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ABSTRACT
An evaluation of the 239Pu neutron cross sections has been completed
from 1-300 eV, Total, fission and capture data were used in the evaluation
to produce a set of single-level resonance parameters. Smooth files are
included because the single-level parameters will not degcribe the cross
sections of a fissile nucleus. Techniques used in the evaluation are
discussed and figures showing the theoretical fits to the various sets of

experimental data are shown.
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INTRODUCTION

An extensive evaluation of 239Pu in the resolved resonance region from

1-300 eV has been completed. Single-level resonance parameters E0 (neutron
resonance energy),I‘n (neutron scattering width), FY (capture width) and Ff
(fission width) were obtained. Since single-level resonance parameters will
not describe the cross sections of a fissile nucleus a smooth file was required
and is included in the evaluation. The resonance files produced in this work
have been submitted for inclusion in Version III of the ENDF/B data file. The
approach used in this evaluation was to select a few sets of cross section data

239Pu. These data were then

which we feel represents the cross sections of
reanalyzed simultaneously; thus, producing a single set of single-level resonance

parameters which fit the selected data sets.

SELECTION OF DATA

The data selected for detail use are as follows:

L

1. Gwin's fission and capture cross sections were deduced from
data taken using the Rensselaer Polytechnic Institute (RPI)
Electron Linear Accelerator. This simultaneous measurement of
fission and capture data 1s good and permitted the energy depend-
ent calculation of alpha. The statistical accuracy of his data
is not as good as one would desire but is acceptable over the
energy region of this evaluation. Gwin's data did add greatly
to the evaluation in that it predicts alpha. The most severe
problem with his data was in determining the appropriate width
for the resolution function. 1In the energy regions where the
resolution function was known to be much wider than the actual
width of the level, it was found to be considerably narrower
than that indicated by the experimental data. To correct for
this effect, an additional term of 1.5 usec/Vﬁﬁ—(z) was incor-
porated into the full width at half maximum of the resolution
function. The original thinking behind this 1/V/ E term was to
account for moderation time in the moderator. However, in the

process of this evaluation, it was observed that this term was

not needed in fitting the total cross section data. This tends



to indicate that the smearing out of the partial cross
sections is associlated with the capture and fission detectors.

(3)

The total cross section measurements of Derrien '~ ’‘were made

using the Saclay Electron Linear Accelerator. The measurements

were made under excellent operating conditions and using samples

at liquid nitrogen temperature. The statistical accuracy of the

data was very good. The data at first viewing appear to be of the
highest caliber but as we progressed through the evaluation several
difficulties appeared: (1) there seems to be a slight valley bias
(meaning the cross sections between resonances) which changes as a
function of neutron energy; (2) in the energy region over very

broad resonance the total cross section appears to be normalized
about 6% too high as compared to Gwin's fission and capture data that
were normalized to the thermal energy region. One would think that
the total data would make the best standard but in this case if we
normalized Gwin's data to the totals we would miss the thermal region
6%. We accept Gwin's normalization and must question the total data;
(3) there is also a peculiarity in the total data that the peak cross
sections of the strong resonances cannot be described properly with
resonance parameters that describe the other three sets of data.
Derrien used the transmission data obtained from several different
samples, having various thicknesses, to deduce the total cross section
as a function of neutron energy. There seems to be an inconsistency
among the cross sections obtained from the various samples. That is,
the Internormalization of the thin sample data to the thick sample
data does not appear to be consistent. This evaluation would have
been better had we included all sets of transmission data instead

of the one composite total cross section data set.

(4)

The fission measurements of Blons were also made using the Saclay
Electron Linear Accelerator. These data had much better resolution

than the fission data of Gwin's, particularly in the region above



100 eV. They were measured at liquid nitrogen temperature.
It will be very difficult in future measurements to improve
on these data. The parameters deduced by preserving alpha
from Gwin's fission and capture data described these fission
measurements.very well. These data were of particular value
in the region above 100 eV in that they had good resolution.
As with Gwin's fission measurements an additional ad hoc term

was combined with the width of the resolution function of 2.1

usec/v E.

NORMALIZATION

The energy scale of Gwin's was accepted as the standard and the other
sets of data were normalized by adding the value of AE to their energies as
given in Table I. Gwin's energy scale was accepted because two of the four

sets of data in the evaluation were measured by him.

The fission and capture data of Gwin's were normalized by him to the

ENDF/B file
to be in excellent agreement. Blons' fission data were normalized to Gwin's

(3) below 1 eV. This normalization was checked by us and found

fission data using the integrals of their fission cross sections over the

energy region of 54-300 eV.

