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Abstract

The complete neutron reaction data evaluation for Pu-241 in
the neutron energy range from 10™° eV to 15 MeV is presented.
The report describes the data analyses and theoretical model
calculations performed to arrive at the complete set of nuclear
data including all neutron reaction cross-sections, angular and
energy distributions, and fission neutron and gamma-ray spectra.
The final results are presented in ENDF/B format and as group
constants.
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Part 1

Analysis of Experimental Data Below 1 eV




19-1914
Trangslated from Russian

EVALUATION OF BUCLEAR DATA FOR 24lpy IN THE NEUTRON
ENERGY RANGE 10~3 eV-15 MeV

V.A., Kon'shin, G,V, Antsipov, E.Sh, Sukhovitskij, L.A. Bakhanovich
A,B, Klepatskij, G.B. Morogovskij, Yu.,V., Porodzinskij
AV, Iykov Institute of Thermal and Mass Exchange
Byelorussian SSR Academy of Sciences

ABSTRACT

The available experimental data on the 241Pu cfoss-
sections at energies below 1 eV are examined and
analysed statistically and self-consistent evaluated
constants are obtained, The cross—sections are
parametrized by the use of a modified Adler—Adler
formalism, Two negative resonances are introduced.,

1. INTRODUCTION

In detailed studies of the best ways of developing muclear power,
careful attention has to be paid to the optimization of the physical and
thermophysical parameters of fast reactors., The accurate prediction of
these parameters depends on two factors: the precision of the methods used
in the calculation and the accuracy of the muclear data characterizing
the interaction of neutrons with the maclei.

It is of course still necessary to make further improvements in
the accuracy of the mclear data so that physicists will not in the future
have to set up critical assemblies and models to simulate fast reactors,

One of the most important tasks is to achieve sufficiently
accurate calculations of the breeding ratio of fast breeders since it is
on the value of this parameter that the choice of the fuel composition and
the approach to the reactor design depend, The breeding ratio is most
strongly affected by the 2380 and 239Pu capture cross—sections at energies
below 100 keV, the 2380 inelastic scattering cross-section in the region



below 1 MeV and the value of '\»'(239Pu). The evaluation of these quantities
(cmently the third version) through an analysis of all available experi-
mental data and the use of theoretical models with carefully tested
parameters is being carried out in the Physics of Elementary Processes
Laboratory, Institute of Thermal and Mass Exchange (ITMO), Byelorussian SSR
Academy of Sciences,

A knowledge of the 240Pu, 241py and 242Pu neutron cross—-sections
is also becoming of increasing importance as a result of the fact that
plutonium from thermal reactors containing ~ 204-25% 240Pu, 10%-15% 2ALp,
and 5%-10% 242p; can be used in fast breeders. It may be noted that
approximately equal contributions are made by the errors in the constants

239 2380 L. . 240 241
for Pu and s the fission fragments and the isotopes Pu and Pu

to the overall error in Keff for the BN-1500 reactor,

Ruclear data for the higher transplutonium elements are required
for calculating the build-up of these muclei, for determining the changes
in reactor characteristics during extended operation, for calculating the
power of the internal neutron sources in a fast reactor resulting from the
(ayn)~reaction in oxygen (2420111, 24460 ana 238 Pu) and spontaneous fission
(2420!!, 2440111, 238 Pu, 242p; ana 2A'of’u) and also {and this may become most
important) for studying problems of the transfer and reprocessing of
irradiated fuel and the burial of high actinides. It is obviously
impossible to obtain all this large quantity of experimental data in
the near future, especially *n view of the fact that the fabrication of
properly shaped targets made from these muclei is a very difficult process.

In the absence of experimental data for heavy muclei, almosi
the only method of obfa.ining the muclear constants is from theoretical
evaluations with carefully tested parameters used in muclear models. The
development of methods of muclear constant evaluation for heavy fissile
miclei and the use of these methods in the derivation of definite values
for the muclear constants to be included in a Soviet evaluated muclear
\data. library for fissile mmclei comstitute the principal task of the
Phjsics of Elementary Processes Laboratory (ITMO). This work, which forms
an integral part of the All-Union programme for obtaining reliable muclear
data with gunaranteed accuracy, is supervised by the Muclear Data Commission
and the Muclear Data Centre of the USSR State Committee on the Utilization
of Atomic Energy.



The present paper, which is issued in the form of a five—part
ITMO preprint, contains the results of a miclear data evaluation for
241Pn carried out as part of the production of a complete file of muclear
constants for this isotope. The work on the evaluation of muclear
constants for 242Pu is now complete, The results will be published,
together with varied examples on the possible use of the theoretical
models and achieved accuracies for the prediction of neutron cross—
sections, in the form of a collection of ITMO papers.

Future work in the laboratory will deal with the evaluation of
241 Am)
within an international programme of co—ordinated studies under the
asgis of the IAEA,

miclear constants for the transplutonium elements (primarily

241

1,1, Poggible reactions with the Pu mcleus for energies up

to 15 MeV
Table 1,1 shows the values of Q and the thresholds for the
various neutron reactions with the 2M‘l”u micleus, The value of the

threshold (for negative Q) is given by the expression:

T=MMam Q) = 1.0042 (-R), (1.1)
Mazqa
where M_ is the mass of the newtron ani M, is the mass of the 241p,
micleus.
Table 1,1
Values of Q and thresholds for neutron reg.Lctions with
the Pa mucleus

) . Threshold

Reactions Values of Q, MeV Me

I 2 3

P, 20 7Pu 5,201 5,263
(n, 3n) =9 Pu 11,778 11,824
(n, an) <38 Py -17,430 17,503
n, y) #%<Pu 6,301 -
(n, p) 24INp 0,582 0,584
(n, d)=ONp 4,332 4,350
(m, ty N 3,236 3,250
(1,3He) =Y 4,491 4,510
(1 ,*He) %8y 11,233 -
(m,np) 24ONP 6,552 6,580

mnd ) 239Np 9,490 9,530




The first excited state of 241Pu is at an energy of 40 keV.
The ground state of the mucleus has a spin of 5/§+. The 241Pu level
scheme has been studied in detail up to energies of 1 MeV,

In mclear reactors, 241Pu is produced by successive neutron
capture in 257Pu apd 2OPu; it is converted by beta-decay with a half-
life of 15,02 + 0,10 a imto #lam [there is a small amount (= 2.3 x 107%)
of alpha=decay into 2370].

241

2. NUCLEAR DATA FOR Pu IN THE THERMAL ENERGY REGION (10-3-1 eV)

2.1, 241Pu constants at 2200 m/s

The 241Py constants at a thermal point (2200 m/s) have been
evaluated by Hamna et al. [1]. The 241Pu data were analysed separately
from the constants for 2330, 235U and 239Pu since they are inaccurate
and cannot have any serious effect on the constants for the other three

mclei,

The least squares analysis was carried out on the following

measurements:

o, and oa(241Pu): Simpson et al. [2], Craig and Westcott [3],
Smith [4] and Cabell [5];

Of(241Pu)’ Watanabe and Simpson [6]=
op(**2)/0o(*0):  1aomara [7] ant White [8;

op(?4'Pu) /0 (3FPu): Jarfiy et al. [9]), Rafrle [10] amd
Bigham et al. [11];

n(%4'Pu): Smith and Reeder [12]; n(?MPu)/(%3%): Fast
and Aber [13];

3(®4Pu) /5(23%): Sanders [14] and Colvin and Sowerby [15];

S(®*'Pu) 5(?Pu): Kalashnikova et al. [16], Sanders [14],
De Saussure and Silver [17], Jaffly and Lerner [18] and
Boldeman and Dalton [19];

o, and «(?*pu): Cabell [20].

4s a result of their analysis, Hanna and Westcott recommend the
following constants at 2200 m/s:



Ua = 1375.4 -t 8.6 b; O'f = 1007.3 '_"_ 7.2 b; O'Y E 368.1 I 7.8 b;
@ = 0,3654 + 0,0090; n = 2,149 + 0.014; vy = 2,934 + 0,012
o (bound at.) = 12.0 + 2.6 b and o, = 12,0 & 2.2 b.

Since the evaluation by Hanna et al. [1], no new experimental
data in the thermal region have appeared. However, it seems reasonable
to combine the available 241?11 data in an analysis together with results
for 233{!, 233 and 23%Pu. Lemmel et al. [21] carried out such an analysis
of fissile rmuclei cross-sections at thermal energies by the least squares
method,

For 241

used except in the case of the g=factor-dependent fission cross—section
ratios 2MPu/23% [8] and 24'Pu/23%pu [9, 10], which were slightly changed
within the limits of error, The thermal 241Pu constants obtained at

2200 m/s have the following values: 0, = 1389 + 9 and 1390 + 9 b for
metal and liquid samples, respectively; ca = 1378,0 + 9.0 b; Op = 1015.0 + 7.0 b3
oy = 362,0 + 6.0 b; @ = 0.357 4+ 0,007; 7 = 2,155 + 0.010; '\Tt = 2,924 + 0,010
Vg = 0.0157 # 0,0015; o_ = 10,8 + 2.6 and 12,0 + 2.6 b for metal and liquid
samples, respectively; and vp(zsz()f) = 3,737 + 0,008,

Pu, the same experimental data as in Hamna et al. were

The experimental data for the thermal energy region were re-

normalized to these wvalues,

2.2, Experimental data for og( 2411’0.2 in the thermal emergy region (10731 ev)

The following experimental data are available for o f(241Pu) in the
thermal energy region: Watanabe [22], Watanabe and Simpson [6], Seppi [23],
James [24], Adamchuk et al. [25], Seppi et al. [26], Raffle and Price [27]
and White et al, [8], These are old data, the most recemt going back ten
years.

1. Watanabe [22] measured o (?4!Pu) in the 0,01-0.5 eV range
by a time-of-flight method, The data were normalized at the
thermal point with an energy of 0,0253 eV to a value of 962 b.
We ourselves have now renormalized the results to 1015 b, XNo
detailed information on the measurement errors was given., The
experimental results lie 2-3% above the evaluated curve in the
region up to 0,1 eV and the discrepancies increase to 8-10% at
0.2 eV, The error assumed for the purpose of the evaluation was
ﬂ%. Watanabe's data [22] are given in Table 2. 1, averaged over
particular energy intervals,



Table 2.1

Experimental data of Watanabe [22] for of(wpnz

E , eV[ 0y b[E, eV] 0, B[E , e¥[0,, bJE , eV] s b
0,0072 1895,8 0,0285 I0I3,0 0,069 652,6 0,15A7 748,9
0,0108 1502,9 0,0268 971,6 0,082 631.6 0.I707 82I,1
0,0I20 1379,0 10,0333 856,9 0,097 606,7 0,141 953.2
0,0I35 1302,6 0,0410 79I,3 0,I148 618,9 0.I968 I0R7,9
0,0I69 1186,4 0,049 730,4 0,1342 670,4 00,2135 1I281,6
0,0188 1I101,0, 0,057 699,6 - - - -

2. HWatanabe and Simpson [ 6] measured Of(ad'lPu) for emergies
of 0,02-100,0 eV by a time—of=flight method., The data were
normalized to the fission cross-section at 6 eV, which the amthors
determined from the total cross—section of 436 + 6 b at this
energy by subtracting the calculated values of on(14 + 4 b)

and 0.(14 +7 b). The value of o £(?*Pu) at 0.0253 oV obtained
by the least squares method from the experimental points was
962 + 38 b, These data were renormalized to gp = 1015 b at
0,0253 eV, We then averaged the values over the energy ranges.
The errors given by Watanabe and Simpson [6] are 3.9% up to
0.24 eV and 4,0% above this energy, The original data are
given in Table 2,2,



Table 2.2
Experimental data of Watanabe and Simpson [6] for o f(241Pu)

B, oV | Tpr Ploc, b| B eV | Fer b | 00y, B
I 2 3 4 5 6
0,024 966,75 37,70 0,2597 1680,28 67,21
0,025 954,86 37,24 0,2645 I55I,91 62,08
0,0265 926,17 36,12 0,2726 I466,29 58,65
0,0285 921,91 35,95 0,2857 I219,I4 48,77
0,0305 893,06 34,83 0,3045 865,66 34,63
0,0326 856,65 33,41 0,3246 573,39 22,94
0,0355 851,84 33,22 0,3475 379,32 15,17
0,03%0 838,61 32,71 0,3704 255,17 10521
0,0445 790,50 30,83 0,388 224,64 9,00
0,0505 739,80 28,85 0,4110 193,98 7,76
0,0560 707,13 27,58 0,4387 109,21 4,37

0,0640 679,09 26,48 0,46I2 8I,87 3,27
0,0745 649,19 25,32 0,4834 83,53 3,34
0,0855 630,02 24,57 0.5120 56,41 2,26
0,0945 599,91 23,40 0,5460 67,07 2,68
0,I043 611,31 23,84 0,5985 59,19 2,37
0,1I190 621,16 24,22 0,6524 50,02 2,00
0,I412 671,38 26,18 0,6976 36,49 I.46
0,1650 784,24 30,58 0,7368 39,78 1,59
0,1865 975,47 38,04 0,7664 28,38 1,14

0,2068 1177,53 45,92 0,8028 38,78 1,55
0,2279 1I74,68 45,81 0,8569 43,36 1,73
0,2480 15680,80 61,65 0,9053 31,80 1,28
0,2537 1600,70 64,00 0,9549 38,73 1,58

3. Seppi [23] determined o f(2411-"(1) in the energy range
0,0257-0,874 eV by means of a crystal spectrometer. The
renormalization coefficient at an energy of 0,0253 eV to
the wvalue Op = 1015 b is equal to 1,004, Unfortunately no
detailed information is available about this experiment,
The experimental data show only a small scatter and fit the
shape of the evaluated curve well, The data have been used
in the evaluation with an error of +3,5% Seppi's results
[23] are given in Table 2.3.



Table 2.3

Experimental data of Seppi [23] for gf(241Pu2

B, eV Cpy b E, eV Ory b
I 2 3 4

0,0257 1002,0 0,212 1217,0
0,0281 962,4 0,219 1307,0
0,0309 923,8 0,224 1381,0
0,0342 864,1 0,231 1488,0
0,038T 820,0 0,240 1576,0
0,0429 783,4 0,248 1625,0
0,0486 744,7 0,257 1639,0
0,0856 708,4 0,267 1565,0
0,0643 679,3 0,281 1324,0
0,07I3 661,1 0,292 1708,0
0,0775 640,7 0,304 892,7
0,0845 625,5 0,318 710,8
0,0925 62I,9 0,329 565,2
0,105 613,4 0,344 437,4
0,114 605,3 0,359 314,9
0,128 62I,9 0,375 23I,9
0,I36 642,0 0,392 183,8
0,146 668,2 0,41I 140,7
0,155 08,2 0,431 108,6
0,I6I 736,9 0,452 90,3
0,164 740,7 0,484 69,1
0,169 766,8 0,508 56,1
0,172 800,6 0,537 43,8
0,177 828,9 0,567 40,5
0,I81 876,1 0,600 39,1
0,186 97,9 0,636 39,3
0,190 936,5 0,675 40,7
0,19 1008,0 0,718 40,5
0,200 1075,0 0,765 34,1
0,207 1160,0 0,817 31,6

- 0.874 A1
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4. James [24] measured of(mlPu) for energies between 0.009 eV
and 3 keV by a time-of-flight method, The neutron flux was
determined with a BF',3 counter, The data were normalized at a
thermal energy of 0.0253 eV to a valued . = 1010 b (normaliza~
tion accuracy of + 5.4%). We renormalized the results to

Op = 1015 b, The total error in the experimental data is made

up of the statistical error, the error in the energy determina-
tion resulting from the finite width of the time channel (1 us)

and the normalization error. The total error was equal to:

6.3% for 0.01-0.05 eV, 6.1% for 0.05-0.30 eV, 6.3% for 0.30-0.43 eV
and 10% for 0.43-1.0 eV. James' experimental data [24] as

averaged by us are shown in Table 2.4. There is generally satis-
factory agreement with the shape of the evaluated curve although
the points show a large scatter. A particularly poor description

is given of the resonance peak at 0.26 eV,
Table 2.4

Experimental data of James [24] for o f! 241Pu!

E.eV | &.b | a6;0 b £.eV| 67, b lag., b

1 2 3 4 5 6
0,009 1647.2 103, 0,080 583,5 36,0
0,010 1595,0 100,48 0,095 616,8 37,62
0,011 1486,0 93,62 0,100 590,1 36,00
0,012 1373,2 86,50 0,195 60I,1 36,67

0,013 1364,5 85,96 o, 634,6 38,71
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Table 2.4 cont,

r {2 1 3 [ a4 | 5 | 8
0,014 1313,0 82,72  0,II5 621,3 37,90
0,015 1321,3 83,24 0,120 633,4 38,64
0,0164 1253,8 79,00 0,125 599,8 36,59
0,018 1145,1 "2,14 0,135 650,7 39,69
0,0195 1154,0 72,70 0,150 683,0 41,66
0,021 10€9,5 68,64 0,165 745,6 45,48
0,0225 1080,0 68,04 0,180 846,6 51,64
0,024 1041,8 65,63 0,195 954,8 58,24
0,0255 1035, 1 65,2I 0,205 1030,5 62,86
0,027 978,1 61,62 0,215 1186,0 72,35
0,0285 986,8 62,17 0,225 1262,0 76,98
0,031 936,4 59,00 0,235 1373,0 83,75
0,0335 82I,0 5I,72 0,244 1497,0 91,32
0,035 977,0 55,25 0,251 1467,0 89,49
0,037 '828,4 52,20 0,255 1377,0 84,00
0,040 754,0 47,50 0,2574  1604,0 97,84
0,043 788,0 49,64 0,2602  I536,0 93,70
0,046 749,9 47,24 0,2631  1649,0 100, 60
0,050 16,5 45,14 0,2690  I4I0,0 86,00
0,054 716,6 43,71 0,2749  1415,9 86,0
0,058 603,6 36,80 0,2780  I321,0, 80,6
0,063 68I,7 41,58  0,28I1  I2I2,94 74,00
0,068 635,4 38,76 0,2843  II40,96 69,60
0,074 627,7 38,29 0,289 956,6 58,35
0,080 590,9 36,05 0,298 921,5 56,22
0,085 607,5 37,06 0,3046 861,24 54,26

0,310 04,6 38,09 0,585 4995 5,00
0,320 566,68 3%,70  0,5662 58,61 5,9
0,327 482,4 30,39 0,589% 60,62 6,06
0,3312 39%0,7 24,61 0,6I142 42,85 4,30
0,340 323,7 20,40 0,6352 46,03 4,60
0,3525 285,2 17,97 0,6805 42,85 4,80
0,3662 228,9 14,42 0,7049 39,29 3,93
0,381 174,1 11,00 0,7307 36,00 3,60
0,39 155,6 %.80 0,750 3339 3,3
0,425 126,3 7,9  0,7868 27,7 2.78
0,43 88,34 5,57  0,8I73 22.54 2,75
0,445 98,00 9,80 0,8495 34,66 3,47
0,4615 64,1 6,40  0,8838 34,24 3,42
0,482 61,89 6,19 0,9200 18,45 1,85
0,504 46,8 4,70  0,9488 17,58 1,7
0,528 50,0 5,00  0,9790 24,02 2,40
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5e Adamchuk et al, [25] found the 24]‘Pu fission cross—section
for monochromatic neutrons in the energy range 0.005-1000.0 eV
using a mechanical chopper. They normalized their results to a
value of 950 b at 0,0253 eV and we have renormalized them to
1015 b, The experimental data obtained by Adamchuk et al. are
in satisfactory agreement with the results of other authors up
to 0.3 eV but at higher energies they lie systematically above
the evaluated curve and they give a poor description of the
resonance peak, The data for 0,24-0.40 eV have therefore not been
used in the analysis, The remaining results were taken with an
error of + 7% for use in the evaluation. The experimental data

of Adamchuk et al, [25] (Table 2.5) were averaged up to an energy
of 0,143 eV,

Table 2.5

Experimental data of Adamchuk et al. [25]
for of(241Pu)

E. eV [Opr ® [ E, eV | Opr D E, eV | ¢ ®
I 2 3 4 5 6
0,011  1262,5 0,106 611,0 0,351  567,0
0,0129 1216,7 0,119 603,5 0,367 393,0
0,0I43  I24I,0 0,133 630,0 0,384  260,0
0,0I159  II78,3 0,143 654,0 0,402  258,0
0,0177  II27,7 0,I52 697,0 0,421  166,0
0,0I98  I0%4,0 0,168 709,0 0,442 II7,0
0,0215  1072,6 0,171 745,0 0,464 75,4
0,0235  1070,5  0,I8L 83,0 0,483 99,0
0,0256 902,5 0,187 826,0 0,515  1I0,0
0,0283  '879,5 0,193 991,0 0,543 50,0
0,0313 853,65 . 0,200 928,0 0,573 28,3
0,0349 828,0 0,206 1040,0 0,607 36,7
0,039 769,56 0,213 1088,0 0,643 60,9
0,0449 763,0 0,221 1I94,0 0,682 52,0
0,049 756,0 0,229 1282,0 0,73 36,7
0,0525 715,0 0,237 1425,0 0,75 27,8
0,056 734,0 0,246 1603,0 0,77 80,3
0,060 662,5 0,255 1626,0 0,80 48,0
0,065 668,0 0,265 1678,0 0,83 7,1
0,070 665,5 0,275 1704,0 0,85 38,2
074 643,0 0,286 1466,0 0,86 61,7
0,070 €08,0 0,297 43,0 0,92 39,9
0,0625 610,0 0,309 1234,0 0,95 16,0
0,088 603,0 0,322 949,0 0,98 60,0

0,094 894,0 0,336 62,0 - -
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6. Seppi et al. [26] measured Of(24lPu) in the range 0.00253-
0.00473 eV, The details of this work are not available., The
original data were normalized to a value of Op = 541.0 b at 0.1 eV,
For the purposes of the present evaluation they have been renormal-
ized to Op = 626 b at 0.1 eV. The experimental results of Seppi

et al. [26] are shown in Table 2.6.

Table 2.6

Experimental data of Seppi et al,, [26]

En,eV | 67,0

0,00253 2528,0 + 14,27
0.00269 2508,0 4 1I,I0
0,00286 2636,0 + 9,08
0,00305 2459,0 + 7,14
0,00326 2386,0 + 5,89
0,00346 2279,0 + 5,19
0,00375 2247,0 + 4,34
0,00404  21I9,0 + 3,77
0,00436 ?113,0 + 3,26
0,00473 2028,0 # 2,93

7. Raffle and Price [27] determined o (*'Pu) in the 0.006-
1.0 eV energy range. The results are identical to those pub-
lished in Ref, [28]. For energies below 0.4 eV, the 241Pu Cross-
section was measured relative to Of(239Pu); at higher energies a
IQB sample was used as the standard, The measurements were made
with a slow-neutron chopper below 0.1 eV, a single-crystal
gspectrometer for 0.05-1.0 eV and an electron accelerator at
energies above 0,25 eV, The results were normalized to a figsion
cross—-section value Of(24lPu) = 935 .4+ 40 b at 0.0253 eV and were
renormalized by us to 1015.0 b, The measurements were used in
the evaluation with the error taken as + 8% up to 0.1 eV and

+ 6% at higher energies.

The experimental values show a considerable scatter,
especially near the resonance peak. The 2'4113u fission cross-

sectionsmeasured in Refs [27, 28] are shown in Table 2.7.
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Table 2.7
Experimental data of Richmond and Price
forg f,(Z‘Q'I'Pul

E.eV | Gy, Db aby, b £, eV 67,0 |adr, b

1 2 . 3 1 5 6
0,00615 1520,0 121,6 0,0730  568,0 47,0
0,00730 1540,0 123,2 0,0792  630,0 50,4
0,00775 1620,0 129,6 0,079  652,0 52,2
0,00880 I1470,0 117,6 0,0860  596,0 47,7
0,0101 I380,0 110,4 0,0835  §45,0 43,6
0,0108 1485,0 118,8 0,0975  610,0 48,8
0,0117 1325,0 106,0 0,0995  579,0 46,3
0.0I18  I370,0 109,6 0,101  632,0 37,9
0,0127  1240,0 98,2 0,027  564,0 $3,8
0,013  1225,0 98,0 6,146 706,0 43,0
0,015  1155,0 92,4 0,167  693,0 41,6
0,0166  1235,0 98,8 0,157  1058,0 63,5
0,0I82 10750 86,0 0,202 $33,0 56,0
0,0200 1120,0 89,6 0,213 1249,0 74,9
0,0221  1165,0 93,2 0,221 I314,0 78,8
0,0246  975,0 78,0 0,245  I588,0 96,3
0,0276  898,0 71,8 0,247  I5I7,0 91,0
0,0312  806,0 64,5 v,266 13850 83,1
0,002 77,0 62,0 0,206  1453,0 67,2
0,0431  775,0 62,0 0,200 1349,0 80,9
0,0468  625,0 50,0 0,300  933,0 56,0
0.0550  665,0 53,2 0,318  520,0 31,2
0,0572  624,0 49.9 0,320 324,0 19,4
0.0630 74,0 57,1 0,340 37,0 22,6
0,0652  682,0 54,6 0,350  159,0 9,5
0,0675  638,0 §1,0 0,395  192,0 11,5
0,0680  608,0 48,6 0,680 66,0 4,0




8. White et al. [8] measured the ratio of(241Pu)/6 f(2350) in
the energy range 0.016-0,55 eV,

were obtained by means of a crystal spectrometer.

The monoenergetic neutrons

The total

error in the measurement of the ratio was 2.7% and the greatest
contributions came from the determination of the foil thickness (2%),
non-uniformity of the beam (1%) and statistical errors (0.5-1.0%).
The experimental data obtained by White et al.
Table 2.8.

are given in

Table 2.8

. . 241 23
Experimental values of the ratio o fg Pu) /o f( 5U) for

energies of 0,016~-0,545 eV

En, eV |67 R0 /633 |6; (301, b | 67 (*4mw, b
0,016 1,680 +0,044  7580,0 & II,4  I274,I + 36,2
0,053  I,770 +0,048 77,74 8,7 1023, 4 31,5
0,061 1,876 + 0,050  380,0 5,70 72,9 + 21,8
0,II7 2,719 + 0,070  225,0 & 3,4 61,8 + 18,2
0,161 3,960 £ 0,100  I82,5 42,7 722,7 & 21,2
0,270 8,230 0,300 190, +2,8  I564,8 % 61,0
0,545 0,806 + 0,020 73,9 % 1,5

59,6 + I,7
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(241Pu) in the energy range 10-3—1 eV

241Pu)

2e3 Evaluation of 0n

Pigures 2,1-2.5 show the experimental values of Of(
discussed above and the evaluated data, The evaluated curve was obtained
by means of the PREDA program [29], which describes a set of experimental
points by a polynomial of the appropriate order. The experimental points
were taken with weights inversely proportional to the square of the errors

indicated in the text.
The evaluated values of Of(241Pu) are given below (see Table 2.15).

2.4. Experimental data for o (241Pu) in the energy range 10—4—1 eV

The following experimental data on © (241Pu) are available in
the energy range 10 3--1 eV: Smith [4], Smith and Young [30], Simpson
and Fluharty [31], Simpson and Schuman [32], Craig and Westcott [3] and
Kolar and Carraro [33].

241Pu) for energies of

1. Young and Smith [4, 30] measured.ct(
0.00051-0.09 eV by means of a crystal spectrometer and a fast
neutron chopper (Tables 2,9 and 2,10), The sample was a metal
foil with 99,3% 241Pu enrichment., In order to obtain the

absorption cross-section from the 0, data derived by Young and

t
Smith, we subiracted the value of the scattering cross-section,
equal to 10,8 b, The Young and Smith measurements gave a total
cross—-section of 1389 + 15 b at 0,0253 eV and there was therefore

no need for renormalization,

The data obtained with the crystal spectrometer were
systematically about 1% greater than those with the fast chopper
in the region below 0,02 eV,
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Table 2.9

Bxperimental data of Smith and Young L4, 301 obtained
with a crystal spectrometer (taken from the graph)

.oy 3
E, eV | 6,&be(eV)Z| E, eV |68 b+ (eV)Z

I 2 3 4
0,00051 237,65 0,0055 238,0
0,00055 233,8 0,0054 234,5
n 00055 241,0 09,0056 235,7
SRITars) 234,3 0,0063 236,9
0,00087 239,0 0,0065 235,0
0,0010 236,2 0,0079 233,2
0,0014 238,4 0,0085 235,8
0,0019 238,6 0,0094 232,7
0,0023 237,0 0,0095 237.5
0,0025 236,2 0,0100 232.8
0,0033 234,5 0,0125 231,2
0,0036 238,2 0.0127 228,0
0,0040 238,3 0,0145 229,0
0,0048 238,2 0,025 224,0
0,0049 235,9 0,040 223,0

0,080 228,0
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Table 2,10

erimental data of Smith and Youn 0]
obtained with a fast chopper

E.eV |6 E, be(eV)E| £,eV |6 /Ebe(eV)z
T 3 3 4
0,008 235,0 0,0053 232,8
0.0019 234,0 0,0060 232,8
0,0020 236,7 0,0062 232,0
0,0020 234,2 0,0070 232,0
0,0022 224,0 0,0076 231,8
0.,0026 234,3 0,0082 232,72
0,0027 234,0 0,01I0 220,6
0,008 233,2 0,0115 232,0
0,00315 235,5 0,0118 229,3
0,0032 235,5 0,0140 220,0
0,0033 235,5 0,020 225,0
0,0036 235,6 0,030 225,0
0,0041 233,0 0,040 223,6
0,0044 234,4 0,050 224,3
0,0049 235,1 0,070 233,0
- - 0,090 246,0
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2. Simpson and Fluharty [31] determined ot(24lPu) in the range
0.0105-0400 eV, Unfortunately, no detailed information is
available about this experiment, The value of the cross—section
ct(241Pu) found by Simpson and Fluharty at 0,0253 eV was 1450 b
(as derived by us from the experimental points by the least
squares method), The renormalization factor is 0,958, In order

to get Ua from o,, we subtracted the value of the scattering

t'
cross—section.(l2 b).

The experimental data of Simpson and Fluharty given in
Table 2.11 show a considerable scatter and give a poor description

of the shape of the resonance,
Table 2,11

Experimental data of Simpson and Fluharty [31]

EnreV| Gir b Ens eV]| 6i1b| Ens 6V 6201 | Ex. &S00

0,0I05 2080,0 0,0465 1080,0 0,I78 1330,0 0,280 1830,0
0,0IIT 1I950,0 0,0520 1050,0 0,I88 1390,0 0,283 I520,0
0,0I37 2030,0 0,0578 940,0 0,IS7 1500,0 0,307 I200,Q
0,0157 1860,0 0,0650 960,0 0,208 1630,0 0,326 960,0
0,0I83 1680,0 10,0730 835,0 0,2I8 1830,0 0,318 630,0
0,0209 1580,0 0,0840 925,0 0,230 2000,0 0,372 450,0
0,0233 1430,0 00,0970 920,06 0,237 2050,0 0,400 300,0
0,0265 1430,0 0,II40 965,0 0,243 21I00,0 0,428 I70,0
0,0300 T1460,0 0,I35 950,0 0,252 2080,0 0,460 12,0
0,0348 1270,0 0,I62 1200,0 0.260 2000,0 0,500 106,0
0,0408 1I150,0 O,I7I I260,0 0,268 1I920,0 0,540 72,0
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3. Simpson and Schuman [32] made reactor measurements of
ct(24lPu) with a fast chopper over the 0.,0163-0.46 eV energy
range. For recording, they used a system composed of a series
of BF‘3 proportional counters, The main sources of error below
0.5 eV were the statistical errors and uncertainties in the
sample thickness and impurity content. The maximum error is
observed to occur at the resonance peak and is equal to + 5%.
At a thermal energy of 0,0253 eV, the total cross-section
ct(241Pu) is 1390 b, i.e., there is no need for renormalization,
The scattering cross-section (12 b) was subtracted from Ut ‘o
give Oye The experimental data of Simpson and Schuman show
little scatter and form the basis of the evaluated curve,

The Ot(241

Table 2,12,

Pu) data measured in Ref., [32] are given in

Table 2,12

Results for ot(24lp@ obtained by Simpson and Schuman [ 32]

E, eV G, b E., eV & ., b
I 2 3 4
0,01I63 1752,67 0,0520 973,5
0,0170 I1729,60 0,0566 938,23
0,0177 I705,17 0,0622 907,01
0,0186 1623,29 0,0681 875,68
0,0196 15684,43 0,0750 849,89
0,0205 1523,0 0,0829 825,07
0,021I5 1474,75 0,0932 813,06
0,0229 1455,38 0,061 811,67
0,0246 I419,14 0,1I96 829,45
0,0260 1375,60 0,1347 872,40
0,0270 1327,80 0,1520 952,58
0,0280 I1316,00 0,1729 J122,3
0,0290 1297,50 0,965 1440,23
0,0300 I271,00 0,2208 1943,8
0,0310 I251,33 0,2390 2313,4
0,0320 1226,67 0,2456 2390,6
0,0330 I1214,33 0,2525 2457,4
0,0340 1192,00 0,2597 2380,2

0,0350 11%2,00 0,2672 2286,7
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Table 2,12 (continued)

I ! 2 1 3 | 4
0,0365 1147,20 0,2750 2095,
0,0384 1I21,00 0,2918 1658,6
0,040 1073,25 0,3147 1083,3
0,0424 1070,33 0,3409 657,76
0,0455 1032,83 0,3765 359,13
0,0485 1001,18 0,4100 238,51

- - 0,4587 159,42

4. Craig and Westcott [3] measured ot(24lPu) in the intervals
0.025-0.75 and 13.8-1000 eV, using samples with an 80% 4Py
content, They quote the experimental and recommended data
obtained after corrections had been made for the presence of
other isotopes (238Pu, 24%,; and 241 pny.,

The measurements used a time—of-flight method (base-line
lengths of 5,66 and 16,32 m) with BF, counters as detectors.
The value of o (*'Pu) at 0.0253 eV was 1371 b, i.e. the
renormalization coefficient is 1,005, The scattering cross—
section on(24lPu) was taken as 12 b, The overall error in O,
is made up of the statistical error and the error involved in
normalizing the different experiments to a single curve, ¥No
allowance was made for the error resulting from the uncertainty

in the corrections for the presence of other nuclei,

The experimental data of Craig and Westcott [3] were used
as the basis of the evaluated curve (Table 2,13).



