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As a part of the evaluation work by a working group of the Japanese
Nuclear Data Committee, ZBQPQ neutron cross sections are being evaluated
at present. This is an interim report of the work, and collected data
of the Breit-Wigner single-level parameters for 239Pu resonances are
compiled in tables with a summary of the relevant experimental informations.
The multilevel parameters are also given in the Appendix. Subsequent
239

evaluation for the Pu resonance parameters will be made on the basis

of this compilation.

# NAIG Nuclear Research Laboratory, Nippon Atomic Industry Group Co.
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I. TIntroduction

As one of the activities of Japanese Nuclear Data

Committee, the evaluation work of nuclear data for 235U, 238U

2394,

?

240Pu and 21”'Pu are now in progress. Along with the

1

! other evaluation work for light, medium-heavy and FP nucides,
the purpose of this work is to support supplying good data for
JENDL, namely, the Japanese Evaluated Nuclear Data Library.

" This report presents the review of the experiments on 239Pu

L

neutron cross sections in resonance region and the table of the

collected resonance parameters reduced from the measured cross
sections using the single-level formula. The data compiled in

this work are those appeared .after 1966, when J. J. Schmidt
Sché66)

published his extensive evaluation work However, the

rescnance parameters contained in Schmidt's compilation are re-
tabulated here without comments. Several authors apply the
multilevel resonance formula for the analysis of the experimen-

tal results. These sets of multilevel parameters are not

included in the present table but are given in Appendix
separately.

In chapter ITI, the present status of the available data is
described and in chapter III, the main features of each experi-
ment are given. Some remarks on the parameter tabulation and

the guides to -the users are summarized in chapter IV.

II. The Present Status of the Available Data
239

Pu neutron resonarce cross

D67),B70),

Recent measurements for
sections were carried out extensively by Saclay Group
T70) and by Dubna GroupR7O).

The parameter set obtained by Saclay Group seems to be of
high\reliability because they measured ¢, ocp and o, with good
resolutions and analyzed the data simultanecously. It is note;

worthy that the resonance parameters have been determined up to

x the very high energy region (0 ~ 660eV)}. Though we have
125; Uttley's parameter set (included in Schmidt's compilationSCh66))
.ﬂ;. up to the rather high energy, the Saclay parameter set is only
one available above 300eV at present, In'the low energy region,

Dubna Group measured ¢ , 9p and ¢, , and determined the level

parameters for 32 levels up to 86eV by analysing these cross
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sections.

There exist several studies in which the multilevel formula

was'applied for the reduction of resonance data. FarrelF68)
analysed the fission cross sections obtained from the Petrel
S
experiment using the Reich-Moore's multilevel formula.
D70) J68)

Derrien et al. and James also adopted the Reich-Moore's
formula for their analyses., While, Gwin et al. utilized the
Adler-Adler's scheme for the analytical description of their
experimental dataG71 . These multilevel parameters are
summarized in Appendix of this report. Other papers collected

in the present review work deal with the spin assignment using

2
various methods. The spins of 39P1.1 resonances are determined
M
through the studies of the fission fragment kinetic energy ?5),
865),

R Cc66 )
fission symmetry or resonance scattering measurement

A67),K69),571) W69)

Weinstein et al. carried out the spin
assignment assuming the correlation between the average fission
neutron number ¥ and the level spin J. However, Trochon et al.
came to the conclusion that any correlation was not found be-

tween ¥ and JT7O).

ITI. Main Features of Measurements
l) A Series of Experiments at Saclay
Derrien 67)

The measurements of the total and fission cross sections

were made by TOF method using the Saclay Linear Accelerator.
The transmission experiments were carried out to obtain»aT with
five Pu-Al samples (containing 0.1, 0.3, 1, 4 and 14 g of 239Pu
per cm2, respectively) at the liquid nitrogen temperature. The
energy range was from 4 to 700eV and the best resolution was
1.5 ns/m. The comparison of the results with those of supple-
mentary experiments at ambient temperature made it possible to
determine precisely the Doppler broadening factor (zfzﬁvrﬁ,
n = 090122). Background determination was mede with Au, Co, Mn
and Bi samples. '

The fission cross section measurement was performed on a
16 meter flight path using the A, (300 g/cmz) - N{25 g/cmz) gas
scintillators as a fission fragment detector. The measurement

covered the energy range from 4eV to 6KeV. Pulse width,
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frequency and the best resolution were 60ns, 500¢/s and 6ns,/m,
respectively.

