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JAERI 1162 

On the Evaluation of ^Pu Data in the keV and 

Resolved Resonance Region* 

Summary 

The new evaluation for ^Pu cross-sections in the keV region is described. The 

present evaluation gives a better interpretation to both the «-value and fission cross-

section. This evaluation confirms the applicability of the channel theory of fission. In 

the resolved resonance regions a fit to the cross-section is obtained suitable for use with 

the GENEX code. For users convenience the resonance parameters are listed. 
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1. Introduction 

The nuclear data for s^Pu plays a very important role in predicting the safety and econon 
of fast power reactors and its accuracy has been remarkably improved in the last few years. I 
gress in this field has been reviewed by SCHMIDT1^ in his elaborate evaluation work. 

There is, however, some evidence from time of fight experiments and from Zebra intej 
measurements showing that the data is still less accurate than desired. One indication is the sh 
of the a-curve obtained from time of flight measurements11' and another is the measurement of 
value, averaged over a reactor spectrum3'. The shape of the a-curve is too low in the keV/reg 
and the measured a-value is rather high compared with the calculated one. As a result the Sou 
recommended a-value is thought to be too low. "The a-value affects the breeding gain, that is 
rate of excess production of ^Pu and consequently the doubling time, though the latter quanl 
depends on power level. 

GREEBLER'S" new evaluation is adequate for reproducing existing experimental fission cr< 
sections,- the a-values, however, are still too low. Although GREEBLER'S a-value is 9% higher in"' 
unresolved resonance region than SCHMIDT'S value, it still gives answers which are far from 
measured a-value in time of flight and Zebra measurements. From the British Nuclear Datawl 
standpoint HART6' has made an evaluation recommending a higher a-value but does not reject 
possibility of a lower a-value because of large uncertainties. 

The purpose of this report is to select a better interpretation of the available data and reprod 
the a-curve and fission cross-section curve in the keV region. 

2. Unresolved region 

Our first objective in this region was to explain the shape of the a-curve using the char 
theory of fission. The earlier DIVEN and HOPKINS experiment has been reinforced by an experim 

0", (barns) a 
<r(> GREEBLER 

Energy (keV) \ H Eaergy(keV) 

Fio-1 The effect of increasing number of Fig. 2 The effect of increasing r * 
" increasing fission channels • . .,-J ' 
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by de SAUSSURE et a/.12' giving excellent definition for the «-curve above 15keV. However between 
15 keV and the resolved region the only direct measurements of a have been two KAPL broad 
spectrum measurements. Previous evaluations have always tried to include these, thus giving a 
sharp change of slope in the region of 15 keV and have also explained this change of slope solely in 

'terms of a sharp increase in rt keeping the number of fission channels v{ constant. We feel how
ever that although /*/ does increase it is because there are more fission channels available to the 
fission process, hence vf must be increased also allowing rf to increase less rapidly. In Fig. I the 
effect of v'f is shown. Calculations are made by using parameters listed in TABLE 1. 

</v> 
<D> 

<rt> 

<Ff> 

»m 

Vf 

Vr 

iL J 
(eV)"J 

eV 

eV 

eV 

TABU 1 (a) s wave 
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0.939x10-' 

8.78 

0.0387 
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resonance parameters 
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0.0387 - " \ 
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eV 
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0 

SLE 1(b) p wave resonance parameters 

0 

2.195x10-* 
ii 

,,8.78 U 

0.0387 

0 

1 .' 

0 <-

CO 

1 

1.56x10-' 

3.12 

• 0.0387 

1.003~1.024 

2 

1 

0 0 

2 

0.53x10-* 

2.12 

0.0387 

0.636-0.688 

1 

1 o 
OO 

An alternative explanation was investigated that the inelastic levels at 7.85 keV, and 52.7 keV 
were responsible for the sharp increase but this was unacceptable because it gave the wrong shape 
to the flr-curve and gave toVsmall af, as shown in Fig. 2. At this time SOWERBY11' did some calcula
tions using the Uttley total and JAMES fission experimental results producing a-values in the 1-10 keV 
region with values greater than 1. These results together with integral experiment indications led 
us to regard the KAPL experiment with some suspicion. Our early calculations with parameters 

v • a • f \ 

recommended by LYNN however went through--the KAPL points although not tying in with de 
--'- • L\ .. ..v-*-*"—" -. ... 