- 22 -

Table 2,13

Experimental data of Craig and Westcott [3] for ot(241Pn)

£,eV | Gy, b | £, eVl 6 0
0,025 I39I,0+30 0,24 2256453
0,0253 1383,0+30 0,25 2352455
0,030 I270+29 0,26 2349455
0,040 1095425 0,27 2236454
0,050 988+23 0,28 1979447
0,060 914421 0,29 1694+41
0,070 862+20 0,30 I1397+35
0,080 83I1+19 0,31 I1164+29
0,090 807419 0,32 955+24
0,I00 800+19 0,33 787419
0,110  805+I9 0,34 655+16
0,12 814419 0,35 545+14
0,13 843420 0,36 447411
0,14 879+21 0,37 383+10
0,I5 930422 0,38 33749
0,16 988+23 0,39 288+8
0,17 1055425 0,40 25347
0,I8  I1I67:28 0,45 15645
0,I9 1285432 0,50 102+5
0,20 1447+36 0,55 82+4
0,21 1643438 0,60 7547
0,22 1868+42 0,65 70+7
0,23  2085+16 0,70 6747

0,75 6648




5. Kolar and Carraro [33] used an electron linear accelerator
to measure ct(241Pu) by a time-of-flight method for the range
0.7-700 eV, The sample contained 94,66% 24lpy,  No correction
was made for the contribution from the 240Pu and 242Pu resonances,
To obtain O from the ot results, the value of On(12 +2 b) was
subtracted. The Kolar and Carraro data are of little value for
determining the detailed form of the curve below 1 eV because
they are not corrected for the presence in the sample of 240Pu,

which has a strong resonance at 1,06 eV,

The experimental data of Kolar and Carraro [33] for energies

below 1 eV are given in Table 2,14,

Table 2.14

Results for o ( 2p,) obtained by Kolar and Carraro [33]

En,eV | G, Er .oV ! G, 0P
N, 6839 T4 08 0,R20 A7,55
n,6960 7,17 n,Mu5 70,34
0,705 75,9 0,917 99,29
0,7205 AT 46 0,9796 101,85
0,739 8,70 0, 8950 112,27
n,mmas 0, a% 0,00 129,23
n,7550 W LE 0,024 % 137,42
0,767 78,89 0,9605 155,18
n, 7713 77,71 0,775 197,67
N,7%2 h 35 0,0720 267,50

0,3125 3,96 0,9900 405,%
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2.5 Evaluated Oa(241Pu) data below 1 eV

The evaluated Oa( 241Pu) data obtained by means of the PREDA
program [29] and the experimental data discussed above are shown in
Figs 2.,6-2,11, It can be seen that with the exception of the Simpson and
Fluharty results, the various data are in satisfactory agreement with
each other,

The evaluated values of ¢ (241Pu) for energies below 1 eV are
listed in Table 2,15, Also shown are the evaluated © (241Pu) and
o (241Pu) values obtained from the difference (0 - f) and the a values
demved from the evaluated d_ and Oa. The cross-section UY and the ratio a

£
are illustrated in Figs 2,12 and 2,13,

Table 2,15

Evaluated oa'—of’—-oY and a values for 2411”u at thermal energies

E, eV| 64,0 67,b |6p-Gi-6hD oL’—‘—gf.};
I 2 3 4 5
0,0001 23614,00 165680,20 7933,80 0,5050
0,0002 16692,80 11088,95 5603,85 0,5054
0,0004 11795,00 7842,70 3952,30 0,5039
0,0008 8329,80 55648,44 2781,36 0,5013
0,00I0 7445 ,45 4963,70 2481,75 0,5000
0,0020 5247,42 36I3,96 1733,46 0,4933
0,0030 4269,52 2872,42 1397,10 0,4864
0,0045 3468,14 2349,66 1118,48 0,4760
0,0065 2866,46 1959,58 906,88 0,4628

0,0085 2488,20 I717,56 770,64 0,4487



Table 2.15 (continued)

11 2 3 1 4 i 5
0,0105 2222,62 1548,96 673,66 0,4349
0,0145 1865, 22 1324,00 541,22 0,4088
0,0200 1564,48 1134,63 429,85 0,3788
0,0250 1386,60 1020,85 365,75 0,3583
0,0253 1378,00 1015,00 363,00 0,3570
0,0300 1258,97 37,91 321,06 0,3423
0,035 1163,13 875,55 287,58 0,3285
0,040 1088,75 826,25 262,50 0,3177
0,045 1029,92 786,92 243,00 0,3088
0,050 982,08 754,90 227,18 0,3009
0,055 942,52 728,13 214,39 0,2944
0,060 909,17 706,07 203,10 0,2876
0,065 081,47 687,66 193,81 0,2818
0,070 858,21 671,95 186,26 0,2772
0,075 839,48 659,46 180,02 0,2730
0,080 823,96 648,81 175,15 0,2700
0,085 811,36 640,38 170,98 0,2670
0,090 802,00 633,50 168,50 0,2660
0,095 795,54 628,38 167,16 0,2660
0,100 793,10 626,13 166,97 0,2667
0,108 793,83 625,95 167,88 0,2682
0,110 796,20 626,63 169,66 0,2707
0,116 502,09 630,02 172,07 0,2731
0,120 808,12 633,56 174,56 0,2755
0,125 818,26 639,51 178,75 0,2795
0,130 830,11 646,39 183,72 0,2842
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Table 2,15 (continued)

I 2 3 4 ] 5
0,135 848,61 668,34 190,27 0,2890
0,140 868,87 671,35 197,52 0,2942
0,145 890,89 685,29 205,60 0,3000
0,150 916,17 702,04 214,13 0,3050
0,155 947,17 722,63 224,54 0,3107
0,160 981,00 744,88 238,12 0,3170
0,165 1020,20 770,55 249,65 0,3240
0,170 1061,82 798,26 263,56 0,3302
0,175 1106,78 827,81 278,97 0,3370
0,180 1156,26 860,03 296,23 0,3444
0,185 1218,71 902,08 316,63 0,3510
0,150 1282,64 944,44 338,20 0,3581
0,195 1365,53 999,65 365,88 0,3660
0,200 1457,47 1060,90 396,57 0,3738
0,205 1545,16 1118,23 426,93 0,3818
0,210 1650,38 1187,67 462,71 0,3896
0,215 1766,19 1263,09 503,10 0,3983
0,220 1881,71 1337,20 544,51 0,4072
0,225 1988,02 1402,58 585,44 0,4174
0,230 2099,04 1469,40 629,64 0,4285
0,235 2189,30 1521,97 667,33 0,4385
0,240 2265,85 1563,59 702,26 0,4491
0,245 2331,57 1598,06 733,51 0,450
0,250 2368,31 I611,84 756,47 0,4693
0,255 2376,91 1606,42 770,49 0,479
0,260 2359,50 1584,61 774,89 0,48%0
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Table 2,15 (continued)

I 2 3 1 4 |
0,265 2323,51 1550,17 773,34 0,4989
0,270 2249,91 1491,49 758,42 0,5085
0,275 2120,33 1395,87 724,46 0,5190
0,280 1984,3I 1297,79 €86,52 0,5290
0,265 1831,96 1190,36 641,60 0,5290
0,290 1689,55 1090,03 599,52 0,5500
0,295 1537,36 985,49 551,87 0,5600
0,300 1405,82 896,00 509,82 0,5630
0,305 1262,07 800,30 461,77 0,5770
0,310 1138,70 718,42 421,28 0,5864
0,315 1020,51 641,43 379,08 0,5910
0,320 931,05 583,36 347,69 0,5960
0,325 856,01 535,01 321,00 0,6000
0,330 781,61 487,42 294,19 0,6036
0,355 704,92 438,82 266,10 0,6064
0,340 643,12 399,87 243,25 0,6033
0,45 586,60 364,34 222,26 0,6100
0,350 533,80 331,30 202,50 0,6112
0,355 486,73 301,97 184,76 0,6118
0,360 443,22 275,00 168,22 0,6117
0,365 410,65 254,87 155,78 0,6112
0,370 378,55 235,09 143,46 0,6102
0,375 351,86 218,69 133,17 0,6089
0,380 323,26 201,19 122,07 0,6067
0,385 304,96 190,17 114,79 0,6036
0,390 284,80 178,00 106,80 0, 6000
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Table 2.15 (continued)

11 2 | 3 | 4 5
0,395 266,83 167,25 99,58 0,5954
0,400 251,59 158,11 93,48 0,5912
0,405 238,50 150,38 88,12 0,5860
0,410 225,04 142,43 82,61 0,5800
0,415 212,85 135,14 7771 0,5750
0,420 201,66 128,53 73,13 0,5690
0,425 191,58 122,50 69,08 0,5639
0,430 182,24 116,92 65,32 0,5587
0,435 173,70 111,85 61,85 0,5530
0,440 165,84 107,13 58,71 0,5480
0,445 158,47 102,70 55,77 0,5430
0,450 151,35 98,45 52,90 0,5373
0,46 138,45 9,66 47,79 0,527134
0,47 127,01 83,73 43,28 0,5169
0,48 116,45 77,22 39,23 0,5080
0,49 106,54 71,07 35,47 0,4991
0,50 98,33 65,90 32,43 0,4921
0,51 91,14 61,33 29,81 0,4861
0,52 85,16 57,53 27,63 0, 4803
0,53 80,18 54,39 25,79 0,4742
0,54 75,54 51,43 24,11 0,4688
0,55 72,81 49,75 23,06 0,4635
0,56 70,34 48,24 22,10 0,4581
0,57 67,82 46,66 21,16 0,4535
0,58 65,99 45,55 20,44 0,4487
0,59 64,45 44,62 19,83 0,4444
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Table 2,15 (continued)

I 2 3 4 5
0,60 63,22 43,89 19,33 0,4404
0,61 62,12 43,25 18,87 0,4363
0,62 61,16 42,70 18,46 0,4323
0,63 60,31 42,21 18,10 0,488
0,64 59,48 41,73 17,75 0,424
0,65 58,72 41,28 17,44 0,4225
0,66 57,99 40,85 17,14 0,4196
0,67 57,28 40,44 16,84 0,4164
0,68 56,63 40,086 16,57 0,4136
0,69 55,98 39,68 16,30 0,4108
0,70 55,38 39,33 16,05 0,4081
0,72 54,25 38,66 15,59 0,4033
0,74 53,13 37,95 15,14 0,3985
0,76 52,10 37,35 14,75 0,3949
0,78 51,10 36,73 14,37 0,3913
0,80 50,16 36,14 14,02 0,3879
0,82 49,26 35,57 13,69 0,3849
0,84 48,40 35,03 13,37 0,3817
0,86 47,58 34,51 13,07 0,3787
0,88 46,79 34,01 12,78 0,3758
0,90 46,02 33,52 12,50 0,3729
0,92 45,29 33,05 12,24 0,3703
0,% 44,57 32,59 11,98 0,3676
0,96 43,89 32,15 11,74 0,3652
0,98 43,23 31,72 11,51 0,3629
1,00 42,60 31,30 II1,30 0,36I0
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2.6, Parametrization of the 241

energy region (10-3—1 ev)

For the parametrization of the cross-sections 9 and Gf, we

Pu cross-sections in the thermal

t
used the evaluated data obtained above, We found it necessary to introduce

two negative levels so as to get a good description of the cross-section
variation below 0,1 eV, The first negative level (Er = 0.25 eV, I'= 0,3 eV)
determines the general shape of the o(E) curve in the regions below 0,1 eV
and between 0,5 and 1 eV; the second (Er = 0,01 eV, I'= 0,01 eV) serves to
obtain an accurate description below 0,1 eV, The parameters of these levels
are of gignificance only for curve adjustment purposes and camnot be given
any physical interpretation, Their numerical values are quoted in the
second part of this preprint.

An analysis of the © t(E)’ c f(E) and «(E) values obtained from the
parameters leads to the conclusion that the experimental results for o t(E)
contain a systematic error in the region above 0,3 eV (and also possibly
in the interval 0.2-0,3 eV)., This error seems to be due to incorrect
allowance for the effect of the 24'oPu impurity resonances above 1 eV,

The Otr Op and @ curves calculated from the final parameters are shown in
Figs 2,1-2.11.
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Fige 2.1, Experimental and evaluated data for 9 (241Pu) in the
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Op (241Pu) in the range 0,1-0,3 eV
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Fige 2.7, Experimental and evaluated data for o, (241Pu) in

the range 0,012-0,06 eV
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Part 2

Analysis of Experimental Data Between
1 - 150 eV

Abstract

This preprint contains an analysis of the available experimental
data on 241Pu cross-sections in the energy range 1-150 eV,
Selected series of experimental data are parameterized by means
of a modified Adler—Adler formalism, The parameters obtained
can be used for calculating both the detailed dependence of the
cross—sections and the group constants. The mean resonance
parameters needed to analyse data in the forbidden resonance

region are calculated.
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NUCLEAR REACTION CROSS-SECTIONS FOR 41Py IN THE RESONANCE
ENERGY REGION

241Pu in the region up

The muclear reaction cross-sections for
to 150 eV (the allowed resonance region) show a marked asymmetry
resulting from interference between levels, The cross—sections
in the energy region between resonances are not described well
by the Breit-Wigner formula in its usual form, because

<D>= 1,34 eV, but < I'>® 400 meV, i.e. <>/<D> % 0.3,
therefore a multi-level analysis must be used to parameterize
the cross-sections in the resonance energy region., It should
also be noted that experimental data on 241Pu are less reliable
than analogous data on 235U and 239Pu, which makes the fitting

procedure much more difficult.

We had at our disposal the following experimental data in the

resonance energy region:

(1) For o, — the data of Simpson and Schumann [1], craig

and Westcott [2], Kolar and Carraro [ 3], Pattenden et al. [47;

(2) For O, - the data of Watanabe and Simpson (5], James [6],

Simpson and Moore [7], Simpson et al, [8], Blons et al. [9],
Migneco et al. [107], Weston and Todd [11], Leonard et al. [12];

(3) For o - the data of Sauter and Bowman [13].
No data were available for OY'

Analysis of experimental data in the allowed resonance energy

region

Simpson and Schumann [ 1] measured o, in the range 0.2 eV-2 keV
at room temperature, using a chopper and a reactor as the neutron
source, The sample consisted of 81,3% 241Pu, T.74% 239Pu, and
10, 42% 240Pu, therefore the data contain peaks due to impurities:

-~ At 3.95 amd 5.4 eV - 241

Am,
~ At 2.7 eV - 24%py

- & 7,8, 10.8, 11.95, 15.5 and 17.9 eV and partly at 14.6 eV -
239,



To improve the resolution of the resonance peaks in the range
12-20 eV a flight distance of 45 m was used, and the region
between resonances was measured with a path length of 16 m for
better statistics. In the regions below 12 eV and above 20 eV

the total cross-section o, was measured with a path length of 16 m.
The analyser channel width was 32 us in the range 0,02-0.50 eV and
1 ps in the range 1.5 eV-2 keV, No measurements of g, were
performed in the range 0,5-1.5 eV because of the strong influence

of the 240Pu resonance at 1,06 eV,

The accuracy of the cross-—section o in the region below 0.5 eV

is limited by the indeterminacy of the thickness and homogeneity
of the sample, which is tS% in the peak of the first resonance.

In the region above 1.5 eV the accuracy is limited by statistical
errors in the valleys between the resonances and the indeterminacy
of the sample thickness and inhomogeneity in the resonance peaks.
At energies above 20 eV identifying the resonances of 241Pu becomes
very difficult because of the rimerous impurity resonances, the

great width of the channel and the small path length (see above).

2. Craig and Westcott [2] measured the total cross-section of
241Pu in the ranges 0.025-0.75 eV and 13,8-1000 eV, using a high-
speed chopper. ' The sample consisted of 81.4% 241Pu, 7.7% 239Pu,
10.3% 24%Py and 0.58% 24%Py. 1In the range 0.025-0.75 eV the
measurements were performed with flight distances of 5.87 and
16.32 m and an analyser chanﬁel width of 2 pus. 1In the range
13,8-1000 eV the flight distance was-88.il m and the analyser
channel width was 1 us. The speed of rotation of the rotor was
varied between 4200 and 6700 rev/min, and the resolution time was
between 2,8 us at 14 eV and 1.8 us at 1000 eV,

The experimentai data contain the following contributions from

impurity resonances:
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B, oV | pororarys | B oV |recomarac
14,35 <39p,, 4I,9  240p,
14,7 2P, i 44,6 2y
"y 50,0 -'-
16,6 HAm 63,0 .
16,7 - 63,6 4%py
16,4 e 69,5 239p,
16,8 - 66,0 -"-
17.6 239, 67,0 240p,
18,4 Am 73,0 -"a
20,5 0p, . 95,5 29y
22,25 239p, 86,0 -
38,4 240, 107,0  240p,
- - 130,0  -"-

3, Kolar and Carraro [ 3] measured 9 in the energy range
0.2=700 eV on an electron linear accelerator at room temperature.
The sample consisted of 25 g PuO, enriched to 94,66% 241p,
(?3%y: o.87%, 280py; 2.91%, 242py:  1,5%). Two cycles of

measurement were performed (Table 1.1).

The data show the following peaks (up to 100 eV) due to impurities
in the sample:

1.06 eV — 2®py, 2.7 oV = 242py; 7,85 eV - 23py;
20,45 eV = 2®py; 22,25 oV - 2py; 38,25 oV - A0py;
41.35 eV = 2¥py; 21,65 ev - POpu; 44,57 29.75; s2.7;
59.02; 66.0 eV — 237Pu;  66.7, 72.7 eV - 2®Pu; 174.9,

86,0 eV - 23%py; 90.5 eV - 2Opy;  90.8 v - 2Py,

4, Pattenden et al. [ 4] measured the cross-section oy in the

energy range 2,4-847.0 eV by the time-of-flight method., They give

no detailed description of the experimental conditions, but
information on the energy resolution and sample thickness is contained
in the EXFOR system. The authors obtained eight sets of data in
various energy ranges with a channel width of 0.25-1 ﬁs and a sample
thickness of 230-1700 b/atom.
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1, Watanabe ard Simpson [5] measured gp in the energy range
0.02-100 eV by means of a high~speed neutron chopper, using a

reactor as the source., The flight distance was 8.5 m.
Three series of measurements were performed:
0,023-92 eV at a resolution of 2.7 us/m;
0.244~7.4 eV at a resolution of 0,72 ps/ﬁ;
1,47-106,6 eV at a resolution of 0,35 us/m.

The experimental data were normalized to a value of of(241Pu) equal
to 406 + 10 b at an energy of 6 eV. This value was obtained from
the measured total cross-section at 6 eV (434 + 6 b) amd the
calculated values of Os(l4 + 4 b) and OY(14 + 7 b).

The value of e obtained by the least squares method from the
experimental points is equal to 962 + 38 b at 0,0253 eV, Above
10 eV the resolution in this experiment deteriorates markedly and

the data become useless for detailed analysis.

2. James [ 6] measured 9 in the range 0.01 eV-3 keV by the time-
of-flight method. Two experiments were conducted: +the first
involved a flight distance of 5 m and covered the energy range
0,0087-20 eV with a channel width of 1 us; the second, with a
flight distance of 15 m and a channel width of 1 ps, covered the

energy range 3 eV-3 keV,

The neutron spectrum was measured with a BF. counter. It was
assumed that the cross-section of 1OB(n,a) followed a I/VE law,
The sample used contained 97.33% 24lpy ang 1., 44% 240p,,,

The normalizing constant was determined from data measured with a
path length of 5 m at an energy of 0,0253 eV (the cross—section Op
was taken to equal 1010 b). Owing to the low statistical accuracy
of data close to the thermal energy all the values of the cross—
sections in the range 0,0253-0,05 eV were used for normalization,
The statistical accuracy.was‘i§.4%. For data obtained with a

path length of 15 m the normaliziﬁg‘constant was determined by
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calculating the area under the curve Op in the ranges 4-8, 8-16,

and 16=32 eV and normalizing them to the results obtained with a

path length of 5 m. The error in the normalization was +5.6%.

Ading this to the 2% systematic error in determining the background
gives a total error of 16%. This is' the value given by James in

the report in Ref, [6], although in the paper in [6] he changes the
normalization error in the thermal point to i;% without any explanation,
In view of the scatter of the experimental data of James ard of other
anthors we have retained our total error of +6%.

3, Simpson and Moore [7] measured cf(241Pu) in the energy range
2-100 eV by the time—of-flight method on an electron linear
accelerator, The neutron flux was measured with BF3 counters,

it being assumed that the cross-section of the loB(n,a) reaction
changes according to the 1/VE law, As in Ref., [5] the fission
cross—section was normalized to a value of Op equal to 406 b in the

resonance peak at 6 eV,

Two independent sets were normalized by calculating the integral
fission cross—-section in the region 8-100 eV, The entire region
of energies (2-100 eV) was measured in two series with analyser
channel widths of 0.5 ard 0.25 pus anmd a path length of 10,56 m.

4. Simpson et al. [8] reported a measurement of cf(241Pu) in the
energy range 20 eV-2 keV utilizing an underground nuclear explosion,
but no detailed information on the resolution function and the

normalization of the experiment were available to us.

5. Blons et al. [9] measured of(241Pu) in the range 1 eV=30 keV
on the linear accelerator at Saclay by the time-of-flight method
with the sample cocled to 77 K. Two cycles of measurements were
performed (Table 1.2). The data on the charmel and pulse widths
should be treated with caution, as the actual energy resolution of
the experimental data does not correspond to that calculated on the

basis of Table 1.2.

As the detector eéfectiveness is not known with sufficient accuracy,

experimental data on op must be normalized to absolute values.

%ogs et al. [9] normalized their data to the value of the integral
j cf(E)dE = 2367.5 beeV evaluated by James in Ref, [14]. The

20" eV error in the normalization was +3.4%.
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The difficulties in determining the background in the energy range
below 40 eV resulting from the low throughput of the boron filter

241

were eliminated to a considerable extent for Pu by using a

shorter flight distance at low energies; +the data on gp can
therefore be uged from 2 eV orwards, The exverimental data were not

corrected for the 0.87% 239py impurity in the sample.

6. Migneco et al. [107] measured o_ in the energy regions 2-2000 eV

on an electron linear accelerator b§ the time-of-flight method, The
measurements were performed in two series: (1) in the range

2~46,5 eV with an analyser chammel width of 0,32 ps; (2) in the
range 46,5-2000 eV with a channel width of 0,04 ps. The flight
distance in both cases was 30.617 m. The experimental data on op
were normalized to the resonance integral of fission

Z?(é‘;vevof(ﬁ:)%‘,g = 193.6 b obtained by Hennies [15]. The
normalization between the low-energy and high-energy regions

was carried out in the range 21.7-30.2 eV by calculating the
fission integral in this range with a possible error of 2% introduced
in the normalization. The data were mot corrected for the 0,87%

239Pu impurity in the sample.

7. TWeston and Todd [11] describe measurements of O and o, on
an electron linear accelerator in the energy range 10 eV-2%0 keV,
but only averaged mumerical data in the range 10 eV-30 keV are

given,

8. Leonard et al. [12] measured Op in the eV-region, but owing
to the low resolution these data can be used only in the thermal

energy region (up to 1 eV).

9. Wagemans and Deruytter [16] performed absolute measurements

241

of the fission cross—section Of( Pu) on an electron linear

accelerator in the energy range 0.01-50 eV with a direct normalization
of Of at 2200 m/s to a value of 1015 + 7 b. The sample contained
93,432% 241Pu. The number of fission events ard the neutron flux
were determined simultaneously by means of surface-barrier counters

241Pu and 10B. As few experiments

placed against the layers of
were conducted in the thermal energy region, Wagemans and Deruytter
suggest renormalizing the experimentg& gﬁta to the fission integral

from 12 to 20 eV, which is equal to J‘ Of(E)dE = 1363 + 14 beeV,
‘ 12 eV



=55~

10. Carlson et al, [17], using the time-of-flight method and an
electron linear accelerator, measured the ratio of the fission
.cross-section of(241Pu) to the cross-—-section for the reaction
6Li(n,a) in the energy region from thermal to 70 keV. The fission
chamber employed for this purpose was the same as was used by the
authors of Ref, [17] to measure the ratio of the fission cross-—
section of 24'Pu to that of 22U [18]. The sample contained

96.5% 241Pu. The 241Pu fission cross—section obtained was normalized
to the value of 1015 b -~ the mean fission cross-~section in the

range 0,0203-0,0303 eV, Simultaneously with the measurements of

the ratio of the fission cross-section o (241Pu) tc the cross-section
of the reaction 6L1(n,a), the fission cross—sectlon o ( 35U) was
measured in relation to the cross-section of 6L1(n,a) in the energy
range T.4 eV=T0 keV; it was thus possible to determine the ratio

of the 24l
of the error in cf(241Pu) are the indeterminacies in the normalization
(+1.2%), in the measurement of the background and in the 6Li cross—
section (+3% at 50 keV).

Pu to 235U fission cross—sections, The largest components

Unfortunately, the authors' measurement results are not averaged

over the standard energy ranges, There is also a systematic difference
between the data of Carlson et al. and the results of Wagemans

and Deruytter, which, in spite of the identical normalization in

the thermal region, are ~5% higher than the data of Ref. [17] in

the energy range 9-44 eV, as can be seen from Table 1.3, This

discrepancy exceeds the limit of the errors given by the aunthors,

Experimental data on o (24 Pu), especlally less recert data,

differ strongly from each other both in the1r absolute values and

in their curve shapes, Thls may be due partly to the various
normalizations, which are very different from each other and are
often indirect, and partly to experlmental difficulties (the high
background in the experiment by Moore et al. [7], the low statistical
accuracy in the experimént by Jémeé [6]). Wagemans aﬁd Deruytter [16]
performed detailed measurements of the shape of the curve in the
regioh below 50 eV, which enabled a comparison with other data to

be made, It was found that the data of Moore et al. E7] fluctuate
very strongly. The data of Simpson et al. [8], Adamchuk et al. [19]
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and Watanabe et al. [5] differ sharply in curve shape from the data
of Wagemans et al., and practically nothing is gained by renormalizing
these data, They were therefore not used in the evaluation. The
data of Blons([9] ard Migneco et al. [10], on the other hand, agree
quite well with those of Wagemans et al.

A general normalization to the fission integral from 12 to 20 eV,
equal to 1363 b*eV [16], was carried out for the data of Blons,
Migneco et al., James, Moore et al. (up to 50 eV), and Weston and
Todd. For the remaining data the error in normalization plays a

very insignificant part and the main sources of systematic error

are not associated with the normalization, .Experimental, renormalized
and evaluated data on cf(241Pu) are given in Tables 1.4 and 1.5,

The evaluated values of of(241Pu) were obtained as a weighted mean
of the data of Wagemans et al.,, Carlson et al., Weston et al., the
data of Migneco and Blons (the error of both sets of data was
increased by 10%‘because there was no correction for 239Pu impurities
in the sample), the data of James (the weight of these data was
reduced by 20% because of the low statistical accuracy), Moore et al.
(the error in the region below 50 eV was increased by a factor df
1.5 because of the high background of the experiment; in the region

above 50 eV the data were not used),

Cees G @ e e o e e me  sae e

Sauter and Bauman [13] measured the scattering cross-section in
the energy range 2-32 eV on a linear accelerator by the time-of-
flight method. The scattering cross—section to be measured was
normalized to the cross-section of scattering on carbon., The sample
contained 85,7% 241Pu and was less than 0,01 cm thick. Although
the sample was comparatively thin, it is necessary to introduce

a correction for absorption of the incident neutron flux; <this
correction is particularly large in the resonance peaks, where the
cross—section differs from the votential cross—section by a factor
of 2-3, In the valleys between resonances this correction is ~10%,
The correction for absorption was calculated analytically by the
authors of Ref, [13].
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Since the experimentally obtained areas under the resonances are
small; analysis by the area method is possible only for three
resonances: 13,38, 14.72 and 17.83 eV. The area under the:
scattering resonance being 2112i2g E%g’ we can use the gm and T
obtained from other measurements to determine the g values for
these three resonances, They are equal to 0,36, 0,58 ard 0.41,
respectively, i.e. the spins take the values J = 2 (g = 0.417)
for the resonances 13,38 and 17.83 eV ard J = 3 (g = 0,583) for

the resonance 14,72 eV,

On the basis of the foregoing analvsis of the available experimental
data in the resonance energv region the following sets of data

were selected for parameterization:

(1) In the thermal region (up to 1 eV) the evaluated data

obtained in the previous section were used;

(2) Por o, — Kolar and Carraro [3);

(3) For qf - Blons et al. [9].

The remaining sets of experimental data were not used for the

présent analysis because their energy resolution is poorer than

that of the sets selected, especially in the region above 10 eV,

and also because their energy scales were found to be considerably
shifted in relation to the scale chosen by us. The data in

Ref, [13] on On were not used for the reasons given in section 1l.1.3.

Results of the parameterization of the 241Pu crogss—sections in
the resonance energy region

The experimental data selected after a preliminary evaluation were
used to obtain resonance parameters by the same formalism as was
used in Ref, {20], The only difference in the present work is
that the dependence 1/VE was used instead of 1/E in the expression
for the cross-—section in terms of parameters so that the formula

would take the generally accepted form
N
ey : T =
6;(5)'%;(6"; . + H, f:.)’ (1.1)

where vy and Xi are Doppler functions of the i-th resonance;



A is a constant (A ® 2.6 x 100 beeV);

r is the reaction in question,

241Pu to

the Breit~Wigner formalism. In fact, if the number of resonances

The formalism used by us seems preferable in the case of

of a given spin is proportional to 2J + 1, then in our case we have
46 resonances with 2+ and 64 resonances with 3+. Using the evaluated
data of Ref. [21] we obtain < I >?*/<D>2* _ 0,18 and

< r‘>3+/<:D:>3+ = 0,08, Hence the (narrower) 3+ resonances may be
described with sufficient accuracy by the Breii-Wigner formalism
without taking interference into account (it is known that the
criterion of applicability of this formalism is that the condition
<P>/<D> <<1 should be satisfied), but in the case of the ot
resonances it is necessary to take interference into account,

and such resonances must constitute, from theoretical considerations,
about 42% of all the resonances under discussion. These conclusions
were confirmed by test calculations following the Breit-Wigner
formalism in the resonance region of 241Pu. Thus, the solution
of the parameterization problem and the further evaluation of the
parameters obtained are more conveniently performed in a formalism

suitable for all the resonances in the region under consideration.

The parameterization was carried out taking into account the
contribution to a given resonance of the ten neighbouring resonances
(five each to the right and left, not counting the one underlying
the energy point in which the cross—section is calculated). This
was found to be sufficient for obtaining a satisfactory shape of

the curve o(E).

The parameters Gt’ Ht’ vaquv ard T obtained in processing the
experimental data on ct(E) and of(E) with due allowance for the
corrections introduced (see below) and the parameters G'rY and HY
obtained for the calculation of the averaged group constants are

given in Téble 1l.6. Although no data on UY(E) and cn(E) were available,
i,e, the system was not closed, an attempt was made to obtain a
consistent system of Breit-Wigner parameters analogous to that in

Ref, [20]. Because of the missing experimental data (see above)

spins were assigned to levels on the basis of their total width T in
accordance with the generally accepted dependence of the level density

on spin,
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The parameters obtained in this way are given in Table 1.7. Note,
however, that these parameters are tentative and should not be
used in calculations of the detailed dependence of the cross—sections.

We needed them to obtain tentative mean resonance parameters that

[y

could be used for calculations in the forbidden resonance region.

It should be borne in mind that some of the spins of the resonances
in Table 1.7 may not correspond to reality, and a change in the

spins of even an insignificant rumber of levels has a considerable

effect on the widths < T, >2' and <r,>3". Thus, on the basis of

f
the spin values we have assigned, we have <:I"f:>2+ = T41.46 meV and

< I"f:>3+ = 84.52 meV. But these values were obtained on the
m
assumption that resonances with I' > 300 eV have a spin of 2+, the

rest one of 3+. However, in reality, so strict a separation in the
241Pu micleus may also not exist, and besides, the generally accepted
dependence of the level density on spin may not be fulfilled with

absolute accuracy. All these anomalies cause the wvalues obtained
for the widths <Ip>" and <P >>"

Thus, it is clear that the mean values of the fission widths for

to vary between wide limits,

states 27 and 3+ are strongly dependent on the assignment of spins
to the resonances; therefore the quantities <I‘f>2+ and <Ff >3’+

obtained from Table 1.7 may be used only as a first approximation,

Let us consider the details of obtaining the parameters of negative
levels, The necessity of introducing such levels follows from the
shape of the curve ¢g(E) in the energy range below 0.1 eV. A rumber

of questions must be answered before these levels can be introduced:

(1) What is the minimum rumber of negative levels required
for a detailed description of the shape of o(E) in the

thermal region?

(2) Where are these levels located on the energy scale, and what

is their total width I'?
(3) How are the parameters of these levels calculated?

In the case of 241Pu no outside information about the negative
levels was available, armd all the calculations were performed on
the basis of evaluated experimental data in the thermal region,
Initially it was assumed that there was one negative level with

Er = ~0,25 eV and a total width I' = 0,30 eV,
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By varying the parameters G and H of this level (both for the total
cross—section and for fission) and each time obtaining all the
parameters of the first positive level, good agreement was achieved
between the shape of the calculated curve o(E) and the corresponding
evaluated data in the range above 0.05 eV, In order to correct the
shape of the calculated curve in the range 0.01-0.05 eV it was
necessary to introduce a second negative resonance with a sharply
limited range of action: at 0,05 eV its contribution must be

~1 b, To this end, a resonance energy E2 = ~0.01 eV, a total width
'= 0.01 eV and an interference H = O were assigned to a given
level, and the values of the parameters (}_t and G, were calculated.
The introduction of this resonance appreciably improved the
agreement of the shapes of curves ot(E) and of(E) with the evaluated
data in the range 0,01-0.,05 eV, The detailed shape of curves

ot(E) and of(E), calculated from the parameters obtained for the
region 0,01-1,0 eV, is shown in Figs 2.1-2,11 of Part 1 of the

present preprint.

It should be noted that the parameters Gf and Hf obtained on the
basis of the detailed shape give sufficiently reliable averaged
group fission cross-sections in the energy range 0,215-100 eV,
whereas the averaged groun total cross—sections calculated from the

narameters G, and H+ are systematically higher than the averaged

group total Zross-sections of the CNEN-RT/FI(732)15 library [22],

This is probably due to the fact that the experimental values of
Kolar and Carraro [3], on which the parameterization was based,

are somewhat on the high side because the impurities and background
were not properly taken into account, In view of what was said

above corrections were applied to the parameters Gt and Ht to reduce
the energy dependence of the cross—sections and, accordingly, the
averaged group total cross-sections, The parameters GY and HY were
selected in such a way that when the averaged group cross—sections

of capture were calculated a closed system of averaged group constants
would be obtained, provided that the averaged group cross~sections of

scattering were not necessarily very different from Op.
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The parameters given in Table 1,6 give self-consistent averaged
group cross—sections in all energy groups up to 100 eV except for
the groups 0.465=1 eV and 1-2.13 eV, where the averaged group total
cross~sections and radiative capture cross—sections are found to be
higher., This may be due to the fact that the behaviour of the total
cross-section in the ranges indicated is determined mainly by the
parameters of the first and third resonances, which were obtained
from the evaluated data in the thermal region, A4s a basis for the
evaluation, data were taken from Ref, [2], the authors of which

had made a correction for impurities of other isotopes, in particular
for the resonance of 24OPu at 1,06 eV, However, if this correction
is not applied quite correctly, the averaged group total cross—
sections and radiative capture cross—sections may be on the high
side; this may possibly have occurred in our case. Since these
groups do not contain resonances by means of whose parameters the
situation could be corrected, the averaged group total cross-sections
and the radiative capture cross—sections in these groups were
calculated on the basis of the evaluated energy dependence of the
cross—sections, The averaged group cross—sections are given in the

conclusion,

Analysis of the resonance parameters obtained

On the basis of the parameters given above the following mean values

were obtained in the allowed resonance region:

<D> = 1.34 + 0,10 eV

<T> = 403.87 + 10.0 meV
<Pf> = 352.9 + 35.0 meV
<pY> = 43.0 + 5.0 meV

These mean resonance parameters agree closely with the data from

Ref, [9].

The number of levels omitted was analysed both by the method proposed
in Ref, [23] and by the least squares method; it was found that
two levels were missing, i.e. the total number of levels in the region

up to 150 eV is 112 (Fig. 1.1). The errgr in < D>, determined
<D

> .
P where n is the rumber of

according to the formula 02 = 0,54

resonances, is ~0.1,



Figure 1.2 shows a comparison of a Wigner distribution with a
histogram of the distribution of the distances between levels.
It can be seen from the diagram that there is a surplus of distances
smaller than<<D>, but there are no grounds for speaking of a

large rmumber of levels having been omitted.

The errors in <I'> and < " .> were determined from the degree to

f
which the curve o(E), calculated from the parameters, deviated

from the corresponding experimental data. The values of the quantities
agree on the whole with the data of other authors. The quantity

< PY > was obtained only for physical values of the widths (47 of 110),

which explains the large error in <PYI>, although the actual value
of the quantity is close to that obtained by Kolar et al. [241].

The value of the strength function S = <1? >/2 < D>calculated
from the parameters given above was found to equal (1 16 + 0. 19) x 10 4
which agrees well with the data of other authors [6, 9, 25—27].

