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INTEGRAL DATA
AND COMPARISONS OF

TESTING OF ENDF/B
ENDF/B WITH OTHER

FISSION PRODUCT DATA
FISSION PRODUCT DATA FILES

by

R. J. LaBauve, T. R. England, and D. C. George

ABSTRACT

Three experiments (one from Oak Rid e and two from Los
GAlamos), in which samples of 235U and 23 Pu were irradiated

with thermal neutrons and either the total, gamma-ray, or
gamma- and beta-ray fission product decay-energies were
measured as functions of cooling time, were selected for
comparisons with calculations made using four different fis-
sion product data files. The data files used were (1) the
ENDF/B-IV fission product file, (2) the ENDF/B-V fission pro-
duct file, (3) a file derived by substituting decay energies
from JNDC into the ENDF/B-V file, and (4) a file derived by
substituting decay-energies and spectra from the UK data file
into the ENDF/B-V file.

Direct summation calculations and spectral comparisons
of the experiments were made using these data files as in-
put, and both types of calculational analyses yielded the
same results; namely, all data files are deficient, but the
JNDC-ENDF/B-V results for the gamma- and beta-ray total
decay-energy agree best with experiments. In addition,
spectral comparisons with experiment generally indicate that
calculated gamma-ray decay-energies are relatively high for
early cooling times and small gamma-ray energies; they are low
for early cooling times and large gamma-ray energies. The op-
posite is somewhat the case for the beta-ray decay energies;
that is, the calculations are generally low for small beta-ray
energies and high for large energies.

I. INTRODUCTION

Four different fission product files were used to calculate decay-energies

which were then compared to experimental results. These four include two

versions of the ENDF/B fission-produ”ct files , namely, ENDF/B-IVl and ENDF/B-V.2

ENDF/B-IV contains data for 824 nuclides and 10 yield sets, whereas ENDF/B-V has

been expanded to include 877 nuclides, 20 yield sets, and more evaluated spec-

tral data. Comparisons of the two versions are given in Tables I and II.
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TABLE I

ENDF/B-IV VS ENDF/B-V GROSS COMPARISON OF DATA CONTENT IN FP FILES

Type of Quantity ENDF/B-IV ENDF/B-V

General Content

Total nuclides
Nuclides having cross sections
Stable nuclides
Unstable nuclides
Total isomeric states (>0.1 s)
First isomeric states (yO.1 s)
Average energies derive~ from exp
Delayed neutron precursors
Fission yield sets

824
181
113
711
123
117
181
57
10

877
196
127
750
154
148
317
105
20

Nuclides having detailed spectral data

Beta and/or gamma 180 264
Electron related 163 (IT only) 233
Photon related 172 (y only) 247
Conversion electron 38 157
Positron or EC o 12
Xray o 166
Discrete electron o 166

TABLE II

COMPARISON OF FP YIELDS IN ENDF/B-IV AND ENDF/B-V*

Characteristic Neutron Incident Energy

Target
Nuclide

Th-232
U-233
U-235
U-236
U-238
Np-237
PU-239
PU-240
Pu-241
Pu-242
cf-252

High
~ermal Fast (14 MeV)

4,5 5
4,5 5 5
4,5 4,5 4,5

5
4,5 4,5
5

4,5 4,5 5
5

4,5 5
5

*1O sets of direct yields in ENDF/B-IV (=s11000 yields)

Spontaneous

20 sets of direct and cumulative (by A and Z) yields in ENDF/B-V, now

including uncertainties (=44 000 yields plus uncertainties).

2
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In addition to the ENDF/B files,

file (JNDC)3 and British (UK) fission

lational comparisons. In the case of

data from the Japanese fission product

product file4 were also used in the calcu-

the JNDC file, the average total gamma and

beta energies of the individual nuclides were used to replace those in ENDF/B-V

where possible; that is, spectra, yields, branching fractions, etc., were from

ENDF/B-V. In the case of the UK file, spectra as well as total average energies

were used; however, nuclide activities were taken from ENDF/B-V summation runs.

