0019
0.0026
0.0037
0.0051

1.730
1.730
1.730

1.730

1.730

2.597
2.603
2.608
2.613
2.624

0.219
0.218
0.2165
0.215
0.214

0.124
0.095
0.072
0.052
0.036

1.730

1.730
1.730

1.730
1.730

0.633
0.633
0.633
0.633
0.633

0.0220

0.0267

0.0322
0.0403
0.0452

0.0433

0.0388
0.0325
0.0245

0.0146

0.0068

0.0094

0.0131
0.0195
0.0263

0.0310
0.0350

0.0373’
0.0367

0.0281

0.0034
0.0048

0.0066
0.0097
0.0131

0.0153

0.0172

0.0184
0.0181
0.0139

0.0071

0.0099

0.0139
0.0209
0.0281

0.0329

0.0373
0.0402
0.0398

0.0309

0,633
0.633
0.633
0.633
0.633

2.642
2.673
2.719
2.764
2.797

0.213
0.212
0.2112
0.2105
0.210

0.022
0.013
0.007
0.003
0.0

1.730
1.730
1.730
1.730
1.730
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Jws!!rL

7.883
8.0
8.5
9.0
9.5

10,0
22.0
12.0
13.0
1.4.0

2.5.0
16.0
17.0
18.0
19.0

20.0
25.0

30.0
35.0
40.0

0.0
50.0
57.239
60.0
70.0

76.319
80.0
90.0

100.0
220.0

120.0
130.0
140.0
150.0

160.0
164.689
170.0
180.0
193.811

200.0
2s0.0
287.201
300.0
331.386

389.630
393.646
400.0
.435.823
471.974

488.041
f194.066
500.0
507.121
514.150

558.335
600.00
650.0
700.0
733.051

763.177
803.344
852.549
900.0
950.0

7.85

0.000
0.005
0.027
0.056
0.082

0.095
0.116
0.130
0.142
0.155

0.165
0.176
0.184
0.192
0.197

0.202
0.216
0.225
0.232
0.237

0.239
0.2.40
0.240
0.239
0.237

0.235
0.234
0.232
0.230
0.228

0.227
0.225
0.224
0.223

0.222
0.221
0.220
0.219
0.218

0.217
0.211
0.207
0.206
0.200

0.191
0.190
0.188
0.182
0.175

0.172
0.171
0.169
0.168
0.167

0.1585
0.151
0.143
0.136
0.131

0.126
0.121
0.113
0.107
0.101

TA8LS III .
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0.000
0.005
0.020

0.027
0.0295
0.036
0.040
0.042

0.043
0.043
0.043
0.043

0.043
0.043
0.043
0.043
0.042

0.042
0.040
0.039
0.038
0.036

0.032
0.032
0.031
0.029
0.027

0.0264
0.026
0.0258
0.0255
0.025

0.023
0.0215
0.0195
0.0178
0.0167

0.0157
0.0144
0.0132
0.012
0.0107

0.000
0.0025
0.013
0.026
0.046

0.066
0.083
0.098
0.109

0.117
0.119
0.123
0.127
0.129

0.130
0.128
0.124
0.122
0.115

0.106
0.104
0.103
0.097
0.091

0.089
0.088
0.087
0.086
0.085

0.0793
o.07hl
0.069
0.0641
0.061

0.0591
0.0557
0.052
0.0487
0.046

164 193 286 330 ~ ~~ 470 486 492—— ——

0.000
0.009
0.032
0.054

0.057
0.067
0.070
0.070
0.070

0.068
0.068
0.067
0.064
0.062

0.061
0.0605
0.060
0.0597
0.059

0.0563
0.0538
0.0508
0.0483
0.0666

0.045
0.0434
0.0412
0.039
0.0373

0.000

0.010
0.036
0.061
0.063
0.066

0.070
0.070
0.070
0.071
0.071

C.071
0.0707
0.0704
0.0702
0.070

0.069fI
0.068
0.0655
0.063
0.0615

0.0595
0.0575
0.055
0.0523
0.0496

0.000
0.010
0.034

0.076
0.078
0.079
0.087
0.091

0.093
0.0935
0.094
0.0944
0.095

0.097
0.098
0.098
0.098
0.098

0.098
0.097
0.0955
0.093
0.0905

0.000

0.027
o.o~8
0.030
0.036
0.041

0.0423
0.043
0.044
0.04.43
0.065

0.0482
0.051
0.0536
0.0553
0.0561

0.0568
0.057
0.057
0.057
0.056

0.000
O.ook
0.010
0.025
0.034

0.037
0.038
0.039
0.0396
0.0.41

0.0458
0.0492
0.0524
0.055
0.0562

0.0575
0.0581
0.0587
0.059
0.0584

0.000
0.002
0.016
0.0215

0.024
0.025
0.0258
0.0267
0.028

0.0335
0.037
0.0404
0.0623
0.0433

0.0438
0.0442
0.0645
O.oubfl
0.0444

0.000
0.0145

0.0173
0.0185
0.0196
0.0204
0.0215

0.0276
0.0322
0.036
0.040
0.0415

0.0432
0.04s
0.0468
0.048
0.0486

0.000

0.011
0.0123
0.0138
0.0252
0.0175

0.023
0.0276
0.0326
0.036
0.0381

0.0401
O.ohz
0.0432
0.044
0.0446

0.000
0.0055
0.010
0.0110
0.0126

0.021
0.0257
0.0305
0.0344
0.0371

0.0385
0.041
0.043
0,065
0.0463

0.000
0.0056
0.008
0.0107

0.0182
0.0233
0.0282
0.032
0.0362

0.0363
0.0384
0.0406
0.0425
0,0442

.