Owing to the impossibility mentioned earlier of obtaining a self-
consistent system of parameters, the data on the distributions
r ro .

f/<1" £ n/<r“r’1> and Py/< T, > are not given,
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Fig. 1.2, Comparison of a Wigner distribution
(smooth curve) with a histogram of
the distribution of distances between
levels,
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TABLES

Table 1,1

QT ettty b S

Energy resolution in the Experiment of Kolar

and Carraro r 3]

Analyser Bunch ;
Jyole | Fmerey, ramge chan%é width | width giéfﬁfme .
0,7 ~ 4,1 10,24 0,60 160,1
4,1 -~ 10,5 2,66 TO Ke TO Xe
I 10,5 - 21,0 I,28 o .
21,0 - 33,5 0,64 M- M
33,5 -~ 82,0 0,32 - ~Me
65,0 - 160,0 0,32 0,05 101,25
1 160,0 - 313,0 0,16 TO X2 TO ¥e
313,0 - 730,0 0,08 " LN
Table 1.2

Energy resolution in the experiment by Blons et al. [9]

e I I o R e .
1 1,6 - 14,0 0,18 0,05 10,69
14,0 - 3500,0 0,1 TO Xe 0 %8
I 11,6 ~ 18,0 0,4 " e
18,8 - 53,8 0,2 =" 80,07
53,8 - 30000,0 0,1 " 50,07
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Table 1.3

Comparison of data on ¢ (241Pu) normalized to o, = 1015 b at 2200 m/s
(Table taken from Ref. [17]§

Energy Carlson | Wagemans | James
_region, eVlet al, 17 Jet a1, [16] [6]
8~ 9 239,148,1 237,0 228,7+%,2
9 - I2 9,706 1034 112,244 ,0

I2 =20 Y61,742,6 170,340,9  163,246,5
20 ~ 30 70,%2,1 w1 -
30 - 44 41,240,9 43,3 -




Table 1.4

Experimental, renormalized ard evaluated values of of(241-Pu) in the energy region 10 eV-30 keV
(the renormalization was performed with respect to the fission integral from
12 to 20 eV, equal to 1363 b.eV [16])

Energy !Migneco.et al. [101_ Blons [9] | i _James [6] . ' Moore et al. (7] : ﬁ: : Weston et al, [11] ':rWei hred

egion. | Ex erj | REMOTMa-Path .length 50 mPath length 10.85 m o _ Correc-jRenorma- 1 SEries T Series 2 ! } Wagemans | Carlson  + . iRenorma- i mea%l
gion, ! Pe™ s ation Expm.Hzlcnorma-‘sxpe,i__i‘;a[ion {Mean of iExperi-tion torilization ee/py eﬁ_ﬁ%ﬂg}\a ,'Experi—!ﬁ?/';‘[’{gr‘]a'i Mcﬁn of letal. [16] | et al. [17] | Experi- {yoovon ! b
keV :ment ) gog mene LESS imem fir) opyiicIomaiment L0y qy(x0.9T0— mdnt piisg tment § 0N ¢ Pothseries | L imem ixo.969): OF

o = ) V4 5 1 ¢ 17 voa T e 1w 1 T P12 v 1§ owm_to15 ) 1€ 3 7 ] Tr v T T :¢ et

NNTN2 T4E,P2 150,6148,00 - - 145,86 48,9 Tu8,%+6,4 I52,74 I52,7u I49,53:10,0 156.60 150,02 1I48,0 9,0 Iu9,53-+22.0 149,47+1,7 T . 351,59 ’.SC.ia:n;gs

A0 M 85,M4,5 2,89 93,63 ©,10 41,7y 2,70:,5 85,9 95,9 4,I5:520 85,32 2,69 89,09 69,51 55,[0;[3_0 m,:a;z,o 78,90:2,20 06,27 o, 2,87

AN GBS0 87,7e2,5  L6,77 47,19 46,37 47,35 | 47,26:2,0 64 46,44 454643,00 47,23 4525 90,32 50,67 87,%s 7,0 87,4347,0 - 43,27 B8, TTe7 T "

SN 6% 702,08 29,52 3%,%7 99,35 40,13 39,551,7 41,80 41,0 40,%2:3,00 49,58 47,% 48,90 49,24 49,772 7,0 - - 87,64 £5,227,2% hz.'.‘:;‘.."'-g,‘

fASANS 16,%0 17,2440,9 1543 15,97 T645 15,0 16,.200,7 19,26 19,26 I8,%.1,30 - - - - - - - 7o °",0.0,57 17,7240, %)

nAENAT RGe% S7T,3, T 93,15 53 .63 w87 55,61 u,62:2,4 88,790 - - - - - - - - - s 0n %o, 0r.7 p0 E7.00,7,%

NTD0Y 28, 29,60:T,6 23,17 29,19 26,46 27,07 25,20.1,2 23,40 29,38 29,7620 - - - - - - - 2%.m 2P T 16 1PN

n,09-0,69 62,55 10,7343,9 66,28 66, 64,89 66,25  66,55:2,3 W,67% - - - - - - - - - 7 120702

A0 TD 27,70 29,42,7,5 24,00 26,22 25,71 26,25 25,2441,2 93,03 32,75 32,2047,%0 - - - - - - - 37,17 2,307

ALTRADR2C 24,97 25,6%.T,4 22,78 23,19 - - 27,2041,0 27,46 27,37  26,Mms2,00 - - - - - - 26,10:56.%0  26.50 26,77,

0,200, 25,09 26,765T,45 24,71 24,93 27,00 27,57 26,2511 28,93 29,75 29,I5:2,00 - - - - - - 7,90,0, 20,0 02,8200 €3

AMNL0 1720 157,10 19,98 19,15 22,00 22,5  20,M3.0,0 22,7 2T, 21,4R:1,50 - - - - - - 21.20:0,60 22,7 20 K740 08

T afe1,5h T 7R TR TSN, TTA5 17,67 TA,B2 19,22 T°,02,0,% 20,60 20,39 19,36.1.50 - - - - - - 18,90,0,2% 13,7 I7.0040.55

70060 Tt Te,Th.0,2 0 15,090 15,27 6,32 16,66  15,95:0,7 76,53 16,39 16,051,200 - - - - - - 15,5040, 17,07 1T,

NANLTR YR Thzuyd,6 TRRT 10,30 IT,28 TILAS T0,89,0,5 II,5% TTa2  TILIG0,A - - - - - - 12,86 12,% 40,30

nFSLD 9,55 9,%040,5 %6 0,73 1042 10,6+ 10,1904 II,2 10, 10,55:0,70 = - - - - - 00040 1.7 pods FORS

5,700,700 037 8,509,045 9,81 9,73 931 9,50 9,62,0,8 9,317 9,79  9,00.0,60 - - - - - - 10,605040 0,5 m,«a;o.-'e XL

%/  High values obtained as a result of neutron scattering by the platinum backing and not used in the evaluation,

**/ James's data were renormalized to 0f2200 = 101% » (coafficient 1,00495) and then to the fission integral from 12 to 20 eV
T (coefficient 0.984).



Table 1.4 {continued)

4 H 2 ! 3 foh ! 5 t 6 ! 7 ! a ¢ 2. 10 LI L t 3 ' P15 v 76 ! 17 ! 1= H 29 ! 2C ro2r
~M-T o0 9,TL 7,%.0,5 10,07 10,16 10,79 10,98 10,57+",5 10,77 10,57  10,35:0,79 - - - - - - - 1248 12,35:0,3 II,03.0,72
T,0-2,0 7,64 7,%4:04  UT6  S,% 8,34 8,52 P6%04 9,327  9,T 8,97:0,70 - - - - - - 8,99+0,25 9,% 9,7640,47  2,25.5,2(
1,0-7,0 - - 6,42 6,54 6,03 6,16 €,35:0,3 - - - - - - - - - - 7,37 7,300,732 6,75:0,25
%,04,0 - - 6,13 6,I9 - - 6,19:0,3 - - - - - - - - - - 6,53 6,640,273 €,37.7,27
5,0-5,0 - - 5,37 5,42 - - 5,4240,3 - - - - - - - - - - 5,74 5,6540,25 5,57«N 25
v,0-5,0 - - 4,7 4.,28% - - 4,3%0,2 -~ - - - - - - - - - 5,06 5,01.0,22 4,6747,20
5,7-7,0 - - 4,59 4,62 - - £,6240,2 - - - - - - - - - - 4,79 4,7640,2T 4,630,713
7,770 - - 4,01 4,05 - - 4,05:0,2 - - - - - - - - - - 4,13 4,000,718 4 N740,T6
7,2-7,0 - - 4.7 8.2l - - 4,2710,2 - - - - - - - - - - 4,29 4,250,185 4,23+ 0,75
~,0-10,0 - - 3,71 3.7 - - 3,740,2 - - - - - - - - - - 3,% 3,277 2,7%0,17

T7.0-20,0 - - 332 335 - - 3,3540,2 = - - - - - - - - 3,02:0,08 3,3 3,36:0,15  7,72:0,1I5

20,7-%0,0 - - 2,05 2,98 - - 2,9%0,1 - - - - - - - - - 2,6240,09 2,99 2,95:0,I3 2,703,101
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Table 1.5

Weighted mean data on op, averaged over s smaller energy range in
the region 0,1-3 keV

bE , keV Gs, b aF , keV G+,b
010 — 0,12 11,446 0,0 — 1,0 17,070
0,12 - 0,7 26,166 1,0 - 1,1 12,440
0,14 - 0,16 728,18 1,1 -1,2 10,139
0,16 ~ 0,18 24,279 1,2 - 1,3 8,532
0,18 - 0,20 35,075 I3 -1 7,633
0,20 - 0,25 29,813 I4 ~-1,5 9,450
0,25 - 0,30 23,077 1,5-1,6 10,060
0,3 -0 21,266 1,6 - 1,7 8,189
0l - 0,5 18,040 1,7 -1,8 8,067
0,5 =06 16,028 1,8 - 1,2 6,057
0,6 -0,7 11,%:2 1,9 - 2,0 7,005
0.7 -~ 0,8 10,837 2,0 -2,5 6,517

1

0,7 -0,9 2,885 2,50 -3,0 7,010




Table 1.6

Resonance parameters of 241Pu
H T ¥ ' ! 4 !

N } Ee , eV T, ev : G+ Hy : Gy ; Hy { Gy : Hy

L e J 1 i} 2 1 [) T { H ] 1 i

T -0,25000+00 0,300000+00 0,6975%4 -4 0,405487-04  0,465062-06 0,438R81-04 0,692857-04  ~0,327970-05
2 -0,10000-01 0,T00000-01 0,66 5070-04 0.0M000+00  ~0,3275G8-04  0,000000+00 0,992515-04  0,000000+00
3 0,25300+00 0,I000L0+00 0,446056-03 ~0,212I41-04  0,292985-03 -0,28I4T6-04 0,152809-03  0,881079-15
y 0,42800+01 0,6°0000-01 0,212666-~02 =0,%6759-04  0,I0%07-02  -0,353060-04 0,105116-02 -0,141659-ny
5 0,45700+01 n,164NMN+N0 N,400662-03 -0,536676-04  0,356556-03 ~0,477597-04 0,97T4631-4 =N ,766521-05
5 0,60000+01 0,12 9000+01 0,415135-03 0,1864 99-04 0,393765-03  0,196527-4 n,151293-04  0,106T4§-05
7 0,69300+01 0,12 9000+00 0,966 5R1-03 0,570R03-04  0,764T07-03  0,60672T-4 0,192832-03  0,312771-05
8 0,%200+01 0, 950N00-01 0,156766-02 -0, 77TTR I~ 0,I00612-02 -0,329613<M 0,401629-03  -0,157949-04
9 0, 95200+01 0,193070+70 0,10581-03 ~0,950858-04  0,770485-04 -0, 74254 -O4 0,IMI2-u 0,123/
10 0,IN0T0+02 0,102300+01 0,263457-03 -0, 74850804 0,262311-03 -N,26554 104 0,136976-C4  0,163153-05
11 0,12750+02 0,273000+00 0,308710-073 0,566733-05  0,36R5%0-03 -0,105935~% 0,206575-04 0,4600M-05
12 0,13t20402 0,720000-01 0,468125-02 -0,200718-03  0,205730-02  0,709600<4 0,178446-02  ~0,725093~0
13 0,T4750+02 0,753000400 0,458754 02 -0,339520-04 O4IMU3-02  0,239651-03 0,205169-03  -0,717039-04
0 0,160204+02 0,555000+00 0,299°44 ~03 -0,567530-04 0,36R32-03 -0,303538-% 0,20729L-04  ~0,II6875-04
15 0,16670+02 0,225000+00 0,609705-03 -0,315047-04  0,596208-03 -0, T46600-0 0,%0788-04 -0 ,703958-05
16 0,17A40+02 0,570000~01 0,567290-02 -0,155255-03  0,172503-02  0,199093-03 0,239791-2  -0,I04R819-03
17 0,Ir2450+02 0,640000~01 0,391154~03 0,770063-%  0,5I6309-04  N,65I%1-05 1,205335-03  0,2n%735-0v
18 0,20710:02 0,16°000+00 0,355732-03 -0,283701-08  0,I%537-03  -0,206852-04 0,6%6727-(4  -0,30% 9305
19 0,21930+02 9,T04090+00 0,216163-03 0,13306%-M  D,456652-04 0, T00644-06 0,61%606-08  0,310578-05
20 n,23000+02 0,342465+00 n,324250-03 ~0,13167T~04 0,277723-03  -0,192203 -\ 0,376927-4 n, I IRADI-NS
21 0,2357°0+02 0,5457600+00 n,1450803-073 0,4520-05  N,385221-00 0, Ta336-0 0,128321-0u  -n,243118-05
22 0,240°0+02 0,153641+00 n,887626 03 -0,170343-04 0,570872¢n3 -0, 933598 n,162059-03 0,158%9%6 -
23 0,24610+02 0, %M000+C0 0,56 1785-05 0,760286-05  0,32678-0t  ~0,T259T4 -4 0,2303°0-06  0,5I12I1%-05
24 0,26420+02 0,313512+00 0,131725-02 -0,399133-04 0,II45T6=C2 -0,4WBI56-06 0,15697-03  0,118496-05
25 0,27620+02 0,135000+01 0,464298-07 0,3571439-07  0,275I17-05  0,2200%-05 0,9%633-09 -0,530103-06
26 0,28380+02 N ,592227+00 n,650922 03 -0,264362-  N,621202-03  -N,263698-04 0,457830-04  ~0,596928-06
27 0,29420+02 0,234000+00 0,336R1-3 0,1609I7-04  0,27790-03  0,373576-04 0.,365618-04  =0,4R6447-05
28 0,31030+02 0,364 598+00 n,645099-03 -0,265853-04  0,616875-03 -0,293ME-0Y N, 7HIESN 0,434 579-06
29 ,333004+02 0,220500+00 0,636 15-C4 =0, 11003304 n,7A0121-08  -0,120031 0 0,83TuR=06 -0,221090-05
30 0,33790+02 0,13900+00 0,I77119-03 -0,266757-04  0,126406-03  ~0,A03068-05 0,317220-04  -0,5%4306-05
31 0,38 000402 0,224000+01 0,123101-03 -0,25%003-03 0, 1225R-03  0,578793-05 0,252981-05 -0,897307-05

- 0l ~



Table 1.6 (continued)

I 2 3 4 5 6 7 B 9
32 0,35000402 0,8%0000-01  0,393786~03 -0,3872%4-0%  0,120835-03 -0,675272-06  0,T40R6-03 -0, TI2490~04
13 0,36170+02 0,760000-01  0,125304-03 0,36I43R-0¢  0,670367-07 0,536293-07  0,541733-04 0, 10644404
M 0,37500+02 0,957000:00  ©,302149-06 -0,e417I9-06  0,364030-05 0,275224-05  0,398040-08  -0,764593-C6
35 0,35150+02 0,155000:00  0,370503-03 0,502621-06  0,I37216-03 0,479803-05  0,78%0I-04  -0,103688-05
% 0,39350+02 0,310500+00  0,38924 8-03 -0,952660-06  0,3%I07-03 0,37185-05  0,259503-04  -0,303059-u
7 0,39750+402 0,153000+00  0,780995-03 -0,776746-% 0,1 T72072-03 0,4605% 4 0,167700-03  =0,345003-04
38 0,50900402 0,1h0%%0+01  0,179205-03 -0,797601-05  0,135260-03 -0,3R2795-05  0,626105-05  -0,I57985-05
39 ©,82750+02 0,273755400  0,T27932-03 ~0476154-D5  0,6%3u22-04 0,I55725-00  0,162021-%  -0,557356-05
40 0,03150402 0,500n10-01  0,5331%6-03 0,%39279-4  0,I5°707-03 0,85%45-04  0,222054-03 0,151538-C4
47 0,u6570+02 0,2050N00+00.  0,358240-03 -0,473253-04 0,3 1819-03 0,314215-04  0,30I262-04  =0,230:86-1
42 04810002 0,530612400 0, 873072-03 -0,419952-04  0,736174-03 0,5 %08-04  0,780657-04  ~0,261860-04
43 0,50150+0 0,777000400  0,136727-03 -0,346765-04 0,624 5160 044837105  0,BIRTL5  -0,I135978-01
we  N,52240402 0,160000+00  0,1n7431-03 0,857 0,%23%5-05 -0,467606-05  0,352270-0% 0, 8144 5405
45 0,5B70M 0,573070400  0,730553-0h 0,108022-00  0,127782~03 -0,9%177-05  0,405773-05 0,735182-05
ng  0,57270+02 0,102000401  0,22R860-03 -0,702005-03  0,201957-03 0,476668-05  0,393682-05  -0,37[1I7-0s
47 0,60570402 0,200000+00  0,Tun018-02 -0,7TH0RT-00  0,739703-03 0,1%169-03  0,285244-03  -0,895I157-0u
4’ 0,62250402 0,408I6+00  0,6M0R9-03 “0,H29M22-01  0,u2T426-03 0,6495%-01  0,619457-04  -0,35T756-04
49 0,63000.02 0,793500401  0,157370-03 0,4T4296-04  0,434356-04 -0,227T40-04  0,451022-05 0,21685I-08
50 0,64510402 0,620000-01  0,176581-03 0,TTaME 03 0,590856-C4 -0,7963597-05  0,762°85-04 0,4 3778504
5T 0,65730402 0,326000:00  0,10M 0-02 -0,12633 =08 0,760663~03 -0,255%-05  0,I87407-03  -0,372405-05
52 0,66620402 0,I73000:00 10,2190 0-02 0,198696-03  0,697449-03 -0,853000-04  0,50I549-03 0,8 5133 -0
53 N,67760+02 0,7H9000:00 0, TINTM-0A 0,991557-07  0,593636-04 -0,447H-05  0,I1R02%H-09 0,136167-05
su n,62270402 0,57%6000-01  0,21I1%-03 0,592216-00  0,544659-03 0,630206-04  0,271811-03 0,1750% 05
55 0,672u0:02 0,464000-0T  0,T15TI5-02 -0,T03-03  0,431997-03 0,I54430-0%  0,u6I4M-03  -0,415186-04
56 0,722504+02 0,267232:00  0,271533-03 0,2630°0-00  0,277638-03 -0,630607-05  0,392857-04 0,10582 7%
57  0,73910+02 0,210M-0L  0,TN5H00-02 0,399753-03  0,449344-03 N 2713005 0,441696-03 0,139041-03
58 0,75860+02 0,60°000-01  0,351169<42 -0,77505240 0,257683-02 0,208327-03  0,950551-03  =0,752301-04
57 0,77TU0402 0,5M577-01  0,4T476202 0,°75671-M N, A50T-03 0,55TTH -0 0,T91964 02 0,430933 %
60 0,77TTNM2 0,255000:01  6,TOP237-06 0,°17N307 062810204 -0,205920-0  0,133652-08 0,476 HI-05
6T 0,9M210+02 0,6600M-T  0,376566-02 —0,229117-03 1,22 TRTH-02 0,577228-  0,T05607-02  -0,%RIf30-
62 N,OTu602 N,T26000400  0,223918.02 n,105%1-03 0, 767532 0,767109-08  0,526415-03 0,466195-04
63  0,82070+02 0,T00000+0T 0,155 45613 N,76R T 0,271177-03 -0,60008-%  0,5I3302-05  -0,795910-05
6o 0,M3I0.02 0,1160MN0  0,257576-072 0,506°06-%  0,7327°0-02 0,62I07T%  0,3037-03 0,%07274 -06
65  0,95120402 0,200,000, T )5-02 n,I3T251-03  0,P32G6M-03 0,7950M2-u  Q,ToTM9-03 0,237636-04
66 03570002 0,30N000400  0,439872-07 n,20710-A3  0,519202-03 N,63270%-04  0,IM953-0n 0,5462t 9=04



Table 1.6 (continued)

1 2 ! 3 3 5 6 7 8 9
67 0,R5200402 0470000400  0,703308-07  ~0,A30466-08  0,551709-04 ~0,106210-4 0,711759-0%  0,283033-05
68 0,97010+02 0,T04T63+00  0,3288%-02 ~0,410902-04 0,1I85348-02 0,135 T4 -Q4 0,971955-03  =0,187327-04
69 0, 57950402 0,370000400  0,27R078-03 0,193785-04 0,2R7773-03 -0,720652-M 0,381326-04 0,260353-04
70 0,59200+02 0,f00000+00 0, T1T.401-03 -0 ,62 11360 -0 0,1878[-03 0, 19044304 0,470632-05  ~0,162389-04
71 0,90680+02 0,125000+00  0,625101-03 0,244183-03  0,357181-03 -0,870648-05  0,2I9547-n3  0,965500-04
72 0,91350+02 N,4800N0+00  0,19P511-09 0,198889-09  0,469357-04 -0,108555~ 0,363%2-10  0,67I558-05
73 0, 918I0+02 0,7200M0+00  0,413923-10 0,331138-10 0, 5405514 0,10%02 I-on 0,216722-10  -0,668243-05
74 0,938R0+02 0,296000+00  0,292053-04 0,772460-05  0,8I3586-04 0,47%619%-05  0,6I9920-05  0,40682205
75 0,95360+02 0,7482500+00  0,57°%67-04 0,862933-08  0,IR3INI0-03 <0,I1%1933-04 0,255 T-04 0,520016-04
76 0,96100+02 0,553%28+00  0,632637-04 -0,200055-04  0,I00082-03 n,514288-05  0,100533-04  -0,151489-04
77 0,97570+02 0,593265+00  0,I21191-06 ~0,%MHu0-07  0,T11495-03 0,197903-0% N,I179673-07 -0,123255-4
78 0,99370+02 0,199000+00  0,159836-02 -0,170166-03  0,I50077-02 -0,203195-05  0,83163°-03  -0,163823-03
79 0,99770+02 0,3500M+00  0,331036-03 0,391633-04  0,280I71-03 0,346001-04 0,I35193-03  0,144756-04
4] 0, 10070+03 0,760000+00  0,204231-04 -0, T7I433-04 0,4 736R7-04 -0,16207-04  0,32T446-05 -0,786200-06
a1 0,10152+03 0,T42563+09 - 0,52276 503 0,042954-04  0,195972~03 0,539064-05  0,485225-03  0,344736-04
a2 0,10240+03 0,4520N0+00  0,R7334R-C4 ~0,34 514 T4 0,750N62-04 -0,126359-0h 0,3579%4 %0 -0,263778-04
a3 0,10263403 0,231000:00  0,3699%-03 -0,4%0%-040  0,133231-03 -0,619362-05  0,21T946-03  -0,160627-04
i n,10754403 0,T43000+00 0, %27309-04 -0,872595-04 0,561740-06 0,449302-06  0,872431-04  -0,I038I5-03
85 n,10799+03 0,00M=-0I  0,752000-03  -0,T22734-03  0,306008-03 -0,317958-04 0,%00053-03  -0,108590-M3
6 n,10917+03 0 HTNNO0+NY 0,227 303 0,14198I-h 0,154513-03 ABATE-HS 0, 95754 - 0,218256-04
87 0, 17050403 0,800000+400 0,233745-09 0,I76517-0%  0,387037-05  -0,309630-05  0,u1I476-I10  0,260582-05
ag 0,TT324403 0,400000-01 0,419356-03 -0, 803893 -8 0,201630-03 0,120070-04 0,607659-03  -0,I28411-03
89 0,7T15:0+03 0,200000+07  0,136045-06 -0,749835-06  0,376691 -4 -0,301345-01 0,TOMS0-07  0,25I1492-C
90 0,17725+03 0,360000+00  0,%9932-03 ~0,6260TI-00  0,4699%-03 -0,364266-00  0,223020-03  -0,614557 -4
91 0,12033+03 0,600000400  0,752504 -4 0,4 151373 -0 0,732366 -0 0,792839-05  0,2u7516-04 0,457105-04
92 0,12225+03 0,4000MN00  0,™9244-03 -0,I3T22-03  0,67u020-03 -0, 1993780 0,225454-03  ~-0,I50464-03
93 0,12338+03 0,947143-07 0,145608~02 0, 556304 0% 0,677711-03 0,158011-M4 0,204073-02 0, % 54 7004
e 0,12408:03 0,430I84+00  0,305507-05 0,280%405-05  0,533105-0 0,T675% -4 0,900030-06  ~0,TIH342-04
95 0,72534+03 0,790000:00  0,2T71073-C 0,16 39590 0,T977T4 =4 0,524974-05  0,5950°7-05  0,I76755-(u
56 0,12613+03 N,120000+00 0,4 0% -05 0,675264-05  N,6265T6-C4 0,165352~M 0,6I0TM =05  -0,578291-05
§7 0,12793+03 0,705539+00  0,120225-05 -N,961°CI~07  0,IT6398-03 0,126 1MV 04 N,206950-07 -0,110522-04
a8 0,12355%03 0,4 50000-01 0,397582-02 -C,407464 <03 0,203731-02 0,177376-03 0,45%12-02  -0,670093-03
ag. 0,13002+03 0,535000+00  ¢,4TE500-08  -0,33240T-08  0,201672-03 0,234198-04 0,67:631-09 -0,209182-0%
T00 0,730%0403 0,480000-0T 0,102250-0T -0,T032013-M2 0,371 722-02 0,202265-03  0,%020913-02 -0,128245-02
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Table 1.6 (continued)

I 2 3 4 5 ! 6 7 3 9
101 0,13302+03 0,960000+00 0,/05081 -6 =0,320065-06 00,1679 -03 0,120595-04 Q400707 -0,110903-00
102 0,I3374+03 0,661216-01 0,4I7667-02 -0,339713-03 0,140233-02 044T61R-00  0,437019-02  ~0,37% 5603
103 0,13473+03 0,124935+07 0,926765-04 0,102/29-40 0,740172 -0 0,267072-04  0,I060I0~04  ~0,136766~C4
on 0,13665+03 0,1000N0-01 0,40737-02 0,37%030-03 0,131032-02 0,255192-03  0,491605~02 0,I43163-03
105 0,13838+03 0,301202+00 0,575755-03 ~0,135516-0n 0,390160-03 0,355176-04 0,295M2-03 -0, T48125-04
106 0,14025+03 0,817160-01 0,312373-02 0,130135-03 0,1523%4 -2 0,10%61I7-03  0,23%u4-02 0,24 510~04
107 0,14133403 0,307171+00 0,330666-098 -0 ,264533-00 O6MHBT-04 0,6765-05 0,103343-0% -0,685030-05
108 0,T4220+03 0,13u773+00 0,4 53979-02 -n,356285-03 0,2n324 102 N, 11370503 0,364611-02  =0,469920-03
2 n,T4514+03 n,835131-n1 0,1I0193-n3 ~0), S35 3 0N 0,267331-13 0,260932-04  0,953669-0h  ~0,114208-03
1m N, 14620403 n,189763+00 N, 16091502 ~0,671T4I-ny 0, 73084403 o 2nuh -0y 0, 0489103 -0,912585-04
Tit n,Tu700403 0,24070+00 0,217067-n5 N, 17165 -05 0,77 5%6=0 0,TIIS4I-n 0,620191-06 -0,127906-04
112 0,14892+03 0,704673-01 0,122R8L5-n2 «0,20072h =0y 0,642795-03 0,520313-4  0,9503%~03  -0,721637-04




Table 1.7
Breit-Wigner parameters obtained from the data of Table 1.6

Nt EmeV | T,eV | M,V i [y eV Mg.eV 17

- < . E] N B T D 5 L
2 0,25%000 0,I00700+00 CARTII-0 0,£3€335-01  C,Ca2TRE-OI 2
O W PR T e n,690700-0T 0,65%55"2  0,29%32-01  0,3°7773-01 3
5 Q&5700-0T 0,164000400  0,I0:67€-02 G, TITIH2400 "OHE5R2-0I_ 3
£ 0,E0NNN40T n,T272000+01 040276102 D,I22077+01  0,650C00-01*° 2
T 0,67300401 0,12:000+00 0,720052-03  ©,7T™/7R-0T 0,4 380I7-01 3
2 0,9%200+01 n,750000-01 n,958955-03 ' 0%5MII-2I  Q,47TI00-CI 3
7 0,95%0401 n,793000+C0 0,I36638-03 . 0,12T%I+00 0.5 r‘ooo-uzf) 3
I 0,INNT0402 0,102300+01 0,255969-02  ©,05%:uC+00  Q, 6:‘0’3"’\—"“) 2
T 0,I2790+02 0,273000+00 0,646257-03  0,287076+00  0,312775-01 3
2 0,I%20+02 0,720000-01 0,266755-02  0,234132-01 Q4533 -0T 3
I3 0,T8750:02 0,153000+00 0,577635-02  0,I01z42+00  Q,45977i-01 3
I 0,16020402 0,555000+00 0,I55275-02  0,505750-00 047217201 2
IS ©,18670+02 0,2250N0+00 0,179899-02  0,162925+00  0,609062-0T 3
60,1730« 0,570000-01 0.,26283-02  0,I28I0-01  0,4T2522-01 3
17 0,I8280402 0,640000-01 0,225243-03  0,626803-02  0,575227-G1 3
18 0,20710+02 0,16 80C0+00 0,5623-03  0,I02605:00  0,650000-01%7 3

13 0,21530+02 0,108090+00 0,211595-03  0,33/7TH 0T —1.55(_mo-nr*> 3
20 0,23000:+02 0,342465+00 N,189721-02  0,273918-C0  G,6204 30T 2
21 0,2369°04(2 0,457600+00 0,333 0,39I7I6+X0  0,50000~01L1) 2
22 0,240%0402 0,153641+00 0,I34388-02  Q,906%6-0I  0,616025-01 5
23 0,24610+02 0,%0000+00  0,II5385-03  0,919895400 040000007 5
24 0,26820+02 0,313512+00 0,596781-02  0,250I58+00 0,57T3%64-01 >
2 0,27620+02 0,135000401 0,25II8-06  0,13T000+01  0,500060-07%) 2
26 0,28850402 0,5°2RT400 © 0,5LVW-02  0,521998+00  0,650000-07 1) s
27 0,2%20+02 0,234000+00 0,85%82-03  0,I77261+00  Q,558510-01 3
73 0,31030+02 0,344'598+00 0.3%346-02  0,2BI753+00  (,593020-CT 2
29 0,37200+02 0,220500+00 0,I92677-03  0,2I4963+00  ¢,534333-02 3
0 0,33780402 0,I38000+30 0,3040I3-03  0,8708T4-0I  Q,50608-01 5
31 0,34900402 0,224500+01 0,505333-02  0,216995+01  0,650000-015) :
32 0,35000+02 n, 39000001 0,882580~03  0,236699-0I  0,638576-01 s
1 0,26T70+02 ",760000-01  0,126%4-09  0,I0973I-01  9.650000-01L) ;
3l N,37500+02 0,957000+00 0,4517T36-05  0,31699500  0,400000-012) 2
15 0,3R180402 0,I55000¢00  0,785506-03  0.8RI%-0I  0.650000-0rL) 5
36 0.30350+02 0,210500+00 0,235112~02  0,2631T8:00 0,550212-07 X
37 0,79A90402 0,I53000+00  0,I67I4802  ©,863285-0I  Q.650000-1L) 2
a8 0,a0£0+0£ 0,1480860+01 0,472908~02  0,I3307+0I  0,650000 <CI% 2
39 0,427%0+02 0,283755¢00  0,4993%-03  0,2T856+0 @ 650000-01L) f
50 0,43550+02 0,500000-0T 0,3697I1-03  n,II9663-01 0:376640-01 5
41 0,46570+02 n,295000+00 0,I430%-02.  0,2585987+00  0,475826-01 3
52 Nn,4<100+02 0,530612400 0,802024-02  DL56688+00  0,650000-01L) 2
43 N, 50150402 0,777000+20 0,201856-02 0,707981+00 n :5 50300_{)11) n

I
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Table 1.7 (continued)

I 2 3 4 5 6 7
Ls 052280402 0,I60000+0C  0,326095-03 0,%6739-01  0,650000-0I*) 3
45 0,53370402 0,593000+00  0,9%6275-03 0,552IT4+00  ©,407000-0I° 2
46 0,5R70+0 0,I020M0+0I 048123002 0,973379+00  0,2I3086-01 _ 2
47 0,60510+02 0,200000+00  0,444035-02 0,I30560+00  0,650000-01 ? 3
43 N,E250+02 2,5008I6+00  0,7I5172-02 0,468654+00 o,ssomo-ozj) 2
49 9,63000+02 0,I93500+40T  0.6705% -02 0,19%6329+0I  0,650000-01" 2
50 0,665404+02 0,620000-01  0,I72309-03 0,I78736-01  0,439521-01_ 3
51 0,65770+R 0,324000+00  0,777982-02 0,251020+00 o,ssoooo-oxf) 2
52 0,65620402 2,I750M0+00  0,612966-02 0,101870+00 0,550000-01}) 3
53 N,67260+02 0,I49000+00  0,267062-08 0,709000+00  0,400000-01%) 3
5% N,6M70+02 0,5%000-0I  n,%07057-03 0,200078-01  0,286011-01 3
S5 NL,EY2002 0,46400C-0I  n,870831-03 0,I500I8-0I  0,305I73-01 3
a6 0,72250+02 0,267283+00  0,119365-02 n,20I095+00  0,650000-01 3
57 0,739I0+02 0,210000-01  ©,369%0-03 0,590MI-02  0,I47207-N1 3
59 0,759%0:02 0,609000-01  n,3260131-02 n,29%¢801  0,276355-01 3
59 0,77I40+02 0,534577-0T  0,376E03-02 0,310755-2  0,4I581-0T 3
60 0,77700.02 n,255000+01  0,622827-05 0.250999+0L  0,400000-01%) 2
61  0,RM2I0+02 0,640000-0T  0,412507-02 0,293343-0I  0,305406-01 3
f2  n,3T650+02 0,I260C2+00  0,486663-02 0,707304-01  0,504030-01 3
63  0,%82070+02 0,IN0C00+0I  0,37R04 92 0,056220400 - 04000000127 2
s4  0,WT50+02 0,TI5000+00  0,522%49-02 0.464I89-01 - ©0,643526-01 3
65  N,35420402 0,200000+00  0,335021-02 0,I3I450+00  €.650000-0I* 3
56 0,95700+02 0,300000+00  0,232%1I-02  5,276752+00 0,215125-0T_ 3
67  1,P6200402 0,480000+00  0,I237%0-06  0.440000400 0,400020-070 2
68 0,970I0+02 n,I04I63+00C  C,6I07I7T-02  0,456764~01 0,5237% -01 3
69  9,57950:02 0,390000+00  0,272I27<02  0,322279+00 0 ,ssor'm-oﬂ? 2
70 0,87200:02 C,200000+00  ©,23T274-02  0,7576R7+00 C,u0m00-0127 2
7T N,06%0+02 0,1250M0+00  0,I6W30-02 . 0,5%3657-01 0.530000-0T 3
™ 0,91350+02 n,470C00+00  0,2°0IP5-08  0,440000+C0 n,500000-0120 2
73 0,973I0+02 0,720000+00  0,T4535-09 0, 800000-0T 0,4000m0-0727 3
% 0,93990402 0,276000+00  C,INITI-03  0,255316+00 0.4 mooo-orzg 3
75 0,95360+02 0,142500+00  0,I76366-03  0,I02323+C0 0,400000-01) 3
76 N,T6T00+02 0,553523+00  0,105560-02 0,524 72+00 a,a00000-0127 2
7T N,97500+02 0,593265+00  0,2I8220-05  ©,553263+00 0400000127 2
79 0,97370+02 0,I74000+00  0,675499-02  0,T22993+00 0,642621-0T 3
77 0,00790+02 n,350000+00  0,355935-02  0,28T441.00 0650000015 2
P 0,I0070+03 0,760000+00  0,465790-03 4,795 400 0,400000-01%) 2
a1 n,INTS2+03 0,162563+400  0,I52069-02  0,760343-0I 0,650000-01% 3
%R N,70240+03 0,452000400  0,II3950-02  0,385962+00 o,esoooo-ﬂrf) 2
3 n,I0%63+03 0.23TON0+00  G,T77T268-02  0,TEu220+00 0,650000-01 ‘;> 3
% 0,T0754403 0,T43000+00  0,284626-03  0,777TIS4-01 9,650000-0157 3
a5 N,I0799403 0,BOCN0-NT  0,I33634-02  0,332781-01 0,4 %3855 -01 3
% N,TO9T7+03 0,470000+00  0,3I792I-02  0,40I821+00 0,650000-0T% 2
W 0,1T050+0% 0,700000+00  0,632064-08  0,7600CC+00 0,600000-013" 2
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Table 1.7 (continued)

T ! 2 3 & s £ 7
29 0, TTI26403 0,400000-0T  0,849579-03 0.I65072-01  4,230433-01 3
a0 N, TTSN3 $,26N0N0+C1  0,169309-08 1,235572+01 o,unmoo-oxf 2
MmN, TT725403 0,260070+00  0,48T455-02 0,200185+00  0,650000-01% 2
I N, 72003 0,6007000+00  0,T50775-02 0,537% 96400 o,sscooo—-:»zf) 2
2 N, 12225403 C,59N000.00 90,9735 -2 0,4C6I64+00  0,550000-01) 2
93 N,T223%03 0,730  0,332221-2 0,30I775-0I  9.6T2I45-01 3
o 07200203 04591200  047TaSI-06  NATIIITHE0  3,400000-012) 2
95 0,T25%+( 0,700000400  0,502¢36-03  5,526458:0C  0,§50000-01L) 2
% 0,72513+03 f 12000400 0,2467C6-u 0,739753-01 e,uoocco-ctf) 3
7 0,T2777403 £,70553+00  n,291295-05 1,665536+00  0,50CCC0-01¢ 2
M| 07295803 D457C00-0T  C,u279I7-02 0,16I590-0T  0,265518-01 2
72 0,T3003+03 0,5°5000+C0  5,653299-07 0.555000+00  0,500000-012) 2
I00  0,I3090+03 0,480000-01  0,752076-02 0,I575%0-01  0,227202-0i_ 3
"I 0,13308.03 0,%7000+00 - 0,I06527-04 0,915989400  0,400000-01¢ 2
2 0,i337+0 0,661216-01  §,536522-(2 0,202318-01 080528507 2
3 0,13473+03 0,I2%735+0I  0,344680-G2 0,125090+0L  0,65CN00-01* 2
I 0,I3665+03 0,I00000-NT  9,985045-03 0,268073-02  0,647TI22~02 3
105  0,12928:03 0,301202+00  C4u2I-02 0,231358:00  0.65000-01%) 2
0 0,Tu025+03 0,817I€2-0T  0,518221-(R 040IIT0-0T  0,364168-01 3
107 0,In7133+03 0,30717I+C0  0,28955C007 0,267I71400  0,50C000-018 2
T0”R  0,I8220+03 Q.I36773+00  0,126458-01 0,5%Teu-0T  0,624505-C7 3
09 0,145I4+03 0,89510T-0  2,20I437-C3 CHBIITOI 5400000012 3
0 0,T4620403 0,199763400  0,632%4-02 0,IIM3u400  0,650000-012) 3
TII  0,I8700+03 0,200000+00  0,I0RW-4 0.199989+00  ©,40700-018) 3
T2 0,I4592.03 0,74673-01  N,I81050-02 0,36%73-0T  0,3I8095-01 3

For resonances at which 1" is greater than 0.065 eV the value I" = 0,065 eV

was taken,

For resonances at which G is greater than G the value T

was taken.