A number of experiments at Los Alamos and Oak Ridge, in which nuclear fuel

samples were irradiated with thermal neutrons and the decay energy and spectra

of the resulting fission products observed , were selected for calculational

comparisons. The experiments used in this study include the following.

o Oak Ridge spectral experiments5>6 in which 23% and 239Pu fuels were ir-

239w), and 100 S)radiated with thermal neutrons for times of 1, 10, (5 for

and both aggregate fission-product gamma-ray and beta-ray decay-energy

spectra were measured for a range of average cooling times from 2.2 s (for

the 1-s irradiation time) to 12 000 s (for the 100-s irradiation time).

o LOS Alamos calorimetric experiments7,8 in which 23%, 23%, and 239PU were

irradiated with thermal neutrons for 20 000 s and total decay heat (gamma

plus beta) measured for a range of cooling times from 29 to 190 000 s.

9 in which fuels, irradiation time, ando Los Alamos spectral experiments

cooling time ranges were the same as for the calorimetric experiments, but

aggregate fission-product gamma-ray decay-energy spectra were measured.

All of the experiments were included in formulating the ANSI/ANS-5.l Decay Power

Standard.1°

Two types of calculational analyses were made to compare these integral

experiments with results using ENDF/B-IV, ENDF/B-V, JNDC, and UK fission-product

data. In the first of these, essentially “direct” calculations of the experi-

ments were made with the CINDER-10 codell using fission-product data from the

four files as input. The procedure for the second type is as follows.

Step 1: For ENDF/B-IV, ENDF/B-V, JNDC, and UK fission product data files

o Using the FPDCYS12 code for ENDF/B-IV and UK and the SPEC513 code for

ENDF/B-V data, obtain spectra in fine-group energy bins (about 150 from O

to 7.5 MeV) for all unstable fission products. This step is omitted for

the JNDC file

V, normalized

as spectra are not available; fine group spectra from ENDF/B-

to the JNDC total beta and gamma energies, were used instead.
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o Use results from the CINDER-10 code for a thermal neutron pulse input (10-4

s irradiation time) to obtain fission-product activities for a number of

cooling times (at least four per decade in the range 0.1 to 109 s plus the

initial time zero).

o Obtain an aggregate fission-product decay-energy library (PEFPYD14) for

each of the four files in a fine-group structure (approximately 150 groups

from O to 7.5 MeV) by using the FPSPEC12 code to combine the

fission-product activities from CINDER-10 and fission-product spectra from

FPDCYS and SPEC5.

o Using the FITPULS15 code, rebin the PEFPYD data into the 18 groups (17

beta-ray groups) shown in Table 111 and fit

a sum of exponential.

The flow of data between codes used in Step 1 is

w For the rebinned experimental data, use

data to a pulse and fit each group with

the results for each group with

diagramed in Fig. 1.

an option in FITPULS to reduce

a sum of exponential.

Step 3: Compare the fits to the ENDF/B-IV, JNDC, and UK fission-product data

with the fits to the ENDF/B-V data.

Step 4: Compare the fits for the four libraries with the experimental data re-

duced to a pulse.

We have described these procedures, associated equations, and the utility

of the pulse functions in several previous reports 1%17 and in a recent publi-

cation”la these earlier reports used calculations based only on ENDF/B-IV datas

and an earlier UK data file.

II. COMPARISONS OF DATA IN THE FISSION-PRODUCT LIBRARIES

As seen in Table I, only 180 of the 711 unstable nuclides in ENDF/B-IV have

spectral data, whereas 264 of the 750 unstable nuclides in ENDF/B-V have spec-

tral data. For applications of the pulse functions to problems involving finite

irradiation times, however, it is required that all unstable nuclides have

spectra, and for the ENDF/B-IV data, all missing spectra were approximately con-

structed. This was done for a particular nuclide by assuming that the shape of

the fine-group spectrum for the nuclide was approximated by the spectrum shape

of the aggregate 180 nuclides with spectra from a pulse irradiation after a

cooling time approximately equal to the half-life of the nuclide in question.