Resonance parameters were obtained up to 500eV by shape
analysis using the least square method based on the Doppler
broadened single level formula. The details of the methoed are
described in ref.R67). Statistical study of fission width
showed the existence of two families of resonances, one having
a large I't ( 750meV) and the other having a small I £ ( h5meV).
Considering the level population, each family was assigned to
be of spin O and 1, respectively.

Parameters 2glin and I"up to 442eV were obtained as well as

I'f, 'r and J up to 25leV,

Blons 70)

The high resolution measﬁrement of' the fission cross
section of 239Pu was made using a gas scintillator containing
960 mg of 239Pu as a detector. The incident neutron spectrum
was measured with a BF3 proportional counter placed behind the
fission detector. The neutron source, the pulse frequency and

the sample temperature are the same as the previous measure-

mentD67) at Saclay. The improvement of the resolution (from
6ns/m to lns/m) is noteworthy.

For the calculation of “p, lOB(n,a) cross sectionn was
assumed to be @ (n, o (barn) ::g%%ﬁ%f - 0.28. The value of 7.
was normalized at 44,48, 47.6, 52.6 and 74.95eV to the previous
valueD67). -

The fission cross section curve thus obtained was used to
calculate I'p's with the subsidiary parameters (2efmn, r, I'r =42
meV) obtained in the previous measurementD67 . The reductioh
was made in the following manner.

1). From 0 to 450eV, where the resolution function was
well known, the values of Iy were calculated from Eo, 2gfn and
ool'f.

2). From 450 to 660eV, where the values of [’ were known
with the poor accuracy or when the values of I' were less than
500 meV,.

2g[“n] o o't
28 oo ['-0,I'f

Pf:[Pr+

__3_
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3). In the whole energy region, when the wvalues of [ were

greater than 500meV,

2gln )
1 *
2

* g assumed to be 1/4

ro = r - (rr +.

Trochon 70)

Elastic scattering cross section of 239Pu was measured with

high resolution based on the TOF technique using the Saclay
Linear Accelerator. Eight liquid scintillators were used. Six
of them contained lOB and were sensitive to the fission and
scattered neutrons., The other two without 10B counted the
fission neutrons only. The signals from the latter were used
to eliminate the fission events.

| The level spin was determined in such a manner as the
theoretical scattering area (Ao)th agreed with the experimental
one (Ao)exp obtained from the measurement mentioned above. For
the calculation of theoretical scattering area (Ao)th =
1,02 132(2gfn)2

Eg

the references D67) and B70). Level spins were assigned for
D67)

the values for 2gl, and I' were quoted from

the levels up to 660eV. The previous and the present
analyses gave the same resulis for all the spins although the

methods of these two experiments were quite different.

2} Experiment at Dubna
Ryabov 70)

These extensive measurements consist of the total cross
section measurement with transmission technique and the fission.
and capture measurement with self-indication method. Time of
flight technique was employed on the 1010 meter flight path
using the JINR pulsed fast reactor as a neutron source. The
ligquid boron scintillation detector was used to detect the
resonance neutfons in the transmission measurement. The meas-
urements of the total cross sections and those of fission and
capture were carried out using a large cadmium-loaded liguid

scintillation detector. Time resolution was 40 ~ 55 ns/m.
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 With the aid of the area method, the resonance parameters

an,[‘,[“f and I'v were obtained for 32 levels up to 86eV.