Y

= 0.040 eV
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1. 241Pu NUCLEAR DATA IN THE REGION OF UNRESOLVED RESONANCES
1.1. Introduction

The region of unresolved resonances of 241Pu extends from 0.1 to
100 keV. As has been shown in the case 235U [1], we can confine ourselves
here to consideration of the contribution merely of s- and p-waves not
only to the total interaction cross-section '<0£> but also to the partial
cross—-sections, Because of the presence of excitation levels in this
region it is necessary to take into account the neutron inelastic scattering
reaction. Unlike the fissionable 235U (1] ana 239Pu [2] nuclei considered

241

earlier, in the case of Pu there is much less experimental information

on cross-sections in the region of unresolved resonances, For example,

above 2 keV there are no data on Ot. There are considerable discrepancies

in the available data on 0, in the region below 2 keV, This leads to

t
complications in allowing for structure in cross—sections and in obtaining

average p-wave parameters,

l.2. Calculation of average cross—sections

In order to obtain the expressions for the average cross—sections
< o__> we have to average onx(E) over the interval 4E containing a

sufficiently large number of resonances:

<Eu>= e § Gux (€)dlE. (1.1)

Assuming that onx(E) is described by the Breit-Wigner formula and
taking into account tle presence of potential scattering and its interference

with resonance scattering, we obtain the following expressions:
)= 2 A2 (Inlwy (1.2)
. , =

-4 @) swr (f-rSE )] B2 B2 (Lt (1 )

L]

(6, = [%’,I_(ges{)sml% f-%L(ZCOI)E “s Cos™*f; . (1.4)
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Here, K is the neutron wave number:

K = 2196771103 (4 )E " (1.5)

-
where AW is the isotopic mass of the target nucleus equal to(238.986

for 2‘uPu; P p is phase shift determined, in the case of the first two

partial waves, by:

P, =xR ; Y’,=KR~0W¢£3(K2). (1.6)

Here R is the scattering radius, which can be calculated from the potential

scattering cross-section Gp in the low—energy region where:

6,~ Umk* . (1.7)

The quantity &; in (1.2) and (1.3) is a statistical factor, S, is the

strength function, P p is barrier penetration.

Po=d; P=(ka)/[4+x)] (1.8)
where a is the radius of the scattering channel equal to the sum of the

radii of the nucleus and the neutron:

a= v(_..l%-fo,os {/O.I’cvu-) (1.9)

In the present work we used the value r, = 0.123 x 1072 cn. The
obtained value of a = 0,845439 x 10722 op

In order to calculate the average values of <Pnr I‘kr/f’ r> ’
we used the method described in Ref. [2], according to which

R SEY O £EM
’."‘7-.’1!; = ::.:,)—23-51"‘,2-27 S fadenicem (1.10)
n I'l £y P"Q_ =1 ast mas ;‘n,!.l <[; >',' + {d.' e (rl), tin \/’.;> )

4

C
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where Ir' Kr’ Mr are the numbers of intervals for repfesentation of the

distributions of neutron, fission and inelastic widths, respectively;

f . f £
n,r,i P T,k ! ‘ntyr,m

integration over the corresponding parts of the distributions which are

are the middle points of intervals AZi of

so chosen that when we substitute

i

S {rd)af = ;;%/i fz})(/)uf/ (1.11)

My

ef o,

the average value T does not change:

£

— z
f=7?“_, i (1.12)

The intervals AZi are chosen from the condition

X;
frd)di=-1-- (1.13)

A1

In the present work it was assumed that all the partial widths were
governed by the X2 - distributions with different numbers of degrees of
freedom, In order to represent the distributions, we used ten intervals
for thé number of degrees of freedom equal to 1 and 2 and 5 intervals for

the number of degrees of freedom equal to 3 (channel 3 is for fission).

1.3, Average distance <D>_. between the levels of the compound nucleus

J
241
Because of the small amount of data on

Pu resonance spins in the
region of low energies it is not possible to evaluate < D >: for the

s-wave by direct averaging. For example, in Ref. [3], out of 122 levels

in the region up to 160 eV, spins are assigned to only 22 resonances.,

The separation of resonances according to spins, as performed in the
present work, can apparently also not be regarded as sufficiently reliable
although on the whole it reflects the true picture. Here we can obtain
only <;D:>°bs., the average observed distance for two systems of resonances
with J = 2 and 3, However, in order to obtain the spin dependence, we have
to make use of theoretical concepts about the level density function of

the nucleus,
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A number of authors have obtained < D.>bbs.' From data in the region
below 20 eV, where missing levels have not yet been observed, James [4]
obtained the value of 1,3 + 0.2 eV. Later, from the data in Ref, [6]
for 43 resonances in the region up to 50,4 eV, Hennies [5] obtained

<D > = 1,17 eV. PFrom an analysis of data on o4 in the

obs.
12,8-50.2 eV region Kolar and Carraro [ 7] obtained < D:>obs = 1.00 + 0.10 eV,

In this region they observed 39 resonances, However, accoréing to their
data, some of them belong to levels due to impurities., Thus, the resonances
at energies 20.45, 38,28 and 41.67 eV belong to 240Pu and those at 22,32,
41.37, 44.42 and 49.63 eV to 239Pu, i,e. in the given region of energies

we observe not 39 resonances of 241Pu but only 32, In this case

<D=> = 1,21 eV, which agrees with other data in this region (5].

obs,
Blons et al, [8] carried out an identification of the resonances in

the region up to 160 eV, using data on 0o and A They obtained three

values of <D >obs for the different averaging intervals:

1.27 eV 0~ 52 eV
1.23 eV 58-110 eV
1.48 eV 110-160 eV

An abrupt change in the slope of the curve of the cumulative sum of
levels in the region of 55 eV is indicated also in Ref, [7]. It is
interesting to note that in the 52-58 eV region no levels are observed,
Blons et al. [8] note that even in the region below 110 eV there are
missing levels due to overlap., Altogether 117 levels were observed in

the 4-161 eV region.

< D> was analysed in the present work as well (see Part 2 of

obs.
this preprint). The <D> value obtained in the region up to 150 eV

is 1.34 + 0,10 eV, It is zzségreement with the value of Blons et al, [8]
if their data are used in this energy region. In the region up to 150 eV
110 levels have been identified.in all, Analysis of the missing levels
performed by the method of Ref.'[2] showed that in the region up to 150 eV

not more than two resonances may be omitted, The change in the slope of
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the curve of the cumulative sum of levels is apparently not due to the
omission of levels but reflects the actual picture. This is indirectly
confirmed by the fact that the change in the slope has no conventional
systematic character, For this reason, in subsequent calculations the

value used was <D> = 1.34 + 0,10 eV,

bs.

To determine the spin dependence of <D>_, we used the model of

J
non-interacting particles [9], which assumes that < D> 7 is independent

of parity. In deformed nuclei, such as 242?11., the dependence of <D >J

on parity can apparently be neglected [10]:

. " S/nd & . '
2¢V2 '€ -0 : y o nd)
Wty 2l
PEN exp[ 2wldl*y e /

@(([/:f): (1.14)

where a is the basic parameter of the level density theory and b the
parameter of spin cut-off for which the following approximate dependence
[9] was taken:

6= 06,0589 ()2 A™, (1.15)

The effective energy of excitation of the compound nucleus U which takes

account of residual interactions is

U=B.~a+E, (1.16)

where Bn is the neutron binding energy, & the energy of pdring of nucleons

in the nucleus with an even number of neutrons and protons.

The level density parameter a was obtained by numerical solution of

the equation

Y A O S
<D>nu54 . 2 (<ﬁ>’-_f * <D>I,I/2) . (1.17)

The following values were taken for the calculation:

B, = 6,301 + 0,024 MeV [11], Ao =1.013 + 0.122 MeV,
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In obtaining the value of A we used the data of Ref, [11] on pairing
energies, taking into account the corrections for differences in surfaces
and Coulomb energies and the energy of symmetry of neighbouring nuclei
which were suggested by Nemirovsky and Adamchuk [12].

The calculated value of parameter a was found to be equal to 26.90 +
0.90 MeV—l. It agrees satisfactorily with the value calculated by
Shubin [13], which is 27.62 MeV_l. Baba and Baba [14] give parameters a
for modifications of the level density expression of Lang and Le Couteur
[15] (31.66 MeV—l)_and Ericson [16] (31.28 MéV’l), which are somewhat
higher than the value thained_by us, This difference is due, firstly,

to the lower value of <:D>o (1.17 eV) and to the much smaller:value

of the energy of excitation :; the compound nucleus (4.959 MeV against
5,283 MeV). By using the data of Ref, [14] on < D> 1o, and U, we can
obtain some increase in our value of parameter a (to ~ 28.7 Mev_l).

Secondly, the difference is due to the somewhat different forms of the

expressions for level density.

Malyshev [9] obtained the value of parameter a as 27.6 MeV—l. This
agrees sptisfactorily with the data of the present work because similar

values were used:

<D>

obs. = 1.25 + 0,20 eV and U = 5,15 MeV,

The calculated values of <D>_ for the s~ and p-states in the low-

J
energy region are given in Table 1.1.
We should here note the good agreement with the values of <:DI>J
for the s-wave obtained in the region of resolved resonances:
<D> = 3,007 eV and <D > = 2,360 V.
+ +
2 3
Since the spins of the p-states do not differ greatly from those of
the s-states and the basic level density parameter a is determined from
‘<D:>obs y there is reason to hope that the model of non-interacting

particles reproduces with sufficient reliability the spin dependence for

the s—~ and p-states,
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In calculating the average cross-sections in the region of unresolved

resonances it is usually assumed that < D> _ is independent of incident

neutron energy E. However, in spite of theJcondition E <:<:Bn - B, this
effect is substantial and, according to (1.14), amounts to ~17% at 100 keV
(Fig. 1.1)., In what follows we shall consider the influence of the energy
dependence <:D>>J(E) on the calculated average cross-sections and the

value of a.

1.4, Potential scattering cross—section op

In order to calculate the average elastic scattering cross-section,
we need to know the scattering radius R, which can be calculated from the
value of op in the low-energy region (1.7). op was evaluated by Hanna et al.
[17] during self-consistent analysis of data at the thermal point for a
number of nuclei and was found to be 12,0 + 2,2 b, The value of R is

accordingly equal to 0.9772 x 10712 cn,

In the present work we used the Op value recommended by Hanna et al. [17].

1.5. Strength functions So and S1

The strength function of the s-wave (So) was obtained by a number of
authors. Simpson and Shuman [18] obtained S_ = (0.85 4 15) x 10™% from
data on the average total cross-section <qt>rin the keV region. From the
resonance parameters obtained in the region up to 20 eV James [4] obtained
S, = (1.4 + 0.6) x 1074, Obviously, the low accuracy is due to the low

resonance statistics. Prince [19] calculated So and S, from the optical

1
model of the nucleus with allowance for deformation, The values of So and

S1 at 10 keV was found to be 1.31 x 10—'4 and 2,30 x 10-4, respectively,

From the data on resonance parameters in the 12-100 eV region Kolar
and Carraro [7] obtained Sy = (1.25 + 0.35) x 1074,
neutron widths in the region up to 160 keV Blons et al. [ 8] obtained
So = (0.99 + 0.14) x 10_4. It is this value which is taken in the atlas

[3]. The evalustion of Kaner and Yiftan [20] takes 5 |, =1.54 x 1074,
062
s, =1.08x 1074 ana 5, = 2.73 x 1074, The value of 5, was obtained
0e3

From the data on
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by fitting to < Unf>’at 40 keV, In the ENDF/B~III data library the value

of So is variable and S, = 2,5 x 10—4. So is evaluated in the present

1
study as well from an analysis of the resolved resonance parameters obtained
by simultaneous treatment of Ut and 9, data., The value of So equals

£
(1.16 + 0.19) x 1074,

The available data on So agree with one another within error limits

(Table 1.2).

However, the uncertainties in So are large, The high value of So
obtained in Ref., [4] from the resonance data in the region up to 20 eV is
due to the fact that this region groups together levels with large reduced
neutron widths, i.e. the slope of the curve of the cumulative sum of the

reduced widths is greater here than in the entire region,

In the present work we have used the value of So = 1.16 x 10—4 for
calculations in the region of unresolved resonances, There are no data on

S, except Prince's value obtained from the optical model, Unfortunately,

L o

for Pu in the region of unresolved resonances there are practically no

data on o, from which the necessary information on the strength functions

t
could be derived, For S. in the present study we have taken the value of

2.0 x 10-4, which is appioximately the average for heavy actinide nuclei,
It is obvious that the error in this value is not lower than 25%. This
selection of strength functions should be confirmed by agreement with
respect to the other measured average characteristics. This question will

be discussed below,

l.6. Average neutron widths <'.‘n ->-r

The average neutron widths<ﬂ"n>} can be calculated by the formula

L= <, P E "y, (1.18)
where v, is the number of possible methods of obtaining the given state r,

The average reduced width

(R =8, KD, . (1.19)
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l.7, Average inelastic widths <Pn'->r

In the region above 40 keV it is necessary to take into account the
presence of the neutron inelastic scattering reaction. The partial

inelastic widths <:Y‘n'>-r can be calculated by the formula

SR =KD S "R @)V, o (1.20)

where €= E—Eq is the energy of neutron with orbital moment 2£' and Eq

the excitation energy of the level,

The values of v

7, gt ore determined in the same way as v, in
?

expression (1.18).

We shall confine ourselves to considering the excitation of only the
first level (40 keV, —+) since the contribution of the second level
(92 keV, 2+) is small. In this case, the partial inelastic widths are

written in the following manner

< r'l'>:+ =0
(P2 . (D) SaCE-E)"
FONETS (1.21)
(Ta)y. = (D), CE-€)2P, (E-£,);
(H.');_ . 2-(35>3- S,'(E-E.)'/I.P, (‘;.51);
CTa'dy. » 24 DY, 8, (E-6,)2P, (E-E,),;

Here it was assumed that only the s-— and p-waves contribute to the output

as well as to the input channels.

1.8. Average radiation width <PY >

The average radiation width <:T‘Y >is taken as constant for all channels
and independent of the parity of the compound nucleus. This is related to the

earlier assumption that < D:>r is independent of parity.
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The average radiation width<PY> should be obtained from the data
in the region of resolved resonances, By different methods of treatment
of A and °f data in the 12-30 eV region Kolar et al, [21] obtained
<I‘Y > = 4T + 6 and 48 + T MeV. The analysis performed in the present

study gave < PY > =43 + 5 MeV,

It was obtained from the widths of only 47 out of 110 resonances in
the region up to 150 eV, The accuracy of the widths PY for the remaining

resonances is low because of the lack of experimental data on OY'
In the present evaluation we took the value of < 1; > = 43 MeV,

1.9 Average fission widths <[x>.,

The average fission widths <T‘f§. for s-states can in principle be
obtained from data in the region of resolved resonances. In this way
Sauter and Bowman [22] obtained <I'>0+ = 0.510 eV and <rf>§+ = 0.190 eV.
Similar values were obtained in Ref. [23]: <P t>;+ = 0.50 eV and
<Pf>°+ = 0.18 eV. For both spin states in the 12~100 eV region Kolar et
al. 621] obtained <1"i> = 0.253 + 0.042 eV. They note that in the 12-30 eV

region the average value<I' > is only 0.190 eV. A somewhat higher value

f
of <Pf> was obtained by Kaner and Yiftah [20]: 0.347 + 0.034 eV. The
values of <I'>,+ and <I‘f>3+ obtained by them are 0.567 + 0.060 and

0.157 + 0.015 eV, respectively. The value of <I' > = 0.300 eV was obtained

by Blons et al. [8].

f

The analysis of data in the region of resolved resonances performed

in the present study (see Part 2) gives the following results:

<I‘f>2+ = 0.742 eV, <I‘f>3+ = 0.0845 eV, <Pf>

It should be noted that, whereas the obtained value of <1"f>2+ is
much higher than the data of Refs [22, 23], the value of <I' &+ is much
lower. However, the value of<l f>a.gg;::~ees comparatively satisfactorily
with the results of Refs [8, 20]. All data on the average fission widths

are given in Table 1l.3.

The data from the region of resolved resonances are inadequate for
a number of reasons: absence of data for the p-states; difficulty of
identification of levels for the s—states; the possibility of substantial
energy dependence of the average fission widths <P f>r(E) in the case of
a number of channels. Besides, there is one more factor which restricts
the use of the values of <I" i>r for the s-states obtained in the region of
resolved resonances. The fission cross—section exhibits a considerably
wide structure (Fig. 1.2). Therefore the average fission widths obtained

el TBL 1.3

0.
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in such a narrow energy interval will not necessarily show agreement in the
whole region of unresolved resonances. This is demonstrated in Fig. 1.2,
which compares the evaluated and calculated data on¢ £ in the 0.1-10 keV

region. Here the main contribution is made by the s-wave.

The calculation was performed with three sets of fission widths.

The upper curve corresponds to <Pf>2+ = 0.7404 eV and<pf>3+ = 0.3383 eV
which enter into the evaluated set of parameters of the present study. The
middle curve corresponds to widths <Ff>2+ = 0.512 eV and <Pf>3+ = 0,189 eV,
which is in keeping with the values of Sauter and Bowman [22] and of Simpson
et al. [23]. The lower curve corresponds to widths <Ff>2+ = 0.7404 eV and
<r'f>3+ = 0.0838 eV, which approximately tally with the data obtained in the
present study from the resolved resonance parameters. The other average
parameters remained unchanged. As will be seen from the figure, neither of

the lower curves, in general, ensure agreement throughout the energy region.

The difference between the average widths used has a still stronger
influence on the value of <¢> (Fig. 1.3). Thus, the diﬁ‘erence‘ of ~14% for
the cross—section< 0f> between curves 1 and 3 corresponds to an ~75% change
in<ga> at 100 eV. Of course, the difference in the fission cross-section
<0f> can be made up by increasing the strength function So, for which there
are evidently no grounds. The criterion can be the experimental data on
<a> , which is very sensitive to the fission parameters. Moreover, the
value of <a> depends little on So (Fig. 1.4). The dependence of<0f> on So
is shown in Fig. 1.5.

It follows from the above that to obtain the average fission widths
<Ff>r the phenomenological approach is preferable as it would provide a
means of correctly calculating <0f> for the entire energy region of
unresolved resonances. The fission widths for the s-wave which are obtained
with its help should not necessarily correspond to the values in the region
of resolved resonances. This refers, first of all, to the width of the
channel, which can be responsible for the possible intermediate structure in

the fission cross—-section.

It has now been shown that actinide nuclei have a double-humped fission
barrier structure [24]. It is necessary to take this into account when the
penetration of both peaks is much lower than unity, i.e. fission occurs in
the deep sub-barrier region. Apart from the change in barrier penetration,
which can be calculated by the Bohr-Hill-Wheller theory [25, 26] in the case
of a single~humped barrier, we shall here observe a substantial departure

of the distribution of fission widths from the usually assumed ¥ 2—distribution
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which is a consequence of the presence of states in the second minimum.

We can however expect that for the calculation of the'average cross—-gections
<of>in the case of strongly fissionable nuclei with a negative fission
threshold we can make fairly successful use of the conventional fission
barrier concepts.

2d'lPu macleus with

Analysis of the actual picture in the case of the
respect to the penetration of both peaks with the parameters of Ref. [27]
shows that the s— and p-states are not sub-barrier for both peaks at the
same time. TFor each state there are channels, the penetration of the
second peak of which is equal to unity. In other words, the intermediate
structure 1n the 241 Pu fission cross—section should be much less pronounced
than in the case of the 239Pu nucleus, the 1t state of which is sub-barrier

for both peaks.

Thus, the fission barrier penetration can be represented as in Ref. [26]

by
PEp. hicon )= {1+eap[-EE (E-Epx) ]} (1.22)
where Efk is the height of the k-th fission barrier and nwk its curvature
parameter.
The average fission width
<{D>
NFPA ”—‘-‘7‘} P(E, fox ). (1.23)

The fission barrier parameters Efk’ which were taken from Lynn [28]
for the fission threshold value of 0.9 MeV, are given in Table 1.4. The

barrier curvature parameters Mw, were taken to be identical and equal to

k
0.6 Mev.l, which corresponds to the curvature parameter of the second peak
of Ref. [27]. The average fission widths <I?r at 100 eV obtained from them

are given in Table 1.3 for comparison with <I‘f>r in the region below 100 eV.

1.10.Numbers of degrees of freedom of the xz—distributions of partial widths

In the present work we used the ordinary assumption that <I'v> = const,
i.e. the radiation widths can be described by a X2-distribution with an
infinite number of degrees of freedom. This is in agreement with the analysis
of resonance parameters in Ref. [21], where the value of V, = 60 + 10 was

obtained for the 12-100 eV region.

Y
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The numbers of degrees of freedom Vnr of the xz-distributions of
neutron widths were chosen as the number of methods of obtaining the given
state r in the input chammel. The numbers of the degrees of freedom vn'r
of the Xz—distributions of inelastic widths were chosen similarly. The

only difference was that in the latter case the output channel was considered.

The numbers of degrees of freedom v £r of the xz-distributions of fission
widths were determined as the number of open fission barriers. In the case
where there were partially open barriers, the agreement of the calculated

fission cross—-section<a nf> with the evaluated one was also considered.

The values of v__, v_,
nr' "'n'r

It should be noted that Ver for the s-states agree with the results of

" Ver and vY obtained are given in Table 1.5.

Ref. [21], where from an analysis of fission widths in the 12-100 eV region
the value of Ve = 2.8 + 0.4 was obtained for both the spin states. The
value of v £ = 1 was obtained in ERef. [_29], but it does not agree with the

conclusions of Ref. [21] and those of the present work.

1.11.Analysis of the results

The gquality of the results obtained can be verified by comparing the
calculated and experimental data on the average cross-sections and the value
24lp, (0.1-100 kev)
we have highly contradictory data on <ct>(up to 2 keV), comparatively

reliable data on <of> and the preliminary results of Weston et al. [30] on

of <>, For the region of unresolved resonances of

< o> , which have however not been reviewed.

The available experimental and calculated values of the cross-section
<°t> are compared in Pig. 1.6. As will be seen from the figure, the calcu-
lation does not, on the whole, contradict the available data [18, 31, 32].
The calculated cross—-section <°t> and the different partial contributions are
shown in Fig. 1.7. In the region up to 100 keV the predominant countribution
to <ct> comes from the s—~wave. Besides, in this region we can neglect the
interference of the potential and resonance scattering for the p-wave. The
contributions of the s— and p-waves to the cross—section for formation of

a compound nucleus become comparable at ~80 keV.

The evaluated and calculated data on the fission cross-section <o f>
are compared in Fig. 1.8. It will be seen from the figure that there is
agreement in the whole energy region. PFigure 1.9 gives the contributions
of all channels of <cf>r' It is interesting to note that the average fission
widths <1"f>r decrease with energy (Fig. 1.10). This is a consequence of

taking the energy dependence<D>; ﬂ.(E) into account.
,
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Figure 1.11 compares the calculated and experimental [30] data
on<a >(the continuous line represents the results of the present work).

As will be seen, the agreement is satisfactory in the whole energy region.

The average resonance parameters obtained and the average cross-sections
and their partial components calculated therefrom are given in Tables 1.6~
1.15. In addition, the cross-sections<3%,> and‘<0f> and their partial

contributions are shown in Figs 1.12 and 1.13.

Thus, the above average resonance parameters agree both with the
available data on average cross-sections and with the average parameters
obtained in the present study in the region of resolved resomances. There
is reason to hope that by using them it will be possible to take correct
account of the effects of the detailed cross—section structure of the 241Pu

nucleus.

In considering the average resonance parameters the neutron inelastic
scattering reaction is generally not taken into account in the region of
unresolved resonances. In the case of the 241Pu nucleus, the threshold of
the (n,n') reaction is ~40 keV. The calculations show that the effect of
competition of the (n,n') reaction on the cross-sections of the other
processes is substantial although it is smaller than in the case of the 2350
and 23%pu nuclei. Thus, it is ~4% at 100 keV for <o 2~ (Fig. 1.14), ~10%
for<o > (Fig. 1.15) and ~&% for <a> (Fig. 1.16).

As has been shown above (see formula 1.3), the average distance-<D>Jn
between levels exhibits a considerable energy dependence in the region of
unresolved resonances. It is of interest to study the influence of this
effect on the calculated cross-sections and a. Calculations have shown that
at 100 keV, if the energy dependence of<<D>Jn is neglected,<<of>>increases
by 1.1% and <o & by 2.1%, while <o,> decreases by 15% (Fig. 1.17) and <a>
by 16% (Fig. 1.18). As was to be expected, allowance for this effect mainly

affects <o Y> .

Comparison of the results of the present work with other evaluations
shows a considerable disagreement between the various evaluations of the
capture cross—section <qf> and conmsequently<a>. It is these values which

are most sensitive to the average fission widths, as has been shown above.
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Below we compare the results of the present study with the evaluatioms

of Takano [35], Kaner and Yiftah [ 20] and the ENDF/B-III data (Tables
1.16-1,21). It will be seen from these tables that the differences in a
number of cases are considerable. We should especially note the substantial
difference in the average fission widths, which should affect the cross-
sections. However, the description of<xif>'is equally good in all the
publications, i.e. this difference is offset by the higher values of the
power functions in Kefs [20, 35]. This leads to a change in<<07>’and
consequently in <a> since the values of‘<Pf> are similar, except the value
given by ENDF/B—III. Figure 1.19 compares the <UY>'data from the evaluation
of Kaner and Yiftah [20], ENDF/B-III and the present study. The data of
Pakano [ 35] practically coincide with the results of Ref. [20]. The ENDF/B-III
data are taken from Ref. [20]. The results of the present work lie consid-
erably lower than those of Refs [20, 35] and agree satisfactorily with those
of ENDF/B-III. It should be noted here that ENDF/B-III uses a much lower
value of <PY> (0.030 eV). »

A similar picture is observed also in the case of <a> (Fig. 1.11).
It will be seen from the figure that the calculation of the present study
shows a better agreement with the experiment of Weston et al. [30],
especially in the region above 3 keV. In order to refine the average
parameters, we obviously need additional measurements of the total inter-

action cross-section-<0t> .

We should mention a few points about the evaluations of the other
authors. Xaner and Yiftah [20] used.cp = 9.6bin the region of unresolved
resonances but took the value of Hanna et al. [17] (12.01)in the region
of resolved resonances. In Ref. [20] the average fission widths were
determined from the data on resolved resonances. However, the statistics
were very low (16 2t levels and 23 3+ levels). The strength function S0
was determined by fitting to <0f>'in the 0.1-3 keV region, i.e. the strength
function So wag correlated with the average fission widths of the s-wave.

In view of the agreement of the average resonance parameters obtained
in the present study with the data in the region of resolved resonances and
with the results on the average cross-sections it is hoped that these para-
meters will enable us to take into account with sufficient reliability the

effects of the cross-section structure in the 0.1-100 keV region.
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1.12.Bvaluated 241Pu data in the region of unresolved resonances

The average resonance parameters obtained above can be used for
satisfactory description of data on <0§>, <Kft>, and a in the 0.1-100 keV
region. However, in determining the average parameters the present study
did not take into account the structure in the cross—sections (it can be
due to the finite number of resonances in the averaging interval or to the
possible intermediate structure in the fission cross-section). This is due
to the fact that detailed data are available only for Gf, in which the
structure can be caused by fluctuations of both neutron and fission widths.
The analysis for 235U [l] shows that they are quite strongly correlated.

There are no detailed data on o, from which we could obtain the fluctuations

in neutron widths in the regiontabove 2 keV, while the data are very
unreliable in the lower region. It is nevertheless desirable to take into
account the structure in the cross-section <cf> obgerved in Fig. 1.8 in
obtaining group constants. The average resonance parameters obtained are
recommended for use only in the calculation of the resonance self-shielding

coefficients and cross-sections <o > and <d ,>.

To calculate the group cross-sections, we assume a system of constants
obtained in the following manner. The fission cross-section is evaluated
from experiment. The elastic and inelastic scattering cross—sections are
calculated from the average resonance parameters, Q<on,> is small and the
competition of fission is considered to be fairly good on the wholej the
cross—-section <q&> using tﬁe compound nucleus is small in comparison with
Op and competititve fission is considered, on the whole, to be sufficiently
good). In order to obtain the evaluated cross-sections'<0f>, we used the a
data of Weston and Todd [30]. The accuracy of a data is 9% up to 30 keV
and 10% above 30 keV. The total cross-section-<ot:> is determined as the
sum of the partial cross-sections. The cross—-sections so obtained are given
in Table 1.22.
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Table 1.1

Average distances (D). between the levels
of the <4<Pu compound nucleus in the
low—-energy region

- ;‘ ~ T, g > &¥
0 2 + 3,086 + 0,230
0 -3 + 2,373 + 0,178
I I - 4,903 + 0,364
I 2 - 3,088 + 0,230
1 3 - 2,373 £+ 0,178
I 4 - 2,034 + 0,152
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Table 1.2

Data on strength functions Sv and Sl of 241P1.1
o References : Year 8, 10%4 S, . 1o*t
Simpson and Shuman [ 18] 1961 0,85 + 0,15 -
James [4] 1964 1,4 +0,6 -
Prince [19] 1970 1,31 2,30
Kolar and Carraro [7] 197I 1,26 + 0,35 -
Blons et al. [ 8] 1977 0,99 + 0,I4 -
Present study 1979 I,I6 + 0,I9 2,0 + 0,5

p——



Average fission widths of the

- 100~

Table 1. 3

241

Pu nucleus

r References
Sauter & | Simpson | Kolar Kaner & | Blons Present work, |Present work,
J 7T | Bowman et al. et al. Yiftah |et al. resolved unresolved
[22] [23] [21] [20] [8] resonances resonances
2 + 0.510 0.50 - 0.567 - 0.742 0.7704
3 + 0.190 0.18 - 0.157 - 0.0845 0.3383
1 - - - - - - - 1.4642
3 - - - - - - - 0.8975
4 - - - - - - - 0.4504
My eV - - 0.253 0.347 0,300 0,360 -
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Table 1.4

Fission barrier parameters £/« and huwy

for the 242Pu compound nucleus

r
E fx 4 MeV howx MeV™
L J|
11213 4 5
o 2 + -'0¢8 ,\Q:fpoo 0.5 0.7 d 0.6
0 3 + -0.2 0.5 - - - 0.6
l l - —004 _002 0.8 b - 0.6
l 2 - —0.2 0.0 008 - - 0.6
l 3 had -0-4 -0-2 0.0 0.8 0.8 006
l 4 - _002 o.o 008 0'8 - 006
Table 1.5
Numbers of degrees of freedom of the X -

distributions of partial widths

r

¢ l J l T Vor %T Ji Wr b vy
n 2 + 1 - 2 co
0 3 + I I I "
T 1 ~ I - 2 -
I 2 - 2 L 2 "
1 3 - ? 2 3 ="
1 4 - 1 2 2 o
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Table 1.6

Average distances <D, between
compound nucleus levels

EkeV | (Dp,-. eV {DD: &V | <Dy eV | <D, oV

I 2 3 4 5
0,10 4,9044 3,0891 2,3732 2,0341
0,I8 4,9040 3,0888 2,3730 2,0339
0,2 4,9035 3,0885 2,3728 2,0337
0,3 4,9026 3,0879 2,3723 2,0334
0.4 4,9017 3,0873 2,3719 2,0330
0,5 4,9007 3,0868 2,3714 2,0326
0,6 4,8998 3,0862 2,3710 2,0322
0,7 4,8989 3,0856 2,3705 2,0318
0,8 4,6980 3,0850 2,370I 2,0314
0,9 4,8971 3,0844 2,3696 2,0310
1,0 4,8961 3,0839 2,3692 2,0307
1.5 4,8915 3,0810 2,3670 2,0287
2 4,8869 3,0781 2,3647 2,0268
3 4.8778 3,0723 2,3600 2,0230
4 4,8686 3,0665 2,3558 2,0191
5 4,8595 3,0607 2,3513 2,0153
6 4,8503 3,0549 2,3469 2,0115
7 4,8412 3,0492 2,3425 2,0076
8 4,8322 3,0435 2,3380 2,0038
9 4,8231 3,0377 2,3336 2,0000
10 4,8140 3,020 2,3292 1,9962
I5 4,76%0 3,0036 2,3073 1,9774
2 4,7245 2,9755 2,2856 1,9587

30 4,6367 2,9200 2,2429 I,9219
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Table 1.7

Average neutron widths </n)r

E, keV <R, MeV|<hy:, MeV [<R)- MeVIKEY.- MeVI<R. MeV[ A MeV

I 2 3 4 5 6 7

6,10 3,6833 2,7529 0,0034 0,0042 0,0032 0,0074
0,I5 4,3883 3,3713 0,0060 0,0078 0,0059 0, 0026
0,2 5,0667 3,8925 0,0095 0,0I19 0,0092 0,M14
0,3 6,2042 4,"7664 0,0174 0,0219 0,0169 0,000
0.4 7,1626 5,5028 0,0268 0,0338 0,0259 0,0111
0,h 8,0066 €,151T  0,0374 0,0471 0,0362 0,0155
G,6 8,768]) 6,7369 0,0492 0,061¢ 0,0476 0,0004
0,7 9,469¢ 7,2754 0,0619 0,0780 0,0599 0,0:57
0,8 10,1219 7,7762 0,0756 0,0953 0,0732 0,034
0,9 10,7339 8,2464 0,0002 0.1I36 0,0873 0,0374
1,0 [1,3123 8,6908 0,1056 0,1330 0,1022 0,0438
I,5 13,8417 10,6339 0,1934 0,2437 0,1872 0,0802
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Table 1.8

Average fission widths <[r

BuceV] <Tpye oV [<y VK= eV[<iT, e<Ipy- SV LI eV
[ 2 3 4 5 | & 7

0,10 0,74041 0,33834  I,464I6 :0,68385 0,89764 0,450
0.I5 0,7404I 0,33833  1,46406 0,68388 0,89753 0,45040
0,2 0,74040 0,33831  I,46397 0,68390 0,89750 0.4504:
0,3  0,74039 0,33829  1,46379 0,68395 0,89749 0,A4L04L
0,4  0,74039 0,33827  1,46361 0,68400 0,89716 0,45040
0,5  0,74038 0,33824  1,46342 0,68405 0,69744 0, 45051
,6  0,74037 0,33822  1,46324 0,60410 0.89741 9 4508
0,7 0,74036 0,33820  1,46306 0,6B4I5 0,80738 O, 45044,
0,8  0,74036 0,338I7  1,46287 0,6B420 0,59736 (,AL061
0,9 0,74035 0,338I5  1,46269 0,68425  0,89732 (,400104
PL0 0.0 0,33813 1,46250  0,68430 0, 30700 o Al
I,  0,74030  0,3380]  1,46I58 0,68455 0,89717 0450600