This shape was

elide given in

the ,aggregate.

4

normalized to the average gamma or beta decay-energy of the nu-

the file. Such constructed spectra, of course, were only used in

Further details of this method are given in Refs. 16 and 17.



TABLE III

GAMMA-RAY ENERGY GROUP STRUCTURE

Group E-Lo (MeV) E-Hi (MeV)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

0.0
0.1
0.2
0.4
006
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
3.0
4.0
5.0

0.1
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
3.0
4.0
5.0
6.0

Note: Because of lack of experimental data, groups 1 and 2 were combined for
the f3-calculations.

“ CINDER “

I I

+ f*

+

“ FPSPEC

‘“ 9

exponential
fits

Fig. 1. Codes and data flow for spectral calculations.
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This method was used for the beta spectra in ENDF/B-V, but more care was

exercised in providing missing gamma spectra. Gamma-ray line data were taken

from other sources, where available, primarily from the GAMDAT-78 data filelg

20 Such data for a particular nuclide, however, wereand Table of Isotopes.

normalized to give the average gamma decay-energy for the nuclide appearing in

the ENDF/B-V data file. This made it possible to obtain spectra for many nu-

clides for which the GAMDAT-78 file and Table of Isotopes give only relative in-

tensities. With this augmentation, the 264 nuclides having gamma-ray spectra in

ENDF/B-V were increased to 410. The spectra of the remaining ENDF/B-V nuclides

were constructed as described above.

The JNDC/ENDF file was created by taking the average total gamma and beta

energies for individual nuclides from the JNDC file and substituting them into

the ENDF/B-V file. Of course, this could not be done completely, as some nu-

clides in the ENDF/B-V file are not in the JNDC file and vice versa. These dif-

ferences are shown in Table IV. Also shown in the table are differences between

ENDF/B-V and the UK file. The UK file has 371 nuclides with spectral data.

Table V shows some significant differences in the ENDF/BnV and JNDC/ENDF files

as a function of cooling time.

Figure 2 shows the percentage of the aggregate gamma-ray energy included in

the 180 nuclides having spectral data in ENDF/B-IV, the 410 nuclide augmentation

of ENDF/B-V, and the 371 UK nuclides with spectra as functions of cooling

times. These comparisons are for a pulse irradiation of 23Y fuel. Note that

for longer cooling times the UK data drops slightly below 100%. This is due to

the fact that some nuclides in the ENDF/B-V chains in CINDER-10 are not in the

UK file (see Table IV); hence, the energy contributed by these nuclides is

missing in the aggregate. Figure 3 shows the aggregate experimental fraction

vs time for a 235U fission pulse calculated using original, unaugmented ENDF/B-V

data. Values are four to five times larger than those of ENDF/B-IV at

0.1 s cooling. Figure 4 shows the same for 239PU.

III. PREPARATION OF AGGREGATE MULTIGROUP LIBRARIES

Further processing of these data files was needed to form aggregate fine-

group beta- and gamma-ray decay-energy (PEFPYD) libraries for subsequent use in

spectral comparisons. Multigroup spectra were obtained for the individual nu-

clides with the FPDCYS code

code for the ENDF/B-V data.