EVALUATION

The evaluation of these data represents a complete analysis of four
sets of data with one set of resonance parameters being selected that best
describes the cross sections of 239Pu. The Automated Cross Section Analysis
Program (ACSAP)(6) was used to accomplish this purpose. A potential scattering
cross section of 10.2 barns was assumed throughout the analysis. The evaluation
was carried out as follows: (1) after the experimental data were normalized
they were stored on data discs associated with a 360/75 IBM computer. These
data discs are accessible to the ACSAP code thus making possible easy display
of the experimental data; (2) operating conditions of the experiment, such
as, channel width, accelerator burst, detector thickness, sample temperature,
flight path, etc. were determined for the different sets of experimental data
(see Table II); (3) Gwin's alpha values as determined from his fission and

capture data were preserved; (4) starting resonance parameters were those of



Derrien(s); (5) ACSAP has the capability of shape or peak fitting the data.
Shape fitting is done when the Doppler and resolution widths are small, and

will determine the resonance parameters Eo’ Fz, (rz = Pn//_f;), and T.

Either FY or Pf can be adjusted with the other assumed to be constant. If

the Doppler and resolution widths are much larger than I' the program will adjust
Pg for assumed values of E0 and ' until the theoretical data pass through a
specified peak point. Gwin's fission data were fit using the above techniques.
The cross sections as predicted from these resonance parameters were then
Doppler and resolution broadened and the theoretical curve displayed with

Blons' fission data. A slight compromise was then made on the resonance
parameters until a good fit was obtained among the sets of fission and capture
data. The parameters best describing the fission and capture data were then
used to calculate the broadened theoretical total cross sections which were
compared to Derrien's experimental data. A slight variation in resonance para-
meters was again made until the resonance parameters of Table III were obtained.
The fit to the experimental data using these Doppler and resolution broadened
parameters is shown in the Figures of Appendix A. A subroutine MERGE automatically
did most of the fine adjustments of the resonance parameters to produce the best
fits. For each run made on the computer one can see the theoretical fit to the
experimental total, fission, and capture data, thus giving a complete picture as

to how the resonance parameters describe all sets of experimental data.

SMOOTH FILES

The resonance parameters were obtained in this evaluation by using the
single~level Breit-Wigner equation. Since 239Pu is a fissile material it was
known that the data could not be described using single level parameters, There-
fore, smooth files have been created and are listed in Tables IV-VII. The smooth
files are internally consistent meaning that the partial cross sections add up
to the total. The fission and capture smooth files were easily obtained from the
ACSAP code by subtracting the theoretical data from the experimental data and
drawing a smooth line through the points. The smooth file for the scattering data
was obtained in a different manner. The theoretical scattering cross section
was calculated at several energy points over the energy region of 1-300 eV using
the -0.220, 0.296, and 7.813 eV resonance parameters. The scattering cross
section was then calculated using all the resonances of Table III. The differ-

ence between these two theoretical curves then produced a set of data that can
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be described by the equation ¢ = -0.01375 E + 2.2 barns. The scattering smooth
file was obtained using this equation in the region of 5-300 eV. Slight modifi-
cations were made to this equation in the 1-5 eV region so that the smooth file
above 1 eV could be blended into the smooth file(s) below 1 eV. Although no
scattering data were used in the evaluation a smooth file is still required
because the cross section tails from the resonance interference term of the
single-level equation add up to such a size that they must be accounted for.

If the scattering smooth file was neglected the scattering cross sections at

1 eV would be about 2 barns too small and about 2 barms too large at 300 eV.
There would be only one place where the scattering cross sections would be

correct and this would be in the neighborhood of 150 eV.

COMMENTS

Several peculiarities were found in the experimental data during the
process of this evaluation. One of the most serious was the uncertainty to
the fission and capture resolution functions. It seems to us that an extensive
program of studying moderation times, resolution effects and backgrounds should
be carried out on the Electron Linear Accelerators. Too much effort has been
put into making quick measurements. It is important now that more time be
spent in studying the machines and determine thelr characteristics with better

precision.