2 O,7402¢6 (0,33769 I,46066 0,68479 0.69703 00,4500
3 (1,740 0,33765 1,46817 0,68527 0,89675 0 45130
4 07010 0,33740 [,45696  0,68575  (,89647 o, 1%
n G 0,337106 1,45511 0,68621  0,BU61H O 401
6 9,073902 0 0,33691 [,45324 0,68667 0.6956%  0,45200
7 CLTRES 0, 33665 [,45138 0,68712  0,80654 0 454y
f2 BT 0,13640 £,44950  ©0,68756  0,80528 0,457
3 §,79%65  0,33614 L[,44762  Q,6879%  0,89497  0,4530h

1 0,730955  0,33508  1,44574  0,6884T  0,80465 0,4537%
I5 0,73502  0,33452  1,43625  0,69040 00,8929  0,45460
20 0,73843  0,33311  I,42665 0,69218 0,891[6 0,45674
30 n,73701  6,33009  I,407I5  0,69511  0,84708 0,45760
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Table 1.9

Average inelastic widths < »Jr

B ke V[ GRE MK R ;e MeVIKIRD)- [T dy- MeV[Chds- MeV[<fhud,- MeV

a0 0,0
44 0,0
50 0,0
60 0,0
70 0,0
80 0,0
% 0,0

100 0,0

0,0
16,0262
25,0548
34,7117
41,7926
47,3589
51,9632
56,8641

0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0

0,0
0,4857
1,8606
4,9995
8,7343
12,8006
17,0446
21,3662

0,0
0,7460
2,857¢
7,6766
13,4141
19,6577
26,1734
32,6074

0,0
0,6392
2,4485
68,5779
11,4901
16,8366
22,4153
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Table 1,10

Partial elastic scattering cross—sections using

the compound nucleus <Ga’r

e R Lt A R T A e
1 2 3 4 5 6 v
0,10 0,5627 1,439 1.2.1077 6,3.1077 3,8-107 3,5-1077
0,15 0.8534 1,3990 2,7-1077 1,4.10°% 8,6.10"7 7,9-1077
0.2 05458 1,3706  4,9.1077 2,5.10% 1,5:10°C 1,4.107%
0,3 0.5330 1,3260 1,I.107% 5,7.10°6 3.4-10¢ a 2.1
0.4 0,543 1,204 [,9-08 1,00{0™° 6,1:1076 5,6.10°
0,5 o564 1,627 3,030°8 [,6.i1077 9,6.1078 g,7.10°F
N6 n.5004  L[,2380 4,4.107° 2,3.10°° 1,4.10°% 1,3.1070
2,7 0,5033  1,2066 5,9-100 3,1.10°% 1,9-107% g 7.107°"
0,8 0,978 1,974 7,7.10°% 4,0210°% 2,4.107° 2,2.107"
D 0,028 [180I 9,8-007% 5,100 3,1-107% 2,8.107"
Lo 0,486l [,1643  [,2-107° 6,3.10° 3,8-107° 3,5.10°°
e o.e L0010 2,7.107° 0,000  8,5-107° 7,8.1070
20,4547 13,0836 4,8-1077 0,0002  0,0002 0,000
30,4329 0,0847  0,0000  0,0006  0,0003  0,0003
A 04166  0,9345 0,000 0,0008  0,0006  0,0005
5 0,40346 0 10,89508  0,0003 0,00I5 10,0009 0,0008
6 0,392473  0,86268 00,0004 0,0028 01,0013 0,001
7 0,870 0,83522 00,0005 0,0028 0.0l 0,0016
g ourdby o 0,H143 0.0007 00,0036 0,0023  0,0020
Yo 0.36702 0,79048 00,0008 0,0045 0,003 0,0025
W 5,36038 0,77L78 0,000 0,0054 L0035 0,003L
15 0,33396 00,7005 0,0022 0,0I11 0,0073 00,0065
20 0,31483 0,6508  0,0037  0,0I81  0,0123  0,0107
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Table 1.1l

Partial fission cross—-sections (51>r

B,keVI<6,>50 b | 61Dy 1B K- 1D | (61047 B[ <5y b I<OD,- b
i 2 3 4 b [ 7
0,10 16,7966 17,8270 0,0065 0,0201 0,0302 0,0I71
0,15 13,6479 14,4552 0,0079 0,0246 0,0370 0,0209
0,2 11,7709 12,4536 0,0091 0,0284 0,0427 0,0242
0,3 9,5463 10,0776 0,01I2 0,0348 0,0523 0,0296
0,4 8,2217 8,6637 0,0129 00,0402 0,0604 0,0342
0,5 17,3186 7,7004 0,0144 0,0449 0,0675 0,0382
0,6 6,6527 6,9903 0,0I58 0,049] 0,0739 0,0418
0,7 6,1356 6,4392 0,0171 0,0530 0,0798 0,0452
0,8 §5,7191 5,9956 0,0183 0,0567 0,0853 0,0483
0,9 5,3744 5,6286 0,0194 0,0601 0,0904 00,0512
I,.0 5,083! 5,3(85 0,0204 0,0633 0,0953 0,0539
1,5 4,098 4,2699 0,0249 0,0774 0,764 00,0659
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Table 1.12

Partial neutron inelastic scattering cross—sections <Gnlr

B, keV [<g bl b | <65, 05 P [0 b | <6 b
0 0,0 0,0 0,0 0,0 0,0 0.0
4 0,0 0,0623 0,0 0,0005 0,0008  0,0009
50 0,0 10,0829 0,0 0,009 0,0029  0,0034
60 0,0 0,0855 0,0 0,0052 0,008  0,0091
7 0,0 0,0498 0,0 0,008 0,0I43 0,055
g 0,0 0,I009 0,0 0,0125 0,0208 0,022l
% 0,0 0,097 0,0 0,019 0,0342  0,0347
100 0,0 0,1006 0,0 0,016 0,0275 0,0285

Table 1,13

Partial neutron radiative capture cross—sections <6y r

B, keV | b |65 o |60/ +b[<d b | e b [(6e- + b
I 2 3 4 5 6 7
0,I0 2,5746 8,6482 0,0006 0,0034 0,0027 0,0041
0,15 2,0763 6,9303 0,0007 0,0042 0,0033 0,0050
0,2 I,7799 5,9113 0,0008 (,0048 0,0038 0,0057
0,3 1,4297 4,7102 0,00I0 0,0059 0,0046 0,0070
0,4 I,22{18 3,9998 0,00I2 0,0068 0,0054 0,0081
0,5 I1,0806 3,5187 0,00I3 0,0076 0,0060 0,009
0,6 0,976€ 3,6158 0,00I4 0,0083 0,0066 0,0099
0,7 0,896I 2,8932 0,005 0,0080 0,007I 0,0I07
0,8 0,8315 23,6747 0,00I6 0,008 0,0076¢ 0,074
0,9 0,7781 2,4947 0,0017 0,0I02 0,0080 0,0121
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Table 1.14

Calculated reaction cross-sections using the

compound nucleus and the value of <ot

- B keV <670, [ <6300 <67, b 6>, b <o>

1 2 3 4 5 6
0,10 1,997 34,699 0 11,2335  0,3237
0,158 1,954 28,1976 O 9,0187 0,3199
0,2 1,916 24,3200 0 7,7064 0,3168
0,3 [,8599  I9,76I9 0 6,1585 0,318
0,4 1,8057 17,033 0 5,2432 0,3078
0,5 I,7791 15,1840 0O 4,6232 0,3045
0.6 1,747 13,8237 0O 4,1687 0,3016
0,7 I,7199 12,7699 0O 3,8177 0,299
0.8 [,6953 11,9232 0 3,5364 0,2966
0,9 1,6730 11,2240 0 3,3048 0,2944
1,0 1,6526 10,6345  © 3,1100 0,2924
1,5 1,5704  8,6514 0 2,4583 0, 2841
2 1,509  7,4871 0 2,0787 0,2776
1,4189 6,134 0 1,6411 0,267
4 1,353  5,3506 0 1,3893 0, 2597
5 £,3020  4,8302 0 1,2227 0,2531
6 1,2601  4,4562 0 1,1032 0,2476
7 1,2248  4,1731 0 1,0126 0,2426
8 1,i946  3,9505 0 0,9413 0.2363
9 I,1683 3,708 0 0,8835 0,243
0 I,1452  3,6223 0 0,857 0,2307
15 1,0616  3,1499 0 0,6814 0,2063

3 [,0i03 £,8973 0 0,5963 0,2058
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Table 1,15

Calculated values of <&) and its partial contributions

E.keV [+ bl 625, + b | B b B b |G, b G b | <G> b
I 2 3 4 5 6 7 8
0,10 11,998 8.107' 47,846 0,0846 0,0437 2.10"1% 59,865
0,15 I1,997 I,9.-10~° 39,066 0,1036 ©0,0535 7-10"1% 57,113
0,2 11,996 3,3.10~% 33,832 0,1197 0,0618 2-10-I! 45,886
0,3 11,994 7,5.10°% 27,624 0,1465 0,0757 8.10"11 35 682
0,4 11,993 1,3-107° 23,923 0,169 0,0874 2-10~10 35 097

0.5 IT,99] 2,1-107° 21,397 0,1890 0,0077 5.10710 a3 470

0,6 I1,889 3,0.107° I¢,633 0,2070 0,107 9-10710 31 g2

0,7 11,087 4,1.1c70 Ip,084 0,2235 0,II56 2-107% 30,179

0,n 11,985 5,3-10"° 16,916 0,2386 0,1235 3.10°° 29,017

0,0 11,983 6,7.10°° 15,949 0,2532 0,130 4.10~° 28,054

1,0 II,%82 8,3-70°° 15,130 0,2668 0,138 6-10~2 27,241
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Table 1.16

Potential scattering cross—sections 6, and values of R
for the “*'Pu nucleus used in the different evaluations

Value o 57| Bhten ™ 207 | Emtli| $1ogs™
Gp, 8,7 9,6 10,9 12,0
R, fermi 8,30 8,74 $,72 0,7

Table 1.17

Average distances between the levels of the s- and p-states
of 2m‘l"u according to the data of the different evaluations

r <D2sr, eV
¢ J | I frakam /357 I.f,z‘;‘.::hand L7207 | ENDE 8-t gzz;nt
0 2+ 2,333 2,31 2,33 3,088
0 3 o+ 1,667 1,99 1,59 2,373
11 - 3,500 3,39 2,90 4,903
1 2 - 2,333 2,31 2.33 3,008
I oa - 1,667 1,99 1,59 2,373
T4 - 1,300 1,99 Lo 2,004

DdobsreV 9,87 .07 6,493 I,34
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Table 1.18
Strength functions and reduced neutron widths of 24]'Pu
for the s— and p-states from the data
of the different evaluations
g Ka.ril‘er and Present
r [tak 35 Yiftah ~H
anq [357| Whien | Enof/B-IL Study
t I M s4aiieri0eV] S-a[KRD 108N S10Y (r107eV | 50t |(1 D1otev
0 2 + 0,3067 1,54 0,35% -~ 0,25-0,4I 0,358
1,31 1,16
0 3 + 0,2183 1,04 0,207 -~ 0,I4-0,23 0,275
I I - ~ 1,521 0,925 0,745 0,981
I 2 - - 099 ,,5 0,6 55 0,662 20 0,618
13 - - 0,6499 0,543 0,398 0,475
I 4 - - 0,5070 0,543 0,440 0,407
Table 1.19

Average fission widths <,:‘>r from the data of the
different evaluations

r <rf>1‘) eV
|9 | I fakeno £357 |ERD, Loy | Prosent
0 2 + 0,4445 0,567 0,7404
0o a 0,2464 0,157 0,3383
1 I - 1,179 0,540 0,4642
) - . 0,4258 0,184 0,6839
1 3 - 0,5822 0,327 0,8975
I 4 - 0,2359 0,158 0,4504
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Table 1.20

Average radiation widths <> of 2Py from the
data of the different evaluations

<G>'eV .
sen
Palcano /25 7 | $238T 204 £ 20 7|emdp-n Prgog
0,040 0,043 0,030 0,043
TPable 1.21

42
Number of degrees of freedom of the 7 -distributions
of the fission widths from the data of the
different evaluations

r #I,r
€ |3 |7 |rakanol 357 Y;‘?.izhand 207 Pg:ig;t
0 2 + 3 2 2
0 3 + 2 I I
I 1 - 3 2 2
I 2 - 3 I 2
I 3 - 3 2 3
1 4 - 3 I 2
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Table 1.22

Evaluated data on £G#) , <Gy> , <6rd>, (Gu'>

and on the value of « for ZﬂPu in the
region of unresolved resonances

pE. keV <S> b <Brysb| <Bnd,b| «8ad,b]

I Z 3 R S [
0,1-0,2 25,031 6,708 13,895 4] 0,2eR
0,2-0,3 26 ,462 €,986 13,812 ° 0,26
0,3-0,4 21,266 6,720 13,748 0 G,2T1¢
0,u-0,5 I8,0uu 6,315 13,696 0 0,350
$,5-0,6 16,038 5,0% 13,651 0 0,317
¢.6-0,7 11,362 4,022 13,610 0 0,3%
0,7-0,8 10,837 2,850 13,573 0 0,263
¢,8-0,9 9,885 2,728 13,41 0 0,276
0,%-1,0 11,030 2,89C 13,511 0 0,262

1-2 8,851 2,629 13,373 0 0,297

2-3 6,7TH 1,732 13,196 0 Q,255

34 6,334 1,5 13,064 o] 0,2u4

45 5,574 1,371 *12,95% 0 0,2u¢

5-€ 4,665 I,2C8% 12,6860 0 0,25¢%

6-1 4,677 I,0I5 12,778 o] 0,217

7-3 4,072 1,IT3 12,703 0 0,288

3-9 4,231 0,977 12,643 0 0,231

=10 3,78 0,761 12,570 v 0,201

10-20 3,124 0,762 12,264 0 0,244

20-30 2,816 0,611 11,908 0 0,217

3040 2,610 0,452 11,627 0 0,173
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Tig. 1.1. Dependence of the average distances

(D>3n between levels on the energy

of incident neutrons.



116

(6, b

i

! i
o1 1 TKeV

Fig, 1.2, Comparison of calculated and evaluated data
on (Gp (241Pu) in the 0.1-10 keV region:
b _ Bvaluation; (1) calculation with
T 20,7404 eV and (g = 0,3383 e¥;
(2) calculation with ~ <M, = 0.512 eV
and (f)y = 0,189 eV; (3) calculation
with <y, = 0.7404 eV and (fdy = 0.0838 eV.
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Fig. 1.6. Comparison of the calculated and experimental_data on <6 ¢
[18, 31]; --- - Craig
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and Westcott [ 32

- Pattenden et al. [34].
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Fige, 1.8, Comp%ﬁson of evaluated and calculated data on <G >
for Pu.

L J

0 £ keV

Fige 1.9, Calculated cross-section <'9> and the different
partial contributions: (1) contribution of channel

(0.24); (2 §0.3+); (3) (1.1-); (4) (1.29);
(5) (1.3=); (6) (1.4-).
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Fig., 1l.11. Comparison of the calculated and experimental data of

Weston and Todd [30] on{®? : — - data of the present
study; --- -~ data of Kaner and Yiftah [20].
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Fig. 1.12. Calculated cross-section (Gp® and its
partial components: El) contribution of
channel (0.3+); (2) (1.2-); (3) (1.3-);
(4) (104")0
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Fig, 1,13, Calculated cross-section <6y> and its
partial components: (1) contribution
of channel (0.2+); (2) (0.3+);
ég; &-z—g; (9) (2.2); () (1.39);
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W% & R % Exev

Pig, 1.14. Influence of the effect of competition of
the (n,n') reaction on cross-section(6j:
— - with allowance for the (n,n') reaction;
-=-- - without allowance for it.
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Fig, 1.15. Influence of the effect of competition of the (n,n")
reaction on cross—section {6¢»: — - with allowance
for the (n,n') reaction; --- - without allowance

for it.
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Fig. 1.16. Influence of the effect of competition
of the (n,n') reaction on the value of
4>:; — - with allowance for the

(n,n') reaction; =--- - without allowance
for it,
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Mg, 1.17. Influence of allowance for the energy
=g 22l dependence (D3q{B) on Gy :
— - with allowance for dependence
(D)"n(g) y === - without
allowance for it.
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Fig, 1.18. Influence of allowance for the energy dependence
(Dgp(B) on : — -~ with allowance for dependence
Dygp (K) 3 --- - without allowance for it.
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Fig, 1,19. Comparison of the data of the different evaluations of

{6g¢>: —_ - present study; --- - data of Kaner and
Yiftah [20]; x - ENDF/B-III.
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Part 4

Analysis of Bxperimental Data and Cross—Section

Calculations in the 0.1 and 15 MeV Energy Region

Abstract

In this preprint the authors analyse the experimental data
available on the cross-sections and the quantity v for 241Pu over the
0.1-15 MeV range. They calculate the cross—-sections from various
theoretical models and, on the basis of experimental data and the cal-
culation results, evaluate the cross-sections G .y T _p 9o U, 9 o _ and

o1 " nx* £ y' n
the quantity v for Pu over the energy range 0,1-15 Mev,






A 133 -

19~1974
Translated from Russian

A.V, Lykov Institute of Heat and Mass Transfer
Academy of Sciences of the Byelorussian SSR

EVALUATION OF NUCLEAR DATA FOR 2pu 1N THE
NEUTRON ENERGY REGION FROM 107> TO 15 MeV

V.As Kon'shin, G,V. Antsipov, E.Sh. Sukhovitskij,
L.A, Bakhanovich, A,B, Klepatskij,
G.B. Morogovskij and Yu,V. Porodzinskij

Preprint No, 5, Part 4
Minsk 1979



_134-

1. THE FISSION CROSS~SECTION o (241Pu) OVER THE ENERGY RANGE
1 keV-15 MeV
Most of the existing measurements of the 241Pu fission cross-
section are relative, There are only two measurements, made by
Szabo et al, [1-3] and covering the region 35 kevmz.G MeV, which are
absolute, Hence the best curve for the ratio gszT—SPu) was first
. 1]

f
obtained with the aid of the PREDA program [4], after which the evalu-

ated curve for the ratio was used to derive the cross-section af( Pu),
taking account of our evaluated curve for ¢ (235U) [5]¢ This curve for
(241Pu) wag then employed, together with the absolute 241Pu fission
cross-section measurements, to obtain the final evaluated curve for
ap(*Pu).
In the region below 20 keV the available _:‘da.ta are "contimuous"
in terms of energy and were measured by the time-of-flight method. Above

20 keV the measurements are obtained only at a few energy points,

241
1.1 Experimental data on o 1241P\Q and the ratio fi——PE)
£ (235U)
1. Szabo et al, [1] made absolute measurements of the cross-section

o f(2411’1;) in the energy range 35-970 keV, using monoenergetic neutrons
obtained in a Van de Graaff accelerator, The neutron flux was measured
with a directional counter, the efficiency of which was determined in

three ways: by the manganese bath method (with an accuracy of 1.8%), by
the associated particle method using the reaction T(p,n) 3He, and by the

proton recoil method,
The number of 2‘ul"u nuclei was measured in two ways:

(1) By counting the alpha particles in a well-defined
geometry (2% accuracy);

(2) By counting the number of spontaneous fissions
(3+5% accuracy).

The measurement data on the number of nuclei obtained by the
two methods coincided only to within + 7%. The final accuracy attained
by the authors in measuring the 241F‘u mass is + 3,5% Corrections for
neutron scatter in the fission chamber walls and target-holder were
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introduced by the Monte Carlo calculation technique.
data for o f(24"11’*11) obtained by the absolute method and the data on

cf(2350) measured during the same research are shown in Table 1l,l.

The experimental

Tadble 1,1

Experimental data for o, 2Ap.y ana crfg 2350)
obtained by Szabo et al,

235 o 24 235 24

En (keW) ) o 2419\:) ?am) ?t))btamed witht:)ut Pu}ﬁ\iih c:ic_ (tak\;l;dt)h?::]rec-
(oarm) by extrapolation)l o o ions tt:m in :Icf. (21 :::2 ;:cr:u};gnr. “

1 2 3 4 i 6_. ...
3604 2,6740,13 1,94040,064  1.376 1,33440,085 2,6430.13
5046  2,4740,I2 1,765:0,063 1,365 I,32640,083 2,3%0,1C
B8R14  2,0840,II 1,605:0,068 1,296 1,25840,086 2,08:0,17
130420 2,0440,IT 1,50040,046 1,360 I,32040,087 2,070.1)
177410 1,93+0,09 T,40040,044 1,379 1,337:+0,082 I,91+0,0¢
2188  1,7340,08 I,32030,044 1,311 1,270:0,077 I,7140,00
2397 1,7440,08 I,295:0,035 1,344 1,302:0,080 1,7240,0%
300412 1,6140,07 I,24040,043 1,208 1,25740,075 I,5940,07
44410 T1,6640,07 1,21040,045 1,306 1,26410,079 1,56:0,07
463472 1,4640,07 1,170:0,035 1,248 1,20740,074 I,4440,07
A76470 1,5240,07 T,167:0,045 1,302 1,26040,080 I,5040.07
ROAL0  T.4240.08 T,145:0,035 1,249 1,206:0,060 T,4240.08
667429 1,1740,06 1,135:0,035 1,261 T,20840,089 I,4140,08
808429 1,5040,07 1,I3640,036 1,322 1,27040,078 I,46840,07
970476 1,6440,07 1,19040,035 1,294 1,26240,072 I,6240,07

2.

Szabo, Leroy and Marguette [2] made absolute measurements

of ¢ f(2"1'-“'Pu) over the energy range 1,18-2,63 MeV, using the same method
as applied in Ref, [1]. The number of 2luPu miclei was determined with
an accuracy better than 1%, Some slight changes were made in the case
of 2351] and 2‘q’]‘Pu, as compared with the previous worke. Destructive
analysis of-241Pu showed that its mass was 1% higher than was assumed
in Ref., [1] (728 + 10 pg). Hence the cross-section © f(24]'1%1) obtained
in Ref, [1] should be multiplied by 0,99, and the cross-section of(235U)

by 1.02,
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The experimental data on of(241Pu) obtained by Szabo et al. [2]
are shown in Table 1.2,

Table 1,2

Experimental data for c¢(241Pu) obtained by Szabo et al. [2]

E (MeV) of(241Pu) (barn) 235U) (b.arri) gf(z;j—%&n
n (measured in Ref, [2]) cf( i)
1 2 3 4
1,180:+0,025 1,620+0,045 1,195:0,030 1,35640,055
1,47010,022 1,650+0,050 1,236+0,030 1,3588:0,053
I,7000:0,021 I,71030,060 I,25340,035 1,365+0,055
2,01040,01¢9 I,670+0,060 I,250+0,030 1,295+40,049
2,24040,017 1,68040,050 1,276+0,030 I,23940,049
2,630+0,016 1,540+0,055 1,240+0,030 1,242+0,054
3. In Ref. [3] Szabo et al, giveé the final values of of(241Pu),

which include the correction for determination of the number of muclei

in the sample, as mentioned in Ref. [2] (the data on of(241Pu) in Ref. [1]
ghould be multiplied by 0.99), as well as the correction for variation in
the efficiency of the directional counter at energies higher than 800 keV
(this chiefly concerns the data giﬁen in Ref._[2]). The latter correction
stems from the fact that further experiments were conducted in Ref, [3] so
as to be able to calibrate the directional counter more exactly in the
MeV energy range. For this purpose, up to 2,2 MeV use was made of the
associated particle method, which showed that below 0,8 MeV there was no
need to alter the calibration values for the efficiency obtained earlier,
btut that above 0,8 MeV the newly obtained results were 1~2% higher than
the previous ones, Consequently, the cross-sections given in Refs [1,2]
should be increased by this value in the neutron energy region above

0.8 MeV,

The final cross—sections cf(241Pu) and of(235U) and the ratio

241
Eff§§§5?) derived by Szabo et al, in Refs [1, 2] are shown in Table 1.3.
[+] U ’
f
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Table 1,3

Experimental data obtained by Szabo et al. [1, 2] for o (24pu),

_f!23502 ﬁfigg-) ag altered in Ref, |}[

235 ] 241
E (keV) o 241Pu) (barmn) 7 ; v (bam) ol Py
n f( (obtained by 335
extrapolation) of( 1)
1 2 3 4
3514 2,6410,13 T,94040,064 1,361:0,085
5045 2,3940,12 1,765:0,063 1,35440,005
8844 ©2,0640,11 1,60540,058 1,283+0,087
130420 2,0220,11 1,50040,065 1,3474+0,087
177410 1,9140,09 1,390+0,044 1,37440,082
21648 1,71:0,08 I,32040,044 1,295+0,080
23947 I,7240,08 1,29040,034 1,33340,080
300412 1,6940,07 1,24040,043 1,28240,0680
344410 1,5640,07 1,216+0,045 1,26440,080
463412 1,44,0,07 I,175+0,035 1,22640,076
476210 1,5040,07 1,17040,045 1,26240,082
604430 1,4240,06 1,145+0,035 1,24040,070
687429 1,4140,06 I,13540,035 1,242+0,070
808429 I,4940,07 1,13540,775 1,313:0,078
970425 1,62+0,07 1,168040,035 1,28840,075
1180425 1,A2040,045 I,19740,035 1,35310,066
1470422 [, 707+0,050 1,24040,035 1,37740,056
1700421 1,739+, 050 1,285:0,035 1,352+0,055
2010419 1.700s0, 150 1,32540,075 1,28340,049
2240417 1,RI20,050 1.302:0,030 [,238+0,049
26304 16 [.BADL0, 055 [,26M0,090 1,237+0,063
4. Kappeler and Pfletschinger measured the ggiig,of(24lPu)/bf(2350)

over the energy range 13.7-1133 keV and published their preliminary data
in Ref. [6]; their final data, which differ from the preliminary figures
by 8% on account of an error in the layer thickness, were published in

Ref. [7].
and applied the time—of-flight method.

employed the 7Li(p,n)7Be reaction, The measurement errore contain the

To measure the ratio they used two gas scintillation chambers

As the neutron source they

following components: determination of the number of 241Pu nuclei (1.3%);
losses through absorption by the sample (1.0%); correction for background
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from the reaction n, Y(0.4%4), and asymmetry in the neutron flux (0.8%).
The overall systematic error in measurement was 12.6%. The statistical
errors are 1,2-2,7%. The experimental data obtained by 'K'a‘.ppeler and
Pfletschinger are shown in Table 1.4.

Table 1.4
Experimental data obtained by gler and %)ezs_chy.‘ﬁsr_[ﬂ
for the ratio of( Pu)/UoL
fﬂjﬂ) Statistical Z 241PU) Statistical
E (kew) © f(235U) N (%)I E (kev)| f(235U) NN
1 2 3 | 4 5 6

13,7 1,252¢0,050% 3,0  125,2  [,373:0,040 j o

I5,7 I,277+40,048 2,7  137,3+14 1,36340,041 (.5
17,642 1,318+0,047 2,b I51,1 1.33730,001 b6

19,5 TI,205+0,043 2,4 [66,9 I,3R040,042 1.7

21,5 1,306:0,045 2,3 192416 I,382:0,044 1.8

23.9  1,22240,039 1.8 230419 1,36040,040 1.4
26.843 1,34340,042 1,7 273:20 1I,39640,042 1,5

29,7 1,258:0,038 1,6 324429 I,38040,044 1,9

32,5 1,24340,039 L7 388+18  I,26140,039 1,7
15,4:14  1,241+0,038 1,6 436+22 1,25740,039 1,6

38,9 1.279:0,038 1,5  486s25 1,315+0,039 1.4

42,7  1,290+0,038 1,4 535432 I,305+0,036 0.9

46,7 I,280+0,037 1,3 584+23 I,26540,038 1,1
51,745 1,241+0,036 1,3 633129 1,32040,039 1,5

56,9 1,238:0,036 1,3 678133 1,28740,037 1.3

63,2 1,22540,036 1,2 740431 1,35340,043 1.8

69,8 I,305+40,038 1,3 790438 1,32040,043 -

77,4 I,314s+u 038 1,3 870432 1,320+0,041 -

84,6 1,306:0.038 1,4 945140 1,22940,038 -

93,6 I,312¢1,038 I,2 1035440 1,263+0,042 -
103,8+101 ,3368:4C,038 1,2 I133+449 I,267+0,042 -

II3,5 1,345:0,039 1,3 - -

=/ The total error is obtained by mean square addition of the

statistical and systematic (2,6%) errors,
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Se White et al. [ 8] measured of(wPu)/of(23iU) at neutron energies
of 40, 67, 127, 312 and 505 keV, using a double ionization chamber, The
thickness of the 2_41Pu layer was determined by alpha radiation analysis,
direct weighing and calorimetry. The accuracy attained in determining the
layer thickness was _4;2.0%.‘ Other sources of error are statistical

errors (1,0%); the scattering correction (0,1%); foil thickness correction
(0,5-1,0%); extrapolation of the fragment spectrum to zero shift (0.2-0,5%);
and the variation in neutron flux along the foil (0.1%). The total error

in measuring the ratio is +2,5%.

The numerical data are given in Table 1,5.

Table 1,5
. 21 .
The ratio o 2-"’sf’u) as measured by White et al, [8]
cf( U)
241

E (keV) gf(235Pu) Gf(2$5U) (barn)

n o'f( 16)) (measured in Ref. [9]

40+10 1,304,033 2,10+0,06

67+10 1,330+0,033 I,79:0,05

12747  1,360:0,034 1,5440,04

312t7  1,30040,032 1,3040,03

505+10 I,260+0,03L . I,T70,03

6. White and Warner [10] measured Gf(mPu)/G f(2357.‘) at neutron

energies of 1.0, 2,25, 5.4 and 14,1 MeV¥, using the sandwich technique,
The total measurement error is +2,0% and consists of the error due to the
correction for determination of the total counting rate, uncertainty in
determining the number of nuclei in the fissile materials, and the count-
ing statistics. The measured ratios of(241Pu)/o f(235U) are shown in
Table 1.6,
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Table 106

The ratio ofLwPu)/of(aﬁU) obtained by White et al, [10]

E, (V) | o (**Pu)/s, (230)

1,00 1,75 z 0,027
2,25 1,325 + 0,026
5,40 1,290 + 0,026
14,10 1,119 + 0,022
Te Smith et al. [11] measured the ratio of(241Pu)/of(2350) in the

0,12-21,0 MeV range, using a spherical ionization chamber and two layers
of 2m’l’u and 23511 positioned one behind the other., The nuclear masses
were determined with an accuracy of 13%. Other sources of error were
uncertainties in the corrections for impurities in the plutonium sample,
self-absorption and so forth, which amounted to 1-_2%. The overall
accuracy attained in determining the ratio was +5%. Table 1,7 shows the
measured values of the ratio of(ml‘u)/o f(235U).

Table 1,7

The ratio of(mPu)/of(235U) as obtained by Smith et al, [11]

E, (V) | op(®*Pu) /o (®Pu) (159)

n
—

0,i2 + N,03 1,39 + 0,07
0,155+ €,070 T.31 + 0,07
0,27+0,03 I,4040,07
0,40:0,06 1,40:0,07
0,4310,1IC I1,2610,08
0,52840,094 1,40+0,07
0,7540,31 1,39+0,07
1,00+0,23 1,39:0,07
1,50+0,20 1,4340,07
2,01+0,1I5 1,3740,07
2,4510,15 1,33:0,07
3,01+0,13 1,29+0,C€
3,8040,12 1,31+0,08
4,00:0,1I 1,33+0,06

4,49:0,10 I,3140,06
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Table 1,7 cont.

I 1 2
5,00+0,24 1,4040,07
5,43:0,34 1,43:0,07
6,0240,28 1,36+0,07
6,304+0,08 1,38:0,07
€,5240,25 1,3240,07
6,5440,08 1,35:0,07
7,0040,23 1,28:0,06
7,4210,21 1,25:+0,06
8,01:0,19 I,2640,06
8,22:0,06 1,2640,06
8,53+0,06 1,2740,06
12,410,3 1,2140,06
14,4:0.6 1,18:0,06
17,040,5 1,1540,06
18,0:0,4 1,16+0,06
19,040,3 1,1710,06
20,040,285 1,17:0,06
21,040,20 1,21+0,06

8. Perkin et al, [12] measured o f(24]'Pu) with an Sb-Be source in

absolute terms, The source neutron yield was measured with a manganese
bath (+0.6% accuracy), and an oil bath (+2,0% accuracy), as well as by
comparing these results with a 24°Pu source calibrated with a boron prism
(#1.5% accuracy). The rumber of 2Alp, mclei was determined to within
an accuracy of +2.0% The 2411’11 fission cross-section obtained is

2.83 + 0,21 barn between 24 and 26 keV. The ratio o (241Pu)/o (335%y) is
1.31 + 0,12, if the of(235U) cross-section is taken as 2,16 + 0.10 barn
at 24-26 keV,

9 Butler and Sjoblom [13] measured the ratio o (*'Pu)/o (*3y)
over the energy range 0,02-1,80 MeV, using a gas scintillation counter
with the layers pressed together, and also employing 7Li(p,n) as the

neutron source,

The measurement error for this ratio is composed of the error
in determining the mass of the sample (~2%), the uncertainty in the

correction for the number of fissions producing pulses invisible against
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the alpha particle background (~5%); the uncertainty in the background
(~5% below 150 keV), and the statistical errors (~1% above 150 keV and
~3% below 150 keV), The authors cite data only for o f(2411311) and do not
give the experimentally measured ratios; which sharply reduces the value
of their work, For normalization purposes Butler et al, used data
obtained by Allen and Henkal [14] and data published in the BNL-325
report [15], The cross-section cf(241Pu) obtained in this way is shown
in Table 1,8,

Table 1.8

The fission cross—section of(241Pu) measured by Butler et al, [13]

E_(keV) of(%lPu) (barn) Of(ZSSU) (barn) 9{%’9
n {13] (used in Ref. [13)) cf( Uy
1 2 3 4
20 4,& 2,94 1,6310,185
40 4,30 2,46 I,75:0,16
60 3.50 2,16 I,6240,15
&0 3,10 2,07 1,50+0,14
100 2,90 1,88 I,544C,14
I30 2,80 1,87 1.5640,14
160 2,27 1,658 1,440,113
200 2,09 1,49 1,40+0,10
250 1,94 1,40 1,3%+0.10
300 1,83 1,34 1,36+0,1I0
400 I,70 1,28 1,33:0,10
500 I,62 I,24 I,3I+0,09
600 I,59 1,20 I,3310,10
700 1,58 I,I® 1,33+0,10
800 I,58 I,i8 1,3540,10
S0 I,80 I,19 1,34+0,I0
1000 I,61 1,22 I,32:0,1I0
1100 I.62 1,27 I,28+0,09
1200 I,67 ) I.2 I,30;0,00
I300 1,74 I,28 1,36x0,10
1400 1,77 1,29 1,370,1I0
1500 I,78 I,30 1,3710,10
16800 1,78 1,41 I,36:0,10
1700 1,7 1,31 I,37:0,10

1800 1,79 1,32 1,3640,10
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10, Kazarinova et al, [16] made absolute measurements of the cross-~

section o (241Pu) at 14.6 MeV, determining the neutron flux from the

reaction T(d,n)4He by count1ng the alpha part1cles, and also measured it

with respect to 38U at 2.5 MeV 'by means of a double fission chamber,

380 fission cross-section was taken as equal to 0,58 barn at

2,5 MeV [15], The values obtained by the authors for of(24 Pu) are

le2 + 0.2 barn at 2,5 MeV and 2,05 + 0,10 barn at 14,6 MeV. The ratios
(241Pu)/0 f(2350) calculated from the measured values of O (241Pu) and

gf(2 50), equal to 1,246 barn at 2,5 MeV and 2,181 barn at 14.6 MeV, are:

0,963 + 0,160 and 0,940 + 0,066 at 2.5 and 14,6 MeV, respectively. They

are substantially lower than the results of other measurements,

11. Behfens and Carlson [17] re'cently reported measurement of
of(24lPu) relative to Gf(235U) over the range 0,001-30.0 MeV by means

of the threshold method, Use was made of the time—of-flight method in a
linear electron accelerator, fission ionization chambers with more than
90% efficiency being used as the detectors. The recording efficiency

over the whole of the measured energy region varied by not more than O,75%.
In the threshold method use was made of two fission chambers: one contained
a mixture of the twc isotopes studied, while the other had layers of one
single pure isotope. The method makes it possible to eliminate, or at
least substantially to reduce,zggé'ors inherent in other methods. The
authors measured the ratio —f which proved equal to 0.3484 + 0,0055

23
between 1,75 and 4,00 MeV, and ?’f-((%q; = 04422 + 0,0039 over the
U

sam&fnerg range, which gives a normal1zed value of 1,269 + 0,023 fo§ 41

0o(Z" Pu) g.("" Pu)

. +00 MeV, th tio Zf
f(235U) over the range 1.75-4 e Measurement of the ratio . (235U)

1!1; the thermal energy region yields 1,772 + 0,044, which is 1.8% h1gher
than Lemmel's evaluation [18] i.e. 1,740 + 0,013,

Behrens and Carlson's data are shown in Table 1.9 for 1, 2,25,
54 and 14.1 MeV, and in Figs l.1-l.3 which indicate other authors!?
experimental data for the energy range 0.,1-30,0 MeV,
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Table 1,9
Experimental data obtained by Behrens and Carlson [17]
7, _Pu)
E_ (MeV) o ( 35[1)
1,0 1,29140,027 .
2,25 I,262+0,027
5,40 1,273+0,035
14,10 I,070+0,038
- on
12, Pursov et al, [19] reported measurement of the ratio Efi—P&)

o (2353)
over the energy range 0,024-7.4 MeV using an electrostatic acceléerator,
The ratio was measured in two stages: during the first stage an ionization
chamber was used to study the energy dependence of the ratio, while at the
second stage the authors made absolute measurements of the ratio by means
of the glass detector technique in a reactor thermal column. The total
error in the ratio measurement was 1,9%, though it increased %o 2,2-2,4%
at the boundaries of the neutron energy range studied. The total error
in the resultant data was made up of the error in determination of the num-
ber of fissile nuclei (1.35%) [the main contribution to this error compenent
(1.13%) was made by uncertainty in the neutron spectrum temperature (+11°C)J;
missing out of glass detectors (0.4%); the correction for the angular
anisotropy of fission (0,3%); statistical error in fast neutron measure—
ments (0,5%); fission of the minority isotopes (0.22%); scattered neutron
background (0.3%); neutron background of the experimental laboratory (0.24%);
background due to neutrons accompanying the (p,n) reaction (0,22%) and
inelastic scattering (0,20%4). The total error obtained by the glass pro-
cedure amounted to 1.65%. To this was added the error in the energy
dependence of the fission cross-section ratios (0,5-1,8%) and the error
involved in normalizing the energy dependence curve to the reference
values (0.25%).