.
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0.000
0.0057

0.0162
0.0204
0.0238
0.0266
0.028

0,0293
0.0304
0.0316
0.0329
0.0337

0.000

0.015
0.019
0.0224
0.0254
0.027

0.0285
0.0302
0.032
0.0337
0.0352

0.000
0.0152
0.0193
0.0228
0.0247

0.0262
0.0285
0.0305
0.0332
0.034

0.000
0.021
0.045
0.078

0.000 0.099

0.0115 0.000 0.115
0.0162 0.012 0.000 0,128
0.0205 0.0146 0.0121 0.000 0.148
0.0245 0.017 0.015 0.0116 0.170
0.9275 0.0188 0.0177 0.0135 0.212
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TABLE III (Cent’d)
.

392 434 470 466—— ——76 164

0.0352
0.0295
O.o?&ri
o.o~23
0.0206

0.0176
0.0152
0.0126
0.0106
0.0090

0.007
0.004
0.001
0.000

3.30

0.054
0.0454
0.0373
0.0339
0.0311

388

0.057s
0.0496
0.0412
0.0370
0.034

0.0275
0.0225
0.0166
0.0136
0.0110

0.008
0.005
0.002
0.000

J.wLL

1.00416
1.2
1,4
1.50627
1.6

1.8
2.00836
2,25
2.51065
2.75

57

0.009
0.0

*

0.0473
0.0393
0.033
0.0297
0.0277

0.0235
0.020
0.0165
0.0135
0.0110

0.008
0.005
0.002
0.000

286

0.0ss
0.076
0.063
0.0562
0.051

0.0404
0.031
0.0222
0.0168
0.0126

0.0097
0.006
0.0034
0.000

492

13.13451
0.04s
0.0484
0.0479
0.0464

0.0417
0.0351
0.0242
0.0138
0,0090

0.006
0.0030
0.001
0.000

.

.

0.094
0.073
0.046
0.049
0.044

0.043
0.03;4
0.0276
0.0246
0.0225

0.044
0.0/,1
0.037
0.0347
0.0328

0.02S5
0.023S
0.018:
0.0142
0.0111

0.008
0.005
0.002
0.000

0.049
0.0$85
0.0<36
0.0:91
0.0355

0.045
0.045
0.0615
0.0391
0.037

0.030
0.023
0.0161
0.0103
0.0090

0.007
0.0040
0.001
0.000

0.0473
0.049
0.0468
0.0448

0.0427

0.036
0.0282
0.0191
0.0115
0.0095

0.008
0.0050
0.002
0.000

0.034
0.027
0.020
0.015
0.0115

0.0189
0.0162
0.0134
0.0112
0.0096

0.0258
0.0213
0.0176
0.0136
0.0110

0.0275
o.o~lo
0.0135
0.0090
0.0075

3.0125$
3.25
3.5
3.75
4.0

4.25
4.5
4.75
5.0
5.25

5.5

0.008
0.005
0.002
0.000

0.008
0.005
0.002
0.000

0.008
0.005
0.002
0.000

0.005
0.0020
0.0

.

-“-.

●Above this ener8y, the cross sections for these levels are identical.