Listed in Table VIII is a comparison between the experimentally measured
cross sections and those calculated using the single-level Breit-Wigner reson-
ance parameters obtained from this evaluation. Good agreement was obtained over
the various energy regions between the integrals of the fission theoretical and
experimental data. The variation over most regions was less than 3 or 4% with
the different being insignificant when summed over the energy region below
300 eV. The agreement between the experimental and theoretical integrals was
not as good for the capture data. Although it was the intent of this evaluation
to preserve the experimental value of alpha as measured by Gwin there were several
complications that disrupted this procedure. (1) Values of PY and Pf were varied
to obtain a compromise in the fit to the total data. In the process of making this
compromise the value of alpha was changed slightly. (2) It appears that the smootb



file could be improved slightly particularly in the region above 150 eV.
Because of the poor statistics in the valleys, it didn't seem justifiable

to add a smooth file between 200-300 eV. However, after the completion of
the evaluation and studying the fits to the data in the higher energy region
it seems that better agreement could have been obtained had a small capture
smooth file been used above 200 eV. (3) The contaminants of tungsten and 240Pu
in the capture data are also troublesome and were only accounted for where

clean resonances could be observed. Very few corrections were made for these
contaminants in the region above 150 eV. After weighing all of the above
situations, it was decided that the present data, particularly with the uncer-
tainties in the total cross sections, do not justify a re-evaluation to take into

account the discrepancy between the theoretical and experimental capture data.

Listed in Table IX are the capture and fission integrals of odE and odE/E
as a function of quarter lethargy groups. The data between 0.414 and 1.0 eV
have been included for completeness of the table and were obtained from the

smooth file of Version II of ENDF/B.

The value of alpha obtained from Table IX from the capture and fission
intégrals of 0dE/E in the energy region of 61.4-275.4 eV, was found to be 0.71.
From the data of Table VIII the capture experimental integrals over the region
of 61-285 eV were found to be approximately 7% larger than that obtained for the
theoretical data over the same energy region. Therefore, the value of 0.71 pre-
dicted could be considered as a lower limit and should be increased by approxi-
mately 7% giving an alpha value of 0.76. Calculating an alpha value from the
Version II evaluation, as suggested by N. C. Paik(7) at the Knoxville Meeting
and using the same integration technique as above gives a value of 0.47 from
61.4-275.4, The values of alpha from this present evaluation as given in
Table IX seem to be more consistent with the alpha adjustment above 300 eV
as recommended by Paik at the Knoxville Meeting.

ERROR _DISCUSSION

When the cross sections of a fissile nucleus are analyzed using a single-
level equation the error assignments to the individual resonance parameters Eo’

T Fy, and Pf become very difficult to make. It is not possible at this time

n?



to apply absolute errors to the individual resonance parameter but general

comments can be made as to the overall accuracy of the evaluation.

The conditions under which the various sets of data were normalized are
given in Table I. There are several uncertainties which contribute to the error
in E,. The energy scale discrepancies can be the combined uncertainties of
several affects, some of which might be flight path measurements, timing and
shape of the neutron burst, moderation effects, channel width and variation in
flight path as a function of neutron energy because of the energy dependency
of the effective detector thickness. Also adding to the uncertainty of Eo is
the fact that the fissile data were described using a single-level equation.
In this case, the observed resonance energy is not the same for the total and
partial cross sections. That is, E  obtained from the fission data does not
agree with those obtained from the total and capture data. This is expected

because of the interference among neighboring levels in the fission cross section.

The accuracy of the E, values is estimated to be £ 0.1 to 0.2%.

There is sufficient disagreement between the partial and total cross
sections (see the discussion under Selection of Data Item 2.), that a detailed
error analysis cannot be carried out because of its' complexity and time
involved. Indeed, such a study might be more time consuming than the evaluation.
However, from the integral values of Table VIII and using the Figures in Appendix
A it was estimated that the integral cross sections as predicted from the reson-
ance parameters and smooth files of Tables III-VII have the following accuracies:
(one standard deviation) 0-100 eV 5%, 100-200 eV * 8%, and 200-300 eV £137%.

RECOMMENDAT IONS

We have made comments throughout this report that the total cross section
seems to be in error particularly over the strong peaks. While there well may be
some problems with the partial cross sections, the most profitable approach to
the resolution of the discrepancy would seem to be a remeasurement of the total
cross section. Such a remeasurement should be made at low temperatures and
with high resolution, using a set of well calibrated samples. The Oak Ridge
Electron Linear AcceleratorZZE well equipped to make this type of measurement.

The total cross section of Pu was recently measured there at liquid nitrogen



temperatures using metallic samples. These facilities should be utilized

in resolving the 239Pu discrepancy.