The experimental data obtained by Fursov et al, are shown in
Tables 1010 and 1l.11.



- 145 -

Table 1,10
241?0.)
The ratio —f: 5% obtained by Fursov et al, [19]
o (77°0)
f
_gg_ﬂl_e_glass detector method
o (*pu) o (24 pu)
E_ (MeV) 2 > E_ (Mev) [T
n ( 35U) n °£( 235U)

1 2 3 4
0,127:6,020 1,3441+[,668% 3,000+0,084 m930_-_+_1,65%
0,32040,040 1,3439:1,64% 4,000:0,146 I,2057:1 95%
0,50040,034 I,3103+1,61% 5,00040,126 I,3010+I,67%
1,00040,031 I,3038:1,70%8 6,000:0,142 I,3452.1,69%
I,50040,054 I,40I1+1,73% 7,000:0,I73 1,2385:I,74%
2,25040,072 I,3024+1,64% - -

Carlson et al, [20] measured of(241Pu) relative to the 6Li(n,a)
They

13,
cross-section over the range from thermal energies up to 70 keV,
measured © ( 49) at the same time, which makes it possible to derive

< L—— from the data obtained in the experiment, Carlson's
o (230)

expermenta.f data are shown in Table 1.,10a, The data for the ratio ¢ £
between 20 and 60 keV tally up to an accuracy better than 2% with Fursov's

data [17] at some of the energy points.

the ratio

Table 1,10a

Experimental data obtained 'bx Si'fl son et al, [20]
for the ratio g Pu)

23
0,(*¥v)
241
2 9. (" Pu)
E (xeV) of(wPu) (barn) of( 35U) (barn) | —F 335
o (2P0)
-2 2,7 4 0.25 0.%A 5 0,170 1,10 5 0,08
10 - 20 2,02 « N,0O2 2,315 &+ 0,0nx T,70u5¢ 0,007
20 - 10 2,62 + 0,07 2,00 &0,  1,3035% 0,052
50 - 50 2,27 + 0,08 7,72 +0,06 1,326 + 0,065
50 - €0 2,79 + 0,07 1,69 « 0,06  T,272 & 0,065
60 - 0 2,17 & 0,07 T69 0,06  T,249 s 0,065
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Table 1,11

Fission cross-—-section ratio for 241Pu[2350 obtained by
Fursov et al, [19], using an ionization chamber

E_(Mev) Of(zupu)bf@ssw E_(Me) Of(241PU)/bt(235U) B (Mev °f(241PU)/°f1235U)
i 2 3 4 5 3
0,024:C,012  1,2067:2,42% 0,860+0,03I 1,3570+1,83%  2,80040,079  I,2889+1,82%
C,040+C,014  I,2080+2,22% 0,900+0,031 1,3368:1,83%  2,900:0,082  I,2858I,82%
0,08040,017  1,2961+2,19%  0,950:0,031  1,3I37+1,83%  3,00040,084  I,2858:I,B4%
0,080:0,021  1,3298+2.16%  1,00040,031  1I,30I5:1,82%  3,I0040,086  I,2810+I,82%
0,100:0,025  I1,3463+2,12% 1,050+0,034 1,2964+1,83%  3,20040,088  1I,2783:I,82%
0,135:0,026  I,358241,95%  I,I00+0,037 I,3007+1,82%  3,30040,091  I,2753:+I,84%
0,127:0,020  I1,3597+1,83%  I,I50+0,040 1,3183+1,82%  3,40040,093  1,2794+1,84%
0,150:0,020  1,3634:+1,81%  I,200:0,042  1I,33I7+1,82%  3,60040,I92  I,282941,83%
G,I180+0,020  I,3597+1,96% 1,25040,044 1,3603:+1,82%  3,800:0,I8  1,2855:+1,97%
0,210+0,0I  I,3568+I,9IF  1,300+0,045 I,3782+1,82%  4,00040,I46  I,2900+1,90%
0,240:0,0I18  I,3767+1,82%  1,35040,046 1,3942:1,83%  4,20040,141  1,2927+1,90%
0,27080,0I8  I,3827:1,85%  1,40040,047  I1,4066+1,82%  4,400+0,132  I,2886+I,92%
0,300:0,0I8  1,3597¢41,84%  I,45040,048 1,3990+1,84%  4,60040,I31  I,295I+1,90%
3,320+0,040  I1,3562+1,82% 1,50040,049 1,3988:1,81%  4,800+0,I25  I,294941,91%
0,35040,038  I,3391+1,82% £,600+0,060 1,3977+1,8I%  5,000:0,J26  I,30i2#I,9I%
3,380:0,037  I,3306+1,84%  I,700:0,061 1,3703+1,84%  5,200:0,129  I,3044+1,90%
¢,420-0,036  I,3205:+I1,85% 1,800+0,083 1,3712:1,81%  5,40040,I31  I,3i75+1,89%
#,45040,035  1,4I79+1,83% 1.900+0,066 I1,36I8:1,8I1%  5,60040,I35  I,3265:1,%0%
2.500:0,034  1,3253;1,83%  2,000:0,068  I,337I+1,8I3  5,80040,I38  I,330041,85%
9,540+0,033 I,3215+1,87% 2,100+0,070 1,324541,8I1F  6,00040,I42 1,3274+1,94%
0,580+0,033  1,3I57+1,83%  2,200:0,07I1 °  1,3073:1,83%  6,200:0,147  I,3189:1,9I%
0,62040,032  1,3253+I,94%  2,250:0,072 1,3063:1,8I%  6,40040,152  1,2906:1,93%
0,660+0,032  1,31974I,84% 2,30040,073 I,3105+1,81%  6,600+0,160  I,2559+1,95%
0,700+0,032  1I,3I80+1,85%  2,400+0,074 1,2886+1,84%  6,800+0,167  I,236I4+2,0I%
0,740:0,032  I,330621,82% 2,50040,075 1,2937:1,83%  7,00040,I73 = I,2209:2,05%
0,780+0,030  1,3525+1,82%  2,600:0,077  1,2895.I,82%  7,200+0,I78  I,1990+2,II%
0,820+40,031  1,3570+1,83%  2,700:0,078 1,29T4+1,82%  7,40040,183  I,1854+42,16%
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1.2 Evaluated values of the ratio of(241Pu) fo f(2351‘1) and o f(z'nPu)

‘FPigures 1,1-1.3 plot the experimental values of the ratio
of(241Pu)/c f(235U) over the energy range 1 keV-20 MeV, It is clear from
these diagrams that up to 30 keV there is a certain discrepancy - though
admittedly it lies within the limits of the experimental errors - Between
the results of the continuous measurements (Blons's data [21]) and
measurements at certain points between 10 and 30 keV, Kippeler's data

are approximately 5% below those of Blons,

The data recently obtained by Fursov et al, [1‘9] and
Behrens et al. [17] for the fission cross-section ratio between 0,1 and
10 MeV show a clear-cut structure, i.e. a rise at 0,25, 0,75, 1l.45 and
5¢5 MeV and a drop at 0.45, 1.0, 3.5 and 9.0 MeV, Fursov'!s data also
show this structure and tally to within 1% with Behrens's data up to
1 MeV, Szabo's data for this energy region are systematically ~5% lower
than the data in Refs [17, 19]. Above 1 MeV there is a systematic
difference between the data obtained by Fursov et al, and Behrens et al.,
especially marked between 3 and 5 MeV (~5%). Behrens's data for 1, 2.25
and 14,1 MeV are 5% lower than those obtained by White and Warner,

The evaluated curve was based on the most accurace data for the
ratios obtained by Fursov, Behrens and K#¥ppeler, as well as those of
White, which as a whole agree to within 3-5%. Above 5 MeV the errors in
Fursov?!s data may sharply increase and it seems therefore preferable to

use those of Behrens et al,

The error in the evaluated ratio curve was determined by mean-
square addition of the systematic error, which was taken as ~2%, and the
statistical error determined from the spread of the experimental points
used for the evaluation., The overall error in the fission cross-section
ratio curve is ~2,5-5%.

The evaluated data for o f(24]'Pu) fo f(235U). o f(24’]'1"’u) and o f(235U)
are shown in Table 1,12, As the fission cross-section Of(235U) use was
made of our latest evaluated data, while the cross-section o f(239Pu) over
the range 0,1-2,0 MeV was obtained with allowance for the absolute

measurements made by Szabo et al,
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A comparison of the evaluated af(wPu) data with the results
obtained by Kaner and Yiftah (Figs 1.4-1.5) shows satisfactory agreement,

Table 1.12
Evaluations of o.(23y), o (®1py) /o n@i’lg_li_cf&u)

over ihe energy range 1 keV-20 MeV

En (keV) Uf(23sU) (barn) Gf(24lPu) /cf(235U) af(241Pu) ( barn)
1 2 3 1 b
T-2 17,70:0,22 1.265+0,060% 1,085,096
2 -2  5,27:0,20 T,298:0,075% €,79:0,25
3-8 8,73:0,T5 1,738.0,070" §.53.0,27
" =5 n,T5:0,Th v 3620 01 5,42,0,25
S <6 3,70:0,75 v ,268s0,077% n,63,0,2
6 -7  3,3.0,12 T §d4.0 ne¥ 4 68:0,29
T -0 7264077 1,248,0,977% §,07:0,19
"- 20,70 AR $.23,0,18
N AT0 2,030,107 T 2540 omT* 2.39:0,17
10 - 20 2,4440,09 1,20%.0,062% 3,42,0,18
20 - 90 2,70:0,08 1,%63.0,037" 2,89:0,14
0 - 40 2,0010,06 1,30540,007 2,670+0,705
W0 - 50 T,215:0,057 1,370:0,032 2,507:0,700
30 - 60 I1,£2310,055 1,29540,037 2,730,073
60 - 70 T,74740,052 1,2950,035 2,265+0,098
0 - % T,67740,050 1,325:0,M0 2,22240,0%
N - 90 T,617+0,C49 T,336+0,032 2.760+0,0%
0 =100 T,575:0,047 1,348:0,023 2,123+0,0%
To0 1,555+0,047 1,30%:0,040 2,02640,09
120 1,522+0,046 T,36040,0:0 2,070:0,068
™0 T,478:0,004 T,368:0, 040 2,02240,05%6
150 T,43%:0,043 T,37440,000 1,976+0,0%
190 1,392:0,062 1,37P:0,000 1,729:0,0%
290 1.36640,047 1,38040,000 T,905:0,070
220 1,37640,040 1,300:0.000 T, o 5.40,000
200 1,31740,0h0 1,3%40,035 T,31240,075
260 T,209:0,032 T,39740,030 T,7°0:0,070
250 T.270:0,037 1,27740,030 T, T194",970
e T,250.0,028 1,%6%0,070 1.710:0,7770

=/

The data were not obtained by direct measurement
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I 2 3 A
5,420 ,23340,077  T,357:0,0%2 T,66P¢0,070
1,740 1,22140,057  7,34240,035 T,6399,0172
0,360 1,21540,006  1,33040,038 T,6T6:0,072
0,370 T,2T040,036  1,72240,035 T,60510,0565
0,400 7.212:0,036  T,316:0,035 T,525:0,06%
0420 T,206:0,036  1,372:0,035 1,5%:0,M€3
0,440 1.1%640,036  I,31040,(35 1,567:0,063
0,460 1,17%40,006  T,70040,035 T,552+0,067
Q,4% 1,77640,035  7,301,0,035 1,53%:0,063
0,500 1,76640,035  1,308:0,035 1,52540,060
0,550 T,Th640,034  T,37040,033 1,501+0,059
0,600 1.128:0,034  1,37440,033 1,440,058
0,650 T.T13:0,034  1,320:0,033 T,46940,057
0,700 7,10540,037  1,330:0,032 1,470+0,057
0,750 1,10640,093  1,340:0,032 1,479+0,057
0,700 1,117:0,008  T,350+0,032 1,502:0,057
0,950 1,144+0,038  T,35240,033 1,54740,057
0,900 1,180+ 0,035 71,320:0,033 1,558:0,058
0,950 1,240,036  1,295:0,033 1,559+0,060
1,00 7,215¢0,036 1,240,033 1,56340,060
1,10 1,220:0,037  7,29440,032 1,579:0,060
1,20 1,226:0,037  1,37240,0M 1,633:0,063
1,40 1,239:0,077  1,37°0:0,004 1,72240,069
1,60 1,25%0,038  1,392+0,00 1,737:0,060
1,A0 1.276+0,008  T,34440,039 1,775:0,060
2,00 T,28140,03%  T,77240,M9 T,685:0,060
2,20 T,27M:0,009 T ,293,0,070 1,55230,060
2,40 1,25%0,M7  1,276,0,007 T,60550,000
2,60 T,23740,047  T,265:0,007 T,56510,060
2,70 T.22140,M7  1,25%0,097 1,960,061
1,00 T,20940,M6  1,295,0,007 PR 0,060
3,20 T,17540,0°0  1,267.0,M7 T,49740,060
3,40 I,I8340,030  I,26247,000 1,481£0,060
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1| 2 | 3 4 .
3,60 1,171+0,035 1,253+0,038 1,467+0,060
3,90 1,159:0,035 1,255:0,038 1,455+0,060
,00 1,147:0,034 1,257+0,038 I,4424+0,060
4,50 1,11740,034 1,264+0,03% I,41240,060
5,00 1,08740,033 1,275+0,037 1,386+0,060
5,50 1,05240,032 1,298:0,040 T,355+0,060
6,00 T,13940,034 1,292+0,040 1,4724G,062
6,50 1,38640,M2 1,23040,045 1,705+0,0%
7,00 1,600:0,018 T,76440,015 1,R62+0,0M
7,50 1.755+0,053 T,130+0,045 [,973.0,000
2,00 1,R2040,055 1,105:0,M5% 2,07740,700
2,50 T,R2H+0,055 T,0%40,045 1,750,700
2,00 T,01240,0%4 T,07040,045 T,990:0,700
9,50 I,800+0,054 1,720:0,045 2,0T60,100

10,00 1,79%+0,054 T,150:0,045 2,090,100

0,56 1,77640,053 T,793+0,050 2,1T940, 705
11,00 1,7:7040,053 T,19740,050 &, Iragh, 100
JJ7,50 1,76040,053 1,174,050 2, 1000, 105
12,00 1,769,053 T,167:0,050 2,630,100

13,00 1,R20,053 1,12140,050 2,759:0, 114
T4 ,00 2,063+0,062 1,075:0,0%0 2,180,137

15,00 2,10B+0,063 1,070,050 2,1n640,120

16,00 2,08740,063 T,005:0,050 2,09740,120

7,00 2,032:0,06T 0,97040,050 2,01240, 120

T],00 7,740,059 0, 875+0,050 1,470,720

7,00 1,950,050 N, 250,050 T, 27,120

SO0 2 01540,060 0,989:0,0%0 I 7930,120




~ 151 -

2. @LUATIbN OF THE TOTAL INTERACTION CROSS~SECTION 0., INELASTIC

I ERACTION2£§OSS-SECTION Onxs AND ELASTIC SCATTERING CROSS-

SECTION oh( Pu) IN THE ENERGY RANGE O,1-15 MeV

There are no measurements at all for the cross-sections %1 e
and % for the 241Pu nucleus over the enérgy range 0,1-15,0 MeV, To
obtain such data it is necessary to use either the optical model or the
data for the neighbouring 239Pu nucleus, for which experiments have been
carried out., Use of the optical model will be discussed below when we
consider inelastic neutron scattering. We would only point out that the
potentials used by different investigators do not provide agreement on
the strength functions that is satisfactory from the standpoint of the
evaluation, hence use was made of the data for the 239Pu nucleus instead,
The reason for this is the only slight difference in the masses of the
nuclei, plus the fact that they have close strength functions S° and Si
in the low-energy region., The evaluation was based on data obtained by
us in Ref, [23], which gave a smooth fit to the calculation results in

the unresolved resonance region,

The evaluated data for Oy O, .9 Oy aTe plotted in Fig., 2.1 and
given in Table 2,1 (to facilitate use the Table also shows the cross-
sections for all the possible reactions). The accuracy of the evaluated
data is 10%, tut this figure is somewhat arbitrary and based on the
accuracy of the 239Pu data.

Pigs 2,2-2,4 show a comparison with the resulte of other
evaluations (Kaner and Yiftah [22] and Prince [24]).
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Table 2,1

BEvaluated 241Pu cross—section data for the energy range 0.,1-15 MeV

E (MeV)} o, (barn) 0, (pam) |G (parn) Gf(bam OY(Darn) on,(barn) Tpop (DM On3n(bam)

I 2 3 y 5 3 7 2 9
a1 L 73,007 16,5000 2,538 2,096 0,30T0 0,1910 - -
6,1 12,06M2 10,7240  2,5%8 2,070 90,2570 0,2310 ~ -
n, Ty 2,270 7,7°10 2,505 2,022 0,2220 0,2650 - -
0,16 T7,913 4500 2,879 1,9% 0,I970 0,3050 - -
¢,I° 77,501 2,75¢0 2,450 71,23  0,I760 0,3470 - -
A & e °,%20 2,441 7,935 0,I520 0,3970 - -
nz2 o TTL,M2 32,6020 2,440  I,uS 0,430 0,4520 - -
e ¢, °,360C 2,44 T7,3[2  0,1300 G,5020 - -
0,25 10,564 9,10 2,450 1,70 O,TI®0 0,5520 - -
n23 0 ID,2E0 7,%99%0 2,461 1,749 0,109 0,6030 - -
A Tn,182 7,670 2,47  I,7I0 0,1040 0,6600 - -
5,2, 3,385 7,4990 2,48  I,66% 0,I0I0 0,7170 - -
A », o271 73120 2,509 1,639 0,099 ¢,7710 - -
~LoF e 7200 2,336 Tt nL,nean 0,920 - -
NT TR S0TTT 28T T E0E n,0970 0,9720 - -
LT z TNEn 2507 £95 o,0%N r*,91_'5.3 - -
LAz 1,250 AEZIY 1827 Tz L rmsg ", 3500 - -
ST R 4.IMAC 1EaT 15T N THE n,2835 - -
~ a8 7,73 £,372C 2,%€7 1,530 g,own 1,017¢ - -
AICE e 2,270 2,6 7,53 noown 1.0575 - -
nEN e 2,17 2,707 TLE32% 0 G,eC 7,00 - -
h,eE 2,563 .79 2,787 1,507 7 ,0%7 -, 18T< - -
nEn 2T 3,57 3T TLa N D9 7,7950 - -
RICL IR - =27 2,705 T,ue3 C0,0%C T,2600 - -
2T T, wA 0D 2,%3 TE 2,0 T,292¢ - -
£,73 T.E7? 85,7550 2,210 ST 0.799%C TUMI0 - -
0 7.5 1,380 2,030 1,502 9,700 T.3%e - -
"L 7,152 8,53000 2,063 I, 0,I30F 14207 - -
D I I a,23:@ 3 7Is T s3e 4 T0I0 T.a5 - -
n,7% 7,200 ,1220 2,168 1,552  0,I0T0 1,5080 - -
L0 7,205 4,0230 3,772 1,53  G,T0ID 1,5080 - -
T,: 7.0% 3,8720 3,220 1,579 0,0997 1,419 - -
T 7,064 3,770 3,23 1,633 0,0960 1,5640 - -
T4 7,142 3,6600 347 1,722 0,0890 1.,6630 - -
1,0 7,259 3,670 3,576 1,739  0,0790 1,759 - -

.9 7,361 3,710 3,630 1,715 0,%6€0 T.%30 - -
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Table 2.1 cont,

T2 T s T J 51 6 1 7 1 a 1 ¢
7.456 3,7960 3,660 1,685  0,0500 1,9250 - -
7,597 3,7530 3,694 T,652  0,0350 1,470 - -
7,6% 6,100 3,58 1,605  0,0260 1,9550 - -
7,792 4,2440 3,544 1,55 0,010 1,9600 - -
7,7% 4,373¢ 3,51 1,53  9,0I30 1,920 - -
7,765 4,4%0 3,469 1,511 0,0TCO 1,9420 - -
2,051 4,590 3,452  T,497  0,008% 1,9462 - -
’,T19 4,6%7 34353 I,481  D,0080 1,9463 - -
0,184 0, 7650 T427 TA87  0,0076 1,464 - -
2,7 w7730 2,513 1,55 00072 1,7508 - -
2,0 B0 M T,an2 %,0670 1,550 - -
1,027 4, €750 2.3%  T,aT2 0,0066 7,535 - -
7.7 4,530 1,273 T,3%  0,0066 1,705 - -
7,567 0,33%0 3,231 1,383 0,0063 T.3397  9,080G -
7,767 5,00f0 3,272 T,472 0,0062 n,778 0,200 -
7,27 2,7460 3,372 1,705 0,062 2,675%  0,9°50 -
€,364 7,6T€0 3,248 T,%2  0,0061 £,3592  1,0200 -
5,705 72,4230 3,29 1,983 0,0060 0,279 I,0150 -
0 &,570 3,270 3,283 2,0 0,005% 0,2277  T,0035 -
8,5 6,75 31,1520 3,0 1,775 0,005 0,131 1,003 -
,0 £,247 2,070 2,769 7,990  G,0054 0,I7T0  1,0026 -
a8 FLTT6 2.02730  1,T47 2,016  0,0052 0,7520 0,773@ -
N0 £,050 2.emo 2,077 2,05  0,0050 0,I1350  0,9930 -
", 5,713 2,7%620 3,076 2,119 0,03 0,1205  Q,7°17 -
TT,0 s, m9 2,%50 2,97 2,119 0,705 8,107 0,7510 -
7,5 5,979 2,9700 2,208 2,100 0,043 0,I010 0,707 -
n 8,373 2,79700  2,%% 2,063 0,0041 0,0720  0,6799 0,010
2,8 5,710 3,0000 2,410 2,093  0,0039 0,0e50  0,5772 0,05¢
8,2 3,050 2,7%  2,I55  0,0037 0,000  0,4273 0,120
3,5 3,117 2,776 2,192 0,003 0,0768 0,347 0,160
5,976 3,100 2,736  2,2I8 0,003 0,0740  0,2626 0,178
5,753 3,2500 2,703 2,20 £,0033 0,C710  0,2347 0,130

573 3,210 2,69 2,1% 0,0032 $,0702  0,2340 0,175
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Experimental data on v (241py)
o

There are three sets of experimental data on 3p(241Pu), of which

two (the Conde and Frehaut measurements) are direct.

1.

0.5 and 14,8 MeV).,
liquid scintillator, and the neutron energy was determined

from the time of flight.
fission to the experimental values of v was 10-15%,

Conde et al. [25] measured v at 5 energy points (between

As the fission detector they used a large

The contribution made by spontaneous

The

experimental values of 3(241Pu) measured by Conde et al. are

shown in Table 3.1,
date value of ;p(2520f) [18].

They have been renormaliged to the up-to-

Table 3.1

Experimental data on the energy dependence of v 5241Pu)
obtained by Conde et al, |25

E_(MeV) Cexp [ Standard ég( é?écg;n?;e%;o v, :Gp+ v,
0,52f0,02 2,99%0,11 2,87%0,11 2,8850,11
2,?71tu,01  3,3730,1I V,(2520pH= 3,35%0,11 3,45%0,11
wyl9to,u2 0 3,5080,10 = 3,784 3,47%0,10 3,490,710
5,58%0,12  3,:i0,12 3,810,712 3,83%0, 10
1a,5080,20  5,02%0,14 4,98%0,14 5,00%0,74

2. Dtyachenko et al, [26] determined the energy dependence of

3p(24lPu) on the basis of the fission energy balance, with
incorporation of experimental data for the mass and kinetic
energy fragment distributions over the range 0-2.8 MeV at
intervals of 150-200 keV, and also at En = 5 MeV. The main
difficulty in determining the energy dependence of v by this
method is to arrive at the quantity a contained in the energy
dependence equation

v(B) = v, + o(B - LE) + zzCJ.
where E is the energy of neutrons causing nuclear fission:

v is the mean number of prompt neutrons during

o
thermal-neutron-induced fission of 241Pu;
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AB is the variation in the fragment kinetic energy proper,

unassociated with variation in fission yield;

Aw is the variation in the number of prompt neutrons due
only to the difference in the fission yields for

neutrons with energy E and for thermal neutrons,.

The accuracy attained in determining a is 20% and corresponds
to an error of 0-1.5% in determining ;, given a neutron energy
variation between O and 2 MeV, The experimental results obtained

in Ref. [26] are shown in Table 3.2.
Table 3.2

Results obtained by D'yachenko et al., [26] for the
energy dependence of v (241Pu)
| 4

~%¥ - .
E, (MeV) ;ef:’bfzzﬁed w T\;gr:re;o?;%;ggd;g.mo
I 2 3
0,28 2,97510,015 2,962%u,018
0,40 2,976%0,015 2,961%,018
0,55 3,008t0,017 2,995%0,020
6,70 3,031%0,u22 3,018t0,024
0,85 3,031%0,022 3,012y, uR4
1,0 3,08730,026 3,345,008
1,33 3,220,032 3,ur9tl,u33
1,54 3,1256%0,038 3,113%0,U39
1,7 3,13930,040 3,126%0,041
1,94 3,19530,048 3,182%0,u49
2,15 3,20130,050 3,18840,051
2,36 3,250%u,US6 3,237%y,057
2,56 3,250%0,056 3,237%0,057
2,74 3,305%0,065 3,292%0,066
5,00 3,660%0,115 3,647%0,115
*/ The value of v was taken as 2,921 for thermal-neutron—

induced fission of 24]'Pu.
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The errors indicated in Table 3,2 include the error in the
measurement of the kinetic energy of the fragments (_-|;100 keV)

and the error involved in determining a (20%).

The experimental data obtained by Conde et al, and
D'yachenko et al, are shown in Fig, 3.1, The value of Gp(mf’u)
at a thermal neutron energy of 0,0253 eV was taken as
2,908 + 0.009; v, = 2,924 0,010,

3. Frehaut et al, [27] measured the energy dependence of
TJp(wPu) over the energy range 1,5-15.0 MeV, The measure-—
ments were based on the use of a fission chamber located at

the centre of a large liquid scintillator (80 cm in diameter)
containing Gd., The neutron source was a Van de Graaff
accelerator and the fission events were identified by coinci-
dence of the signals from the fission chamber (fission fragment
recording) and from the photomultiplier, The fission chamber
contained 10 mg of 241Pu (97%), which was applied to 16 aluminium
discs in such a way that the thickness of the coating was of the
order of 1 mg/cm2. The chamber also contained a layer of 2520f
for normalizing the V_ measurements. Experimental data on v
were corrected for background (0,2-0,3% maximum correction) and
for losses due to the dead time of the detector (0.15-0,20%),
The anthors analysed the cources of systematic errors: the
presence of impurities (0.05%); anisotropy of the fission frag-
ments (0.2%); fission losses in the layer (0,1%); fission
induced by scattered neutrons (0,2%); delayed gamma rays (0.1%);
the difference between the energy spectrum for fast fission

neutrons and 222Cf (0,05-0,26%), and other effects (0.,05%).

Table 3.3 shows the measurement data obtained by
Frehaut et al. [27] with the errors cited by the authors,
together with the values of v renomalized to \7p(252c:*) = 3,737,
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Table 3.3

Data obtained by Frehaut et al, [27] for Gr(a‘upu)

E,_ (MeV) Vp Vo renormalized 3;p
1 2 ) 3 4
1,87 3,160 3,164 0,053
2,45 3,209 3,213 0,054
2,98 3,322 3,326 U,u28
3,50 3,322 3,336 0,033
4,03 3,47 3,479 0,042
5,06 35,631 3,636 0,073
6,97 3,951 3,956 U,087
7,48 3,957 3,972 0,038
7,99 4,055 . 4,060 0,030
8,49 4,127 4,133 0,028
9,00 5,249 5,255 0,038
9,49 §,e52 4,250 1,034
9,98 4,372 4 378 U, JAl
10,57 B, 409 4 Bl 0,usu
10,96 4,528 4,534 0,031
IT,44 4,605 4,611 0,041
11,93 4,658 4,664 0,033
12,41 4,744 © 4,750 0,032
12,84 4,827 4,833 0,040
13,35 4,873 4,830 0,034
13,84 4,999 5,006 0,043
14,31 5,089 5,096 0,05(
14,79 5,112 5,119 0,058
3,2 Evaluation of CP(E) and T%(E) for 2Mpy

When evaluating the energy dependence of the mean number of
neutrons per fission use was made of all the experimental data, which
were renormalized for the evaluation to the thermal values
Bp = 2,908 + 0,009 and Y, = 2,924 + 0,010 obtained by Lemmel [18].
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All the ;p data were processed by the method of least squares

and the following energy dependences were obtained:
v (E) = 2.9094 + 0.13445 E + 0.0011429 E2 (3.1)
without inclusion of the thermal point, and
v (E) = 2.9086 + 0,13471 E + 0,0011248 E? (3.2)
with inclusion of the thermal point,

The discrepancy between the curves (3.1) and (3.2) is less than
0.1% over the entire energy range, which is less than the experimental
errorsg, i.e. both relationships can be regarded as equivalent, Relation-
ship (3.2) was used to obtain the evaluated data, Taking into account
that ;a = 0,0157, we get the following expression for the total ;t(24lPu):

v, (E) = 2.9243 + 0,13471 E + 0.0011248 B2 (3.3)

The evaluated data for Vp and ;t are shown in Table 3,4 and in
Fig. 3ele

Table 3.4

Evaluated data on Vv (241Pu) up to energies of 15 MeV
13

E (MeV) ;p(241Pu) E (MeV) Gp(z‘upu) E (MeV) Cp(z‘upu)

2,53.10°8  2,90570 1,0 3,04448 6,5 3,83[78
1,0.107¢ 2,90999 1,5 3,113240 7,0 3,90673
2,0.1072 2,91134 2,0 3, 14256 7,5 3,98224
4,0.1072 2,91404 2,5 3,25245 8,0 4,05832
6,0.1072 2,91673 3,0 3,322 9,0 4,212I5
8,0,1072 2,91943 3,5 3,39389 10,0 4,36824
1,0.107f 2,92213 4,0 3,46548 11,0 4,52657
2,0,10°1 2,93563 4,5 3,53%60 12,0 4,687IS
4,0,10°1 2,96271 5,0 3,61030 13,0 &, 84999
60,1071 2,96987 5,5 3,688 14,0  5,0I507

8,0.1071 3,0I713 6,0 3,95740 15,0 5,182
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4, RADIATIVE CAPTURE CROSS-SECTIOKN o (241Pu) IN THE ENERGY

RANGE 0.1-15 NeV Y

There are virtually no experimental data available for the
cross—section cY(241Pu) over the energy range 0,1-15.,0 MeV, There have
only been measurements by Weston and Todd [28] of the quantity a up to’
energies of 0.25 MeV, Hence the evaluation of oY(241Pu) was based on
calculations made with theoretical models, At neutron energies below
5 MeV the main interaction mechanism is the formation of the compound
nucleus, So it is possible to calculate the cross-sections cY from a

statistical model for these energies.

The basic expressions and parameters of the Hauser, Feshbach
and Moldauer statistical model [29, 30] used to calculate radiative
capture cross-—-sections are given in Part 5 of the Preprint., Here we
will merely consider the "effective" penetration factor (?) TYJn(E) for
radiative neutron capture, This "effective"™ penetration factor was cal-

culated with allowance for the possibility of cascade gamma radiation.

The penetration factor for a single gamma transition
TYJn(E’ SY) with the emission of gamma quanta with energy £y from the
excited state with energy E + Bn, total angular momentum J, and parity
n was taken in the following form: '

Ton 6,00 G S = o7 46 @)

The total Meffective™ penetration factor for radiative capture can be
obtained by summing over all possible gamma transitions. If we take into

account dipole gamma transitions alone, then

E.B, 221 )
Tyan(€)2 27§ cle, /1«.3 FiE&) ) p(E+ B 600 r), (4.2)
o B Temjge 4 (]

where o(E + B, - &9 Jk) is the level density of the compound mucleus

for the excitation energy E + Bn - SY and spin Jk’

The dependence of the level density on parity was not taken
into account since for deformed nuclei such as the 242Pu nucleus it can
clearly be disregarded [31]. For the level density Q(U, J) use was made of
the expression for the non—interacting particle model [32], the optimized

parameters of which are described in Part 3 of the Preprint,
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The spectral factor f(E, €_) can be taken in the form proposed
by Weisskopf in Ref. [33]: £(8, ¢.) = cY-e? * 1 or in the form that
follows from experimental dependence of the cross-section for the (photo-

miclear) reaction, inverse of radiative capture, in Ref. [ 34

I NZ e 1Y e &"
(Ca) 5% ke me T e er (4.3)

For heavy deformed nuclei it is demonstrated that the best
agreement with the experimental data on the photomuclear reaction cross-
section is found when the dependence is used in the form of two Lorentz
lines [35], i,es when the spectral factor can be represented in the

following form:

e S NZ & 44 S [lees :
{Ee)= 5 5 fe medr s @oET (e (4.4)
In the present calculations use was made of Eq. (4.4), since it
is expected to give a truer description of the energy dependence of the
radiation width, The parameters of the giant resonance T",, and E., for
o4 iG iG
the 2Pu micleus were not determined experimentally, but they can be

selected as mean values for close-lying nuclei [36]:

ElG = 11 MeV PlG = 2,9 MeV
= L., =
E2G 14 MeV oG 4.5 MeV
followed by normalization of the theoretical radiation widths DYJn

to the evaluated < PY > in the resolved resonance region.