6

for the ENDF/B-IV and UK data and with the SPEC5

The ENDF/B-V spectral data were also used in the



TABLE IV

COMPARISON OF NUCLIDES IN UK AND JNDC FILES WITH ENDF/B-V

Nuclide State Half-life Mean Gamma-Ray
Z Sym A (see note*) (seconds) Energy (MeV)— ——

31 GA 72
32 GE 79
33 AS 84
33 AS 90
34 SE 75
36 KR 79
36 KR 79
38 SR 85
38 SR 85
42 MO 93
42 MO 93
44 RU 97
44 RU 109
45 RH 109
47 AG 107
48 CD 107
49 IN 133
50 SN 113
50 SN 113
51 SB 126
52 TE 121
52 TE 121
53 I 132
53 I 143
53 I 144
53 I 145
54 XII 125
54 XE 125
54 XE 127
54 XE 127
54 XE 143
54 XE 147
55 CS 136
55 Cs 149
56 BA 151
57 LA 155
58 CE 155
59 PR 142

1
1
1

0
0
0
1
0
1
0
1
0
1
1
1
0
0
0
1
2
0
1
1
0
0
0
0
1
0
1
1
0
1
0
0
0
0
1

3.7 x 10-2
1.9 x 101
6.0 X 10-1
9.1 x 102
1.0 x 107
1.3 x 105
5.0 x 101
5.6 X 105
4.1 x 103
9.4 x 1010
2.5 X 104
2.5 X 105
1.3 x 101
5.0 x 101
4.4 x 101
2.3 X 104
1.1 x 101
9.9 x 106
1.3 x 103
1.1 x 101
1.5 x 106
1.3 x 107
5.0 x 103
4.0 x 10-1
1.5 x 10-1
1.9 x 10-3
6.1 X 104
5.7 x 101
3.1 x 106
6.9 X 101
3.0 x 10-1
2.0 x 10-1
1.9 x 101
2.4 X 10-1

3.3 x 10-1
1.5 x 10-1
5.3 x 10-1
8.8 x 102

0.12
0.42
2.76
5.10
0.39
0.07
0.13
0.05
0.23
0.03
2.42
0.23
0.82
0.05
0.09
0.00
3.89
0.00
0.07
0.00
0.56
0.26
0.04
2.06
3.48
2.63
0.24
0.25
0.28
0.30
1.99
2.70
0.05
2.55
2.29
3.20
2.04
0.00

Direct U-235
Yield (%)

2.7 X 10-5
4.2 X 10-2
3.5 x 10-1
4.0 x 10-3
1.2 x 10-3
4.4 x 10-2
4.4 x 10-2
1.3
1.3
6.4
6.4
6.0
2.8 X 10-2
2.8 X 10-2
1.8 X 10-1
1.8 X 10-1
4.4 x 10-’+
1.2 x
1.2 x
6.2 X

1.4 x
1.4 x 10-z
4.3
7.8 X 10-5
2.7 X 10-6
0.0
3.0 x 10-2
3.0 x 10-2
1.3 x 10-1
1.3 x 10-1
5.4 x 10-2
2.4 X 10-7
6.3
0.0
0.0
0.0
4.3 x 10-6
5.9

File from
Which Nuclide

is Missing

JNDC & UK
JNDC
JNDC
JNDC
UK
UK
UK
UK
UK
UK
UK
UK
JNDC
JNDC
UK
UK
JNDC
UK
UK
JNDC
UK
UK
UK
JNDC
JNDC
JNDC
UK
UK
UK
UK
JNDC & UK
JNDC
JNDC & UK
JNDC
JNDC
JNDC
JNDC
JNDC

*O denotes ground, 1 denotes 1st isomeric, 2 denotes 2nd isomeric states



TABLE V

ENDF/B-V VS ENDF/B-V -1-JNDC SHOWING SIGNIFICANT BETA
OR GAMMA ENERGY RATES IN SUMNATION CALCULATIONS

Cooling Time Nuclide
(s) (s)

0.0 Y98m, Rh96
0.1-1.0 Y98m, Sr96
2.0 Rh92
5.0-10.0 Rb92, Rh93
20.0 Te135, Nh100
50.0 Xe139
80.0 Xe139, Sr95
102-5X1O2 Rh90, Xe139
8X102-2X108 Good Agreement
5X108-8X109 Ba137m
101°-8x1012 Nb93m, Sm126, Sb126m
~013 Nb93m, Sm126, Sb126m, CS135