I

Ofrect
Interaction

0.029
0.030
0.034
0.038
0.042

Direct
Intcractic.n

0.138
0.152
0.167
0.173
0.182

0.193
0.200
0.200
0.200
0.200

Direct

Z@?!Q COntinuun InteractionJLi?!wL
5.67965
5.75
6.oO
6.25
6.50

6.75
7.00
7.5
8.0
8.5

Continuum

1.581
1.567
1.467
1.212
0.978

0.795
0.650
0.353
0.2.%2
0.166

0.119
0.093
0.076
0.062
0.053

A(-!E!L

11.5
12.0
12.5
12.7069
13.0

13.5
14.0
14.5
23.0
15.5

Coatinuum-

0.045
0.039
0.035
0.033
0.031

0.028
0.025
0.023
0.021
0.019

18.5 0.012 0.200
19.0 0.0112 0.200
19.5 0.0105 0.200
20.0 0.0100 0.200

0.046
0.050
0.057
0.065
0.073

0.081
0.090
0.100
0.112
0.125

9.0
9.5
10.0
10.5
11.0

16.0
16.5
17.0
17.5
18.0

0.018
0.0165
0.015
0.014
0.013

0.200
0.200
0.200
0.200
0.200

.
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505 556

0.03s4
0.0397
0.0416
0.0416
0.0616

730

0.030
0.0365
0.0452

0.0671
0.0481

760

0.0202
0.0235
0.0?56
0.0264
0,0267

800

0.0?02
0.0277
0.0291
0.0289
0.0284

849

0.015
0.01s1
0.0195
0.0197
0.0199

1.5 2.0 2.5Centinuum

0.260
0.4255
0.5825
0.6633
0.738

WLuQ

0.000
0.0005
0.0015

0.002
0.0025

.
0.0345
0.0368

0.037
0.0360
0.0352

0.0325
0.0292
0.0244
0.0185
0.0110

0.008
0.0050
0.002
0.000

0.0363
0.039
0.040
0.0400
0.039s

0.000
0.0005

0.038
0.0356
0.0304
0.0245
0.0175

o.ofJo7
0.0388
0.0343
0.0275
0.0209

0.0489
0.0482
0.0465
0.0436
0.0396

0.027
0.0268
0.0257
0.0239
0.0213

0.027
0.0252
0.0224
0.0192
0.0166

0.0195
0.0189
0.0178
0.0167
0.0152

0.0138
0.0123
0.0110
0.0090
0.008

0.874
1.003
1.1533
1.282
1.3706

1.448
1.5163
1.574
1.6208
1.6355

0.003

0.0035
0.0037
0.004
0.0041

0.001
0,0015
0.0018
0.002
0.0021

0.000
0.0005
0.001
0.0012

0.000
0.0001

0.0003
0.0007
0.0012
O.ools
0.0017

0.0020
0.0023
0.0029

0.0035
0.0044

0.007
0.0040
0.001
0.000

0.0132
0.0080
0.004
0.000

0.000
0.0006
0.0010
0.0012
0.0015

0.0018
0.0020
0.0025
0.0030
0.0041

0.035
0.028L
0.0216
0.0090
0,0

0.0179
0.0110
0.006
0.0030

0.000

0.0144
0.0119
0.0100
0.0070
0.004

0.0042
0.0042
0.0043
0.0044
0.0045

0.0022
0.0025
0.0028
0.0031
0.0035

0.0013
0.0015
0.0017
0.0020
0.0023

0.0010
0.0

0.0046
0.0047
0.0048
0.0050
0.0050

0.0037
0.0040
0.0043
0.0045
0.0049

0.0026
0.0030
0.0035
0.0040
0.0046

0.0050
0.002
0.000

1.6403
1.643
1.643
1.641
1.631

1.634 0.0054* 0.005L* 0.0054* 0.0054* 0.0054*
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III. PLUIXINIUM-240

A. Total Cross Section

The only reported measurementsof the total
56cross section are those by Smith et al. Above

1.5 MeV, the total is taken to be the sum of the

partial cross sections, following the shape of the

curve for the total cross sections of 238U and for

239PU0
The results are shown in Fig. 42.

B. Elastic-ScatteringCross Sections

Elastic-scatteringcross sections obtained by

integrating the differentialelastic cross section
56 meover all anglea are given by Smith et al.

evaluated curve follows the experimentsclosely up

to about 1 MeV, where tha scatter in the data becomes

quite large. Above 1-1.5 MeV, the elastic-scatter-

ing cross section was obtained by subtractingthe

nonelastic cross section from the total. The recom-

mended curve is shown in Fig. 43.

Smith et al.56 measured the angular distribution

for elastic scatteringplus some inelastic contri-

butions. However, the results are presented in

terms of Legendre polynomial coefficients,obtained

from fitting each measurement. A 5th-order fit was

made at each energy, a limit that is both too low

(in comparisonwith the results for neighboringnu-

clides) and odd, in violation of physical principles

and ENDF/B procedures. In the absence of the orig-

inal data (in units of mb/sr) a refitting procedure

could not be performed; hence, these data were not

used in this evaluation. On the baaia of nuclear
239PU

systematic, the angular distributionsfor

were used for 240Pu.

c. Fission Cross Section

Measurementsof the fission cross section of
240

Pu have been reported by White and Warner,
19

Savin et al.,
16,57

Dorofeev and Dobrynin,
24

Perkin
21 58

et al., Ruddick and White, Smith et al.,
18

Nesterov and Smirenkin,
59 60

and Gilboy and Knoll.

Some of these measurementswere ratioa of the fis-
240

aion cross section of Pu relative to that of
235

U; all of them, however, have been reduced to

absolute cross sections by multiplyingby the appro-

priate fission cross sections as described in the

evaluationof the neutron cross sections of 239PU

(Sec. II-C).

The evaluated curve follows the experlmen\al

average up to about 400 keV. Above that energy, the

32

experimentalmeasurementsdo not show good agreement,

although the spread is not extreme. The reconrnended

curve tends to follow the measurements of Savin

et al?’ above 500 keV.

The point of White and Warner
19

at 14.1 MeV

establishesthe absolute value of the curve in the

high-energy region; the general shape of the curve
239PU.

above about 5 MeV was taken from the curve for

The recommendedcurves are ahown in Figs. 44 and 45.

D. Mean Number of Prompt Neutrons from Flasion

Measurementsof ~ are given by Savin et al.,
16

Kuzminov.61and da Vroey ~:oal.62 These were re-

duced to ratios of ~ for Pu to the spontaneous

fission iJfor 252Cf. A fit to the data of Savin

et al. and de Vroey et al. below 4 MeV yields a

straight line that is inconsistentwith the measure-

ment of Kuzminov, especially near 15 MeV. In view

of the above inconsistencyand the difficulty of

establishinga two-segmentlinear fit without meas-

urements between 4 and 15 MeV, this evaluation is

based only on the data of Savin et al. and de Vroey

et al., although it ia questionableto disre8ard

the only high-energymeasurement available. The

ratio of ~ for 240Pu to that of 252Cf is given by

+ .0.773 + 0.0382~n

V( Cf)

0<En<20MeV

Based on ~ for 252Cf of

- 240
V( Pu) = 2.897 +

(MeV) ,

.

3.748,

0.143En (MeV) .

(9)

(lo)

The recommendedcurve is shown in Fig. 46.