SAUSSURE. ,The effect of changing the LYNN75 recommended parameters to increase the o-value in the 
range 1-10keV was then investigated and it was found that most changes, had very little effect, 
except for / = 1 + . s-wave state. Here it was discovered that the values quoted by, LYNN7> were ba
sed on s-wave resolved region analysis giving </y> =61 meV. A paper by ASGHAR8) indicated that 
<r/>might be as low,as37meV and on moving the fission threshould for the 1+ s-wave state from 
+0.15 to +0.2 the<r/>was reduced from 61 meV to 35 riieV. Our calculations with this amendment 
to the parameters gave a much better fit to the Sowerby «-values (see no- 3.) and, also a good 



JAERI 1162 2. Unresolved region 

^ & / o « cA 

Calculations 
using parameters 
f r o m CUNNINGIIAME 

el al.iNucl. phys. 
8 4 (No. 1)49-61 (1966) 

i - i i i I 1 

x Calculation' from 
... ffT and o*K (S.OWERBY). . 

a KAPL FOIL 
o KAPL PPA 
A . IGNATEV and KmnoHNncov 1965 
v WANG YUNG-CHANG el- al. 1966 

• D E SAUSSURE el al. 1966 

• HOPKINS and DIVEN 1962 

-Modified parameters 
T, 1* state =-035 
(corresponds to E| of -2),and 
v=l for 0* state) 

Recommended curve 
**'*s;t^» ab<"'e 15 keV 

I. 

0.5 10 
Energy (keV) 

Flfl.3 a of "»Pu 

50 100 

TABLE 2 Barrier position for fission 
(Barrier height #,,,=.5MeV) 

/ 
' • ' 
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J' 

0* 
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, 1 -

2" 
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0 

'•" 0 

1 

0 

1 

0. 

1 

1,, 

2 

0 

1 

Ef (MeV) 

- 1 . 5 

0.0 

i 0.20 

- 0 . 9 

- 0 . 4 5 

0.6 

0.3 

- 0 . 4 5 

- 0 . 1 5 

0.6 

0.3 

u 

extrapolation to the de SAUSSURE a-values. ,We were however reluctant to reduce the r, 

further than this (hence increase the. or-value further) because of lack of evidence in the i 

data. The value of 0.G35 eV seemed to be the lowest value that would be, compatible with the 

resolved levels. « 

The method of calculation used was based on the isolated level assumption as indicate*, 
paper of CUNNINGHAME e/a/.7>. (see TAiLt 2). 

Having fitted the a-curve it only remained to check our fission cross-sections. These ai 

pared with the Petrel data and James fission data, and a few others (see Fig.4). 

Using the parameters of TABLE 2, derived from the previous calculations we used our 

GENEX system to produce a set of unresolved resonances and cross-sections on magnetic ta] 
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Fig. 5(b) Calculated * of 23»Pu from 
lOOeV to lOkeV 

-resultant cross-sections and a-values are shown in the appropriate figures (Fig. 4. and S).j/ 

fluctuations in the GENEX tape are seen to have a magnitude similar^ to the_ Sowerby calculatio 

3. Resolvod resonances 

The previous GENEX tape'»3> used resolved resonance data- up to 52eV, which were the 

parameters available at that time. Since that evaluation, a lot of experiments have been perfon 

SCHMIDT has made an evaluation of resolved resonance parameters up to 300 eV using some of t 

experimental results. This work has been thought'reliable for, the last few years. Irihisevalua 

however, the spin assignment-for each resonance is not correct, because at that time spin ass 

ments were made only for a few resonances. 

following the analysis of §2 ASGHAR'S spin assignments8' seem consistent with the a-curve 
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TABLE 3 Resolved resonance parameters up to 300 eV 

ET (eV) 

298.1 
296. 
291.8 
286.7 
282.5 
279.1 
275.2 
272.3 
269.2 
262.2 
261.8 
255.8 
254.2 
250.9' 
248.5 
247.1 
242.6 
238.7 
234.0 
231.1 
227.5 

!;:24.6 
2*2.8 
219.6, t 
216.3 U 
210.9 
207.1 
203.6 
199.2 
196.4 
195.1 
190.3 
188.4 

» 185.1 
183.7 
178.8 
177.1 
175.8 
170.5 
166.9 
164.4 
160.9 
157.0 
151.8 

, 149.4 
148.0 

Qt 

0.75 
0.5 
0.5 
0.5 
0.75 
0.25 
0.75 
0.75 
0.5 
0.5 
0.25 
0.75 
0.5 
0.75 
0.75 
0.5 
0.25 
0.75 
0.25 
0.75 
0.5 
0.5 
0.5 
0.5 

J 0.75 
0.5 
0.75 
0.25 
0.75 
0.75 
0.25 
0.5 
0.5 
0.5 
0.5 
0.5 
0.75 
0.5 
0.5 
0.75 
0.75 
0.5 o 
0.25 

„ 0.5 
0.5 
0.5 

* nr 
(meV) 

