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SUMMARY 

This report describes an evaluation of Pu-240 neutron cross section 
data carried out for the ENDF /B file; Data were evaluated from 1 o- 4 to 15 
Mev for the following neutron reactions: total, n-gamma, fission, (n, 2n), 
(n, 3n), elastic scattering including Legendre polynomial expansions of the 
angular dependence, nonelastic, and inelastic scattering including resolved 
levels. Graphs of the evaluated data are included in the report. 
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I. INTRODUCTION 

In 1966 an evaluation of Pu-240 neutron cross sections was conducted 
for the ENDF/B file. This report describes the evaluation, which was car
ried out as part of a cooperative effort by the Cross Section Evaluation 
Working Group (CSEWG) coordinated through the National Neutron Data Cen
ter at Brookhaven National Laboratory under the sponsorship of the U· S. 
Atomic Energy Commission. References given in the CINDA index (EANDC-
66 U, July 1, 1966) wer.e considered in this evaluation, as well as a few refer
ences as late as October 1966. 

In this evaluation, the mass of Pu-240 is taken as 240. 1291 amu for 
a neutron mass of 1. 008986. The resolved and unresolved resonance para
meters evaluated are discussed in Chapter II (the unresolved parameters 
were used to estimate the capture and low-energy fission eros s sections); 
the recorrunended smooth cross sections and elastic scattering angular ex
pansions are discussed in Chapter III; secondary energy distributions for 
inelastic scattering, fission, (n, 2n), and (n, 3n) are discussed in Chapter IV. 
Comparisons with other evaluations are considered in Chapter V, along with 
a discussion of Pu-240 cross section measurements reported sinc.e the ·evalua
tion was completed. 

Graphs of the evaluated data are included in this report and compared 
with available experimental data. The ENDF /B data file is available through 
Brookhaven National Laboratory. 

This report supersedes the preliminary document, APDA Technical 
Memorandum No. 43, describing this evaluation. 
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II. RESONANCE PARAMETERS 

Measurements of Pu-240 resonance parameters available at the time 
of this ev~luation included measurements of the neutron widths up to 950 ev. 
Table I gives a listing of the resonance parameters considered iri the evalua -· 
tion. 

A. RESOLVED RESONANCE PARAMETERS 

l. Reso11ance Energies 

For the data given in. Table I, the average level spacing below 
700 ev is about 17 ev; but above 700 ev, the average spacing is about 23 .ev, 
and only a few neutron widths have been measured. Because the probability 
of missed. levels above 700 ev appears to be very large, only levels below 
700 ev were selected for the recommended parameters. Each of ·the recom
mended resonances has been recognized in at least two different measure
ments. The recommended energy range for the resolved resonance region 
is from 10- 4 to 685 ev. 

For the lowest resonance, the BNL-325 1-recommended energy. 
of l. 056 · ev was used in this analysis. Energies selected for the higher en
ergy resonances are approximate averages of the data· given in Table I. 

2. Neutron Widths 

For the 1. 056 ev resonance, a value of 2 .. 35 mv is recommended 
for the neutron width. This value represents slightly heavier weighting ·of 
the measurement of Pattendon and Rainey2 than apparently given in. BNL-
325. Pattendon' s plutonium sample had a Pu- 240 isotopic content of 96%, · 
which is c'onsiderably greater than most of the other measurements re-ported 
in BNL-325. For the 20.44 ev resonance, the BNL-325 value of 2. 3 mv 
was selected based on the data of Table I as well as additional data given 
in BNL-325. 

For the higher energy resonances, the recommended neutron 
widths represent compromises of the data of Bockho££5 and Asgha:r.6 At a 
few resonances (418. 5, 465. 7, 473. l, and 631.8 ev) n.o experimental data 
for the neutron widths have been reported. For .these resonances; the neu
tron widths have been rather arbitrarily estimated by assuming that the re
duced neutron widths for these resonances are about one-half of the smallest 
widths among the measured values in the neighboring energy range. Justifi
cation fo:r this procedure is based on the assumption that the neutron widths 
for these resonances were too small to be resolved in the given experiment. 

3 



TABLE I EXPERIMENTAL DATA FOR RESOLVED 
RESONANCE PARAMETERS 

Eo, ev ry. mv r n. mv' rf, mv r. mv Mise Reference 

1.056+.002 31+3 2.30+.15 .006 33+3 BNL-325 1 

1.06 o-'orf/r =30b Leonard3 

1.0575+.001 29.6+4 • 2.46+.2 32.1+4 Pattendon2 

20.4+.1 2.3+.2 <2 BNL-325 1 

20.6 Moyer4 
20.46+0.009 (21. 56.±.3) 3.44+0.09 25+3 Bockho££5 

20.42 20.41+4.6 2.053+0.17 Asghar6 
20.40+0;05 20.8 Hyer8 7 

38.1+.2 15+2 BNL-325 · 
38.5 Moyer 
3·8.34+0.02 (24.7+3) 18.3+0.7 43+2 Bockhoff -
38.26 17 .06+3. 9 17. 79+1.9 Asgh~r 

38.28+0.06 24.6 . cap/fiss. Byer~; 

+108 
=270 78 -

41.6 1. 9±_. 5 BNL-325 
41.9 Moyer 
41.64+0.02 (32.9+2.5) 16.1+0.5 49+2 Bockhoff 
41.62 15.36+2. 6 16.17+1.5 Asghar 
41.61+0.11 34.8 Byers 

6.6.3 45+20 BNL-325 
66.8 Moyer 
66.66+0.04 ( 4 7. 0±_6. 6) 48.0+1 .. 6 95+5 Bockhoff 
66.65 22.25+3.4 50.67+3.0 Asgliar 
66 .. 43+0.11 16.8 Byers 

72.4 ZY+lZ HNL-5Z!:> 

72.9 Moyer 
72.83+0.04 (22.2±_5. 7) 21.8+0. 7 44+5 Bockhoff -
72.8 17 .59+2.4 21.27+1 .3 Asghar 
72. 72+0.14 26.5 . Byers 

90.0+.5 17+6 BNL-325 ··-

90.7 Moyer 
90. 78+0.06 (28.7+6.3) 13.3+0.3 42+6 Bockhoff ;... 

90.8 16.89+2.5 10.38+0.6 Asghar 
90. 7+0.2 33.5 ·Byers 

4 



TABLE ·I - EXP.ERIMENTAL DATA FOR RESOLVED 
R~SONANCE PARAMETERS (Continued) 

Eo, ev ry, mv rn, mv rf,, mv r, mv Mise Reference 

92.5+0.06 2.9+0.1 Bockhoff 
92.5 12.1+3.3 2.56+0.2 Asghar 
92.5+0.2 Byers 

104.3+.5 60+30 BNL-325 
105.0 Moyer 
105.05+0.07 (31.8±_7.6) 44.2+1~6 76+6 Bockhoff 
105.1 20.95+2.4 44.94+2.1 Asghar 
104.9+0.2 25.3 Byers. 

120.0+1 50+30 BNL-325 
121.5 Moyer 
121.67+0.06 (35.1.±_11) 13.9+0.3 49+11 Bockhoff· 
121.7 18. 55+3.1 11.59.±_0.8 Asghar. 
121.5+0.3 49.1 Byers 

135.4 Moyer 
135.2+0.1 (38.2±_1 0) 17.8+0.2 56+10 Bockh'off 
135.4 19.93+3.0 15.85+1.0 Asghar 
135.3+0.2 41.4 Byers 

151.7 Moyer 
151.7+0.1 . ( 3 2 .4±_ 1 6) 13.6+0.1 46+16 Bockhoff 
152.0 17.0+6.5 13.2+4.4 Asghar 
151.9+0.3 40.3 Byers 

162.3 Moyer 
162.9+0.1 . (43.1±_24) 8.6+0. 1 52+21· Bockhoff 
163.1 8.8+1. 0 Asghar 
162. 7+0.4 57.7 Byers 

169.9 Moyer 
170.3+0.1 (36.6±_22) 13.4+0.3 50+22 B'ockhoff 
170.5 14.0+11.!1 l r;. 0+ 1 . !) Asghar 
170.5+0.5 43.9 Byers 

.. · 
185.8 . Moyer 
186.1+0.2 (41.0+26) 16.0+0.3 57+26 Bockhoff 

'" . .. 186.3 15.0+4.5 17 .2+2.0 Asghar 
186.3+0.5 54.0 Byers 
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TABLE' I - · EXPERIMENTAL DATA .. FOR RESOLVED 
RESONANCE PARAMETERS (Continued) 

Eo• ev ry. mv rn.. mv rf. mv r, mv Mise Reference 
--. 