3) Spin Assigmment T. Resonance Scattering
Sauter 65), Asgﬁar 67), King 69) and Simpson 71)

The experimental conditions are summarized in Table I.
Sauter and Bowman assigned the level spin through the relation
g = (gﬁn)2/r(gpn2/p), where grzn/f was determined from the
experimental scattering area, and gl and [I' were taken from the
references Sch 65) and B 65). Asghar used the same method.
King et al.K69) and Simpson et al.STl) determined the level

spin from the measured values forl"n/I'y g, andl” . The wvalues

for ¢, /n and gFZn are given in 865) and A67), respectively.

4) S8pin assignment II. Various Methods
Melkonian 65), Cowan 66) and Weinstein 69)

Cowan et al. studied radiochemically the symmetry of fis-
sion at individual levels from 15 to 82eV. Assuming that the
ratio of asymmetric to symmetric fission depends on the level
spin, spin assignment was done for 22 levels. Melkonian and
Mehta's way of 'spin assignment was based on the same assumption
as Cowan's in principle. However, they did not measure the
symmetry of fission directly but measufed the average kinetic
energy of the fission fragnments, and used the correlation be-
tween the fission symmetry and the kinetic energy.

RPT GroupW69) measured the average number of fission neu-
trons » and assigned the level spin through grouping of the
levels by ¥ values based on the assumption of correlation
between 7 and J. However, a recent experiment of the same
kindT?B), in which the Saclay 60MeV electron linac and the

proton recoil scintillator were used, showed no correlation

between v and the level spin J.

IV, Remarks on the Tabulation

The data listed in the table are divided into two groups by.
dotted lines. The first group consists of the old data which
were already referred by Schmidt in his evaluation work. The

second group consists of the new data published after 1966.
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There are several cases in which single level assigned in the
0ld experiment splits into two levels in the recent high re-
sblution measurements. In this tabulation, these two levels are
classified as one level. The splitting of these levels will be
considered in the subsequent evaluation work. In the new data
section of the table, round parentheses mean the subsidiary
parameters cited from the measurement previously carried out or
one made by the other authors,.

In this compilation, the papers are referred by the name
of the first author and the year they were published; for
example Blons (70), or, in the more abbreviated form, B70)o

The old data are retabulated here only for references and
the detailed informations about them should be found in the
Schmidt's original reportSCh 66). In the old data section, the

quantities in round parentheses were calculated from the meas-

ured unbracketed quantities for comparison purpose.
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Original Notes for Table 2

Sauter 65)

a) Quoted uncertainties for gpi/[’values are estimates of
uncertaiﬁties in measuring scattering area only.

b) Upper and lower values in column for g are determined
using values of g, and I' from references Sch 67) and

B 65), respectively.

Derrien 67)

a) BNL 325

b) Assumed level to explain the large residual cross
section between 10.93 and 11,89 eVv.

c) Assumed level to explain the strong asymmetry of the
resonance at 57.44 eV,

d) Complex group of resonances among which two narrow
resonances are clearly distinguished. Taking account of
these two levels (81.76 and 85.32 eV) only, the cross
section curve can not be repfoduced. _

e) Agsumed level to explain the strong asymmetry of the

resonance at 212.02 eV,

'f). Assumed level to explain the large residual cross section
between 225 and 228 eV. There are, perhaps, two large ‘

resonances.

King 69) ,
a) The upper and lower values are obtained assuming J to be

O or 1, respectively.

Weinstein 69)

a) Uncertain assignment.
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Appendix Multilevel Parameters

Derrien et al. carried out the analysis of the Saclay data

239

on total and fission cross sections of Pu using the Reich-

D70)

Moore's multilevel formula Experimental informations on

the Saclay data are summarized in Chapter 111. The agreement is
very good between the theoretical curve and the measured points.
Their tresonance parameters are shown in Table Al.

The same kinds of the analysis were made by James

8)
F68) .
Farrel . The resonance parameter sets obtained by them

and

(Table A2 and AB) are considerably different from each other
and from the set by Derrien et al. mentioned above, even though
these three analyses were cérried out by using the same formulsa,
On this point, Derrien et al. comment in their paperD7O as
follows. "James' conclusions are qualitatively the same as
ours. But the parameters he obtained are very different from
ours, probably because he did not take into account the
resonances outside the range he studied, for example, those at
60.94, 96.49 and 100.25 eV, It is not possible, within the
available informations, to make a detailed discussion about the
parameters obtained by us and those by Farrel."