E. Delayed Neutrons from Fission

Keepin
35

gives a value of 0.0088 for the de-

layed neutron fraction in the fission spectrum. In

the absence of data to the contrary, the shape of

the curve for the delayed neutron fraction as a

function of energy is taken to be the same as that
for 239

Pu (see Fig. 9). The final-stateenergy

df.atributiongiven by Keepin is essentially the

same as that for 239Pu (see Fig. 10).

.

.
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F. Fission Neutron Energy Distribution

Because there are no measurement of the energy

distributionsfor neutron-inducedfission of
240

Pu,

the nuclear temperaturefor various incident-neutron

energies was calculated from the relation given by

Terrell:63

Tf(En)~0.50 +0.43 (~+1)1/2 , (11)

where ~ aa a function of En 18 given by Eq. 10.

Equation (11) gives, for example, Tf(0) = 1.355 MeV,

Tf(14 MeV) = 1.547 MeV, and Tf(20 MeV) = 1.619 MeV.

The curve of Tf vs En la shown in Fig. 47.

Again, the fiaaion proceae is representedby

the relation,

u -u +U +U + ...
n,F n,f n,n”f n,2nf

(12)

The prefissionneutron energy distributionsare

taken to be the same as those for inelastic scatter-

ing (see Sec. III-G), with appropriate threshold

modifications.

G. Inelastic Scatterin~

The level energies for
240PU were taken from

Lederer et al~” Measurement of the cross eectione

for exciting levels in the rangea 42 * 5, 140 ? 10,

300 * 20, 600 * 20, and 900 ? 50 keV were reported

by Smith et al.
56 These measurementsgive results

for the energy levels at 43, 142, 296, and 599 keV,

and provide a check on the sum of the levels at 863,

903, and 945 keV.

I I I I 11111 I I I I I 1111 I

● Smithet al.56

<

I I 1 I I 1111 I I I I I 1111 1 I I I 11111 I

.01 0. I I.0 10.0 30.0

Fig. 43. Elastic-scattering

34

En (MeV)

cross section for 240Pu.

10

9

8

7

6

5

4

3

.

J



.

I

a)
.-C3

plw

I
K

ll
110

*—

w
=

3
5



0.6

0.5

0.4

z
-0.3
b

0.2

0.1

0 I I 1/ I I I

8 10 12
En

Fig. 45. Un,n.f and un,2nf for 240Pu.

A continuumwas introducedalong with the level

at 945 keV to account for the unresolved energy

levels above that energy. At an incident energy of

940 keV, the average neutron energy obtained from

the levels is 760 keV. Thus, the temperaturefor

the continuum distributionwas taken to be 380 keV

at that energy. The curve at high energies was

based on the curve for
239

Pu; the results are shown

in Fig. 48.
239PU ~evel~

Following the procedure used for ,

were introducedat 2, 3, 4, and 5 MeV to represent

direct-interactioninelastic scattering. Angular

distributionsfor those levels were assumed as they

were for 23’Pu. The cross sections for the various

excited levels, the continuum,and the total inelas-

tic are shown in Figs. 49-51.

14 16 18
(MeV)

H. Radiative Capture Cross Section

The radiative capture cross section for
240W

64
was evaluatedby Pi,tterleand Yamamoto for inclu-

sion in the ENDF/B-111 evaluation (MAT 1105). In

the absence of experimentalmeasurement in the

energy region of interest, their evaluation*was

uaed,withoutmodification, in this work. The curve

is reproduced in Fig. 52.

I. On Zn and Un ~n

In the absence of experimentalmeasurements,

these croaa sections are assumed to be similar to

the cross sections for
239

Pu, with appropriate

chengea in threshold (see Fig. 53). If the dominant

factor in these processes should be the even-odd

*
‘l%isevaluation is baaed on calculation, using
parameters obtained from resonance-regionmeasure-
ments.

.

.

.
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nuclear temperature for 240PU.
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Fig. 52. Radiative-capturecross section for 240Pu.

I
0.25 -

%.2n

0.20-
nature of the masa number, then 238u might prove to

a be the better choice.
; 0.15-

J. Tabulated Cross Sections

0.10- The tabulatedvaluee of the cross sections are

given in Table IV, while valuea for the inelastic

0.05- levels are given in Table V.

o
6 8 10 12 14 16 18 20

En(MeV )

Fig. 53. un,2n and un,3n for 240pu.
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En (MeV)