199.6+0.2 Bockhoff:" 

239.3+0.1 11.3+0.3 Bockhoff 
239.8 15.0+9.5 12.7+2.2 Asghar 
241+1 

260.1 Moyer 
260. 7+0.1 Bockhoff 
260.9 18.0+5.5 22.3+2.0 Aoghar 
262.+2 Byers 

286.6 .· Moyer 
287 .3+0.1 . ( 64. 9±_20) 125·.1+3.7 190+16 Bockhoff 
287.9 25.0+5.5 130 Asghar 
289+2 64 Byers 

305.1+0.1 7 .0+0.4 Bockhoff 
305.8 (20) 6.9+2.0 Asghar 
305+1 .. Byers . 

315.5 Moyer 
318.5+0.1 Bockhoff 

320.9+0.1 (77 .4+20) 18.6+0.4 96+20 Bockhoff 
321.7 (20) 14.4+2. 5 Asgha1' 
320+1 Byers. 

338. 7+0.1 5. 7+0.4 Bockhoff 
338+1 Byers 

346.2+0.1 (50. 8+27) 16.2+0.4 67+27 Bockhof:f 
347.2 . (20) 14.7+4.3 Asghar · 
346+1 Byers 

364.0+0.1 (43.1±_23) 30.9+0.4 74+23 Bockhoff 
365.0 (20) 30.0+3 Asghar 
364+1 Byers 

'·-· 

372.3+0.1 13.3+0.4 Bockhoff ;. 

373.2 ( 20) 12.0+3 Asghar 

372+1 Byers 
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TABLE .I EXPERIMENTAL DATA FOR RESOLVED 
RESONANCE PARAMETERS (Continued) 

E
0

, ev. ry' mv rn, mv rf, my r, my Mise Reference 

404.4 Moyer 
405+0.1 . (70.5±20.6) 102.5±1.6 173+19 Bockhoff 
406 (20) 102+8 Asghar 
405+1 Byers 

419.0+0'.1 Bockhoff 
418+.1 Byers 

450+0.2 (1 02±57) 16.8+0.9 119+56 Bockhoff 
451 . (20) 11+7 ·Asghar 
448+1 Byers 

466.4+0.2 Bockhoff 
465+1 Byers · 

473.2+0.2 Bockhoff 
473+1 Byers 

494.2+0.2 5.1 +0.4 Bockhoff 
493.+1 Byers 

499.6+0.2 18.6+0.7 Bockhoff 
501 (20) 24+10 Asghar 
500+1· Byers. 

514.6 20.4+0.9 Bockhoff 
516 (20) 28+10 Asghar 
511+2 Byers 

526 . (20) 10+10 Asghar 

( 

546.8+0.2 29.9±0. 7 Bockhoff 
549 (20) 35+13 Asghar 
~411+?. ByP.rs 

553.5+0.2 16.7+0.7 Bockhoff 
·' 555 (20) 25+14 Asghar 

552+2 Byers 

·~ 

566.6+0.2 30.0+0.7 Bockhoff 

569 (20) 25+13 Asghar 

566+2 Byers 

7 



I 
' 

TABLE I - EXPERIMENTAL DATA FOR RESOLVED 
RESONANCE PARAMETERS (Continued) 

E
0

, cv ry, mv rn, mv rf, mv r, mv Mise Reference 
--

597 .2+0.2 53.0+1.0 Bockhoff 
599 (20) 46+16 Asghar 
597+2 Byers 

608.4+0.2 20.5+1.2 Bockhoff 
610 (20) ' 15+15 Asghar 
608+2 Byers 

632.6+0.2 ·12.3+1.0 Bockhoff 
631+2 Byers 

637.8+0.2 Bockhoff 
638+2 Byers 

663.9 Moyer 
665.5+0.3 183+3 Bockhoff 
668 (20) 195+25 Asghar 
665+3 Byers 

678.9 24.0+1.0 279.±_40 Bockhoff 
681 (20) 26+25 Asghar 
678+3 Byers 

.: 
750.5+0.3 Buckhoff 
753 (20) 70+25 A~:>ghar 

749+3 Byers 

' 759.6+0.3 Bockhoff 

791.4+0.3 Bockhoff 
790+4 Hyers 

811.0+0.3 Bockhoff 
814 (20) 210+40 Asghar 
810+4 Byers 

820.4+0. 3 Bockhoff '• 
\ 

824 (20) 105+30 Aogha.r. 
821+4 Byers ~ 

855.4+0.3 Bockhoff 

853+4 Byers 
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876.9+0.4 
876+5 

891.8+0.4 
895. 
891+5 

904.1 +0.4 

909.5+0.4 
907+5 

915.5+0.5 
914 

944.0+0.4 
949 
945±2 

958.8+0.4 
958±5 

. 971.6+0.4 

972±5 

1 002.4+0.4 
1004+5 

TABLE I - EXPERIMENTAL DATA. FOR RESOLVED 
RESONANCE PARAMETERS (Continued) 

ry' mv r n. mv r f' mv r' mv Mise ·Reference 

Bockhoff 
Byers 

Bockhoff 
(20) 100+46 Asghar 

.Byers 

Bockhoff 

Bockhoff 
( Byers· 

Bockhoff. 
( 20) 65+42 Asghar 

Bockhoff 
(20) 112+50 Asgha·r 

Byers 

.Bockhoff 
Byers . 

Bockhoff 
Byers 

Bockhoff 
Byers 

All resolved resonances are assumed to be s -wave resonances 1n 
this analysis. 

3. Radiation Widths 

Probably the most important uncertainty in estimating Pu-240 
cross sections for fast reactor analysis is due to the discrepancy in mea
sured radiation widths. The measurements considered in this evaluation 
have not satisfactorily reduced this uncertainty. 

Bockhoff et al5 applied shape and area analysis to transmission 
experiments to obtain total and neutron widths from-which estimates of the 
radiation width were 'extracted. The ·neutron widths are more reliable than 
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the total widths. Errors· applied to .the radiation widths for. thes.e date in 
Table I represent the Bockhoff uncertainty for the: total and neutron widths. 
Up to the 105 ev resonance, the uncertainti~s are less than about 20% of the 
estimated radiation width; above this energy, the. uncertainties are consider
ably larger. 

Asghar et al6 used area analysis of transmission, capture gamma
ray yield, and scattering yield data to obtain the neutron widths and the radi
ation widths (16 resonances) given in Table I. Below 140 ev, two sample 
thicknesses were used for each t)rpe of measurement; while above 140 ev, 
scattering data were not used in the analysis. 

The radiation widths given in Table I for the data of Byers et al? 
represent very preliminary estimates privately conununicated to the authors 
of this evaluation to assist in establishing the magnitude of the radiation 
width. The parameters of Bockhof£5 were assumed in the analysis of their 
data (nuclear detonation). Uncertaintie,s in the radiation widths have not 
been estimated, although they are likely to be of the same order as given 
for the Bockhoff data. 

Other measurements of the radiation width for the 1. 056 ev 
resonance are: Pattendon,2 29. 6±_4; Cote,8 32. 1±_3; and Egelsta££,9 38±_3. 

Average values of the radiation width over two energy intervals 
are given in Table II. The data of Bockhoff and Byers are consistent except 
for the 66 ev resonance, which was not included in the averages of Table II. 
Asghar's average of 18. 1 mv is outside the probable uncertainty of the Bock
hoff and Byers data. For this evaluation, the average radiation width is 
taken to be 30mv,.based largely on the Bockh0ff5 data and uu the Patter1don? 
and CoteS measurements of the 1. 056 ev resonance. 