Gwin et al. adopted the multilevel formula of Adler and
Adler for the analytical description of their experimental
resultsG7l). Their parameter set is summarized in Table Al

The Reich-Mcoore and the Adler-Adler multilevel formulae

are briefly reviewed in Table AS5.
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Table Al Multilevel Parameters of 239Pu, Derrien (70)
Channel 1+ Channel O+
Ener :
( V?y‘ ([}é I'e I'rq R
© mev) (meV) (meV) - (meV)
0.266 0.24 60.0
7.800 0.77 -47.0
10.€10 1.85 -120.0
11.878 0.98 21.0
14.307 0.66 61.0
14.660 1.62 37.0
15.405 1.73 -442.0 . 99.4
17.633 1.83 -40.5 '
22,234 2.56 -64.0
23.876 0.09 - 30.0
26.2253 1.52 4,0
27.233 0.15 - 8.0
32.265 0.84 -114.0
35.422 0.25 5.3
41.373 3.79 - 3.6
41.6273 1.38 43.4
44 . 435 5.83 - 5.0
47, hck 5.25 281.0 -70.0
ho,L4h4e 3. 44 -786.0 -61.0
50.033 2.97 -12.5
52.533 10.02 g.0
55.582 1.51 22.0
57.003 14.47 -1554.0 28.0
59.153 4 .80 102.0 :
61.866 26.25 7102.0 20.0
63.018 0.70 80.0
65.497 13.66 238.0 151.0
65.711 9.17 28.5
74 .053 3.37 -26.0
7% .937 22.78 -87.0
78 .968 0.04 2.0
80.G15 4,65 863.0 582.0
82.666 0.3% 10.0
85.490 7.45 9.4
85.534 53.41 -2010.0 55.0
€0.711 11.86 c.0
©2.9573 0.70 9.0
<5,374 . 1.90 -25.0
©6.332 20.66 842.0 1816.0
101,751 2.05 -4823.0 25.0
103.010 1.61 10.0
105.301 4,78 - 6.0
106,670 8.93 -26.0
110.410 0.44 13.0
114,692 2.50 -1654.0 -17.0
115.185 0.21 160.0
116.075 11.75 -117.0 -139.0
118.831 16.85 -34.0
121.006 2.38 36.0
123.467 0.51 -39.
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126.226 1.63 -20.0 1
127.557 0.51 25.0 1
132.321 35.06 3691. - 35.0
133.784 5.59 - 6.0V
136.770 10.24 - 84.0
139.340 0.10 120.0
142.9673 3.24 82,0
143.470 4.08 31.0
146.250 7.05 13.0
147.496 3.53 1496, 86.0
148,242 0.44 102.0 1
149,442 1.69 50.0 1
157.009 32.55 29, 473.0
Table A2 Multilevel Parameters of 239Pu, James (68)
Energy Pno r il r fo I J
(eV) (meV) _ (mev) (meV) (meV)
60.94 3.8473 5830 0 40 0]
78.95 0.012 140 - 4o 1
81.36 0.598 -h56,2 415.8 4o 0]
82.68 0.055 29,5 - 40 1
85.22 6.2h 2686 571 4o 0
85.48 0.85 37.0 - o] 1
C6H.49 1.36 1647 0 4o 0
100.25 1.11 0 5C49 40 0
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Multilevel Parameters of 239Pu, Farrel (68)