0.040
0.043172
0.050
0.055
0.060

0.065
0.070
0.075
0.080
0.085

0.090
0.100
0.110
0.120
0.130

0.140
0.142596
0.150
0.160
0.170

0.180
0.190
0.200
0.22
0.24

0.26
0.28
0.297243
0.30
0.35

0.40
0.45
0.50
0.55
0.601516

0.65
0.70
0.75
0.80
0.85

0.866525
0.906793
0.948969
1.OO
l.l

1.2
1.3
1.4
1.42596
1.5

u
n,T

13.356
13.1323
12.851
12.664
12.507

12.361
12.209
12.096
11.991
11.858

11.742
11.505
11.338
11.193
11.059

10.944
10.916
10.831
10.747
10.654

10.558
10.461
10.392
10.211
10.006

9.807
9.611
9.498
9,466
9.149

8.801
8.331
7.908
7.723
7.578

7.531
7.510
7.398
7.309
7.254

7.247
7.191
7.172
7.121
7.005

6.942
6.910
6.898
6.901
6.911

u
n,n

12.8315
12.630
12.3424
12.132
11.920

11.710
11.494
11.330
11.175
10.992

10.827
10.505
10.274
10.066
9.875

9.709
9.666
9.533
9.4168
9.2849

9.1449
9.0228
8.9224
8.6972
8.4573

8.2281
8.0042
7.8665
7.8239
7.4307

6.9910
6.4211
5.8400
5.4706
5.2225

5.0801
4.9682
4.7370
4.536
4.384

4.354
4.2255
4.1003
3.9530
3,7107

3.5949
3.5260
3.5000
3.5080
3.5660

TAELE

NEUTRON CROSS SECTIONS

k
0.430
0.410
0.380
0.362
0.343

0.330
0.318
0.306
0.297
0.288

0.278
0.265
0.252
0.242
0.233

0.224
0.223
0.218
0.212
0.206

0.202
0.198
0.194
0.188
0.183

0.179
0.175
0.173
0.172
0.164

00161
0.162
0.159
0.153
0.1485

0.144
0.139
0.133
0.128
0.123

0.121
0.117
0.112
0.108
0.099

0.091
0.085
0.079
0.078
0.073

a
n,F

0.0945
0.0923
0.0912
0.0880
0.083

0.080
0.079
0.078
0.076
0.074

0.072
0.071
0.070
0.071
0.073

0.075
0.076
0.078
0.080
0.082

0.084
0.087
0.091
0.098
0.104

0.111
0.118
0.123
0.128
0.158

0.198
0.261
0.403
0.585
0.704

0.807
0.904
1.012
1.107
1.208

1.231
1,308
1.406
1.483
1.596

1.647
1.679
1.679
1.670
1.622

Iv

FOR 240Pu(IN BARNS)

u fJ a u
n,n” * n,3n &

0.000
0.0374
0.0820
0.161

0.241
0.318
0.382.
0.443
0.504

0.565
0.664
0.742
0.814
0.878

0.936
0.951
1.002
1.0382
1.0811

1.1271
1.1532
1.1846
1.2278
1.2617

1.2889
1.3138
1.3355
1.3421
1.3963

1.4510
1.4869
1.5060
1.5144
1.5030

1.4999
1.4988
1.516
1.538
1.539

1.541
1.5405
1.5537
1.5770
1.5993

1.6091
1.620
1.640
1.645
1.650

u
n,n”f ‘n,2nf
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TABLE IV (Cent’d)

En (MeV)

1.6
1.7
1.8
1.9
2.00833

2.2
2.4
2.5
2.6
2.8

3.01250
3.5
4.01667
4.5
5.02083

5.5
6.0
6.5
6.56072
7.0

7.5
8.0
8.5
9.0
9.5

10.0
10.5
11.0
11.5
12.0

12.2398
12.5
13.0
13.5
14.0

14.5
15.0
15.5
16.0
16.5

17.o
17.5
18.0
18.5
19.0

19.5
20.0

u
n,T

6.946
7.015
7.069
7.134
7.187

7.292
7.374
7.404
7.439
7.528

7.591
7.695
7.696
7.553
7.309

7.093
6.898
6.699
6.668
6.519

6.388
6.292
6.198
6.121
6.072

6.022
6.004
6.006
6.012
6.026

6.039
6.058
6.069
6.100
6.117

6.136
6.147
6.158
6.167
6.172

6.175
6.177
6.178
6.178
6.178

6.178
6.178

u
n,n

3.6230
3.6740
3.6975
3.7390
3.7905

3.9265
4.0770
4.1478
4.1728
4.1968

4.2393
4.3887
4.4286
4.3172
4.0946

3.9092
3.7276
3.5906
3.5797
3.5334

3.5881
3.6507
3.6192
3.5976
3.5819

3.5542
3.5539
3.5608
3.5667
3.5738

3.5833
3.5791
3.4994
3.4469
3.4286

3.4429
3.4562
3.4805
3.5088
3.5296

3.5504
3.5707
3.5950
3.6180
3.6338

3.6535
3.6750

_LL
0.068
0.063
0.0595
0.0560
0.0525

0.0465
0.0410
0.0392
0.0372
0.0332

0.0297
0.0233
0.0184
0.0148
0.0124

0.0108
0.0094
0.0084
0.0083
0.0076

0.0069
0.0063
0.0058
0.0054
0.0051

0.0048
0.0045
0.0042
0.0039
0.0036

0.0035
0.0033
0.0030
0.0027
0.0024

0.0021
0.0018
0.0015
0.0012
0.0009

0.0006
0.0003
0.0000

u
n,F

1.605
1.628
1.662
1.689
1.694

1.669
1.606
1.567
1.579
1.648

1.672
1.633
1.599
1.571
1.552

1.543
1.541
1.540
1.540
1.561

1.635
1.822
1.963
2.019
2.040

2.045
2.048
2.050
2.050
2.050

2.050
2.062
2.135
2.202
2.230

2.235
2.239
2.241
2.243
2.245

2.247
2.249
2.251
2.253
2.255

2.257
2.258

u
n,n”