For the 1. 056 ev resonance, the BNL-325 value of 31 mv for the 
radiation width was used for this evaluation. Where measurements by Bock
hoff and Byers exist, the recommended values are a compromise between 
the two measurements. J!"or all other resonances, the average value of 30 
mv was used for the radiation width. 

4. .fission Widths 

For the 1. 056 ev resonance, the fission width is based on Leo
nar<;J.1s3 value for the peak fission cross section and the r.ecommended para
meters for the neutron and radiation widths. The 38. 1 ·ev resonance fission 
width was obtained from Byers r? reported capture/fission rat:i:o 6f 270 and 
the recommended capture width of 24. 6 mv .. An estimate of the fission width 
for the 20. 44 ev resonance was obtained by comparing peak capture and fis
sion cross sections given in the graph of Byers· for the 20. 44 and 38. 1 ev 

10 
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· TABLE II- AVERAGE EXPERIMENTAL RESONANCE PARAMETERS 

1 . 5 6 7 
BNL-3"2 5 Bockhoff Asghar Byers 

(D). ev 
0 - 310 ev 
310 ev- 700 ev 

< r~). <s;_ ~o) 

0 - 450 ev 

<r~) (mv)
1

/
2 

<s1 =0 )x 104 (ev) -l/
2 

450 ev - E 
max 

(r~> (mv) l/
2 

< s1 = 6 ) x 1 0 
4 

( e v) -
1

/
2 

0 - E 
max 

17.9 

. 0 1/2 0 1/2 <r n) (mv) r n (mv) · 

(s1 =0)x 104 (ev) -l/ 2 

(ry), mv 
0 - 106 ev 
0 - 300 ev 

15.8 
16. 3 

2. 0 (23 res) 

1. 06 

1. 52 (11 res) 

0. 728 

1. 83 

0.945 

27.0 
32. 6 

16.8 
23.4 

2. 0 (23 res) 

1. 07 

2.5(16res) 

0. 806 

2. 20 

0.929 

17. 1 
18. 1 

16.7 
17.0 

27.6 
35.5 

>!< Maximum resonance energies for which the resonance parameters were 
resolved. Emax is 679. 2 ev for Bockhoff's data; 946 ev for Asghar's data. 

resonances. Above the 38. l·ev resonance, the_ fission cross section is given 
as a smooth cross section up to the lower energy limit of the unresolved· en
ergy range. 

5. Recommended Parameters 

The recommended resolved resonance parameters are given in 
Table III. The potential scattering eros s section was taken as 10. 6 barns, 
the recommended value for U-238 in ENDF/B. Table IV gives a comparison 
between measured and calculated values for the resolved reson~nce integral 
(including 1 /v contribution of 110 barns) and 0. 0253 capture eros s section. 
An average of the last four measured values in .Table IV for the capture 
cross section yields a value of 280 barns, in good agreement with the cal-

11 



TABLE- III -·RECOMMENDED It'ESOLVED RESONANCE PARAMETERS 

Eo, ev ry, mv r n·· mv rf, mv 

1. 056 31. 0 2.35 0.0057 
20.44 21. 0 2. 3 0.182 
38.31 24.6 18.05 0.091 
41.65 34.0 16. 14 0 
66.59 30.0 49.34 0 
72.75 25.0 21. 54 0 
90.70 31. 0 11.84 0 
92.50 30.0 2.73 0 

104.9 28.5 44.59 0 
121. 5 40.0 12.75 o· 
135.3 39.0 16.83 0 
151. 8 36.0 . 13.4 0 
162.8 48.0 8.7 0 
170.2 39 .. 0 14.2 0 
186. 1 46.0 16. 6 0 
240.0 30.0 12. 0 0 
260.9 30.0 22.3 0 
287.9 64.0 127.6 0 
305.3 30.0 6.95 0 
320.9 30.0 16.5 0 
338.4 30.0 5.7 0 
346.3 30.0 15.45 0 
364.3 30.0 30.45 0 
372.5 30.0 12.35 0 
405.3 30.0 102.25 0 
418.5 30.0 2.45 0 
449.7 .30.0 13.9 0 
465.7 .30. 0 2.59 0 
473. 1 30.0 2.61 0 
493.6 30.0 5. 1 0 
500.2 30.0 21. 3 0 
513. 5 30.0 24.2 0 
547.3 30.0 33.0 0 
553.5 30.0 20.9 0 
567.2 30.0 27.5 0 
597.7 30.0 49. 5 0 
608.8 30.0 17 .·75 0 
631. 8 30.0 12.3 0 
637.9 30.0 3.03 . 0· 
666.2 30.0 189.0 0 
679.2 30.0 25:0 0 

12 



TABLE IV - RESONANCE INTEGRALS AND THERMAL . 
CAPTURE CROSS SECTIONS 

... 
Cutoff Energy, Resonance Integral, 0.0253 ev 

Reference ev barns ·Cross Section 

Cornish-19571 0 0.5 8700 + 800 250 + 35 
Eroziellinsky-19 5 711 . 9000 + 3000 
Kriepchinsky-19 5 712 0.2 10000 + 2800 
Rose-195813 11300 + 1000 370 + 40 
Wa1ker-1960 14 0.5 8780 + 550 
Nicho1s-196315 0.6 8607 + 700 
Wa1ker-195716 335 + 35 
Egelstaff-195717 250 + 200 
Halperin-195818 

-
285 + 15 

Westcott-195919 270 + 17 
Pattendon-19592 273 + 8 
Tatter sall-196220 · 

-
0.5 8380 + 1100 290 + 9 

Calculated from 0.414 8210 276 
recommended parameters 0.500 8160 

culated value of 276 barns. Calculated values for the 0. 0253 ev scattering 
and fission cross sections are 2. 08 and 0. 053 barns, respectively. 

Calculated cross sections from lo-3 to 28 ev are shown in Fig-
. ures 1 through 6. Figure 7 gives half-lethargy group averages of the calcu
lated cross sections up to the. upper energy limit of 685 ev for the resolved 
resonance region. All cross sections from 10-3 to 685 ev except the fission 
cross section between 45 and 685 ev are to be calculated from the resolved 
parameters, and smooth data are not given in the ENDF/B data. 

Below the 1. 05·6 ev resonance, the total cross section is in good 
agreement with the measurements of Pattendon and Rainey.2 Between the 
fir.st three resonances,· measured values of the total eros s section2,22 are 
two to three times greater than the calculated .cross section. No attempt 
has been made in this evaluation to fit the experimental data between reson
ances with a smooth background cross section, since experimental correc
tions for sample impurities lead to large uncertainties in the data. 

B. UNRESOLVED RESONANCE PARAMETERS 

The unresolved energy range has been selected as 685 ev to 40 kev 
and includes bo~h s- and p-wave contributions. In this section, the selection 
of the unresolved parameters is discussed. 

13 



"' c: ..... 
_g 

b 

·10
5 ~--------------------~--------------------r---------------------, 

Scattering x 103 

10-2 10-1 
Scattering 10 

En, ev 

FIG. 1 SCATTERING AND. TOTAL CROSS SECTIONS, 10-3 iE1V TO 1 EV 

14 



t:r · •.. 
" ,J 

10
5 ~------------------~--------------------~------------------~ 

10
4 ~------------------~~------------------~~----~-------------

"' 1: .. 
c· 

..0 

b 

10-2 

Fission x 104 

10-1 

En, ev 

15 



"' c: ... 
_g .. 
b 

~ 

~ 

~ 

~ 

~ 

r-. 

~ 

r-

II 

1--
~ 

~ 

,_ 
r-
~ 

,_ 

,_ 

-

-
-
-
-
~ 

~ 

~ 

. 
~-

~ 

0 

. 

.. .. 

. 

Total ) \ 
'""' ' 

Total x 10-3 

"I 

' . . .. 

Total x 10-3 

10 20 
En, ev 

FIG. 3 TOTAL CROSS SECTI~N, ( 25 __ EV . . . ·. ., . . . ' '' . 