-Table A3
En Energy r° rg re r,

(eV) (mQV) (me%) (me%) (meV) J
14.29 0.183 -67.00 4o 1
14.68 0.429 68.00 4o 1
15.38 0.537 608,00 Lo 0
17.65 0.1390 -68.36 40 1
19,322 0.017 -9.93 4o 1
21.45P 0.018 250.00 4o o}
21,70 0.0087 -110.00 4o 1
22.26 0.585 4 .24 4o 1
23.91 0.038 -14.8 40 1
25.15b 0.000 45.00 40 1
26.25 0.360 44,0 4o 1
27.25 0.080 - =1.58 4o 1
30.60¢ 0.000 2000.0 4o 0
32.34 0.147 99.10 40 o}
33,50 0.0001 -50.0 Lo 1
34.130 0.0013 5@¢.00 4o 0
35,47 0.010 -25.0 4o 1
37.25b 0.0002 80.00 4o 1
30,25b 0.0004 50.0uU 4o 0
40.95¢ 0.015 760.00 4o 0
hi.47 0.101 39.35 40 1
41.72 0.112 -79.2 4o 1
L. 51 0.220 23.75 4o 1
46,00C 0.0002 30.00 40 1
I7.64 0.718 230.0 40 0
ho,60 0.536 900,00 : Lo 0
50.10 0.231 -23.70 40 1
51.60P 0.0021 -30.0 40 1
52,59 0.405 32.43 4o 1
55.66 0.143 -43.7 4o 1
57.730 2.607 1040.00 40 0
5¢,22 0.5673 -141.00 40 1
60.65€ 0.011 185.0 4o 1
62.70 1,689 -4250.0 Lo 0]
63.16 0.087 ~-54.4 40 1
65.40C 0.099 -39.2 4o 1
65.75 0.934 -127.00 : 4o 1
66.75 0.515 1355.00 4o 0
68.05¢ 0.0017 -250.00 40 1
74,19 0.385 91.90 4o 1
74.97 1.893 148.00 Lo 1
77.80C 0.040 2000.0 40 0
78.60 0.0009 50,00 4o 1
81.10 0.948 1950.00 40 0
813.62 0.024 -74.30 4o 1
85.40 0.160 48.30 40 1
85.60 4,702 -1916.00 ' iy 0
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Original Remarks:

O 1“fl and I' . are the partial fission width in the two

channels assumed open.

O pno = Fn/[EO/(leV)]l/z, I'; assumed constant

a) Parameters very uncertain due to close proximity to a
resonanceiin the tanget backing.

b) Resonance included to improve the fit, primarily in the

valleys. Their existence is probable but positions and width
are uncertain.
c) Resonance previously unreported but whose presence seems

well established by the present fit.

. —68-—
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239

Pu up to 100 eV, Gwin (71)

#(ev) L(ev) &' (m.ev?’?) m(b.ev??)  af(b.ev¥?)  u(b.ev/?)
-1.5%980 0.0563% 337.16308 17.75120 2156.92669 15.96231
~0,26000 0.10000 -0.56911 0.35413 23.11888 7.89156

0.298135 0.04B66 59.67277 0.00506 85.91635 -3.15557"