When calculating TYJn(E) it is essential in principle to take
into account the existence of a discrete spectrum for the 242Pu nucleus
levels in the lower excitation energy region. This leads to variation
in the lower limit for integration in Eq. (4.2) and to the appearance of
an additional term taking into account the gamma transitions from the
continuous to the discrete spectrum., But the calculations given show that
the contribution made by the discrete spectrum to the radiation width is
considerably less than the accuracy with which it was determined, and it

was not taken into account in subsequent calculations,

The expressions given above are valid for a case in which the
emission of gamma quanta is the only way of removal of the residual

excitation of the compound nucleus after emission of the first gamma quantum,.
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In actual fact, though, when the first gamma quantum has been emitted
there is a possibility of de-excitation through neutron emission and
fission. Neutron escape is possible whenever the excitation energy
after the first gamma quantum is greater than the neutron detachment
energy,; i.e. E - e > 0, It was assumed in the calculations that if the
excitation energy is greater than the neutron binding energy after
emission of the first gamma quantum, further discharge proceeds either
by neutron emission or by fission, i.e. that the contribution by these
gamms transitions to the radiative capture width is zero, The correct-—
ness of this assumption is govermed by the fact that the radiative
capture cross-section is much smaller than the compound mucleus forma-
tion cross-section even at energies of 0,1 MeV, It is important to take
this effect into account when calculating the penetration factor for
radiative capture in the case of neutron energies greater than the mean
gamma quantum energy of the first cascade (~ 1 MeV), For example,
calculation shows that for 242Pu consideration of this effect at a
neutron energy of 0,5 MeV reduces < PY > by only ~ 0e5%.

Let us now deal in greater detail with consideration of the
competition between the (n, Yf) reaction and the radiative capture
process when the excitation energy of the rucleus is smaller than the
neutron binding energy after emission of the first gamma quantum, . Com-
petition is possible when E -~ Ef >—E}, vwhere Ef is the fission threshold
energy measured from the binding energy, i.e. for muclei with a fairly
low fission threshold (2>7Pu: E, = -1.6 MeV; *pu; E, = -1,2 NeV;
233U: Ef ~ -1,5 MeV), and it is possible even for thermal neutron energies,
In order to take this effect into account the spectral factor should be
miltiplied by _ T (B - e )rin where T, (E - ¢ ) is the

TY(E - QY)Jkﬂ + Tkan(E - eY)
effective penetration factor for fission at the excitation energy

E - & + Bn'
The parity of the fission chamnel is the opposite of the parity
of the compound nucleus, since in our assumptions the fission process is
preceded by the emission of a gamma quantum. The fission penetration
factors were calculated from the Bohr, Hill and Wheeler channel theory
[37, 38], the main expressions of which are given in Part 3 of the
Preprint, The parameters for the transition states of the fissioning

micleus are shown in Part 5 of the Preprint.
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Let us discuss the results of taking the processes (n, Yf) and
(n, yn*) into consideration when calculating the cross-section widths for
the reactions (n, v) and (n, F). Since the figsion penetration factors
are functions of such channel characteristics as spin and parity,
consideration of the competition of the (n, Yf) process leads to the
dependence of the mean radiation widths on parity and to an even greater
dependence on spin. The results of calculating the mean radiation widths
of 241Pu for a mumber of states without consideration of the processes

(ny Yf) and (n, Yn') are shown in Tables 4.1 and 4.2.
Table 4.1

Mean radiation widths < ' > of 241Pu calculated with and without
consideration of the'processes (n f£) in the case of
incident neutrons with 1 keV energy

Spin and parity of{<TI > (MeV) with |<TI'. > (MeV) without
the state of com- lconfideration of _|conSideration of the
pound nucleus, J  {the process (n, Yf){process (n, vf)

I 2 3
2+ 42 43 43,53
3+ 43, it 42,59
s 37,30 4,18
2 40,49 43,53
3" 35,02 42,59
4 37,87 41,38
It 44,76 44,18
4t 40,57 41,38
0* 40,67 44,51

0 48,40 44,51
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Table 4.2

Mean radiation widths < I’ > of 241Pu calculated with and without
congideration of the processes (n, vf) and {n, yn') in the case
of incident neutrons with an energy of 1.5 MeV

. . <P > (MeV) with < I'_ > (MeV) without
Spin and parity of confideration of conslderation of the
the state of the

the processes processes (n, ynt)

compound nucleus,

e (n, Yn') and (n, ¥£) | and (n, Y£)
ot 30,78 31,09
W 89,61 BL,09
it 46, 4U 8U,65
I~ 35,66 80,65
2! 57,90 79,74
27 39,29 7,7
3t 43,56 74,5U
3- 25,66 78,40
4t 57,02 Yoy o

4 s24il 16,05

The given widths were normmalized to the mean radiation width
<:PY > = 0,043 eV obtained from data in the resolved resonance region
(Part 2 of the Preprint).

Consideration of the processes (n, Yf) and (n, yn') results
likewise in a change in the energy dependence of the mean radiation
widths (Fig. 4.1). For example, at 1.5 MeV allowance for the processes
mentioned brings about a decrease in <:I’Y > for the 3+ and 3~ channels
Yy a factor of approximately 1.8 and 3, respectively, This leads, of
courge, to a substantial change in the energy dependence of the calcu-
lated radiative capture cross-section < Iy > (Pige 4+2)s For example,
at 3 MeV the calculation data differ by a factor of 7. The cross-—
gections o+(241Pu) shown in Fig, 4.2 were normalized to the compound

micleus formation cross-section, evaluated in this work,

In the low-energy region, where the (n, vYx) process cross—
section is large, the (n, Yf) cross-section may turn out to be substan-
tial, and has to be taken into account when calculating the section
<OF>0
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Calculation data for the widths of the processes I’Y £ for+
cha.nne}'s 2+ and 3+ can be compared with the experimental values Psf ~ T MeV
and P—?f = 2 MeV [39]. The results o£ the calculation with the Lorentz
dependence of the spectral factor Pff = 4.95 MeV and I$f = 2.91 MeV agree
better with the experi.megtal data than thgse calculated on the basis of

the Weisskopf concept I’sf = 10,44 MeV, I"$ e = 6,62 MeV,

It is interesting to compare the calculations of the (n, vf)
process widths, for 257Pu with the experimentally-measured width difference
for channels 0' and 1% [40]: I< rYf s 1+f < 4 MeV, Our
calculation using the Weisskopf expressions for the spectral factor gives
the following values: < PYf > ot = 20,2 MeV; < PYf >yt = 10,5 MeV, The
use of Eqe (4.4) yields < Tyg
which tallies far better with the experimentally-measured difference for

these values [40],

> 4+ =<7
o

>t = 10,1 MeV and < FYf >4t = 4,9 MeV,

Furthermore, the calculation data on <I"Y g = 1t agree with the
measured value 4.1 + 0.9 MeV [41]. This may indicate that it is preferable
to use the spectral factor f(E, GY) in the form of the Lorentz dependence,

Calculation data for the mean radiation widths with allowance
for competition by the processes (n, vf) and (n, ') were used in the
statistical model calculations up to energies of 5 MeV, The calculation
data were then renormalized in order to take into account the difference
between the evaluated data and the data based on the optical model for

the compound nucleus formation cross-section (see Part 5 of the Preprint).

At higher energies the main contribution to the radiative
capture cross-section OY is made by collective and direct mechanisms.
Theoretical model calculations in this region for fissile nuclei have not
so far been made, Hence when evaluating the cross-—section 0  use was made
here of experimental data on the 2380 nucleus [42—44].

The evaluated data for the cross—section OY(241Pu) for energies
0.1-15 MeV are shown in Table 4.3 and in Fige 4.3.
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3

Table 4.3

Evaluated data on the cross-section 0_,(3411’\1) for energies of 0,115 MeV
I

E (MeV) o, (varn){ E (MeV) 9, (varn){ E (MeV) % (barn)

I 2 3 4 5 6
4,10 0,317 V0,65 0,086 4,0 0,090
0,12 01,262 U,70 0,098 4,5 0,066
0,14 0,222 0,75 0,099 5,0 0, W6y
0,16 0,197 0,80 0, I00 5,5 0,00837
0,18 0,176 0,85 0,105 5,0 0,0062
0,20 0,158 0,90 0,101 5,5 10,0062
0,22 0,143 0,95 0,101 7.0 0,61
0,24 0,130 1,00 0,101 7,5 0,0050
0,26 0,118 I,I 0,0991 8,0 0,0058
0,28 0,109 1,2 0,096 8,5 0,005
0,30 0,104 I,4 0,098 9,0 0,0054
0,32 0,101 1,6 0,079 9,5 0,0052
0,34 0,099 I8 0,066 10,0 90,0050
0,36 0,098 2,0 0,050 10,5 06,0046
0,38 0,097 2,2 0,035 11,0 0,0045
0,40 a,09 2,4 - 0,026 II.5 0,043
0,42 0,095 2,6 0,019 12,9 0,041
a,44 G,0945 2,8 0,013 12,5 0,0039
0,46 0,940 3,0 0,010 13,0 0,0037
0,49 90,0940 3,2 0,0088 13,5 0,036
u,50 Q,0%40 3,4 0,0084 14,0 0,334
u,55 0,0912 3,6 0,0075 14,5 0,0033
0,60 0, 0850 3,8 0,0072 15,0 0,0032

It is of interest to compare the present oY data with the
results of other evaluations, A comparison with Kaner and Yiftah's
data [22] and those of Prince [24] is shown in Fig. 4.3. As can be
geen, over the region 0,1-1 MeV our data lie below the values obtained
in Refs [22, 24], the data of Kaner and Yiftah being considerably
higher. Over the region 1-15 MeV our data are far below those of
Prince and tally better with Kaner and Yiftah's [22].
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over the energy range 1-100 keV
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the ratio Of(241Pu)/df(235U) in the
energy range 0,1-10 MeV
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Fig, 1.3, Evaluated and experimental data on
the ratio cf(241Pu)/c f(23":’U) over
the energy range 10-22 MeV
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Fig. l.4. Evaluated data for of(mPu) over the energy range
1-1000 keV (the solid curve shows the present work and the
broken line represents data obtained by Kaner et al. [22];

x - Szabo's absolute measurements [ 3])
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Fig. 1.5 Evaluated data for o f( mPu) over the energy range
1-20 MeV {the curves refer to the same work as in

Fige leds )
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Fige. 2,2, Comparative data on an(241Pu); data from the
present work; — — — = data obtained by Kaner and Yiftah [22];
= +=+— data obtained by Prince [24]
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Fig. 2.3, Comparative data on o_(%'Pu); data from the

present work; — — — = data obtained by Kaner and Yiftah [22];
—+ =+~ data obtained by Prince [24]
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Fig, 4.1. Energy dependence of mean radiation widths < I"Y >
{(a) width of channel 3~ with allowance for the
processes (n, yn') and (n, vf); (b) width of
channel 3+ with allowance for the processes
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Part 5

Theoretical Model Calculations and Evaluation of
Cross-Sections, Angular and Energy Distributions
Fission Spectra and Secondary Gamma Ray Spectra

Abstract

Methods of calculating the cross-sections 0 C s @ with

nr n,2n’ n,dn
the aid of a statistical model and a pre—equilibrium decay model are
described. The resulis of evaluation of these cross-sections, the
angular and energy distributions of neutrons, the fission spectra and the
secondary gamma ray spectra of 241Pu are presented. Group constants for
2415, were also obtained.
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1. CROSS-SECTION FOR FEUTRQN INELASTIC SCATTERING BY Hpu

1.1, Introduction

No experimental data exist on the crogss~section for neutron inelastic
scattering by 241Pu. Therefore, to perform evaluations of the cross-section
Onﬁ(E)’ it is necessary to use the results of theoretical calculations in
the range of discrete and continmmous spectra of levels,the results of
calculations of the first 1éﬁei excitation cross-section based on mean
resonance parameters, and data on the cross-sections of other competing

processes.,

1.2. Discrete and continuous spectra of the levels of the 241Pu nucleus

The level scheme of the 24°Pu nucleus is dealt with most thoroughly in
242Pu(_d,t)24lpu and
Pu for this purposes They established 27 levels in the

a paper by Elze and Huizenga [1] who used the reactions
2425 (PHe,a) 24t
range up to 2 MeV. However, it is clear that above 1 MeV the number of
omitted levels rises sharply, and so, when studying the discrete spectrum,

it is advisable not to go beyond the range up to 1 MeV. The data in Ref. [1]
agree with the latest data of Baranov and Shatinskij [2]. & large number

of excitation levels was also recorded in an earlier paper by Braid et ale. [3],
but the identification of these was tenfative; therefére, the newer level
scheme from Ref. [1] has been used as a basis in our calculations. A spin

and parity of 1/2+ has been assigned to the level 753 keV on the basis of

Ref. [3]. The scheme used in the calculations which contains 27 levels is

presented in Table 1l.1.
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Teble 1.1

Scheme of levels of the 241Pu nmicleus used in the calculations

Number of level B, keV J®  Number of level E s keV J"

1 2 3 4 5 6
0 0 5/2% 14 378 13/2"
1 40 7/2* 15 444 11/2°
2 92 9/t 16 499 13/2*
3 163 1/2* 17 568 15/2"
4 167 11/2* 18 753 1/2*
5 169 32t 19 809 3/2*
6 172 1/2% 20 835 5/2%
(| 230 9/2* 21 875 1/2*
8 235 5/2* 22 931 9/2*
9 235.1  13/2F 23 967 1/2”
10 244 /2" 24 994 11/2*
11 296 11/2* 25 1009 3/2”
12 334 9/2* 26 1009 5/2”

13 361 11/2" - - -

A representation of the continuous density of target nucleus levels
was used in the higher excitation energy range. Por the continuocus density
of levels in this study we used an expression obtained in the non-interacting
particle model [4] with the following parameters: pairing energy 4 = 1.013 MeV
(calculated from data in Ref. [5] with allowance for the corrections proposed
by Nemirovskij and Adamchuk [6]), density parameter a = 27.44 Mev ™t (obtained
by fitting to <D)obsv = 13,5 eV 240?11 in the resolved resonance range [7]).
In the present paper, the level density was assumed to be independent of
parity in accordance with the conclusion of Ref. [8].
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1.3. Calculation of the excitation cross-—sections of discrete and
continuous level spectra
The calculation of the cross-section o n,(E) in the range up to

5 MeV was performed on the basis of the statistical model, as compound
micleus formation is the principal mechanism in this energy range. Above
this range, it becomes necessary to take into account the competition of
the processes (n,n'x), It is also necessary to take into account the
fact that Bohr's assumption regarding compound nucleus formation [9] is
not entirely correct for the higher energies. A proportion of the
neutrons is emitted from the nucleus until statistical equilibrium is
established in it. This question is examined in greater detail in Section 2.

Calculation of the excitation cross—-sections of the discrete levels
was carried out according to the Hauser—Feshbach formalism [10], generalized
to the case of competition between the fission and radiative capture
processes and which also allows for the effect of fluctuation of both

neutron and fission widths:

- LE-F ) Sur
6 EE)-Fag S T 23 B4 1
17 K20 & ) comp;%;zjﬂ(E_%ﬂEr) ( )

vhere K is the neutron wave number;
i is the spin of the ground state of the target mucleus;
1, j are the orbital and total moments of an incident neutron;
1%, j' are the orbital and total moments of an escaping neutr&n;
J is the spin of the compound nucleus;
le(E) is the neutron transparency of the target nucleus.

The summation in Eq. (1.1) is performed for all channels which satisfy
the laws of canservation of energy, parity and total moment. The coefficient
(A + 1)/A in the transparencies for the exit channels takes account of the
fact that part of the neutron energy is converted into nuclear recoil energy.
The quantity S, in expression (1.1) allows for the effect of fluctuation
of both the neutron and fission widths, and is described as follows.

o ('{+‘§;J“-’)e—<li>td{
Su=(Z T2) j(;. LT 13T ) L

(1.2)
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It is assumed that all partial widths are subject toxz-distributions with
numbers of degrees of freedomV , so that Vn = 1 for neutron channels a.ndVY = ®
for radiative capture. The choice of the number of degrees of freedomv £ of

the distribution law for the partial fission widths will be considered below.

The value Tcomp in Eq. (1.1) takes into account the competition of non-

neutron decay chammels and includes the transparencies corresponding to

radiative capture and fissions

=Ew %TE+i){EMG%£”£J (1.3)

comp

Here A—i-l- E + Sn is the compound nucleus excitation energy. The quantity

T is considered in more detail in Part 4 of the present preprint.

W
The “effective® transparency 'I‘fJ - for fission was calculated on the
basis of the Bohr-Hill-Wheeler model [11,12] with allowance for the

discrete and continuous spectra of the transient states of a fissile nucleus

[13]:

T{J_r = ; P(E(,,(} R )+ jdEf{(&,J,WjP(E{oeé, hw) (1.4)
/
wh - — 1.
o P(E b, o)~ {verp[—ZL L bk )
and PEam)=Qre i (1.6)

Here Efk is the emergy of the known transient states;
ho k is the curvature parameter of the fission barrier;

g, C £ 8 ¢ are the continuous density parameters of the transient

states of the fissile nucleus.

In accordance with calculations in the unresolved resonance range,
the fission threshold was taken as 1.2 MeV, and the curvature parametertow,
which is identical for all transient states, was taken as 0.6 MeV. The
energies of the transient states were selected in accordance with Ref. [14]

and are given in Table 1.2.
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Table 1.2.

Scheme of transiemt fission states of the compound nucleus 242Pu

Excess energy

above threshold, Spins and parities

of the states

MeV

0,1 o*, 2+, 4+, ...
0,5 1I~, 3,5, ...
0,7 2%, 3t 4, ...
0,9 I, 2,3, ...
1,2 7, 3,47, ...
1,4 1, 2%, 3t ...
1,6 o*, 2+, 4+, ...
1,6 4*, 5*..6". ceen
1.7 I, 27, 37, ...
1,7 37, 47, 57, ...

The density parameters of the transient states, taken from Ref. [13],
ate: o = 5.7, C, = 0,02135 MeV ', 8 . = 0.3005 MeV. The value of Egy v
was taken as 1.8 MeV.

The numbers of degrees of freedomvf of the distribution law for the
fission widths necessary for calculating the coefficient Saa,(l.z) were

selected as follows:

\”an Tf;,,r/maa[P(E,fzw)] (107)

where max[P(E,hm)] is the maximum possible fission transparency for the
chamnel { 3,10 }e

This approach does not restrict the values Ve to whole numbers only.
In the excitation energy region corresponding to the continuous target
nucleus excitation spectrum, it is possible to disregard the effect of
fluctuation of the partial widths because of the large number of channels.

The cross-sections are written as follows:

6n'(E):%—_6;1’(6,&—2/)+6-n"corlf(g/ (1.8)



- 187 -

where Y cont(E) is the excitation cross-section of the continuous

spectrum:
A(ET)
B o ('EE)-- ‘/)_2'7;,/5}2_—(2.7 1'}7-,,,,&% ’—"'('[ A_l[' ),d‘; Jr (1.9)
)
Here
WL pleE DT (F 550 JE, (1.10)
AL

0,

where Eq'ma.x is the energy at which the continuous spectrum begins, which

in the present calculation is 1,025 MeV. In this case the cross-section
n'(E E ) is calculated in a similar fashion to Eq. (1.1) with Sypr= 1

and an add:.t:.ona.l term a(E J) to take account of the competition in the

continuous spectrum.

In the case of the continuous spectrum of target nucleus levels, fission

competition was allowed for by introducing the "effective transparencies:
Tran (€)= (2744) T, (E), (1.11)

where Tf(E) was determined by fitting the fission cross-section Of calculated
on the basis of a unified formalism to that evaluated from experiment. The
contribution of the process (n,yf) was taken into account in calculating

the fission cross-—-section.

The optical potential of the target nucleus must be known in order to
calculate the neutron transparencies. As data on Oy and on(S) normally used
to determine the parameters of the potential do not exist in this case, the
choice of the potential has to be based on the classification of neighbouring
nuclei which have been investigated more thoroughly. Some information can
also be obtained by comparing the strength functions for s- and p-waves,
obtained by calculations based on the optical model and an analysis of the

data in the resolved and unresolved resonance range.

For calculating the neutron transparencies here we used the potentials

V()= Vo f(0)-i W, [ )+ (- 4)?(7,)j so(__)z »&;ﬂ(ﬁéj,

.12)
fm) [{fexp(‘(.._k_)] 813;
g expl- (% g)] El.l4

R=1, A " 1.15)

with the following parameters taken from Ref. [15]3
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V. = 42.915-0.833 E (Mev), W, = 6.204-0.12 E (MeV), a = 0.47 fm, 8 = 1.00 fm,
d = 0.1781 and T, Z 1.32 fm. This potential was chosen to describe the
cross-sections of 380. In our case the strength functions, calcunlated

from the optical model at an emergy of 10 keV, are: S_= 0.734 x 1074,

S, = 2.507 x 1074, Comparison of these with the evaluated values

S, = (1.16 £ 0.19) x 104 and 5 = (2.0 £ 0.5) x 16 shows that the
calculation based on the optical model gives a lower value for S 0° Thisg

is a common phenomenon, and is caused by the use of a spherical potential

for non-spherical nuclei.

Let us compare the cross-sections oy and o, obtained using the optical
potential (1.12) with the data evaluated in the present paper. Fig. 1 shows
a comparison of the calculatedot with the eva.lua.tioh in the region up to
4 ¥eV which is the most important for calculations of the cross—sections for
processes involving the formation of a compound nucleus. As can be seen from
the figure, the calculated cross-section is a little lower than the evaluated
onej the discrepancy, however, does not exceed the assumed error of the
evaluated data. Figure 1.2 presents a comparison of the data on S, and also
shows the calculated contributions of potential and compound scattering.

In general, there is good agreement o except in the low-energy region.
Figure 1,3 compares data on the cross-section for compound nucleus formation.
Here the contribution of elastic scattering by the compound nucleus, calcu-
lated on the basis of the statistical model (Fig. 1.2), is added to the
evaluated cross-section oy It can be seen from the figure that the
discrepancies are significant in the region above 1 MeV. This indicates

the need to renormalize the cross—-sections calculated from the statistical
model as well as the cross-section Op in the region above 1 MeV used for
making adjustments to allow for fission competition.

The formalism described above for calculating the cross-sections for
reactions involving compound nucleus formation was used within the framework
of the MOST computer program, written in Fortran. The results of the
calculations performed with this program using the initial data given

above provided the bhasis for the evaluation.

1.4. Evaluated data onog n'G Alby) and their accuracy

As mentioned above, in order to obtain evaluated values for the cross—
sections calculated with the statistical model, it is necessary to renommalize
the result of the calculation to take into account the difference between the
calculated and evaluated cross-sections for inelastic interactions which is

caused by the error in the optical potential:
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6uxeval~ Ogeval (1.16)

Opeval 6-n'ca.lc'6-n, calc+6ycalc

brevallEy)= Gpa1 fE, ) gﬁﬁl ) (1.17)

‘6' arxeval- 6zeval
6a'calct Grcalc (1.18)

6}eval= 6}0&1 c

Data given in Part 4 of the preprint were used for this normalization.

Evaluated data on the excitation cross—sections for discrete On,(Eq,)

and continuous (o ) spectra are given in Table 1.3 and Fig. 1.4.

nt' cont
The evaluated cross-sections Ot in the energy region above 5 MeV are
based on thé results of calculation of (n,n') reaction cross-sections with
allowance for the competition of many-particle processes and for the possi-
bility of neutrons being emitted from the nucleus until equilibrium is
established. The method and results of the calculations are set out in
detail in section 2. The evaluated cross-sectionms It in the region above

5 MeV are presented in Table 2.1 of Part 4 of the preprint.

Comparison of the results of the present paper with the evaluations
of other authors (Fig. 1.5) shows that the data presented here are in
fairly good agreement with the evaluation of Kaner and Yiftah [16].
Prince's ‘data [17] are systematically higher.



Table 1,3

Cross-sections for neutron inelastic scattering by 241Pu in
the energy range up to 5 MeV

E MeV E, , MeV 6,0

0,040 3,092 0,183 0,167 0,059 0,172 0,230 0,235 U351 0,208 0,2¥6 U334 0,361 0,378 0,4u4 0,499 .56 7
¢,Ic 0,1852 0,0058 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 o,0 0,0 0,0 3,0 0,0 9,0 0,0 §,{%1
0,12 0,2042 U,02686 0,0 0,0 0,0 0,0 0,0 a,0 0,0 0,0 9,0 g,0 0,0 0,0 0,0 0,0 0,0 u,231
0,14 0,218 0,0467 0,0 0,0 0,9 0,0 0,0 0,0 0,0 0,0 u,u 0,0 o0 g,0 0,0 0,0 0,0 0,265
v,16 0,2396 0,0664 0,0 0,0 0,0 0,0 o,C 0,0 u,0 0,0 9,0 0,0 0,0 9,0 0,0 c,0 0,0 0,306
0,I8 0,235 0,0768 0,0068 0,0027 0,0I19 0,0I33 0,0 U0 Uy U0 0,0 0,0 u,0 3,0 0,0 0,0 U0 0,387
0,20 0,2262 ©,0826 0,0I55 0,0.75 0,0299 0,0363 0,0 0,0 0,0 0,0 u,0 0,0 0,0 0,0 0,0 0,0 0,0 0,398
0,22 0,2240 0,0886 0,0235 0,012 0,0465 C,057% 0,0 0,0 0, 4,0 U0 0,0 0,u u,0 0,0 0,0 0,0 0,452
0,24 ©,2I%0 0,0922 0,029 0,0I$9 0,0596 0,U742 0,034 C,uU% 0,0 6,0 0, 0,0 Uy U, 0,0 0,0 U0 0,502
0,26 0,205 0,0909 0,0337 0,0I83 0,0680 0,081 0,218 90,6261 0,0002 U,ui33 0,0 0,0 AT G0 0,0 0,0 0,0 0,552
0,28 0,I9?f 0,0905 0,0370 0,02U3 0,0749 0,0925 0,0202 0,025 0,0004 U,0276 0,0 0,U J,U y0- 0,0 0,U 0,0 0,803
0,30 0,939 0,09I8 0,0405 0,0224 0,0820 O,I0Ii 0,&281 0,0577 0,0007 u,usl6 0,0006 0,0 0,0 0,0 0,0 0,0 WU 0,560
0,32 0,1928 0,093 0,0437 0,0243 0,0887 0,1090 0,0354 0,07I5 O,0UII 0,0541 0,06 0,0 u,0 (1,0 0,0 u,U 0,0 u,7I?
0,34 0,I924 0,0954 0,0468 0,0262 0,0947 0,II59 U,U4I9 0O,u839 0,00I5 0,U655 U,W55 O,0uI3  U,U 0,U U,0 0,0 0,0 0,7VI
0,3 0,1916 0,0968 0,0495 0,0277 0,100 0,I217 U,U476 O,U0946 0,0020 0,0755 U,0082 U,0u68 0,0 0,0 0,0 0,0 o,0  L,822
0,38 0,I9I3 0,098I 0,0520 0,0292 U,Iv49 0,I269 u,0526 ©,I043 0,0025 u,usss UUI08 O,0I32 0,00i8 0,0 0,0 0,0 0,0 v, 872
0,40 0,I906 0,0991 ©,0543 0,0305 0,Iwu 0,I3I1 0,056% 0,II24 0,030 U,0920 O,0I32 0,019 0,004 0,6002 0,0 0,u 0,0 0,918
0,42 0,18%9 0,0994 0,0559 0,03I5 0,II20 06,1338 0,0604 U,IId8 0,0035 0,098 0,UIS3 0,0255 O,U64 U005 0,0 0,0 U0 0,950
0,44 0,I882 0,I003 0,0577 0,0327 0,IIS2 0,I368 U,0637 U,I249 0,004I Q,I038 0,0{?3 u,03I1 O,0U88 U009 0,0 0,0 0,0 10,9855
0,46 0,I18% 0,I0I0 0,0592 0,0337 (,II78 ©,I39% 0,0667 0,I301 0,046 0,106 ¢,0I91 0,0361 0,010 0,I3 O,008 0,0 0,0 I,UI7
0,48 0,188 0,I024 0,06I0 0,035 O,I2I0 O,I424 00,0698 0,135 0,0053 0,136 0,J2I0 0,04I0 U,LL32 0,018 0,00I9 U,U U,0 1,053
0,50 0,I1878 O,I03% 0,062 0,0363 0,1233 0,144 0,0724 0,I397 U,0u60 U,1i76 00,0227 00,0453 u©,0I52 U,w24 00,0030 O,u 0,0 1,082
0,55 10,1881 0,I065 0,0656 (,0395 0,I287 U,is9% 0,0745 u,I488 0,0078 0,1263 0,0268 0,0548 0,V200 Q,0039 0,061 0,V008 e, L, i%(e
0,60 0,186 0,I080 0,0672 0,0422 0,I310 0,I5I5 0,0826 G,I532 U,0s97 C,I13II 0,0302 U,06I8 O,0240 0,0U55 0,008 0,021  u,U  I,1¥
0.65 0,I852 0,II05 0,089 0,0454 0,I333 0,[535 0,0068 G,I571 0,0II8 0,1354 0,0337 0,0680 0,0279 0,W72 0,0I16 U,0037 U0  i,040
0,70 0,181 0,II42 0,0703 0O,U491 0,I362 0,I5%6 40,0314 0,161l 0,014 0,I399 0,037?5 0,07%u 0,03I8 U093 0Q,0I42 0L,W55 Q000 1,292

(continued on page 12)
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Ly, MeV

£, v 0,040 0,092 0,163 0,167 0,169 0,I72 0,230 0,235 0,2351 U,2% 0,296 0,334 0,361 U,378 0,444 0,499
0,95 0,I872 0,II79 0,0724 0,0531 0,I383 0©,I592 0,0959 0,le4I 0,068 G,I437 0,0413 0,0794 0,0358 0,0II4 0,0I167 0,0075
0,80 0,I870 0,I208 0,0730 0,0568 0,I387 0,I602 0,0994 U,I1651 0,0I94 0,1458 0,049 0,0838 u©,039% 0,0[37 0,018 0,0095
0,85 0,I849 0,1226 0,0725 0,0600 0,I372 0,597 C,I0I9 ©,l638 0,0220 0,1460 0,048I 0,0870 0,0426 0,0I59 0,0208 0,115
0,90 0,I809 C,I229 0,07II 0,0626 0,I339 0,I570 0,I030 0,1602 ©,0243 O0,I443 0,0508 0,0888 0,0453 0,0I79 0,0224 0©,0I34
0,95 0,I779 0,I237 0,070 0,0652 U,I3I4 0,I552 U,I0%4 ©,I576 0,0267 0,I432 0,0534 0,0908 0,0480 0,020I 0,0239 0,0I53
1,0 0,1691 0,I20I 0,0669 0,655 0,249 u,I482 0,I06I 0,l496 0,0281 0©,I373 0,051 0,0895 O,u4® 0,021 0,0245 0,067
I,[  0,I566 0,16 0,050 0,0616 G,i2u7 0,I385 0,0957 0,122 U,0273 0,1288 0,05I4 u,Uded 0,067 0,021 0,0252 0,067
I,2 0,I4I4 0,I045 0,059 0,0608 ©,1078 0,126 0,0007 0,1276 0,0286 0,I178 0,0516 G,0806 0,0472 0,0228 u,0258 0,Dith
I,6 0,147 0,0895 0,0679 C,0564 U,0867 U,104I U,0795 u,1633 0,0294 U,W8I U,0493 0,0720 0,0458 0,026h 0,0267 0,020k
1,6 0,0870 0,703 0,0363 U,0469 0,0655 U, U0  0,0838 U,L786 U,0200 U,0763 U,042u .0,0588 U,u3%6 0,0z86 0,020 u,JI%
1,8 0,010 0,0507 G,0255 O0,035F 0,045 0,0570 O,0468 U,05% 0,0205 U,U548 0,0322 0,0638 0,0307 0,0I82 0,0I60 0,052
2,0 0,0398 0,0337 0,0166 0,0241 U,0299 U,0377 0,0316 U,U365 O,Ul45 U.U3E5 U,U224 w0300 0,U2l6 ©,0132 ©,0112 U,ui2l
2,2 0,0243 0,0207 0,ul02 0,0150 0,0183 0,0232 ©,0I97 0,0225 0,0093 U,0226 O,0I42 U,0188 0,0I38 0,0085 0,0072 0,0080
2,4  U,0I43 0,0I23 0,0060 0,009I 0,0I08 U,0I37 0,0II8 0,033 0©,0058 U,UI34 0,087 J,0LI4 U,0085 0,054 G,0045 0,0051
2,6 0,0085 0,0072 0,0035 0,0054 0,0063 0,0060 0,007U 0,078 0,0035 U,L79 0,0052 ©,0068 0,005 C,0U33 0,0028 0,U032
2,8 0,0048 0,0042 0,0020 0,0032 0,0036 0,0047 0,0041 J,0045 0,0021 0,0046 0,093 0,0040 0,0030 U,00 0,00i7 0,00I9
3,0 0,0028 0,0025 0,00I2 0,00I9 0,021 0,0027 0,024 0,026 U,00i3 U,U027 0,018 0,0023 0,018 U,l2 0,010 0,wI2
3,2 0,00I6 0,00I5 0,0007 0,001 0,00I2 OU,0016 0,0018 U,WI% U000 U,W16 0,0CI1 0,1 C,WIL 0,07 0,6006 ©,007
3,4  0,00II 0,00I0 0,0004 0,0007 C,0008 O,0000 0,0009 0.0IC 0,0005 0,0007 0,0007 U009 U,0007 0,005 0,0004 U,U005
3,6  0,0007 0,0006 0,0002 0,000% U,0005 0,0005 0,0006 u©,0006 U,0003 C,0006 0,004 0,0006 U004 0,0003 0,000z 06,0003
3,8  0,0004 0,0004 ©,00J1 0,0003 0,0003 0,003 0,004 ©O,0K4 0,0002 0,0004 0,0003 0,004 0,003 0,0003 0,061 0,0002
4,0 0,0002 0,0002 0,000 0,0002 0,0002 ©,0002 0,0002 U,0002 G,000I 0,0002 0,0002 0,0002 0,0002 0,000I 0,000 O,0001
4,5 0,000 0,000 0,000 0,0 0,000 0,009 0,000I 0,0 0,000I 0,000I 0,000 0,000 0,0 2,0 0,0 0,0
5,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0

(continued on page 13)
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'Eg. MeV

E, wev

i 0,568 o753 0,809 0,835 0,875 0,931 0,967 0,99 1,609 _ [,009 Ousont, 6| 6,
n,i% p,0003 0,0 0,0 0,0 0,0 0,U u,U u,0 0,0 0,0 0,0 1,3410
0,50 0,0004 0,0052 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 1,3820
n,A5 0,0007 0,0II6 0,0082 0,0035 0,0 0,0 0,0 0,U 0,0 0,0 0,0 1,4205
0,% 0,00In 0,0170 0,019% 0,073 0,0047 0,0 0,0 0,0 0,0 0,0 0,0 1,458
¢,% 0,012 0,0214 0,0293 0,0308 0,0166 0,00I8 0,0 0,0 0,0 0,0 0,0 1,5080
1,0 0,00I5 0,0240 0,036I 0,0408 0,0272 0,0090 0,0022 0,000 0,0 0,0 0,0 1,5080
LT 0,019 0,028 0,0465 0,0545 0,0415 0,02(0 0,0079 0,0063 U,0II4 0,0142 0,0136 0,54I9
1.2 0,002+ 0,0288 0,0485 0,0584 0,0479 0,0265 0,0I108 0,0II9 0,018 0,0228 0,073 [,5640
14 0,0033 0,0266 0,0459 60,0561 0,0493 0,0337 0,0I24 0,017 0,0224 0,0277 0,32I8 1,6630
"6 0,0035 0,0221 0,038l O0,0867 0,0425 0,03[2 ©,0II0 0,0I8I 0,099 0,0245 0,8666 1,7580
£, 0,0032 0,0168 0,0289 0,0355 0,0332 0,0255 0,008 0,0158 0,0I54 0,0I90 I,0371 I,8490
2,0 0,0026 0,018 0,0204 0,0251 u,0240 0,0I91 0,0061 0,0125 0,0109 0,0I34 I,3676 I,9250
2,2 0,0vI8 0,0077 0,0I3% 0,0165 0,060 0,0I30 0,004 0,0v88 0,0072 0,0088 1,5933 1,470
2,4 0,00I3 0,0048 0,0083 0,0103 0,010 0,008+ 0,0026 0,0059 U,0045 0,0056 I,7391 129550
2,6 0,0008 0,0029 0,005 0,0063 0,0062 0,0053 0,00I6 Q,0038 0,0028 0,0035 I,8304 I,9600
<,% 0,0006 0,0017 0,0030 0,0038 0,0038 0,0033 0,00I0 0,002% 0,0017 0,002 I,851 1,9620
3,0 0,0004 0,000 0,00I8 0,0u23 0,0023 0,0020 0,0006 @Q,001$ 0,0010 0,0013 11,9023 I,9480
7,2 0,002 0,0006 0,00If 0,00I4 0,00I4 0,00I2 0,00U4 0,009 0,0006 @, uu08 [,9190 I,9462
1, 0,0001 ©,0004 0,0007 0,0009 0,0009 0,0008 0,0002 0,0006 0,008 0,0005 1,9260 1,9463
2,6 U0 0,0002 0,0303 0,000% 0,0005 0,00u% 0,000 0,0003 0,002 0,0003 I1,9365 I,9464
2 0,0 Q,000I 0,000I 0,0005 0,0003 0,0003 0,0001 @,M002 VU,000f ©,0002 I,9448 I,9508
5,0 0,0 0,000f 0,00uI 0,0002 0,002 0,0002 0,000 0,001 0,000 0,0001 I,9500 1,954
A% 0,0 0,0 0,0 0,000I 0,001 0,000 u,0 0,0 0,0 4,0 1,931 I1,9354
5,0 0,0 0,0 0,0 0,0 3,0 0,0 0,0 0,0 0,0 0,0 1,905 [,9u86

e

- 26l -
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It is difficult to assess the error of the data obtained foran,.
It seems possible to attribute an error of ~ 204 to the data on S in the
region up to 5 MeV, but above the threshold of the processes (n,n'x) in
the 5-10 MeV region, the accuracy is poorer, being ~ 50%. Above 10 MeV
the cross-section for the reactions (n,n') is determined mainly by the
pre—equilibrium processes. Taking into account the accuracy of measurement
of these processes for other nuclei, the accuracy of the evaluated S in

this region is put at ~ 304.