-16• 



. '··.· ... -. . . ~ .. ... ' -···'. .... . '· 

10
2 
~ 

~ 

~ 

f-

f-

11'1 1-c: 
'-
0 

..0 1-

b 1-

Scattering 

101 
f-

1-
f-

1-

1-

1-

f-

Scattering~x 10-3 

~ 

10 20 
En, ev 

28 

. . . ., ·r~ ' .• \- .. 

FIG. 4 SCATTERING CROSS.' SECTION, <125. EV 

17 •t 



VI 
c: .. 
0 ..c 

b 

.10?·~~----r----------------.-.~~~====~~~~----~~------.-,------~ 

101 

100 

1 o-: 1 

w-2 

~ 

~ 

~ 

1-: 
~ 

-

I--
1-

·I-
1-

1-

1-

f-= 

1-

-

~ 
1-
1-
1-
1-

1-

1-

1-

1-
1-
1-
1-

1-

r-
1-

1-

0 

' 

\ 

., 

Capture x 1 o-4 

~a.pture 

Capture x 10-3 

II ' ..... 

.. " 
10 20 28 

En, ev 

FIG. 5 CAPTURE CROSS SECTION1 <i-2? .EV 

18 



-

10-1 ~ 

"'" ~ --
-
1-

~ 

"'" 

"' c: ... 
...8 10-2 

-
6 -· 

1-

1-
t-

t-

-
-

En, ev 

FIG. 6 FISSION CR6ss:sECTION,1 · ( 25 EV~ ·' 

I .. 

. -! 

\ 

Fission x1 10-4 
j 

··~ ~~ 

I t•1 t 

.. 

28 



"' ·. c: ... 
a 

·..O ... 

I
I

I

I-

I-

I-

--- x---

----0-------..o----

---- x----

----0-·-
I ---- x----

----o----

\ 
\ 

' ,. 

----0----
:::::S==== 

I 

----Cross Se-:tion Calculations from 
Unresolved Resonance Parameters 

Cross Section 
I· I o Lethargy .A.veraged Scattering Calculated from 

X Lethargy .A.veraged Capture Resolved Resonance 
o Lethargy .A.verag.ed Fission Parameters 

. . Total --o-•·- .. ._. 
I --- . 

----o----
.............. 

---------~---------·~-~-~ 

Scattering 
=Smooth Total 

................. ............ ____ ___ 
--------

~-----------------------------------\------------+----------------------------------------------------~---------~---~-----------------------------1 
' ---- )1(---~ ....... ---

10 

1 1 

' ,, ' ., .. 
.......... Fissionx100 ____ ., .. 

......, --------

li I I I I I 

' ---------', ----..... ---- _ __..,. ........ ----·)C----:.-)C--

' ... ' .. ... 
' ... .. 

' ', Capture 

1 J J 1 1 1· I I 1 

En, ev -

3 10 --

' ' ' ' ' ... 
' 

J 

' .. .. ..... 

l 

......... 
...... , 

FIG.· 7 TOTAL, SCATTERING, FISSION,. AND CAPTURE CROSS. SECTIONS, ( 10 KEV 

·- .... 
0.8cJ8b -
at 10 kev · 



1. Average Level Spacing 

Experimental data of Table I up to 680 ev have been used to esti
mate the average level spacing for the J=l /2 spin state (J=total angular momen
tumJtarget spin I=O+). Average values of the experimental data are given in. 
Table II. In addition to the 1 ev resonance, 19 resonances up to 305 ev have 
been found by Bockhoff and 18 resonances by Asghar and Byers. The 199.6 
ev resonance found only by Bockhoff has not been resolved into partial widths, 
probably indicating a small neutron width and possible p-wave contribution. 
For 19 resonances up to 305 ev, with the eXpectation of not more than one 
missed s-wave resonance, the average level spacing is 16 ev. From 306 to 
680 ev, Asghar has found only 16 resonances compared to 22 by Byer·s and 
23 by Bockhoff. The Asghar and Byers data over this energy range are con
sistent with a level spacing of 16 ev, which was selected for this evaluation. 

In this evaluation, the average spacing for the J=3 /2 was obtained 
as 9. 65 ev. This value corresponds to the spin dependence of the average 
spacing based on the Fermi Gas Model 

as obtained by Bethe,21 or 

1 ((J+l/2)2) -- exp -
2J + 1 2CT 2 

as obtained by Newton22 including shell effects, withCT ~ 3. (Note: Both of 
these formulae yield the same ratios for the J=3/2, 1/2 spin states of Pu-
240. ) The spin cutoff factor CT has an uncertainty ranging from about 2. 5 to 
5. 0. The value of 3 was selected for this evaluation, as a larger p-wave 
spacing assists in explaining the sharp threshold behavior of the fission 
cross section (see Sections II-Be4 and IIJ -A). 

2. S-Wave Strength Function 

The s -wave strength functions obtained from Table I data are 
given for various energy ranges in Table II. From 0 to 450 ev, values ob
tained from the data of Bockhoff5 and Asghar6 are in good agreement. BNL-
3251 with data only up to 120 ev based largely on the measurements of Simp
son,23 is too small a sample for a reliable estimate of the strength function. 

It can be seen from Table II that above 450 ev the strength func
tions from the Bockhoff and Asghar data are co~siderably smaller than below 
450 ev. The average reduced neutr~n width of Asghar above 450 ev is 20% 
larger than the average below 450 ev,as many of the levels with small neu
tron widths appear to be unresolved. Due to the large number of miss.ed 
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levels in each set of data above 450 ev, the st'rength functions are expected 
to be lower than the 0-450 ev values. 

· Based on the consisten-cy of the Bockhoff and Asghar data below 
450 ev, where nearly all resonances have been resolved by both experimenters, 
an s-wave strength function of 1. 05 x 10-4 ev-1/2. is recommended. 

3. P-Wave Strength Function 

No experimental data on the Pu-240 p-wave strength function have 
been reported. Various estimates for neighboring nuclei have ranged from 
1. 25 to 2. 5 x 1 o- 4 . Schmidt24 in a recent evaluation recommends 2. 0 .±· 0. 3 
x 10"" 4 for U-235 and 2. 5 + o. 5 x 10-4 for U-238 and Pu-239. For the ENDF/B 
evaluation for U -238, 25 a-;alue of 1. 58 x 1 o- 4 is recommended based on fit
ting experim.en.tal capture eros s sections with unresolved parameters. The· 
pr.esent authors also favor a low p-wave strength function for unresolved 
resonance calculations of U -238 capture to obtain agreement with experi
mental data. Dunford, 26 based on deformed nucleus optical model calcula
tions, has obtained p-wave strength functions of 1. 768 and 1. 686 for J=1 /2 
and J=3/2, respectively, and 1. 23 for the s-wave strength-function. 

In this evaluation, unresolved resonance calculations are used to 
predict the Pu-240 capture c.ross section. Based on calculations of U-238 
capture and on comparisons of Pu-240 calculated and experimental fission 
cross sections, a p-wave strength function of 1. 75 x lo-4 ev-1/2 is favored 
and used in this analysis.· 

4. Fission Widths 

Fission widths are estimated using the channel theory of fission. 27 

To explain the sharp increase in the fission cross section above 200 kev, it 
is assumed that the.fission process in the kev region is dominated by fission 
through a saddle point state of negative parity which can be reached only by 
p-wave neutrons. 28,29 

The Hill-Wheele~ fc::>rmula 27 for penetration of the fission barrier 
gives the relation between the average fission width and the average level 
spacing as 

(1 ). 

where EJ". is the ith fission barrier position for spin state J, Eb. is the fis -. 
1 . 1 

sion barrier width of the ith threshold, and E is the neutron energy (as sum-
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ing the neutron binding energy corresponds to zero excitation energy for the 
compound state). 

It is assumed that the fission barrier for the J=1 /2+ s-wave state 
is located at energies sufficiently high that the average fission width for this 
state can be approxirn_ated as independent of energy over the energy range of 
interest. The average fission width for the s -wave state has been estimated 
as 0. 19 mv to obtain approximate agreement with broad energy averages of 
the preliminary Byers30 data below 1 kev. Above a few kev, Pu-240 fission 
is dominated by p-wave fission and only the assumed order of magnitude for 
the s-wave fission significantly influences the calculated cross section. 