1.062702 0.01678 23.26925 -0.25338 0.0 - 0.0

7.65000° 0.03600 6.04517 -1.11225 0.0 0.0

7.85088 0.0L638 128.75158 1.22563 151.42278 9.08156
10.97580 0.10560 110.42144 5.42050 421.15396 -28.63627
11.93653 0.035%0 182.96548 ~3.25150 105.63263 23.04872
14.37746 0.05802 55.81039 3.92790 112.98468 36.01877
14,72565 0.03759 260.98909 2.63596  220.58809 -25.56715
15.48510 0.36115 14.54h1901. 1.25293  165.16944 -9,48970
17.70590 0.03956 222,00144 5.44303 192.16712 8.10439
18.84000 0.18450 2G8.90448 -30.36788 0.0 0,0
21.20000P 0.05000 144, 94222 29.68602 0.0 0.0
22,31846 0.05748 230.21998 7.72855 318.49420 -0.88509
23.96776 0.12357 15.66631 4.85672 14.40227 T 5.59772
26.31851 0.05203 147.91834 8.51285 155.57259 6.14954
27.13000P 0.05950 71.77136 30.71388 0.0 0.0
27.28879 0.0716¢ 50.19682 0.0 4.h59¢6 3.13136
32.41014 0.10048 14.73027 1.4659% 37.33409 4,084193
35.56785 0.03278 48.,28967 6.87629 4.21690 1.71237
38.344512 0.04505 18.38474 2.32437 0.0 0.0
41.4he97 0.03159 . 551.94794 -9.30022 h7.70132 0.0
41.70891 0.,05210 68.147301 11.991331 85.18111 8.90254
4 .514091 0,03292 803.21122 18.69121 78.85531 4.94228
46.2812%° - 0.14646 101.66089 6,11142 0.0 0.0
47.64913 0,14511 51.03913 ~12.68877 196.64505 4.34830
4o ,B81032 0.57648 -19.08534 69,06896 1B9,13958 -11.44309
50,12126 0.04688 353.38880 -9_.18960 = 83.68742 19,.36298
52.63105 0.04038 1020.15666 21.22875  180.54524 -0,08102
55.69361 0.04680 - 128.70973 10.57667 71.,40199 19.25959
57.52205 0.51794 62.40372 16.04176 902,69006 -314.81178
50,25127 0.0888%3 172.50816 9.58430 " 412.66512 6.32604
62.01051 2.%45979 75.04860 98.85408 441.52957 347 .55798
63.16234 0.18572 4L . 56036 2.70246 86.84371 11.91151
65.78392 0.08616 717.59642 -26,50485 666.27011 77.13559
65.83534 1.08981 0.0 0.0 246 .28587 -206.20557
74.13715 0.08681 266.91436 25.85486 195.44100 63.40090
74 .98343 0.07623 659.59511 -4g,07c40 1378.25859 -52.41285
82.57221 1.06468 77.25720 19.78875 0.0 0.0
81.12700 0.87003 -23.3984g 0.0 13¢.68610 247 .69306
85.47746 1.14217 115.46310 1.67278 1605.56755 276.08260
85.56970 0.02067 539,20575 16.58042 147.85674 18.06259
90.79346 0.0309¢ BL6,04172 12.43116 169.27493 2,78816
93.02340 0.0150% 65.73827 L. 59544 7.57478 3.49715
95.46961 0,02301 133.81049 21.17057 50.98222 7.88974
96.59844 0.83728 47.41997 40.72303 378.24246 "58.49551

100,12074 4, 48486 161,72241 -196.05215  771.56103 76.79344
2Lo
Pu.

b Tungstemn.
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Table A5 The Reich-Moore and the Adler-Adler Formulae

for the Neutron Cross Sections

-

Reich-Moore Formulal)

a{: 2:7-,&-2;;[1— cos (Zka)]+4?r*2gRe (ezikap'{{[-'ﬂ)
ol = 4n¥g [Re (pog ) — | Ppa 17

o, = 4nRg F|p,. I°? (The sum extends only over f channels)
C

Pnc =0 — [ I —~K) "Inc
(PZCPZC]I)%

1

P
2

i
I —-Klec'=8, 0~ 5

Adler-Adler Formulag)

t
a ¥,Ga+ (r;—E)YHS
o,= 2ni*g {1 —cos (2ka)]+ X - ;
t g o8 VET (Ri—E)+ v,*
»,;G i+ (1, —E)H}
fr3 _

o
TUET T (Ei—E) it v

v;Gi+ (n#y —E)H

(K, —E)*+ v;? (a = 6 52 X 10” bams-eV )

g ;==

o

T

Note: Symbols C (or C') and 1 in the above expressions denote
the channel and the level. Expecially, the letter n
stands for the neutron channel. Other symbecls are used
in their conventional meaning. The smocoth background due

te the neglected "far away" levels has been omitted for

simplicity.

l) DeSaussure G., "Resonance Reaction Formalism for Fissile
Nuclei" BNL 50387 (1973)
Reich C. W., Moore M. S., Phys. Rev., 111, 929 (1958).

2) DeSaussure G., ibid.
Adler D. B., Adler F. T., ANL-6792, 695 (1963) and
BNL-50045 (1973).
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References for the New Data
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