0.58 
0.27 
0.41 
0.19 
1.43 
1.42 
1.69 
1.45 
0.52 
0.23 
5.24 
0.35 
0.24 
1.51 
0.93 
0.08 
1.1 
0.33 
0.89 
6.7 
0.21 
0.15 
0.31 
1.07 

c 0.43 
0.12 
0.47 
3.92 
0.63 
0.36 
3.56 
0.17 
0.05 
0.51 
0.27 
0.15 
0.29 
0.24 
0.34 
0.45 
1.98 
0.24 
2.78 
0.05 
0.18 
0.16 

r r r ( m e V ) | r / r (meV) 

38.7 
38.7 
38.7,. 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 

'38.7 
38.7 
38.7 
38.7 
38.7 
38.7 

.21.6 

.'58.5 
. 38.7 

'' 38.7 
38.7 
38.7 
38.7 
38.7 
62:2 
32.9 
38.7 

' 38.7 
' 40.2 

38.7 
38.7 
38.7 
51.3 
38.7 

46.3 
86.7 

304. 
1000. 

5.3 
19.5 

299. 
15.3 

333. 
1000. 

' 6320. 
1000. 
1000. 

15.3 
34.3 

1000. ,., 
'• 52.7" 

68.5 
19.7 

'''v 12.1 
1000. 
1000. 

51.7 
1000. 

21.7 
1000. 
,. 11.3 

., 298. 
125. 
68.9 

337. 
118.9 

1000. 
" 1750. 

1000. 
14.6 
7.0 

43.9 
1260. .. 
•• 47.7 

11.8 
508. 
70.4. 

1000. 
36.5 
9.1 

E, (eV) 

146.3 
143.2 
136.8 
135.4 
133.8 
131.9 
127.6 
126.3 
123.4. 
121.3 " 
118.9 
116.1 
110.4 
106.8 
105.4 

• ,. 103.0 
101.2 
97.6 
95.5 
90.9 
85.6 
82.0V 

75.21 
74.31 
66.83 
65.96 
63.4 
61.1 
59.39 
58.0 
57.6 
55.79 
52.6 u 

50.22 
49.85 
47.6 
44.5 
41.4 
35.3 
34.6 
32.3 o 
27.3 

, 26.2 
23.9 
22.2 
17.6 

Br 

0.75 
0.5 
0.25 
0.5 
0.75 
0.25 
0.5 
0.5 
0.5 
0.5 
0.75 
0.25 
0.5 
0.75 
0.75 
0.25 
0.5 
0.5 
0.25 
0.75 
0.25 
0.5 
0.75 
0.75 
0.5 
0.75 
0.5 
0.5 
0.25 
0.5 
0.5 
0.25 
0.75 
0.75 
0.5 
0.25 
0.75 
0.75 
0.5 
0.5 
0.5 
0.5 
0.75 
0.5 
0.75 
0.75 

r " 
(meV) 

0.64 
0.92 
0.82 
0.05 
0.46 
3.02 
0.07 
0.25 
0.07 
0.38 

.1.35 
0.92 
0.13 
0.77 
0.57 
0.52 
0.03 
0.09 

;0.28 
0.26 
1. 

,0 .34 
2.55 
0.38 
0.15 
1.54 
0.36 
1.43 
2.18 
0.79 
1.12 
0.58 
1.39 
0.43 
0.03 
0.78 
0.95 
0.94 
0.08 
0.003 
0.03 
CI 04 
0.34 
0.03 
0.47 
0.38 

r r r ( m e V ) [ r / r (meV) 

54.2 
38.7 
38.7 
38.7 

, 27.6 
'38.7 

38.7 
50. 
23.2 
38.7 
52.3 
27. 
38.7 
34.9 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
38.7 
44.9 
36.6 
38.7 
22.4 
38.7 
38.7 

0 48.6 
38.7 
38.7 
26. 
39.3 
41.3 
59.8 
38.7 
27.8 
59.2 
38.7 
38.7 
38.7 
38.7 
38..7 
38.7 
31.3 r 
39.1 

14.2 
53.4 
26.5 
92.7 
11.4 
3.74 

215. 
32.2 

,51. 
35.3 
65.7 

188. 
3.1 

33.1 
102.5 
83.7 

311. 
360. 
230. 
114.6 
216.7 

1500. 
95. 
29.5 

1000. 
77. 
13.9 

2000.,, 
133. ' 
805. 
546. . 
22. 
7.7 

11.2 
750. 
301. 

4.2 
10.7U 

. 4.l' 
1000. 
189. 

2.8 
35.7 
37.1 
75. 
46.3 

TABLE 3 continued 

Er (eV) 

15.5 
14.68 
14.28 
11.9 
10.93 
7.83 

.296 
- 1.2 

Qr 

0.75 
0.75 
0.5 
0.75 
0.75 
0.75 
0.25 
0.75 

r«,° (meV) 

0.2 
v- 0.57 
vv 0.22 

NS0.31 
0>55o 
0.31 
0.42 

> 0.771 

r,r"(meV) 

38.7 V 

38.7 
38.7 
40.9 
31.5 
40.6 
38.6 
39. 

rfr (meV) 

760.5 
31.7 
52.5 
22. 