It is further assumed that the two p-wav·e fission thresholds can, 
be approximated by a single barrier position and width. One can then obtain 
qualitative estimates of the barrier position and width from visual examina
tion of the experimental fission cross section (see Figure 8) which increases 

. from 0. 1 barn to 1. 5 barns between 0. 2 and 1. 0 Mev.· The barrier position 
should be located near half the threshold .height or about 600 kev and the bar
rier width should be approximately ,the width of the threshold based on the 
slope at the barrier position or about 650 kev. An improved estimate can 
be obtained by the following procedure. From Equation (1) 

. f.n 6._- l\= ~ (E - E) 
~-w ~ Eb o 

w = 21r(~rf>J .)~ ~ ( crf/cr c ) f r + r + r. ) 
DJ . D 1-cr/crc \ n '( m 

where cr c is the compound cross section and rin is the inelastic scattering 
neutron width. The approximate form for W is correct only for a single spin 
state but has been used here with crf as the experimental cross section and 
cr cas the p-wave compound cross section. ·From a plot of i.n (1 /W -1) ver
sus energy, the barrier position was estimated a·s 540 kev and the barrier 
width as 670 kev. Adjustments of these v·alue·s were then made to improve 
agreement between calculated and evaluated experimental fission eros s sec
tions below 50 kev. The values finally used in this analysis were E 0 = 493 
kev and Eb ~ 558 kev. 

Since only one fission channel is assumed to be open for each 
spin state, the fission widths ar·e taken to have a chi-squared distribution 
with one degree of freedom. The radiation width is taken as constant for 
all spin states. 
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5. Recommended Parameters 

Recommended parameters for the unresolved resonance calculation 
(0. 685 to 40 kev) are given in Table V, where v nand v n are the chi-squared 
distribution parameters for scattering and fission. Cross sections calculated 
from the parameters are given by the dashed curves in Figures 7 and 8; The 
scattering cross section over this energy range is included in the smooth data 
file (ENDF/B File 3) and should not be calculated from the parameters. 

Near 30 kev, the fission cross section increases slowly with en
ergy as the increase in fission widths with energy is partially compensated 
by the increase in neutron widths. Above 40 kev, the fission cross section 
decreases through a minimum near 100 kev due to competition from inelastic 
scattering. As the fission threshold is approached above 100 kev, the fission 
widths increase rapidly with energy,. causing the sharp increase in the fis sian 
cross section. 

TABLE V - AVERAGE UNRESOLVED RESONANCE PARAMETERS 

Average Reduced Neutron Widths. 
<~> (.e =0, J=1 /2) = 1. 68 X 1 o-3 evl/2 
(T'g) U =1, J=l/2) = 2. 8 x 10-3 ev1 /2 
(I'g) (£ =1, J=3/2) =I: 69 x 10-3 evl/ 2 

Average Level Spacing 
.(D) (J=1/2) = 16 ev 
( D > (J=3/2) = 9. 65 ev 

Chi- squared Distributions 
v n = 1 for all spin states 
v f = 1 for all spin states 

Average Radiation Width 
.(r v> = 0. 03 ev for all spin states 

Average Fission Width, rnv 

E, ey~ £ =0 £=1, J=1 /2 

685 0. 19 10 
800 o. 19 10 

1000 0.19 10 
2000 0. 19 10.2 
4000 o. 19 10.39 
6000 0.19 10.62 
8000 0.19 10.93 

10000 0. 19 11. 00 
15000. 0. 19 11. 58 
20000 0. 19 12.04 
25000 o. 19 12.89 
30000 o. 19 13. 21 
35000 0. 19 13.79 
40000 o. 19 14.47 

25 

g =1. J=3/Z 

6.03 
6.03 
6.03 
6. 15 
6.27 
6.4 
6.59 
6.65 
6.98 
7.26 
7.77 
7.97 
8.315 
8.725 
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III. SMOOTH CROSS SECTIONS 

In this chapter, the smooth eros s section data are described. 

A. FISSION CROSS SECTION 

Between a few ev and 10 kev, the only experimental data on the fission 
cross of Pu-240.at the time of this evaluation are the data of Byers, 7 which· 
are in the form. of pointwise cross sections and have considerable structure.· 
In this evaluation, no.attempt was made to utilize the detailed Byers data 
below 10 kev other than to verify the order of magnitude of the cross section. 
(Note: Since this evaluation was completed, an additional report31 on this 
data has been published which includes averages of the fission cross section 
over energy intervals.) 

From 45 ev to 685 ev, the fission eros s section is included as smooth 
data which were calculated using the unresolved parameters discus sed in 
Chapter II. B. Below 300 ev, an s-wave fission width of 0. 1 mv, based on 
an average of the fission widths for the first three resolved resonances, was 
used for these calculations. The recommended fission width of 0. 19 mv was 
used above 300 ev. 

From 685 ev to 40 kev, the fission cross section is to be calculated 
from the recommended unresolved parameters of Table V. The calculated 
cross sections using the IDIOT32 code, which includes the statistical averag
ing, are shown in Figures 9 and 10. Above 40 kev, the recommended fission 
cross section is based cornpletely on experimental data, as discussed below. 

For this evaluation, experimental data reported as fission ratios of 
Pu-240/U-235 were normalized to the evaluation of Davey3 3 which is based 
strongly on the U -235 measurements of White34 while data reported as Pu-
240/Pu-239 fission ratios were normalized to the ENDF/B evaluation for 
Pu-239.35 

In Figure 9 the experimental fission ratio of Pu-240/U-235 and the 
recommended fission ratio are shown. In this figure Nesterov 1 s fission ratio· 
of Pu-240/U-235 was derived by combining the measured fission ratio of 
Pu-240/Pu-239 with the-fission ratio of Pu-239/U-235 obtained from Davey's 
U -23533 and ENDF /B Pu.,.23934 evaluations. In Figure 10 the renormalized 
experimental fission eros s sections ·and the. recommended fission eros s sec
tion are given. (Note: White and Warner data included in Figure 9 and Fig
ure 10 we:re not available at the time of this. evaluation. ) 
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30 
The energy dependence of the PETREL measurements follows that of 

other experimental data with notably higher cross sections, considerable 
structure, and large experimental uncertainties below 200 kev. In this evalua
tion, the PETREL data were not heavily weighted. 

In the energy range from 10 to 100 kev, the ·recommended cross sec
tion was based on Gilboy,35 Ruddick and White,36 DeVroey,37 and Perkin. 38 
At 25 kev, the value of Gilboy35 peaks at this energy, about 20% above the 
Perkin value. Gilboy notes that his data indicate a possible fission threshold 
near 10 kev. Based on the· agreement of the present calculations with his 
data, the presence of this low energy threshold is unlikely. The recommend
ed eros s section at 25 kev was based on the Perkin data. In this energy range 
N esterov' s 39 data are about 20% lower than the recommended data, while 
averages of the Byers 31 data are from 20 to 40% greater than the recon1.
mended data. 

From 0. 1 to 0. 3 Mev, the evaluated data was based on the measure
ments of Ruddick,36 Gilboy,35 and Nesterov.39 The recommended curve is 
about 15% lower than the two data points of Gilboy near 0. 15 Mev and lies 
within the uncertainties of the data of Ruddick and White. The data of Byers 30 

are approximately 20-30% greater than the recommended curve, while Nes
terov's data lie 25% below the present data near 0. 1 kev with the disagree
ment decreasing to about 5% near 0. 25 Mev. 

Between 0. 3 and 0. 5 Mev, renormalization uf the data of Nesterov 
and Smirenken4° to the ENDF/B evaluation for Pu-2394° decreases the au
thors 1 values by 10-15%. These data are in agreement with the measure
ments of DeVroey37 and Ruddick36 within the stated uncertainties of the data. 
Above 0. 4 Mev, the data of Byers 7 indicate the sarne energy dependence of 
that of Nesterov but are about 20% larger. The recon~m.ended curve follows 
the energy dependence of the Nesterov data in agreement with these data 
before renormalization and lies within the error bounds of the above men
tioned measurements. 