There are currently two other sets of experimental data which were not
included in this evaluation: (1) those of Gwin (ORNL), which will yield a
simultaneous remeasurement of the capture and fission cross sections and;

(2) those of Farrell (LASL), which were measured using the neutrons from an
underground nuclear explosion. It is suggested that when the cross sections
as a function of neutron energy have been obtained from the above experiments,
and when the data from the new total measurements that we recommend became
available, that these sets of data be incorporated with those used in this

report and a new evaluation be done.
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TABLE T

DATA NORMALIZATION

Data Set Energy Range AE (eV) g(multiplication)
Derrien Total < 70 0.00141 E -0.005 X1
Derrien Total 70-151 + 0.05 X1
Derrien Total 151-301 - 0.05 X1
Blons Fission 40-300 ~0.001313 E + 0.084 X.94
Gwin Fission No Changes
Gwin Capture No Changes

10



TABLE II

CONDITIONS ASSUMED FOR RESOLUTION AND DOPPLER BROADENING

Gwin
Fission and
Derrien  Totals Blons TIission Capture
Machine LINAC (Saclay) LINAC (Saclay) LINAC (RPI)
Effective Temperature (°K) 96 96 298
Thinnest inverse sample 3968 - -
thickness (b/a)
Flight path uncertainty (cm) 3.6 4,1 4.6
K * (usec) 0 2.1 1.5
Resolution Shape Gaussian Gaussian Gaussian
Derrien Total
Energy Flight Path Accelerator Burst Channel Width
(ev) (meters) (nsec) (nsec)
4-13 53.7 100 800
13-k4o 53.7 100 400
L0-T0 53.7 100 100
T0-150 53.7 60 50
150-300 103.7 60 50
Blons Fission
4o-T0 50.05 50 200
70-192 50.05 50 100
192-300 50.05 >0 50
Gwin Fission & Capture
5-22 25.45 100 640
22-67 25.45 100 320
67-163 25.L45 100 160
163-300 25.45 100 80

* Where K is the uncertainty in moderation time at 1 eV. The term K/\/ E(eV)
was included as part of the resolution width.
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1.2610E 02 3.4000E 00 1.2680E 02 3.1000F 00 1.3100F 02 1.0000E 00
1.3350€ 02 8.0000E-01 1.3450F 02 =1.8000F 00 1.35850F 02 =1.8000F 00
1.3650F 02 9. 0000E-01 1.4900E 02 9.0000E=-01 1.4940F 02 1.1000E 00
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1.9947F 02 -~1.0000E~01 1.9976F 02 2.0000E-01 1.9997E 02 1.3000E 00
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2.0330F 02 4,0000E-01 2.0418E 02 -£,0000E-01 2.0451E D2 5.8000F 00
20069 02 8.0000F OO 2.0480F 02 8.3000€ OO0 2.0500F 02 6.2000FE 00
2.0578BF 02 3.3000t OO 2.0854F 02 1.9000FE 00 2.0733E 02 1.2000E 0O
2.0800F 02 -6.0000E~-01 2.1080F 02 =-6.0000E=-01 2.1100F 02 =1.0000F-01
2.1150F 02 1.5500& 00 2.1200E 02 28000 00 2.1280F 02 3.6000F 00
2.1300F 02 3.83000E 0O 2+1318F 02 2+.5000€ 00 2.1336E 02 2.2000E 0O
21362 02 2.4000F 0O 2.1423F 02 3.5000E 00 2.14%67E 02 3. 8000E 00
2.1%14F 02 3.5000& 00 2.18590c 02 3.1000E 00 2.1656E 02 2+8000E 00
21703E 02 24000t 00 217456E 02 2+ 8000 00 2.1819E 02 3.1000FE QO
2.1877E 02  3,1000f 00 2,1942F 02 2.4000E 00 2.2100F 02 1.3000f 00
2+22)Y6E 02 1.7000F 0O 2.2285F 02 2.1000E 00 2+2339E (2 2.1000F 0O
2e2385E 02 2.3C00F 0O 2.2390F 02 3.0000E 0O 2.2521FE 02 5.2000E 0O
2.2612F 02  7.7000€ 00 2.2710f 02 9.1000E 00 2.2804F 02 9.1000f 00
2.28628 02 B. 7000Ff Q0O 2. 2900E 02 8. 7T000F 00 2.2247E 02 8.4000E 00
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TABLE VIII

COMPARISON OF THEORY TO EXPERIMENTAL DATA

f o, IE (b-eV)

fgnf dE (b-eV)