146.7 
41.5 
55.4 

201. 

« > 
- 1 . 

0. 
0: 
0. 

- 1 . 
-0.60042 
' 0. , 

1. " 

fc* 
0. 
0. 
0. 
0. 
0. 
0.79685 
0. 
0. 

* components of the unit vector representing fission interference 
« . ' • 

fission cross-section in keV region. Thus we have adopted his assignment up to 300 eV.' In addition 
to this we have included spin assignment which were already established. In this connection the1 

neutron widths determined by Schmidt should be changed. That is F„ have to be changed so as to 
preserved grn°. Generally rn is very small compared with total width, so this alteration in r„ does 
not produce significant errors in rf and rT except for a few resonances. The parameters adopted 
(up to 300 eV) are shown in TABLE 3. For low lying resonances VOGT'S formula is used so that 
parameters representing fission interference are also listed in TABLE 3. continued! 

For fission widths Ff SCHMIDT'S recommendation is adopted. When changes are made for the 
spin of each resonance, we will obtain different</7,»>value from ASGHAR'S, which is slightly larger 
than ASGHAR'S value, but rather smaller than SCHMIDT'S recommendation. Because the purpose of the 
present evaluation is to reproduce reliable cross-section from available experimental data, the fission 
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width is rather different from those obtained by nuclear physics experiments. And a slight apparent 
inconsistency in mean value of resolved and unresolved region is permissible (LYNN'S Antwerp Pa
per)14', if the accurate shape of the cross-section and the accurate temperature dependence of this 
shape are expected. Thus a slight discrepancy'in mean fission width<F/>is acceptable to the pre
sent authors. ;1 

The calculated cross-sections from these parameters should follow the total and fission cross-
section curves found in the literature. The most reliable curves at present are found in BNL's barn 
book15'. Unfortunately the cross-section curves of ^Pu are not satisfactory in respect of consistency 
between the total and fission cross-sections. The total cross-sections are thought to be more reliable 
than fission cross-sections. Recent at measurements made by SOWERBY and PATRICK165 at Harwell do 
not differ significantly except at some valleys between resonances. Thus we have chosen total cross-
sections as the base for the present evaluation. 

A part of the total cross-section curve obtained from the parameters of TABLE 3 was compared 
with (ft in BNL-325. At some resonances the calculated peak was rather small, whereas widths seem 
adequate. By this comparison the neutron widths of these resonances have been changed so as to 

• TABLE 4 Improved resonance parameters 

., Er (eV) 

286.7 
262.2 
261.8 
255.8 . 
254.2 
231.1 
227.5 
224.6 
219.6 

i, 213.0 
"' 210.9 
'' 207.1 

195.1 
188.4 

r„" (meV) 

0.522 
0.503 
6.912 
0.644 
0.457 
8.978 " 
0.479 
0.324 
1.712 
0.104* 
0.156" 
0.705 
3.92 
0.138 

BT (eV) 

183.7 
127.6 
123.4 
103.0 
101.2 
97.6 
95.5 
90.9 
85.6 
82.0 
75.21 
63.4 

.58.0 
'" „ ,/ 

r „ ° (meV) 

0.702 
0.143 
0.084 
0.665 
0.04 
0.117 
1.064 
1.3 
4.4 
0.85 
5.865 
0.864 
1.106 

0 

* inserted 

100 

10 

1 

•BNL 325 Suppl. No.2 
Calculated from. TABLE 3 

l; // 

7 
210 230 220 * 

Energy (eV) 
,: Fig.4 Comparison of «/measured and calculated 
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reproduce measured peak values. By a few iterations resonable parameter set are obtained: 

in TABLE 4. ( 

It might be argued that the parameters of T*BIE3 and 4 fail to reproduce the fissic 

sections. For the sake of satisfaction comparisons have been made with the measured fissi 

sections, and significant discrepancies were not found. The fission cross-section obtained : 

in Fig.6. s> 

/,' 

4. "- Conclusions " 

The present evaluation seems satisfactory in the current circumstances. The remainii 

back is that some of broad resonances^ presumably having large fission width, are stil 

especially above 300 eV. This tendency i s found in DERRIEN'S Fig. li7>. However, if users ; 

ful in utilizing the present results, for example adding some background values to nssi; 

sections, the present evaluation will be sufficient1 for predicting both reaction rates and sten 

effectsl The differences in the measured and calculated total cross-sections are very close 

in the fission cross-sections. ,, 
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