Between 0. 5 and 4 Mev, the recommended data are based principally 
on the detailed measurements of Nesterov.3') Below 0. 7 Mev, Byers'? tlata 
are about 20% above the recommended curve, while above this energy the 
difference is about 1 Oo/o. The recommended curve is in agreement with the 
measurements of Henkel4 1 in this energy range. 

Above 4 Mev the only detailed measurement's are those of Henkel41 up 
to 8 Mev, and these data were used in this evaluation. Above 8 Mev, the 
recommended curve was obtained by extrapolation through the 14 Mev mea
surements of Nesterov,42 White,43 and Kazarinova.44 
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B. CAPTURE CROSS SECTION 

No experimental data on the Pu-240 (n, gamma) cross section above · 
l kev have been published. Resonance parameters below l kev have· been . · 
measu~ed and preliminary capture data have been reported by Byers. 7 Doug
las45 reports calculations that indicate the cross section is about 1. 75 times 
the U- 238 capture eros s section. Details of this calculation are not reported. 

In this evaluation, the (n, gamma) eros s section has been calculated 
from the unresolved resonance parameters given in Table V. The calculated 
cross section below 40 kev is shown in Figures 7 and 8. Above 40 kev, un
resolved resonance calculations including averaging over the statistical 
distributions were made for the Pu-240/U -238 capture ratio. Parameters 
used .for s- and p-waves are those discussed in Chapter II, including the en
ergy-dependent fission widths based. on the barrier penetration parameters 
used below 40 kev. Estimates for the d-wave contribution and competition 
with inelastic scattering are included in the calculations. 

Assuming the d-wave strength function is equal to the p-wave value, 
the d-wave contribut~on to the ca-pture cross section was estimated as 

CT (£ = 2} 
_..:.Y.,.........--= 5 
CT (£=1) 3 

y . 

v r 
£=2 £ =l 

v£=1 r£;:2 

(2) 

where V £ is the penetration factor for neutrons of the orbital angular momen
tum£ given by Blatt and W eis skopf46 

2 2 
V( £ = l) = R (·"'c 

----~----------

l+R2/1C2 

V(£=2)- R
4 I ~4 

9+3R7/1t2 + R4/1t4 

where R is the effective nuclear radius given by 0. 87 x lo- 12 em and~ is 
the wave length of the neutron. In Equation 2, the 5/3 factor results from 
the 2 £+1 dependence of the compound cross section, and r is an average 
total width for each £ state based on neutron widths obtained from a mean 
level spacing for each state. Calculated U-238 capture cross sections using 
ENDF /B parameters25 ( r y = . 0246, D = 18. 5, S,e =0 = 0. 94) and this d-wave 
correction agrees with the ENDF/B smooth cross sections up to 600 kev to 
better than 5%. 

The energy dependence, of the level density47 was taken a~ 

6-,' 2 - 2.../a U 
~?ex: U e . 

where U is the excitation· energy for a neutron binding energy of 5 Mev and 
a is the level density factor as discussed in Chapter IV. 
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Inelastic scattering neutron widths were estimated for a 40 kev level 
by assuming a strength function of 1. 75 x 10-4 a~d including a p-wave pene
tration factor based on the excess energy above 40 kev. Calculated inelastic 
scattering eros s sections are about 1 O% below the recommended values near 
0. l Mev, with the discrepancy increasing at higher energies. Calculated 
fission cross sections agree with the recommended fission cross section 
within 5% up to 0. 2 Mev.· Above about 0. 3 Mev, the slope of the calculated 
fission cross section is less than the experimental data with a maximum 
difference of about 20% up to 500 kev. Calculated fission cross sections are 
very sensitive to the energy dependence of the level spacing, p-wave strength 
function, and fission barrier position. 

Based on the abov·e comparisons of calculation and experl.ment; the 
effects of d..:waves, inelastic scattering, and fission on the calculated cap
ture cross section appear to be well approximated up to a few hundred kev. 
The calculated cross section ratios a~e- given in Table VI. Above 600 kev 
the ratio approaches 1. 1 near 5 Mev~ 

TABLE VI - CALCULATED Pu-240/U-238 CAPTURE RATIOS 

E, kev Capture Ratio 

1 1. 27 
10 1.2 

100 1. 24 
600 1.2 

... 
Some understanding of the uncertainties in this ratio can be seen by 

noting that the ratio for each spin state is approximately 

40 40 r4o r28 s4o r4o r28 
(f (f 

y - c y y 
28- 2R""" _ 2.R r4o 

a: 
s?.R ?.R 1'40. 

(f (f r. r 
y c y y 

For s-wave.::; above a few kev, r:t r a: S~D and 
n 

40 r4o D28 o· 
·Y 

0::. 
y 

28 """"28 D40 
(f r 

y y 

Until recently the level spacing for Pu-240 was based on data up to 120 ev 
with level spacing of about 11 ev, which yields upper limits of the capture 
ratio of about 2 compared to 1. 39 for the presetit data. For small neutron 
widths rex: r y and the capture ratio approaches the strength function ratio 
(about 1. 1 for both s and p-waves in this analysis). Near 1 kev the total 
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width ratio is approximfLtely unity for a cross section ratio of about 1. 3 for 
this evaluation. ' 

The behavior of the ratios shown in Table VI can be qualitatively ex
plained. Above l kev to the 10-40 kev range, the small neutron widths for 
the p-waves leads a p-wave contribution to the capture ratio less than from 
s-waves. The overall capture ratio then decreases in this energy range. 
From about 40 kev to near 300 kev, neutron elastic and inelastic widths 
dominate the total width, leading to an increase in the capture ratio. Below 
300 kev fission widths have only a small effect on the p-wave capture cross 
section. Above 300 kev, the fission widths increase rapidly leading to a de
crease in the capture ratio. 

C. MEAN NUMBER OF NEUTRONS PER FISSION (v) 

. The only direct measurements of;; for Pu-240 are those of DeVroey48 
and Kuzminov.49 Other data based on integral measurements are given in 
References 50, 51, 52. It is expected that v for Pu-240 will not differ much 
from that of Pu-239. The ENDF/B recommended ii for Pu-239,35 given as 
a first order polynomial, gives a good fit to the experimental data' for Pu-240 
below 4 Mev. Above 4 Mev, the only measurement of ii for Pu-240 is that .. 
of Kuzminov49 at 14 Mev. In this evaluation a second order polynomial is 
recommended. The first two terms are taken to be the same as for Pu-239 
in ENDF /B, and a third order term is added to give agreement with the 
measurement of Kuzminov at 14 M.ev. The .recommended expression is 
v (E) = 2. 87 + 0. 135 E (Mev) - 2. 04 x 10- 3 E 2 (Mev). A plot of the recom
mended v is given in Figure 11. 

D. TOTAL CROSS SECTION 

No experimental data are available for the total cross section of Pu-
240 above the resolved resonance energy range. As noted by Douglas, 45 the 
optical model gives justification for choosing the total cro.s s sec.tion for Pu-
240 to be the same as that for Pu-239. The recommended total cross section 
of Douglas, which is based on experimental measurements for Pu-239, was 
selected for this evaluation above l kev. For the resolved resonance region 
up to 685 ev, the total cross section is to be calculated from the resonance 
parameters of Table III. Graphs of the total cross section are given in 
Figures 1, 3, 7, 8, and 12. 

E. NONELASTIC CROSS SECTION 

From optical model considerations, nonelastic cross sections do not 
change significantly with small changes "in atomic mass when the energy of 
the incident neutrons is sufficient! y high. 45 Optical model calculations. yield 
the total cross sectiono-t, the shape elastic cross section o-se' and the ab
sorption cross section o-a 
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where 

crt = cr + cr se a 

cr = cr + cr 
a ce ne 

cr = cr + cr 
n se ce 

In these equations, cr ce is the compound elastic scattering, ern is the experi
mentally observed elastic scattering, and erne is the nonelastic cross section. 