1.650
1.650
1.650
1.650
1.650

1.650
1.650
1.650
1.650
1.650

1.650
1.650
1.650
1.650
1.650

1.630
1.620
1.560
1.540
1.400

1.105
0.710
0.455
0.312
0.242

0.200
0.1716
0.1590
0.1554
0.1606

0.1642
0.1686
0.1766
0.1824
0.1850

0.1830
0.1810
0.1790
0.1780
0.1765

0.1750
0.1740
0.1730
0.1720
0.1712

0.1705
0.1700

0
*

0.000
0.017

0.053
0.103
0.155
0.187
0.203

0.218
0.226
0.232
0.236
0.238

0.238
0.236
0.227
0.211
0.192

0.173
0.152
0.124
0.095
0.072

0.052
0.036
0.022
0.013
0.007

0.003
0.000

u
~

0.000
0.009
0.028
0.055
0.079

0.100
0.117
0.132
0.141
0.148

0.150
0.147
0.137
0.122
0.111

0.094
0.075

un,nOf

0.000
0.021

0.095
0.282
0.423
0.479
0.500

0.505
0.508
0.510

I
0.510
0.510

v

0.510

u
n,2nf

0.000
0.012
0.085
0.152
0.180

0.185
0.189
0.191
0.193
0.195

0.197
0.199
0.201
0.203
0.205

0.207
0.208

.

.
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TABLE V

INELASTICLSVBM OF 240Pu (2N BARNS)CROSS SECTIONS FOR

903296 599
——

863 945 1420 2000 3000 4000 5000 Cent inuum
—— —. —

En (MeV)

0.043172
0.050
0.055
0.060
0.065

0.070
0.075
0.0s0
0.0s5
0.090

0.100
0.110
0.120
0.130
0.140

0.142596
0.150
0.160
0.170
0.1s0

0.190
0.200
0.22
0.24
0.26

0.28
0.297243
0.30
0.35
0.40

0.45
0.50
0.55
0.601516
0.65

0.70
0.75
0.80
0.85
0.S66525

0.906793
0.948969
1.0
1.1
1.2

1.3
1.4
1.42596
1.5
1.6

1.7
1.8
1.9
2.00833
2.2

2.4
2.5
2.6
2.s
3.01250

43 142
.

0.000
0.0374

0,082
0.161

0.241

0.318
0.382
0.443

0.504
0.565

0.664

0.742

0.814

0.S78

0.936

0.951

0.992
1.026
1.066

1.109

1.132
1.160
1.196

1.223
1.242

1.259
1.273

1.274
1.290
1.310

1.310
1.295
1.270

1.224

1.173

1.110
1.045
0.998
0.931
0.914

0.860
0.s17
0.760
0.634
0.498

0.369
0.279
0.252
0.202
0.151

0.115
0.088
0.070
0.054
0.0356

0.0257
0.0215
0.017s
0.0125
0.0090

0.000
0.0100
0.0122
0.0151
0.0181

0.0212
0.0246
0.0318
0.03s7
0.0469

0.0548
0.0625
0.0641
0.08S
0.112

0.000
0.0040
0.0183
0.0290

0.13s
0.163
0.189
0.215
0.238

0.0389
0.04s0
0.0554
0.0640
0.0704

0.000
0.0185

0.0490

0.102

0.141

0.181
00190

0.263
0.2S6
0.310
0.333
0.341

0.0768
0.083
0,089
0.094
0.096 0.000

0.35s
0.375
0.393
0.417
0.423

0.410
0.369
0.356
0.312
0.251

0.100
0.104
0.10s
0.115
0.121

0.126
0.127
0.1273
0.127
0.126

0,211
0.227
0.239
0.256
0.263

0.266
0.262
0.261
0.254
0.237

0.0115
0.0172
0.0245
0.0390
0,0491

0.0520
0.0519
0.0513
0.0499
0.0461

0.000
0.0135
0.0243
0.0580
0.0890

0.0995
0.1020
0.1022
0.1018
0.1004

0.000
0.0164
0.0455
0.0810

0.1005
0.1050
0.1057
0.1060
0.1055

0.000
0.011s
0.0348
0.0850

0.1970
0.3441
0.3895
0.4831
0.6046

0.000
0.0142
0.0284

0.194
0.144
0.107
0.079
0.0457

0.123
0.116
0.110
0.098
0.0777

0.215
0,196
0.174
0.153
0.120

0.0412
0.0363
0.0315
0.0277
0.0211

0.0962
0.0880
0.0780
0.0670
0.0492

0.0373
0.0322
0.0276
0.0210
0.0165

0.1024
0.0965
0.08S3
0.0797
0.0607

0,0457
0.0393
0.0346
0.0262
0.0200

0.0448
0.0568
0.0650
0.0703 0.000
0.0775 0.0004

0.0784 0.0008
0.0780 0.0010
0.0763 0.0011
0.0718 0.0012
0.0643 0.0013

0.7184
0.82S4
0.9262
1.0213
1.1621

1.2628
1.3038
1.3408
1.4034
1.4555

.
0.0296 0,0623 0.0904 0.0170
0.0244 0.0547 0.0800 0.0151
0,0202 0.0484 0.0696 0.0136
0.0133 0.0376 0.0519 0.0111
0.0090 0.0272 0.0380 0.0092 0.000
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TABL2 V (Cent‘d)

En (MeV) 43 142 296 599 863 903 945
—. .— —— —

0.000 0.000 0.0129 0.0180 0.0060 0.0098 0.0160
~:i1667 0.0070 0.0090 0.000
4,3

0.0070 0.0070
0.000 0.000 0.000 0.000

5.02083
5.5

6.0
6.5
6.56072
7.0

*Abovethisenergy,thecrosssectionsfortheselevelsareidentfcal.