~, 1 1 I 111111 I I 1 1 11811 I 1 1 111111 I 1 , 111111 I 1 1 I

r.....~‘-”-

[ 1

Cooling Time (s)

Fig. 2. Percentage aggregate gamma-ray energy from
nuclides with s ectra after thermal pulse ir-
radiation of 23?U ,
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JNDC/ENDF calculations. The multigroup spectrh were generated in 150 fine

groups from O to 7.5 MeV for ENDF/B-IV, each group having a bin width of 0.05

MeV. The bin widths used for the ENDF/B-V and UK data were also constant (0.05

MeV) from 0.1 to 7.5 MeV, but a finer width (0.01 MeV) was used below 0.1 MeV,

which resulted in 158 rather than 150 groups. This was done to better describe

the low-energy data (x ray) available in ENDF/B-V but not in ENDF/B-IV.

Nuclide activities needed in preparing the aggregate fine-group decay-

energy (PEFPYD) libraries were obtained from CINDER-10 problems in which thermal

23$J and 239Pu fuels were specified.pulse irradiations of These.problems were

run using ENDF/B-IV, ENDF/B-V, and JNDC/ENDF fission-product data. The problem

231J was run at six-using ENDF/B-IV data for the thermal pulse irradiation of

points-per-decade over a cooling time interval from shutdown to 1013 s. All

other problems were run for the same cooling time interval, but at four-points-

per-decade. Note that no separate CINDER-10 problem was run using the UK data.

Aggregate fine-group fission-product decay libraries (PEFPYD) were then ob-

tained by multiplying the activity and the beta-ray (gamma-ray) energy for each

nuclide at each energy group and then summing these products over the nuclides.

This was done with the FPSPEC code , resulting in four PEFPYD libraries, one each

for the ENDF/B-IV, ENDF/B-V, JNDC/ENDF, and UK data. In constructing the PEFPYD

library for the UK data , activities from the CINDER-10 runs with the ENDF/B-V

data were used.

The ENDF/B-IV, ENDF/B-V, and JNDC/ENDF PEFPYD libraries that were as-

sembled contain beta- and gamma-ray data for both 23% and 239Pu. The UK PEFPYD

library contains beta- and gamma-ray data for only 23% to date. These librar-

ies were subsequently processed with the FITPULS code as described in Sec. V.

Iv. RESULTS OF DIRECT CINDER-10 CALCULATIONS

To date, direct CINDER-10 calculations that have used fission-product data

from both ENDF/B-IV and ENDF/B-V have included (a) thermal pulse (10-4 s) irra-

diation of 23% and 23gpu; (b) “infinite” thermal irradiation time (1013 S) of

23% and 239Pu; (c) 20 000 s irradiation times for 23?J, 23A, and 23% to sim-

ulate the Los Alamos calorimetric experiment; (d) 1, 5, 10, and 100 s irradia-

23h and 239Pu experiments.tion times to simulate the ORNL Also, calculations

to simulate all experiments reduced to an equivalent pulse were made using the

JNDC/ENDF data file.
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Results of this first type of “direct” calculations can be displayed in a

number of ways as shown in Figs. 5 - 21. Figures 5 through 8 give compar-

isons for pulse and infinite irradiations as ratios to calculations using ENDF/-

B-IV data. These are given for both 23% and 239Pu thermal fission, and several

ratios are compared to ENDF/B-IV, namely the ANS 5.1 Decay Heat Standard, ENDF/-

B-V beta, ENDF/B-V gamma, and ENDF/B-V total (f3-+ y).

In Figures 9 through 15 results are displayed for the calculations for the

Los Alamos calorimetric experiments. Figures 9, 10, and 11 show the ratios of

experiment to ENDF/B-V and ENDF/B-IV calculations for 23%, 239w, and 233u, re-

spectively. These same ratios are given for all three nuclides but for each

data base in Figs. 12 and 13. Figures 14 and 15 give ratios of the values for

239PU and 233u to those for 23% for EN’DF/B-V and ENDF/B-IV.