At high energies, approximately 2 Mev for heavy nuclei such as Pu, 
cr ce is small because of the large number of channels available for compound 
nucleus decay. Then based on the assumption that era varies only slightly 
with mass, the nonelastic cross section for Pu-240 above 2. 5Mev was taken 
to be the same as fo; Pu-239 in the END!<'/ B evaluation. 10 .tlelow l. 5 Mev, 
the Pu-240 nonelastic cross section was taken to be the same as for the 
ENDF/B evaluation of U-238 25 based on the similarity of nuclear properties 
for these two nuclei. Below 40 kev, the nonelastic cross section is to be 
calculated from the resolved and unresolved resonance parameters. The 
nonelastic eros s section above 40 kev is shown in Figure 12. 

F. ELASTIC SCATTERING 

The elastic scattering cross section was obtained by subtraction of 
the nonelastic cross section from the total cross section. Below 685 ev, the 
scattering cross section is to be calculated from the resolved resonance 
parameters. Graphs of the cross section are given in Figures 1, 4, 9, 10, 
and 12. 

G. ANGULAR DISTRIBUTIONS FOR ELASTIC SCATTERING 

· Evaluated data for the average cosine of the scattering angle fi , the 
average logarithmic energy loss !; , the Grueling-Goertzel parameter y, and 
Legendre polynomial ex£~ns1~ns o.± th~ scattering angle were obtained from 
H. Alter. 5 3 A plot of fl. 1s g1ven m F1gures 13 and 14. 

H. (n, 2n) AND (n, 3n) REACTIONS 

The recommended eros s sections for (n, 2n) and (n, 3n) reactions 
were obtained from calculations of Pearlstein53 and are graphed in Figure 15. 

I. INELASTIC SCATTERING 

The total inelastic scattering cross section was obtained by subtract
ing the evaluated fission, capture, (n·, 2n), and (n, 3n) cross sections from 
the nonelastic eros s section and is shown in Figures 16 and 17. 
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Inelastic scattering is treated as completely resolved into six' levels 
up to 2 Mev with a statistical distribution assumed above this energy. Separa
tion of the total inelastic cross section into six levels at 0. 043, 0. 142, 0. 292, 
0. 600, 1. 0, and 1. 55 Mev follows that used by Douglas45 and Drake. 56 Below 
600 kev and above 1 Mev, the proportions of the first three levels are as
sumed to be the same as for U-238. The inelastic scattering cross sectio·n 
for U -238 in ENDF /B25 was used for this-purpose .. Because of· the sharply 
increasing fission competition between 0. 6 and 1 Mev, significant differences 

·between Pu-240 and U-238 are expected. In these energy ranges, a smooth 
extrapolation was made for each of the three levels between their values at 
0. 6 and 1. 0 Mev. For the three levels between 0. 6 and 1. 55 Mev, the rela
tive proportions of these levels were assumed to be the same as used by 

· Drake.56 

Cross sections for each of the resolved levels are given in Figures 
lH and 19. 

l , • I ~ ''·. 
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IV. SECONDARY ENERGY DISTRIBUTIONS 

A. INELASTIC SCATTERING . 

The secondary energy distribution for each of the six resolved levels 
given in Chapter III. I is taken as a discrete energy loss (LF=3 in ENDF/B 
formats) with the energy-loss corresponding to the energy of the level. 

Above 2 Mev, a statistical distribution is assumed with the energy 
loss described by a Max-Wellian distribution with energy-dependent nuclear 
temperature (LF=9). Nuclear temperatures were estimated as 

_ (·E) 1/2 e_-
a 

l/2_A1/2 
a ----

3.18 

where a is the level density parameter, E is the incident neutron energy, 
and A is the atomic mass. The constant 3. 18 was obtained by fitting this 
expression to experimental data of the nuclear temperature for inelastic 
scattering .of U -238. Figure 20 shows the recommended temperature ... 

B. FISSION NEUTRON DISTRIBUTION 

For the secondary energy of fission neutrons, a Maxwelli~n distri
bution (LF=8) is assumed with the maxwellian temperature obtained from 
Terrell's formula 54 for the average energy of the prompt fission neutrons 
given by 

E = 0 .. 75 + 0. 65 V v+l 

The relation between the Maxwellian temperature and the average neutron 
energy is 

e = E/2 

For li. in this expression an average of the recommended v (E) from 
0. 3 to 2 Mev was used. The recommended_temperature for the fission dis
tribution is 1. 37 _Mev. 
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C. SECONDARY ENERGY DISTRIBUTIONS (n, 2n} AND· (n, 3n} 

Present restrictions on ENDF /B data limit the choice of secondary 
energy distributions to a Maxwellian for (n, 2n} and (n, 3n} reactions. The 
work of LeCouteur 54 indicated that a reasonable approximation for the aver
age energy of the emitted particles is 

- 4eo 
E = 2e = -. 3 

where e 0 is the temperature for the first neutron emitted. For neutron en
ergies such that the excess energy above the threshold of 6. 41 Mev is greater 
than the average energy obtained from this expression, e =2/3, eo is used for 
the temperature where eo is is the inelastic scattering temperature. 

For Pu-240, the excess neutron energy above the threshold is less 
than the above-defined average energy below 8 Mev. In the energy range 
between threshold and 8 Mev, it is assumed that the two neutrons share the 
available energy such that 

En - Eth _ En - 6. 41 
2e = E = Mev 

2 2 

The threshold energy for the (n, 3n) reaction is 12.05 Mev. For this 
reaction, the nuclear temperature was determined by interpolating from. ap-: 
proximately 0 at the threshold energy to a 15 Mev value estimated as 2/3 of 
the (n, 2n) temperature plus 1/3 of the inelastic scattering temperature 
evaluated at 

E = 0. 8 (15-12. 05-4e 2 ) n, n 

The recommended temperatures are given in Figure 20. 
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V. COMPARISON WITH OTHER EVALUATIONS 
AND RECENT MEASUREMENTS 

A. COMPARISON WITH OTHER EVALUATIONS 

I. Evaluation of Douglas 

One of the most frequently used evaluations of Pu- 240 eros s sec
tions for fast reactor analysis is that of Douglas, 45 which includes data above 
1 kev, based on experimental data up to 1964. With the exception of capture 
eros s sections, the present evaluation is in general agreement with the 
evaluation of Douglas. However, Douglas assumes the fission cross section 
to be zero below about 10 kev, while the present evaluation includes a recom
mended fission eros s section over the entire energy range. Douglas 1 fission 
cross section sharply decreased from 0. 062 barns at 40 kev to zero at about 
10 kev. Between 40 kev and 200 kev, the Douglas fission cross section is 
about 30% smaller than the ENDFIB evaluation. These differences in the 
fission cross section below a few hundred kev are principally due to the p
wave fission analysis of this evaluation, which is based on experimental data 
since the previous evaluations. From 0. 25 to 1 Mev, the fission cross sec
tions in Douglas and ENDF IB evaluations are in good agreement. Above 1 
Mev, .the Douglas fission cross sections differ by about ±_S% from ENDF/B 
values. This difference is due principally to renormalization ofthe experi
mental data in this evaluation. The Douglas evaluation for the Pu-240 cap-. 
ture cross section was based on a Pu-240IU -238 capture ratio of 1. 75 and 
Parker's U-238 evaluation.S7 Ab,ove 10 kev, Douglas' capture cross section 
is about SO% larger than ENDF I B. This difference is primarily due to the 
difference in the estimation of the Pu-240IU-238 capture ratio between tr.ue . 
evaluations. But, below 10 kev, differences in the reference U-238 capture 
cross. sec~ion nlOl'~ Lha11 uff::;et the differences in capture ratio; that is, be-. 
tween6 and 10 kev, the Douglas cross section is 20% larger than ENDFIB; 
between 2 and 4 kev, it is 1 So/o smaller than ENDF IB; and around 1 kev, it 
is again larger by 40% than ENDF I B. 

2. Evaluation of Drake and Dyos 

After Douglas' evaluation, GA evaluation of Pu-240 cross sec
tions was made by Drake and Dyos. So Their evaluation is very similar to 
the Douglas evaluation above 1 kev but includes values down to thermal 
energies. 