1.5. The energy distribution of inelastically-scattered neutrons

For the resolved levels of the target nucleus, the energy distribution
of inelastically-scattered neutrons is determined uniquely by the incident
neutron energy E, the level excitation energy Eq, the angle of emission ¢
and the ratio of the muclear mass to the neutron mass M. It can be described
in the following form [18]:

P(EEE,)=S P S[E-E.(E, 6,6,)], (1.19)
where

E.(EBEy)- (w{?/UL*M(f &)~ 12 2 fpecent- o B /)} (1.20)

(p.= Cos 9 is the cosine of the scattering angle in the L system). If

M+l M . . .
% E <B TR then both values of E , are possible, and in expression

(1.18) ¥ = 2. 1In this case

P,=2(f(flu) w Pz: Z(f(flcz)) (1'21)

where Boy and Reo are the roots of the equation linking the cosine of the
scattering angle By in the C system with p 3 =3 f(pc) is the angular distri-
bution in the C system.

' )
If p.cl>p.c2, a plus sign is assigned to El and a minus sign to E2
in formula (1.20). At higher energies, i.e. at D%E s only the value
E) (" + " sign) is taken, and N = 1, P, =1 and P, = O,
In the present paper the angular distribution of inelastically scattered
neutrons for processes involving compound nucleus formation was assumed to

be isotropic in the C system.
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In the overlapping levels region of the target nmucleus (from 1.009 MeV
to the threshold of the reaction (n,2n) at 5.241 MeV) the following
evaporation spectrum was agssumed for the energy distribution of inelastically-
scattered neutrons with excitation of a continuous spectrum:

P (EE)=+ e—f 1,009 MeV < £'<E, (1.22)

where E* is the energy of the emitted neutrong
T is the nuclear temperature.

Because of the absence of any experimental data for the 241‘Pu nucleus,
the energy dependence of the temperature T was based on our evaluation [19]
for 23%u, and in the 1 MeV region this fits closely the data from the mean
energies of inelastically scattered neutrons obtained from the excitation

cross-gsections of the levels evaluated here.
The evaluated data for T are presented in Table 1.4 and Fig. 1l.6.

Table 1040

Dependence of nuclear temperature on incident neutron emergy

E, Mev T, Mev E Mev T Mev
I,2 0,387 3,6 0,498
I,4 0,403 3,8 0,502
1,6 0,418 4,0 0,505
I,8 0,432 4,5 0,511
2,0 0,443 5,0 0,516
2,2 0,453 5,5 0,520
2.4 0,462 6,0 0,523
2,6 0,470 6,5 0,525
2,8 0,477 7,0 0,527
3,0 0,484 7,5 0,529
3,2 0,490 8,0 0,530
3,4 0,494 8,0-15,0 0,530

In the neutron energy range above 5 MeV, allowance must be made for
the possible occurrence of the pre-equilibrium mechanism of neutron emission
which leads to hardening of the spectrum. The following expression was

adopted for this part of the spectrum:

!

- L 'l..z
Ppre'(E,E')”’,,% (E&) wd'et):  E<E, (1.23)
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where § = ¥ g(E + Bn) is the average number of excitations; g is the one-
particle demsity of the nuclear states, equal to Oa/ﬁa.

The contributions of both parts of the spectrum are determined by the
contribution of the process mechanisms to the spectrum of the first neutron
emitted (see Fig. 1.7). A detailed description of the pre—equilibrium
mechanism contribution is given in section 2, and the inelastically-scattered
neutron spectrum for the continuous spectrum of the levels is also presented
in that section.

1.6. Angular distributions of inelastically-scattered neutrons

There is no experimental information on the angular distributions of
inelastically-scattered neutrons. If we make the usual assumption that
inelastic scattering involving compound nucleus formation is isotropic in
the centre-of-mass system, all anisotropy will be produced by direct
processes. In this case the angular distribution can be calculated by
the coupled-channel method [21]. As the parameters needed for this calcu-
lation are not know accurately enough, only the mean cosine of the inelastic
scattering angle is given here, as in Ref. [19]. Scattering was assumed
to be isotropic in the region up to 100 keV. In the region above 100 keV
it was assumed that the anisotropy of the angular distribution was caused
solely by direct excitation of the first level. The "effective" direct
excitation cross-sections necessary for taking the inelastic scattering
anisotropy into account are given in Table 1.5. The mean scattering cosine

at this level is given in Table 1l.6.

Table 1.2.

"Effective” first level direct excitation cross-sections
necessary for taking inelastic scattering and aniso-
tropy into account

E, Mev 6, np +b £, MevV G’ npsb
0,2 0,018 6,0 0,100
0,4 0,059 7,0 0,096
0,6 0,077 8,0 0,092
0,8 0,090 9,0 0,088
1,0 0,094 10,0 0,083
1,4 0,102 IL,0 0,080
2,0 0,106 12,0 0,078
3,0 0,107 13,0 0,0%
4,0 0,104 14,0 0,073

5,0 0,103 15,0 0,0708
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Table 1,6.

The mean neutron inelastic scattering cosine for first level excitation

[r—

£, Mev Cos & £, MeV Cos O
0,2 0,009 6,0 0,225
0,4 0,026 7,0 0,238
0,6 0,044 8,0 0,251
0,8 0,061 2,0 0,264
I,0 0,079 10,0 0,275
1.4 0,105 11,0 0,285
2,0 0,135 12,0 0,295
3,0 0,169 13,0 0,302
5,0 0,191 14,0 0,306

5,0 0,210 15,0 0,307
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ir]
"2, EVALUATION OF THE CROSS~SECTIONS FOR THE REACTIONS
(ny2n), (ny3n), (nyn'f) AND (n,2n'f)
AND THE NEUTRON SPECTRA ACCOMPANYING
THESE REACTIONS

There is no experimental information at all on the above reactions in a
241Pu nucleuss An evaluation can thus be performed only by means of calcu~
lations based on the model proposed by us, which employs experimental infor—
mation for nuclei occurring in successive decay stages [22]. This model

was refined as followse

It was assumed that a proportion of the neutrons is emitted from the
nucleus until statistical eguilibrium is attained thereine The spectrum of

these neutrons was assumed to have the form [20]:

1oy €6 phits S EELLL S ) b (21)

L7
where oabc(E) is the cross—section for neutron absorption by the nucleus;

le is the mean matrix element of the interaction between states

with n and n + 2 excitons;

n is the initial number of excitons, assumed by us here to be

OC(E,E') is the cross—section for the reaction inverse to neutron

emission; B = 2/3.

It was also assumed that statistical equilibrium is established in the
nucleus after the emission of the first neutron, and the second and third
neutrons are emitted from the nucleus in the equilibrium state, The spectrum

of the first neutron emitted from the equilibrium nucleus was taken as [23]

f/ Translator's note: +the subscript "Hp" apparently means *non-equilibrium®
and "p" (see below, eegs Fqe (2.3)3 means “equilibrium", This may be
confirmed by reference to Ref, [20 ¢ which, however, was not available in
the Library at the time of translation,
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I, (E.E)=E6 (€,E)pE-8,~E"). (2.2)

If we consider that iMZ\ g4 = aA, where a = 3,3 x 10"'4 MeV"'2 [20, 24], then
the spectrum (2,1) gives the absolute value of the pre~equilibrium neutron

emission cross-section as a function of the incident neutron energy (Table 2,1),

Table 2,1

Dependence of the pre—equilibrium contribution to the inelastic
interaction cross-section for 4lPu on incident
neutron energy

Energy, MeV 1 9 12 15

Contribution, % 0,06 0,10 0.15 0,19

The spectra of the first neutrons emitted determine the excitation spectra

of the residual nuclei after the emission of the first neutron )(;lfj.

It is not difficult to obtain the nuclear excitation probability distri-

bution after the emission of the second and third neutrons respectively:

Ay E
£, (€)= T Y (E)SE e, (2.3)
E*B,

where S(E',E) is the probability that the nucleus A with an excitation E' will
emit a neutron with an energy En = E'—E-Bn and be trans-

formed into the nucleus A-l with an energy E,

The probability S(E',E) is normalized by the condition

E-B,
5 's(e£)ee'= ")), (2.4)

where I‘n(E)o and T(E) are the neutron and total widths respectively,

The probability S(E',E) is identical for nuclei with the first neutron
emitted both in the equilibrium and pre-~equilibrium states, as in our assumptions
the nucleus changes to the equilibrium state after the first neutron is emitted.

Formula (2,2) defines S(E',E) to within the accuracy of normalization
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S(E}E)= f(E)O.(E~Ba-E)(EBa-E)p(E), (2.5)

where f(E') is determined from the normalization condition (2e4)

NG [ 6. (6Bt (E-0urElp(E)atf = L) .

These expressions were obtained taking into account that OO(E,E')

= cc(Ev),

Then .
7 (€) “ple) f ]Kr (€ ) {(E )6 (E"BuE) (€ “Bo-E)t E”; (2.6)
. .“.’,, (E) j’(E)f.ff (E)f (€ )6z (E“BoasENELB., ~E)LE". (2.7)

The distributions ;{Q’ were used for averaging the emission probabilities

of successive particless

The final formulae for calculating the cross—sections for the reactions
{(ny2n), (n,3n), (nyn*f) and {n,2n*'f) take the form:

)n?_n.(E nnl(En)f(6 6;70‘{58..,4/7',/:(5)‘1'5'

) " .

° (E'-ﬁ_’ Az, B-Bat ¥ p (E)4E+ GNP(E%‘{,@E‘%} L v (E)E (2.8)
E 5,4€ ,

tj (65";)4__115_8”17;?(5}4,5

E.
Gu3n (En )= B, nx (E"Z’ f (é‘}'%;)ﬁ‘-l, eout /; (EJdEx

Eu- Bt E.-B.,-B, ,

P r'Eqnx (E)dff ._d
....... & ~
LY
' O- 2 n X 3
GHP(E) 6'm""r” HE-4 %"f’( ME]‘ ‘ ueu. Fp (E)LE (249)
E, QAA B""i 1

(.-H’-—-}’ s
J f G A-3E-Bura up (E)LE ;
i

e e
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G nf (Ex)= 6 s (E.) f( —i;) e pEe +

. 7 6ag ) !
6"?(E~)f 626 ),,.e-»., FuElie, (2.10)
[ ¥)
16xp(Ea )f.m 1, (E)dET
" (" n, f”:" (€M P2, E-Bat "f(E)dE (2.11)
Here Un,n'x = %e ™ %% ~ onY - oHp’ and GHP is the crosse—section for

the pre—~equilibrium emission of a neutron in accordance with Table 2,1,

The unmeasured cross~section oOF is also needed for the calculations, as
well as its first partial fission contribution O which is defined by the
relation o p= o .+ on,n'f + %n,2nt £ It is obtained as follows:

On ntf is calculated for the assumed value of Unf which is then derived from
)
nf + on,n'f' Above the threshold of the reaction

n,2n'f) it is necessary to perform precisely the same adjustment for the
'

the condition an = 0

nucleus A-1 in advances

The level density was expressed, as before, as o(U) = exp) i4aU)/U3/2.
All the constants and cross—sections needed for the calculations were taken

from our own evaluations for 24°Pu [25], 23%. [19] and the present evaluation

for 241 Ue

The evaluated cross—sections for the reactions (n,2n) and (n,3n) are

given in Table 2,2 and Fige 24le
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Table 202

Evaluated cross-sections for the reactions (n,2n) and

(ny3n) for 2Apy
E, MeV S, 2n? b on,3n’ b{ E, MeV oh,2n’ b Gh,3n, b
1 2 3 4 5 6
595 040300 040 10,5 0,7917 0,0
6,0 0,8200 0,0 11,0 0,7510 0,0
6,5 0,9850 g,0 II,5 0,7027 0,0
7,0 1,0200 0,0 12,0 0,6799 0,010
7,5 I,0150 0,0 12,5 0,5772 0,050
8,0 1,0035 0,0 13,0 0,4273 0,120
8,5 1,0033 0,0 13,5 0,3436 0,160
9,0 1,0026 0,0 14,0 0,2626 0,178
9,5 0,9738 u,0 14,5 0,2347 0,190
10,0 0, 8430 u,0 15,0 0,2340 0,195

The spectrum of the first neutron in the reaction (n,n'x) is defined by

formulae (2.,1) and (2.2).

The spectrum of the second neutron in the reaction (n,2n'x) is defined

by the following formula:

[ -1
I'eE)=] Z(‘(e)s(s,a—B,,,-E')de ; (2.12)
BaaoE .

and that of the third neutron by:
\ E-Dyy
PEE)=[ A%e)s(, e-Bui-e")de. (2.13)

.- +&

The neutron spectrum of the reaction (n,n'y) is defined by the formulas

L (6€)=1'(eE) LeelE) (2.14)
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The spectrum of the first neutron in the reaction (n,2n) is defined by the
formula

[oon (EE)=I'CEE)P (E.EE), - (2.15)

where

E-£'-8,4 ) E,>£"a.,(

P (E,E-E)=
{ J se- s'e)-snw_@dg E£<i-8,,

The spectrum of the first neutron in the reaction (n,3n) is defined by the

formula
..sn (€)= I'(EE)R £), (2.16)
where
RELE - { T se-5e) r"“(f),??z.:.;‘u

Bt o

The spectrum of the second neutron in the reaction (n,2n) is defined by the

formula
ﬂl 4

u 'Zn (E E) j f (E)S(E €-8,y E)Mlt‘“”g‘zde' (2.17)

EBon (3

The spectrum of the second neutron in the reaction (n,3n) is defined by
formula (2,1)

In5n(E E) j]_/(E)S(ﬁ & 6usr- F) I;_(E E)J (2018)

E"48,4+Bua-g

The evaluated spectra of the reactions (n,2n), (n,3n) and (n,n') are given
in Table 243
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Table 2,3

Spectra of the reactions (n,n'), (n,2n) and {(n,3n)

Type
E

n of re-
MeV | action

e e

Energy of secondary neutrons, MeV

—

Reaction spectra

. Sy

I; 2 | 3 R 7 a3 9 ot T jzel 13l ral izl g ! 1%
L, 0 0 6,2 0,3 0,4 0,5 0, £,7 0,8 0,9 1, 1,2 1.3 i,
1,5 @) ) o e
20 2,2 2, I, I.2 0,8 0,55 0,33 0,27 0,II 0,059 6,032 0,0I3 5.005 0,00I%
20 () 0 01 0,2 2 04 6.5 0,6 6,7 0,8 0,8 1,2 I,4 1,6 I,8
’ s I,9 1,33 75 I,I17 0,9 0,65 0,46 0,32 0,21 0,I2 0,052 0,017 6.0045 0,001
a0 iani O 0,2 9,3 0.4 06 0,8 I,0 I,2 I,4 I,8 2,0 2,2 2.4 -
* {h /
I 1,50 1,5 I.26 0,7 0,47 0,25 0,I3 C,07I 0,032 0,014 0,006 0,062 2,27 =
o c .2 $ 0,6 0,8 I,0 I,2 I,4 I6 I, 2,2 2,4 2,3 :
4,2 (nw) ) :
: 1,30 1,95 0,78 0,52 0,33 0,206 6,22 0,055 C,0537 0,020 2,010 0,004 C.002
5o ey 2102 c,4 0,6 0,8 I0 I,2 I,6 2.0 3,0 3,2 - -
YT g 1,16 0,9 0,65 0,55 0,38 0,24 0,I0 0,227 2.0I0 C,00% 2,71 - -
nny O 0,3 0o I,2 I,5 I,8 2, 2,4 27 35 4.0 3.0 5,5
\-_-
9 0,55 6,42 0,29 9,I7 0,05 2,536 0,033 0,021 i5 0,0IC 9,007 0,503 ©,5C7
5 r2n) .08 0,1 0.6 6,7 = - - - - - - - -
0 1st 1,20 1,30 1,20 0,8 - - - - - - - - -
neutrn ' ’ '
(n.2n) 0,04 0,08 2 0,16 0,20 0,24 6,28 C,32 0,36 ©,4C 0,44 0,48 0,52 0,56 O0,&
2nd 35 1,15 1,92 2,50 2.87 2,83 2,8 2,54 2,16 1,77 I,36 0,9¢ 0,69 C,4& 0,I3
neutron
o) 0,2 0,2 0,9 I, 0 I,6 2.0 2,6 3,0 5.0 6,0 6,8 -
n.”n, -
0,60 5 0.75 0,66 0,58 0,22 0,II 0,05 0,03 G,0I5 0,009 0,005 0,001 -
fa.2r) 0,1 o0,z "2 09 I I®B - - - - - - -
7.0 1st - P = . - - -
ot 0,55 ¢.28 0,53 0,20 0,14 - - -
(n.2n) 0,04 0,08 0,16 0,20 0,28 0,44 0,52 ©,800.68 0,82 I,2 I,3 1,4 I,
2nd 5 0e3 0,28 0,53 0,78 I,00 I,40 1,80 I,40 1,20 71,00 0,4 0,10 0,045 0,020 0,002
nextran :
) 0,I 0,5 ,5 2,0 2,5 3,0 2,5 4,0 5.0 7,6 80 8,5 -
n,n
! 0,60 0,67 9,42 ¢,22 0,10 0,055 0,060 0,042 0,080,020 0,0I3 0,0085400450,50I -
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rT 21 31 a4l 54 6! 2! 8] 9] 10 ] 1z | 12 ] 13 14! 15 {18 ! 17

f.2n)
9,0 1st 5, 0,3 0,5 I,0 I,5 2,0 2,6 3,0 2,5 - - - - -~ -
neubon 0,8¢ 0,30 0,73 0,43 0,22 ¢,IZ 0,06 0,03 0,02 - - - - - -
g‘-gn) 0,64 0,08 0,12 0,2 9,3 G, 0,5 0,6 0,9 1I,2 I,6 I,9 2,3 2,6 3,0
n
ne 0,021 0,076 0,15 0,33 0,58 4,75 9,8 0,82 0,79 0,53 0,22 0,I0 0,022 G,0I0 2,001
(/n R-) 0,I 0,3 0,9 I,2 I,z 2,5 3,0 4,0 5,0 5,0 79 8,0 9,0 IC,0 1I0,t
’ 0,30 0,44 0,43 0,37 0,2 ©,10 ¢,57 0,03 2,035 0,030 0,022 0,0I4 0,0I0 2,004 0,001

(.27} 0,1 0,3

10 2,6 I,0 I, 2,0 2,5 3,0 3,5 4,6 5,0 5,5 - - -
i1,
1st 0,82 0,70 2,68 0,45 0,22 ¢,12 0,076 0,048 0,028 £,020 0,013 0,010 - - -
reutron

(nz.ir;) 0,04 ¢,22 9,2 0,3 055 67 09 I,2 - I,6 20 25 30 3,5 4,0
neut ¢,0I 0,08 0,18 0,32 0,5 0,7 G,7I 0,6C - ¢, 37 0,28 2.088 5,020 23,0045 0,007

L0 80 7,0 80 9 Ios II0 I, -

fn,7) c,4 0,7 I,2 2,0 3,0 4.0 3
,12 {,069 0,047 0,036 0,054 5,041 0,031 2,023 4,0I5 .00 -

13,0 0,27 ¢,29 0,22 G,I8 O
fn2n) 0,4 o7 I,2 2,0 3,0 4.0 5¢ 60 7,0 - - . - - -
1st 0,24 0,36 0,42 2,29 0.II ©,04% <,03C 5.022 0,0I6 - - - - - -
reutron
21} 0,04 0,06 0,2 4,2 ©,3 <5 9.7 I, 1.8 290 .0 4.0 5.0 - -
2nd 4 roe 0,016 0,036 2,10 0,17 C,32 0,45 0,51 0,45 0,33 2,075 0,008 £.001 - -
neutron
) 5 1,0 2,6 35 490 350 60 7,0 8¢ g0 I0,0 IID I30 13,0 14,8
e ¢,Is 0,I7 G,II 0,075 0,066 0,072 0,066 0,057 0,044 6,076 0,058 ¢,045 ¢,02I 0,0I0 3,001

(n,2n) o5 1,0 2,0 30 4,0 50 60 7,0 80 90 98 - - ~ -

1st 0,03 0,06 0,I2 0,22 0,20 0,I3 0,087 0,067 0,053 0,040 0,035 - - - -
neutron

%9 m%m 0,% 0,08 0,12 0,3 0,4 05 06 07 IO I4 I8 3,0 40 50 56
2nd ¢ 64 0,016 0,034 0,I5I 0,233 0,30 0,37 0,41 0,48 0,48 0,37 0,10 5,032 0,005 0,001

neutron
(n,3n) 0,15 0,5 I.0 I,5 2,0 2,26 - - = - - - - - -
1st -
50 I, 20 0,04 0,005 0800I - - - - - - - - -
vty 150 1,00 © 0,00 1

(n.37) 0,04 0,98 ¢,2 2,2 0,3 04 906 0,8 I,0 I.4 I8 I,7

2nd AT
0,039 0,14 0,26 0,56 0,87 1,1 I,I 0,% 0,5 0,I3 0,066 0,04
neutron

(n,3~) 0,4 ¢,8 0,2 0,3 0,4 9,5 ¢6 0,8 I,o IS 2,0 - - - -

3rd 1,30 1,0 1,70 1,5 1I,20 0,9 0,72 0,39 0,20 0,020,002 -
reutra

]
t
1
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3. ANGULAR DISTRIBUTIONS OF ELASTICALLY SCATTERED NEUTRONS

No experimental values whatsoever exist for the angular distributions

241Pu nucleus, Since the

of elastically scattered neutrons for the
angular distributions are defined principally by the potential scattering
which is only weakly dependent on the properties of the nucleus, the
angular distributions for the 235U nucleus [26] were used as evaluated
data. This nucleus was chosen because comparatively good measurements
exist for it. The angular distributions are presented in the form of

the expansion:

8 11 auen (9],

ol

where PE (Cos9) is a Legendre polynomial, and the coefficients a, are

given in Table 3,1.

The values of the coefficients a, enable the angular distributions
in the energy range 0,1-15 MeV to be calculated., In the energy range
below 0.1 MeV the angular distribution is considered to be isotropic in

the centre of mass system.



By MeV o b 7T
e ne _Ha
0,1 13,50 (1, Pvnkni
0,2 8,862 D, STroun
(VR] 6,805 0, 89600
0,6 S04, TG
0,8 W, 560 1,053600
1,0 B, 033§ 262000
|, 5000 1B huson
L4 3,072 T, 35509
LW 5,706 T,uh47 4%
2,5 4,172 2,65425
3,10 W6 2,155640)
3,5 4,700 2,276122
w,0 4,790 2,364664
h,5% 0,675 2,418113
L0 h,539 2,438787
5,5 4,338 2,060411
6,0 4,091 2,457095
7,0 616 2,504444
#,0 » 270 2,737760
B0 3,074 2552913

10,0 2,985 2 ,H657u7
(1,0 2,965 7 uhtens
12,0 2,970 2,412038
1,0 3,056 2,485820
14,0 3,180 2,450417
i5,0 3,280 2,365747

aQ,

U LS00
U, 156000
0,%39000
1}, BIHH)
1,00 66
[, )3t
L4000
[, 45680
1, tian 355
2,375784
2,0e5543
RVAEILUN &
3, 1014904
3,307022
3,359526
3,409912
3,333445
3,403467
3,519016

5,93986
3, 624595
3,2006519
A, TONEAE
3,288475
3,191608
2,480194

Table 3.1

BExpansion coefficients azzof the angular distributions of

s
0 P
CRVHULYY
0,13500y
01, 5200(0K)
0,666 4
(VR ERY |
{0845
{, 813550
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4., THE FISSION NEUTRON SPECTRUM

Only one paper [27] exists on the measurement of the fission neutron
spectrum for 241Pu. Measurements were carried out for thermal neutrons
using two methods - the proton-recoil method (En = 1,6-7.0 MeV) and the
time-of-flight method (E = 0,3-6,0 MeV). In the former case target

purity was responsible for over 90% of the fission from 41Pu end in the
latter case isotopic purity accounted for more than 96%. To check the
results, measurements of the fission neutron spectrum of 235U were performed
under the same conditions. The results of the measurements were well

approximated by the Maxwellian distribution

_ 2
Nu= 77 ,,]/ Ee & , (4.1)
the mean energy B of which is linked with T, by the relation B = -g- T,

The values of Ty and E obtained in Ref. [27] are 1.335 + 0.034 and
2.002 + 0.051 MeV respectively.,

In order to make allowance for the variation in the fission neutron
spectrum with the incident neutron energy, it is possible to use the link
between the mean energy of the fission spectrum (E) and the mean number of
neutrons per fission (;), disregarding the neutrons emitted during processes
which preceded fission. The following dependences for TM’ based on

systematics, were proposed in Ref. [28]:

Ty = 0,353 + 0,510 [1+7(E)] K (4.2)

and
To = 0,997 + 0,125 (£).

The dependence (4.2) and the data on V(E) evaluated in Part 4 of the
preprint were used in the present paper. Calculation of TM at the thermal
point gives a value of 1,36 MeV which agrees with the measured value
in Ref. [27].
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5. EVALUATION OF THE SPECTRA OF GAMMA RAYS
ACCOMPANY ING THE INELASTIC PROCESSES

No experimentally measured spectra of the gamma rays accompanying

inelastic processes exist for 241Pu

. The gamma-ray spectra.from the
processes (n,n'), (n,2n) and (n,3n) were evaluated using the statistical
240p,, nucleus [25]. The discrete lines

of the gamma rays were not calculated. For the spectrum of gamma rays

model in the same way as for the

accompanying fission we used the spectrum of gamma rays accompanying
thermal fission of a 235U nucleus [29].

Tables 5.1-5.5 show the spectra of gamma rays accompanying the

processes (n,n'), (n,F), (n,2n), (n,3n) and (n,y) respectively.

Table 5.1

Spectra of gamma rays accompanying reactions (n,n')

E,.‘ . ' Ef , MeV .

Mev | 5051 2,0 |6,2 ]LS | o.4ioisio.8| I [I,slz [2.5 l 3 | G Is i 7
) <,00% ¢,027 0,17 0,41 0,75 [,53 2,39 3,22 3,IC 2,37 1,62 0,92 0,41 C,IS5 0,05 0,012
i2 4,004 8,325 0,i6 ¢,3%9 0,70 L,43 2,24 3,80 2,82 2,03 I,34 90,75 0,24 0,06 C,02 0,003
@ 2,303 u,024 0, IS 0,37 0,89 I[,37 2,12 2,81 2,45 1,85 U,81 0,47 Q0,1 0,02 0,23 G,0
3 ¢,003 0,22 0,143 0,35 ©,67 1,20 I,7 2,29 I,78 I,0I 0,47 0,I9 0,02 0,002 - -
3 002 G,0I7 0,I3 0,32 0,54 I,uI I,3I I,25 0,83 0,450,2 5,0 - = - -

M Q&I 3,622 J,UII C,043 U,I3C,5I 3,71 0,0 - - - - - - - -
Table 5.2
Spectra of fission gamma rays

e E‘r', MeV

Eny MeV T T T l T ; T
v Ul w2t 4y 3u,215,7 !Lﬂi z 51:,0 12,5 13,0 ]#Lu if.G‘ ]iu [ 2.0 {9,
sy = 15,0 I,0 3,2 ©,398,235,0 3,2 1,2 3,65 <,+0 (,22 0,089 0,027 C,0i6 2,00l &40
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Table 5.3

Spectra of gamma rays accompanying reactions (n,y)

!

E'l | EI N MeV
L T T
MeV: ~uslozloe [owlosiosinulnsie 13 1s |5 |6 !8 10
5 ;U,U‘CS v,G59 0,35 2,0I 3,05 3,54 3,72 3,35 2,75 1,56 4,77 0,34 O,I+ 0,02 0,002
i2 0,008 9,058 0,34 I[,91 3,00 3,47 3,62 3,22 2,45 1,32 0,61 0,23 0,08 0,009 0,0
9 .ED,OGd 0,0% <,32 1,90 2,9 3,39 3,52 3,02 2,25 1,07 0,42 OG,I4 0,05 0,003 0,0
6 0,008 0,054 0,32 1,80 2,91 3,29 3,35 2,70 1,95 0,79 0,24 0,07 0,02 0,0 -
3 |o,008 0,053 0,31 1,80 2,8I 3,11 3,16 2,45 I,52 3,47 0,10 0,02 0,003 0,0 -
1 |0,008 0,052 0,30 1,79 2,73 2,95 2,91 2,05 I1,I6 0,25 0,004 0,0 - - -
Table 5.4
Spectra of gamma rays accompanying reactions (n,?2n)
Eﬂ.' Er Y MeTV I
MeV [ o5 [ orloz! o3 | uslowlie lie]l 20les| 31 s | 5] 6
8§ uJ,004 U,02 C,r2 0,30 &,7e2 0,88 0,51 g - - - - - -
I o,003 o,01 0,09 0,24 4,89 0,98 0,98 0,75 0,48 0,22 0,08 08,005 - -
15 &,008 0,04 0,20 0,59 1,67 2,16 2,04 1,83 I,IS 0,70 0,32 0,09 0,02 0,004
Table 5.5
Spectra of gamma rays accompanying reactions (n,3n)
E._, E, , MeV
MeV T ;
s0s] 01 loelos loslogloginglis ]z lislog | 24
i5 ¥,00I oQ,004 ¢C,03 0,062 G,Is 0,27 0,31 0,33 0,25 0,24 0,i5 0,08 0,04
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6. CONCLUSION

The present paper contains the results of an evaluation of nuclear

data performed with a view to establishing a complete 241Pu file in our
national evaluated nuclear data library, The mean group constants

obtained on the basis of the evaluated data are shown in Table 6,1.

Table 6,1
24

Mean group constants for the 1F‘u nucleus

No. Ei ’ Ec"l 6; 6{ 6} 6. G;a ’}f /ul. ;
T z 3 % 5 & 7 . BRSO AN (s
MeV
1 6,5-10,5 6,708 1,°m 0,005 IHs1 1,337 5,015 0,M% 0,00133
2 4,0 -6,5 7,952 1,410 0,97 4,527  1,m9% 3,605 0,097 0,00I56
3 2,5-4,0 7,9% 1,507 0,011 n,525 1,952 3,353 3,710 0,00221
4 1.4 ~-2,5 7412 1,691 0,058 3,81 1.853 1,1 0,% 7% ¢,0037
5 0,8-14 7,215 1,597 0,038 2,255 1,0f 3,070 04273 C,0M78
6 04 -0,98 ©4% 1,511 0,0% 5,69 I,i% 3,000 0,3667 0,0n526
7 0,2 -0, 10,340 1,734 0,115 7.0950 0,637 2,73 90,2331 0,00536
8 0,I-0,2 12,248 2,007 0,22 8,726 0,277 2,0 0,1273 0,0C724
K38

9 16,5~ I00 3,750 2,287 0,472 ic,wm2 0,175 2,7 C,0552 0,n077y
10 21,5-%6,5 In,9 2,676 ¢,°88 11,700,072 2,923 G, 0T 0n,0n012
11 10,0- 21,5 16,32 3,043 0,69y 12,070 4,000 2,70 0100 0,00522
12 4,65~ 10 18,277 L 443 4,019 2,750 0,00 2,024 n,0055 0,005
I3 2,15 -4,65 21,245 £.937 1,606 13,102 0,000 2,024 ~Lome 0,00827
T 1,0 -2,15 2§,867 887 2,014 13,372 0,070 2,72 0,030 0,007
15 465 iBmco 30,88% 12,018 5,920 13,59 0,000 2,9 0,0028 0,0n27
16 215 -465 43,96 22 % 6718 13,77 0,00 2,024 €, 029 6,00827
17 100 -213 467157 26,006 68% 13,89 ¢,n00 2,924 0,0n28 0,00827
I8 4¢,5 - 100 £€3,25%0 20,0 0,02 10,326 0,000 2,024 0,0m2° ¢,00027
1 21,5 - 46,5 90,540 £1,9:¢ 10,090  IBmE0 0,000 2,52 0,n028 C,00"27
20 10,0 -21,5 198,180 133,50  43,II0 16,480 0,900 2,02 0,028 0,00827
21 4,65 - 10,0 29,070 239,220 26470 17,210 0,070 2,924 0,0023 0,00027
22 2,15 -4,55 180,300 116,3C 54,200 5,0 0,700 2,94 0,0023 0,00527
23 1,0 -2,I5 &4I,C70 26,7270 2,M0 I[,9¢C ©,00 2,924 0,0028 C,00027
25 0H65-1,0 £2,520 52,350 15,270 4,320 0,000 2,020 0,008 0,00527

25 0,215-0,455 119,470 T 300 398,80 13,270 0,000 2,924 0,0028 0,0c827
26 0,0253 1339,000 IDI3,00C 362,700 I1,2C0 0,200 2,924 0,™d8 0,00827
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In conclusion, here is a list of measurements that need to be carried

out most, in order to refine the nuclear data for 24]'Pu:

(a) The unresolved resonance energy range (measurements of <'rt for
energies 0.1-100 keV);

(b) The resonance energy range (measurements of CVY);
(c) The thermmal range (measurements of a in the 0.,1-1.0 eV range);

(d) The fast range (measurements of Gt up to 15 MeV and measurements
dén
of R dfnx and drn').
The authors would like to thank Academician A.K, Krasin of the
BSSR Academy of Sciences for his support of the work on the evaluation of
nuclear constants, and senior technician A,I. Furs for his assistance with

the numerical calculations,
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FIGURES

o i i 1 l_t1 L

A 1 | 4
0t 02 03 04 05 060708091 2 3 E.MeV

Fig. 1,1. Comparison of the data on Ot(24lPu):
= evaluated; — — — — a calculated

using the optical model.
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Fig, 1 Comparison of the data on ¢ (241Pu):
LI L] L] n
= evaluated; — — - ~ = calculated
using the optical model; -— — —— ~ = the poten-
tial scattering contribution; — — = — =~ ~ —_—=

the compound scattering contribution.
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Fig. 1.3. Comparison of the data on Uc( Pu):

= the sum of the evaluated cross-section anx

and the compound elastic scattering cross-section:
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Fig, 1.4. The evaluated cross-section on'(

£ MeV

the energy range up to 5 MeV: = — — — = the excitation

the excitation cross-section of the continuous spectrum.
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Fig, 1.5. Comparison of the results of the present

evaluation of Un' with the data of other anthors:

data of Prince; = — — =~ =— — = the data of Kaner
and Yiftah,
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Fig, 1.6. Dependence of nuclear temperature T on

incident neutron energy.
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Fige 1.7. 15 MeV neutron inelastic scattering
241

spectrum for Pu. The minima in the spectrum at

energies ~4 and 8.5 MeV are caused by the competition
of the processes (n,3n), (n,2n'f) and (n,2n)(n,n'f)

respectively with inelastic scattering.

Gi 1,20

Onanbl (\
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Fig, 2.1, Evaluated cross-sections for reactions:
1=(n,2n); 2= (n,3n).
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Part 6

Representation of the Complete Pu—241
Evaluated Nuclear Data File in the
ENDF/B Format

Abstract

This publication contains a printout of the full file of evaluated
miclear data for 241Pn in the ENDF'/B format,

The printout includes resonance parameters, neutron cross-sections,
angular and energy distributions of secondary neutrons and average rumber
of neutrons per fission event . The resolved resonance region is shown
in Reich-—Moare parameters and parameters of modified Adler—Adler formalism.
In the region of unresolved resonances, apart from cross-sections average
resonance parameters are given. The data were recorded on magnetic tape
and transmitted to the Fuclear Data Centre of the USSR State Committee on
the Utilization of Atomic Energy.
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