Results for the “direct” calculations of the Oak Ridge 23% experiments are

displayed in Figs. 16, 17, and 18. In these figures, both the gamma- and

23~u are shown inbeta-ray comparisons are shown. The same comparisons for

Figs. 19, 20, and 21.

Direct comparisons of the JNDC/ENDF data and the ENDF/B data are shown in

Figs. 22 - 27. In Fig. 22 the ratio of a calculation of the 23% thermal

fission pulse using the JNDC/ENDF data to the same calculation using ENDF/B-V

data is shown for both beta- and gamma-ray energies. This same comparison for

239Pu is shown in Fig. 25.

23gPu beta- and gamma-235U and Figs. 26 and 27 forIn Figs. 23 and 24 for

ray energies, direct calculations for a thermal-fission pulse using the differ-

ent libraries are compared. Also displayed in these figures are the three ORNL

experiments reduced to a pulse, using the method described in Refs. 5 and/or 6;

as noted in Ref. 5, the method is more accurate for times longer than the

shorter irradiation periods used in the ORNL experiments.

No direct calculations to date have been made using the UK data file.

The following are evident from Figs. 5 through 27:

0 ENDF/B-V does not seem to be an improvement over ENDF/B-IV and, in fact,

ENDF/B-V seems worse at early cooling times.

o Remarkable agreement with the experiment is achieved using the JNDC/ENDF

combined file.

12
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Very few errors (none that are significant to the aggregate decay power)

11 library based onhave been found in the ENDF/B-V files. The CINDER-10 code

processing these files has been extensively checked for errors, and pulse

calculations have been independently verified. 21 One is forced to conclude that

experimental decay energies for the individual nuclides, because of their

dominant contribution, are likely deficient. This has already been assumed in

compiling the 1981 Japanese data file22 in which it is noted “’thatthe complex

beta-decay schemes based on gamma-ray peak analysis and intensity balance should

be regarded as doubtful from the viewpoint of completeness.’” For nuclides

having Q-values > 5 MeV, they used fitted parameters in a model based on the

gross theory of beta decay to replace $- and y experimental energies. In Figs.

23 to 27, we have used the JNDC energies with , otherwise, all ENDF/B-V decay

parameters. The improved agreement with these sensitive pulse cases for two

fuels differing greatly in fission-yield distributions is remarkable. These

results strongly indicate that yield and decay parameters in ENDF/B-V, other

than some decay energies of short-lived nuclides, are very good. We anticipate

making an improvement in aggregate decay-energies similar to the result from the

JNDC file, using model calculations and possibly using a recent unpublished

code.23

v. FISSION-PRODUCT DECAY-ENERGY SPECTRAL COMPARISONS OF THE FOUR LIBRARIES

The FITPULS code was used to rebin the fine-group aggregate data into the

18-group gamma-ray and 17-group beta-ray energy-group structure shown in Table

III and to fit results to a sum of exponential,

f(t) = $ aie-xit (MeV/fiss-s).
i=l

The fits were made within t5% for all groups for all four aggregate

fission-product decay-energy libraries; that is, any calculation using a set of

fitted alphas and lambdas in the above “pulse” equation would be within 5% of

the original data point. The cooling time range of the fits was taken from 1 s

to 2 x 105 s, which covers all experimental points. The parameters (alphas and

lambdas) for all fits are given in Appendix A.

The aggregate gamma-ray energy~fits for a 23% thermal fission pulse

derived from ENDF/B-IV, JNDC/ENDF, and UK fission-product decay libraries are

compared to those derived from ENDF/B-V in Figs. 28 through 46; that is, the
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ratios of ENDF/B-IV, JNDC/ENDF, and UK, all over ENDF/B-V are plotted as a

function of cooling time. Figure 28 shows the comparison for the sum over all

energies; Figs. 29 through 46 show the spectral comparisons for each of the

groups of the 18-group gamma-energy group structure. Figures 47 - 64 display

the same comparisons for the beta-ray energies.