En (MeV)

7.5
800

:::
9.5

10.0
10.5
11.0
11.5
12.0

12.2398
12.5
13.0
13.5
14.0

14.5
15.0
15,5
16.0
16.5

17.0
17.5
18.0
16.5

19.0
19.5
20.0

Direct
Interaction

0.0456
0.0520
0.0584
0.0648
0.0720

0.0800
0.0896
0.1000
0.1104
0.1216

0.1272
0.1336
0.1456
0.1544
0.1600

0.1600
0.1600
0.1600
0.1600
0.1600

0.1600
0.1600
0.1600
0.1600

0.1600
0.1600
0.1600

1420 2000 3000 4000 5000 Centinutnn
—— . —.

0.0403 0.0017
0.0227 0.0023
0.0126 0.0030
0.0080 0.0040
0.000 0.0054

0.0075
0.0090
0.0092
0.O11O*

1.0594
0.6580
0.3966
0.2472
0.1700

0.1200
0.0820
0.0590
0.045
0.039

0.037
0.035
0.031
0.0280
0.0250

0.0230

0.0210
0.0190
0.0180
0.0165

0.0150
0.0140
0.0130
0.0120

0.0112
0.0105
0.0100

0.0010
0.0015
0.0020
0.0030
0.0054

0.0075
0,0090
0.0092
0.O11O*

0.000
0.0010
0,0015 0.000
0.0030 0.0010

0.0060 0.0040
0.0090 0.0080
0.0092 0.0083
0.O11O* o.O11O*

1,5497
1.5935
1.6314
1.6335
1.6152

1.5950
1.5250
1.5041
1.3560*

.
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Iv. INTEGRAL TESTING

The evaluatedmicroscopiccroaa aectiona for
239

PU and 240Pu were processed from ENDF/B tapea by

ETOG (Ref. 65) into 30-group croaa-sectionaeta.

ETOG is sdequate for these calculations,since the

spectra lie predominantlybelow the prefiaaion

threshold. The energy boundaries for this 30-group

structure are given in Table VI. These group aver-

aged cross sections were then used to calculate the

eigenvaluesof several bare and reflected plutonium

Group

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

TABLE VI

ENERGY BOUNDARIESMD LETHARGY WIDTWS

FOR THE 30-GROUP STRUCTURE

(Emx = 17 MeV)

E (~wer Boundary)

15.0

13.5

12.0

10.0

7.79

6.07

3.68

2.865

2.232

1.738

1.353

0.823

0.50

0.303

0.184

0.0676

0.0248

0.00912

0.00335

0.001235

454.0

167.0

61.4

22.6

8.32

3.06

1.13

0.414

0.152

0.000139

MeV

I

%
0.13

0.11

0.12

0.18

0.25

0.25

0.50

0.25

0.25

0.25

0.25

0.50

0.50

0.50

0.50

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

7.00

assemblieswhich were measured to be delayed critic-

al. Descriptive informationon these assemblies

is provided in Table VII. For the calculation

mentioned above, cross sections for nuclidas other

than 23’Pu and 240Pu were taken from the LASL-TD-

Diviafon Library. This library has been discuaaed

in References 66-69.

The eigenvalue calculationswere performed with

the DTF (Ref. 70) code in spherical geometry; an ’16

angular quadraturewas used. All croaa sections

were 30-grouP, PI transport-corrected(two-table).

A summary of the calculated eigenvalues ia given in

Table VIII. The results for all assemblies (with

TABLEVII

CRITICALASSZNBLIESUSEDFOR INTEGRALTESTING

Assembly

Jezebel

DirtyJezebel

U - Ref.- Pufll

U - Ref.- Pu#2

u - Ref.- Pu#3

Be - Ref.- Pu

W- Ref.- Pu

VERA-11-A

zEBRA- Core3

OF h CROSS-SECTIONDATA

Ref.

73

73

74

74

74

74

74

75

75

Core Mass
(kg)

16.57

18.82

8.48

6.28

6.06

8.48

8.48

63.67

835.7

Reflector
Material

NATU

NATU

NATU

B~*

W**

~Tu***

NATU***

● 2% oxygen
** 5.5%Ni,2.5%Cu.0.7%Zr
***seeRef.75 forimpurities

TABLE VIII

CALCULATED EIGENVALUES FOR THE h

CRITICAL ASSEMBLIES

Assembly

Jezebel

Dirty Jezebel

u - Ref. - Pu#l

U - Ref. - Pu#2

U - Ref. - Pu#3

Be - Ref. - PU

W - Ref. - Pu

VERA - 12A

ZEBRA CORE-3

Reflector
Thickness
(cm)

4.128

11.684

19.609

3.68B

4.699

43.0

30.5

Eigenvalue(keff)

0.9995

1.0024

0.9945

1.0010

0.9969

1.0009

1.0022

1.0005

1.0083
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the exception of ZEBRA COKS-3) are seen to fall

within * 0.5% of critical (keff = 1). The eigen-

valuea for VERA-11A and ZEBRA COKE-3 were corrected

for resonance self-shieldingeffects; these correc-

tion factors were described in a previous paper.67

The central-core-replacementreactivity of plu-

tonium in the Jezebel assembly has been measured by

Engle et al.,71 using cylindrical samples 0.5 in.

in diameter and 0.5 in. long. The sample was repre-

sented by a sphere of equal volume for calculational

purposes. The plutonium central-core-replacement

worth in the center of Jezebel was calculated to be

1451 C/g-mole, using a calculatedvalue of the dol-

lar of Ak = k(prompt critical) - k(delayed critical)

= 0.00197. Here k(prompt critical) and k(delayed

critical) refer to the calculatedreactivitieaof

Jezebel in ita prompt-criticaland delayed-critical

configurations. See Ref. 72 for a more detailed

diacuaaion of central-core-replacementcalculations.