Theory Theory Theory
E(eV) Theory Gwin* Gwin Theory - Gwin Gwin Blons Blons
7-9 165.4 165.9 0.997 172.6 176.0 0.980 - -
9-17 581.0 599.9 0.968 893.3 894.4 0.999 - -
17-25 322.8 331.4 0.974 383.3 376.6 1.018 - -
25-29 99.3 101.7 0.976 100.6 96.6 1.041 - -
29-41 37.0 22.1 1.674 40.6 36.1 1.125 - —_
41-49 665.8 695.9 0.957 204.5 205.0 0.998 215.4 0.949
49-61 700.8 743.2 0.943 829.5 815.8 1.017 832.3 0,997
61-89 802.9 829.3 0.968 1724.1 1728.0 0.998 1747.1 0.987
89-109 644.7 659.4 0.978 501.0 487.9 1.027 511.4 0.980
109-125 262.9 290.4 0.905 356.8 361.8 0.986 354.5 1.006
125-149 379.0 415.1 0.913 441.2  439.2 1.005 416.7 1.059
149-181 492,2 517.2 0.952 397.4 392.4 1.013 414.4  0.959
181~213 334.9 356.2 0.940 746.8 731.1 1.021 710.9 1.050
213-237 451.4  484.2 0.932 237.0 241.5 0.981 245.6  0.965
237-253 359.0 434.3 0.827 173.7 187.2 0.928 187.4  0.927
253-285 542.6 597.8 0.908 849.1 869.1 0.977 837.8 1.013
285-301 126.2 153.4 0.823 l46.1 162.3 0.900 150.6 0.970
Totals 6967.9 7397.4 0.942 8197.6 8201.0 1.000 8203.5%* 0.999
* These experimental integrals have been corrected for contaminats of 240Pu

and W in as much as possible,

*% Includes Gwin's integrals from 7-41 eV,
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TABLE IX

QUARTER LETHARGY GROUP CROSS SECTION STRUCTURE FOR 239Pu

jode 'fcrnYdE/E Jo_(dE  Jo  dE/E

Group Lower Lower ;

Number Lethargy Energy (eV) (b-eV) (b) (b—eV) (b) Alpha®
42 10.50 275.4 - - - - -
43 10.75 214.5 1093.92 4,51 1008.81 3.99 1.130
44 11.00 167.0 483,02 2.54 868.95 4.47 0.568
45 11.25 130.1 679.65 4.53 656.02 4.50 1.007
46 11.50 101.3 604.46 5.38 595.58 5.16 1.043
47 11.75 78.9 557.57 6.26 979.82 11.15 0.561
48 12.00 61.4 588.57 8.41 1059.24 15.09 0.557
49 12.25 47.9 705.26 13.32 867.98 15.38 0.866
50 12.50 37.3 668.76 15.52 191.94 4.32 3.593
51 12.75 29.0 30.00 0.87 32.71 0.99 0.879
52 13.00 22.6 113.19 4.35 126.98 4.95 0.879
53 13.25 17.6 260,90 13.09 307.52 15.05 0.870
54 13.50 13.7 331.61 22.10 427.15  28.29 0.781
55 13.75 10.68 281.49  24.38 479.84  42.68 0.571
56 14.00 8.32 19.80 2.01 40.32 4.00 0.503
57 14.25 6.48 163.39 21.00 172.08 22.18 0.947
58 14.50 5.04 2.37 0.41 9.93 1.73 0.237
39 14.75 3.93 0.97 0.22 8.87 2.00 0.110
60 15.00 3.06 0.62 0.18 8.48 2.45 0.073
61 15.25 2.38 0.74 0.28 8.31 3.09 0.091
62 15.50 1.86 1.35 0.65 8.06 3.84 0.169
63 15.75 1.44 2.22 1.37 8.45 5.18 0.264
64 16.00 1.125 2.77 2.19 8.34 6.57 0.333
65 16.25 0.876 3.61 3.67 9,26 9.38 0.391
66 16.50 0.683 4.43 5.78 11.15 14.53 0.398
67 16,75 0.532 7.17 12,09 16.27 27.22 0.444
68 17.00 0.414 17.18 37.52 33.13  72.14 0.520

*
Determined from the ratio of ( jonydE/E) / (fcnde/E)

Note: This table was calculated using the ACSAP code and resonance parameters
from this evaluation assuming room temperature and infinite dilution.
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APPENDIX A

The total, fission and capture cross sections are shown as a function
of neutron energy from 1-300 eV. The solid line is a theoretical fit to the
data and was obtained by Doppler and resolution broadening the cross sections

as predicted by the resonance parameters and smooth files of Tables III-VII.
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