The recommended eros s sections of Drake below a few ev are 
based on parameters for the 1 ev resonance. Drake chose E

0 
= 1. 0575 ev, 

r = 2. 46 mv, r = 30 mv, and rf = • 0052 mv for the parameters of the 
n y . 
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first resonance which are to be compared with the ENDF/B values of Table 
III. Above this resonance, only parameters up to 120 ev were available at 
the time of Drake's evaluation. Drake assumed the fis'sion width of the 
lowest resonance and the constant value of r '{ = 30 mv for all resolved reson
ances up to 120 ev, and the neutron widths have been taken directly from the 
recommended values of Hughes et al58 except for.the tenth level, for which 
the width has been taken from Fluharty and Simpson. 23 

In the unresolved region ( 120 ev to 1 kev), Drake used the average 
level spacing of 12 ev and s-wave strength function of 2.0 x 10-4 ev-1/2 based 
on the Fluharty and Simpson23 estimation.' From the comparison of unre
solved parameters between the Drake and ENDF/B evaluatiom; ( r = 30 mv 
in both evaluations) y 

<cr c) Drake 5Drake ( r + DS ~E)ENDF/B 
~ ~y~--------

) I ~ 5 ENDF/B (r. + DS 'E Drake (cr c ENDF B y v 
= 

l. 7 at 500 ev 

1.5 at 1 kev 

where Sis the s-wave strength function and Dis the average level spacing 
(below 1 kev, p-wave contribution is negligible}. Drake's capture cross sec-; 
tion is expected to be about 50% larger around 1 kev and 70% larger around . 
500 ev than ENDF/B data. 

3. Evaluation of Davey 

Recently Davey reported a re-evaluation of his previous study33 

for heavy isotope fission cross sections, which include Pu-240 fission cross 
section above 1 kev. Davey59 nonnalized experimental data to his evaiu
ated U-235 and Pu-239 fission cross sections described in the same report. 
His recommended fission ratio of Pu-240/U -235 is compared in Figure 7, 
where fairly large differences can be seen between the Davey and ENDF/B 
fission ratios of Pu-240/U-235 between 2. 0 and 4. 0 Mev. These differences 
are due principally to differences in the fission ratio of Pu-239/U-235 used 
to normalize Nesterov 1s data. !n the ENDF/B evaluation, the Pu-239/U-2.35 
ratio was obtained from the ratio of ENDF/B Pu-239 fission to Davey•s 33 

U -235 fission cross section. Between 2. 0 and 4. 0 Mev this ratio is larger 
than recommended by Davey in either of hi~; evaluations. In Davey's latest 
evaluation, the greatest ernpha!)i~> l1a!) been placed on the do. to. of Perkin, 3 8 
Gilboy, 35 Ruddick, 36 and White. 60 Davey's recommended eros s section is 
roughly 10% smaller above l. 5 Mev than ENDF/B data. 

The discrepancies in fission ratio, as indicated by this compari
son of the ENDF/B and Davey evaluations, have resulted because.the ENDF/B 
fission cross sections for nearly all isotopes were simultaneously and inde
pendently evaluated. 
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4. Evaluation of Yiftah 

A recent evaluation of Pu-240 has been carried out by Yiftah6l at 
the same time as this evaluation. Yiftah 1 s evaluation is based on published 

·measurements up to the time of the Paris Conference on Nuclear Data (Octo
ber 1966), as is the ENDF /B. evaluation. The comparisons of Yiftah 1 s fission 
and capture cross sections with the present ENDF/B evaluation are given in 
Figure 21. The differences in fission cross sections above 10 kev are due 
principally to differences in normalization and interpolation through experi
mental data. Below 20 kev, Yiftah 1s data, strongly based on Byers I data,30 
are much greater than ENDF/B data. The differences in the capture cross 
section are due to the differences in unresolved resonance parameters. More 
detailed comparisons between the Yiftah and ENDF /B evaluations are given 
in Reference 62. 

5. Modified ENDF / B 

After the completion of the ENDF / B evaluation, the current au
thors made an alternate Pu-240 cross section evaluation, the details of which 
are given in References 62 and 63. In these references, calculations of the 
critical assemblies ZPR-III 48 and 48B are compared with integral measure
ments for both the ENDF/B and modified ENDF/B data files. The important 
differences in the Pu-240 cross sections between ENDF/B and modified 
ENDF/B are those in the capture and fission cross sections. 

Comparison of the fission and capture cross sections of this 
evaluation with ENDF/B evaluation is given in Figure 21. The differences 
in fission cross section above a few hundred kev are due to differences in 
normalization. In this evaluation, the normalizations were made based on 
recent APDA U-235 and Pu-239 evaluations.62 Below 10 kev, the modified 
ENDF /B fission cross section evaluation was based on the averaged data in 
Reference 31 and gives a larger fission cross section (a factor of 5 around l 
kev) than ENDF /B. 

As seen in Figure 21, the modified ENDF/B capture cross section 
is 20 to 30% smaller than ENDF I B. · This difference is due to the difference 
in the average radiation width. In modified ENDF/B, an average radiation 
width of 20 mv was used based on Asghar data,6 while in ENDF/B evaluation, 
the value of 3 0 mv was used based on BockhoffS and Byers. 7 

B. COMPARISON WITH RECENT DATA 

Since the ENDF /B and modified ENDF /B evaluations of the present 
authors were completed, additional experimental data of Pu-240 resonance 
parameters were reported at the March 1968 Washington meeting on Neutrcm 
Cross Section and Technology. They are the measurements of the Central 
Bureau for Nuclear Measurements, EURATOM at Geel, 64 the detailed 
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information of which is not available at the time of this writing. According 
to the abstract of that meeting,64 however, they evaluated the full set of 
resonance parameters Er, r n and r y between 38 ev and 820 ev by combin
ing the results of the transmission experiments with those of a capture ex
periment. They obtained the average radiation with <r y) = 23. 2 + 2. 0 Mev. 
For the 102 resonances up to 1500 ev, they obtained a mean level spacing of 
{D> = 14.7 .± 0. 8 ev and, presuming that all resonances in that ranfe are 
s-wave, an s-wave strength function of S

0 
= 1. 05 ± 0. 16 x 10-4 ev- /2 was 

obtained. Their value of the average radiation width is between those of the 
present ENDF/B and modified ENDF/B,63 the mean level spacing is reason
ably close to the ENDF /B value and. the s -wave strength function is the same 
as the ENDF/B estimation. To compare the APDA evaluations with these 
data, average capture cross sections at typical energy points in the unre
solved region using the above. data have been calculated and compared with 
ENDF /B and modified ENDF /B63 values. The results are shown in Table 
VII. 

TABLE VII - COMPARISON OF THE EVALUATED CAPTURE 
CROSS SECTIONS WITH RECENT DATA, BARNS 

Modified Geel Data 
Energy, kev · ENDF/B ENDF/B With sf = 1 = 1. 7 5 X 1 0- 4 

0.8 4.228 3.288 3.805 
1.0 3.579 2.786 3.221 
2.0 2.202 1. 726 1. 993 
4.0 1. 460 1. 162 1. 332 
6.0 1. 193 0.9534 1.090 
8.0 1. 045 0.8317 0.9549 

10. 0 0.9430 0.7557 0.8639 
15. 0 0.7966 0.6238 0.7226 
20. 0 0.6949 0.5425 0.6298 
25.0 0.6255 0.4779 0.5598 
30.0 0.5664 0.4318 0.5059 
35.0 0.5209 0.3894 0.4608 
40.0 0.4826 0.3574 0.4249 

In the calculation with the Geel data, the same p-wave strength func
.tion of 1. 75 x 10-4 ev-1/2 as the ENDF/B evaluation was used. 

The comparisons in Table VII show that the Geel data yield capture 
cross sections which are between ENDF/B and modified ENDF/B values. 
Using the Geel <;lata with a p-wave strength function of 2. 0 x 10-4 ev-1 /2, the 
capture cross sections increase about 5% above 6 kev but remain between 
ENDF/B and n1.odified ENDF/B values. 
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