This worth comparea quite well with the measured

value of 1439 C/g-mole, i.e., an error of less than

1%.

v. DISCUSSION

In any evaluationprogram, cut-off dates for

considerationof experimentaldata must be asaigned,

otherwise it is impossible to incorporateeach set

of additional results without starting the program

anew. For the present work, some important experi-

mental results were received too late for proper

assessment. A few unincorporatedexamples on
239PU

are: The total cross section of Schwartz et al.,6

the n,2n and n,3n cross sections of Mather et al.,

and the correction to v by Frehaut et al. Also,

there are many measurement on
235

u fission which

now require a reevaluationof the primary standard

cross section. Fortunately,the new measurements

on V for 240Pu are in reasonableagreement with the

curve cho.eenhere, thereby verifying that the high-
61

energy measurementof Kuzminov should be ignored.

Another experiment that casta some doubt on the

present evaluation is describedby Auchempaugh and

Ragan (LASL,private conxnunication).Their very

preli.mlnaryresults on the fission neutron spectra

as a function of energy indicate no change in the

nuclear temperatureas the incident-neutronenergy

is increaaed. In addition, the temperature found
for 235U 238U and 239

s s Pu are not those conmonly

used in evaluationstoday. These experimentsare

being continued and should be studied extensively

before revisions are made to the work described here.

Other problems were encountered in this evalua-

tion. Because both the shape and magnitude of many

of the partial cross sections are “guessed” over a

wide energy range, the structureproduced in some of

the partial cross sections is often inadvertentand

has no physical meaning. While attempts were made

to keep such structure to a minimum, it was not re-

moved entirely and is especially apparent in the
240

elastic scatteringfor Pu, where the elastic was

obtained by subtractingthe rest of the partials

from the total cross section.

Also, the energy-dependentcharged-particle

cross sections employed in this evaluationwere lift-

ed directly from the ENDF/B-111 evaluated files.

These have not been verified experimentallyat any

energy either in shape or magnitude. Since the sum

of these cross sections approaches 200 mb at 20 MeV,

they make a significantcontributionto Utot and

therefore should be checked.

Insofar as the high-energydirect-interaction

cross sections are concerned,a recent calculation

indicates that a better “guess” would be to spread

these interactioncross eections over a wider excita-

tion energy. In the next pass, therefore, the level

energies may be chosen at l-MeV intervals rather than

at the 500-keV intervals presently used.

It is obviously extremely difficult to make a

realiatic asaesement of the probable errora to be

assigned to the differentialdata. With very few

exceptions, the differentialdata are not well es-

tablishedby experimentalmeasurements. The section

on integral calculation does include some verifica-

tion that the low-energydifferentialdata evaluation

may not be as far off as the individualmeasurements

might indicate. The estimated errors in Tables IX

and X, however, are based on the microscopic data.

Integral tests, such ae calculationof the

reactivityof Jezebel, restrict the combined errors

from Tablea IX and X. For example, one cannot raise

the fission cross section at all energies by the

uncertaintiesindicatedand still retain the capa-

bility of calculatingthe Jezebel reactivity. This

restrictionapplies more strictly to U and ~ than
n~F

to the other parameters listed. The uncertainties

listed in these tables were obtained by considering

*

,
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TABLE IX

ESTIMATED UNCERTAINTIESIN EVALUATED CROSS SECTIONS OF 239Pu (IN PERCENT)

ENDF/B Neutron Energy (MeV)

Deaignetion

MF=3, MT-1

MF=3, MT=2

MF=3,MT=18

MF=3, MT=102

MF=3, MT= 4

MF=3,MT=16

MF=3,MT-17

~ = 1, MT = 452

0.03

*5

20

7

15

30

1.5

0.1

*5

20

4

10

30

1.5

0.5

*4

10

4

10

30

1.5

1

*5

10

7

10

30

2.0

2

*4

10

5

30

2.0

10

*2

15

5

30

20

2.0

15

*3

15

7

30

30

X2

3.0

20

i4

15

10

30

30

X2

3.0

ESTIMATED

ENDF/B

UNCERTAINTIES

TABLE X

IN EVALUATED CROSS SECTIONS OF
240PU

(IN PERCENT)

Deeig$tion

MF=3, MT= 1

MF=3, MT= 2

MP=3,MT=18

NF=3,MT=102

MP=3,MT=4

MF=3,MT= 16

MF=3,MT=17

MF=1,MT=452

Neutron Energy (MeV)

0.05 0.1— .

* 20 *4

20 20

15 20

X2 X2

30 30

2.0 2.0

0.5

*4

10

20

X2

15

2.0

1

f4

15

10

X2

15

2.0

2

?5

15

4

X2

20

2.0

10

* 20

15

15

30

X2

.-

7.0

15

? 20

15

5

30

X2

X2

10.0

20

f 20

15

15

30

X2

X2

15.0

each parameter individually. Theee integral teats,

therefore~give some indication that the cross sec-

tions below 3-4 MeV may be leas uncertain than indi-

cated above, It is recognized,however, that inte-

gral checks cannot uniquely reduce the microscopic

uncertainties.
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