Note in Fig. 28, the comparison for the sum, that the most significant dif-

ference between ENDF/B-IV and ENDF/B-V is in the cooling time region from about

20 to 200 s, where ENDF/B-IV results are 15-20% higher than those from

ENDF/B-V. As indicated by the following spectral comparisons, this seems to be

due to fission-product data with average gamma-decay energies from about 1 MeV

to 5 MeV (groups 7 through 17). Further examination of Figs. 29 through 46

reveals that, except for Group 1 (0-100 keV), ENDF/B-IV and ENDF/B-V fits are in

good agreement above the 200 s cooling time for energies up to about 2.5 MeV

(Group 14). The large Group 1 differences are due to the fact that substantial

additional low-energy (x-ray) data not in ENDF/B-IV were included in ENDF/B-V.

Also, changes were made in many ENDF/B-V- high-energy spectra, accounting for the

differences seen in Figs. 42 through 46.

It should also be noted that for the sums (Figs. 28 and 47), the UK file is

in good agreement with ENDF/B-V, but the JNDC-ENDF file is generally higher for

the gamma-ray energies and lower for the beta-ray energies. This latter

observation is also noted above in Sec. IV. Although not displayed here with

this type of figure, similar comparisons are evident for aggregate fission-

product decay-energy spectra from thermal fissioning of 23%U.

VI. FITTING THE EXPERIMENTAL DATA

The FITPULS code contains an option for fitting data with functions of the

type

! ~ e-Ait@e-AiT)(MeV/fis),
i=l ‘i

thus allowing a determination of alphas and lambdas for an experiment with

irradiation time T and cooling time t. This procedure is valid only if absorp-

tion effects are negligible, that is, only for relatively low-fluence and short

irradiation and/or cooling times. This is discussed more completely in Refs. 16

and 17. The set of alphas and lambdas so determined is said to represent an

“equivalent pulse” for the experiment, or one can say the experiment has been

reduced to an “equivalent pulse.” An equivalent set of “experimental points”
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for the pulse can also be determined by folding the pulse fits back into the ex-

pression above for a certain cooling and finite irradiation time, noting the per-

centage difference of the result from the experimental point, and applying this

percentage difference to the pulse case. This is the manner in which Figs. 65

through 83 were generated, showing the “equivalent” points plotted along with

the pulse fits from the data files. Note that neither the “experimental pulse”

fits nor the reconstructed “experimental points” are unique. Consequently, some

“confidence limits” must be placed on each fit. In general, these limits con-

tain all except one or two of the “’experimental points” for each energy group.

These “’confidence limits”’are given in Appendix B.

In Figs. 65 through 83, the “equivalent pulse” experimental data, identi-

fied by experiment, for thermal 23W fission-product gamma-ray decay-energies

are plotted along with the pulse fits from the four fission-product data libra-

ries for the sum over all groups (Fig. 65) as well as each of the 18 individual

gamma-ray energy groups. In Figs. 84 - 102, the same plots are given for

thermal 235U pulse beta-ray decay-energies (sum and 17 groups); Figs. 103 - 20

23A thermal pulse gamma rays; and Figs.are for 121 -138 are for 239Pu thermal

pulse beta rays. Note that the beta-ray comparisons are limited to cooling

times of 104 s (the ORNL experiments) and that UK data are not included in the

figures for 239Pu as these comparisons have thus far been limited to 235U.
9

Also note from all the figures that the experimental data are remarkably

consistent. Except for cooling times greater than 1000 s in the two highest

energy groups, where the experimental data have large experimental errors,

almost all the data points are within the confidence limits set in Appendix B.

The parameters for the fits to the “equivalent pulse” experimental data are also

given in Appendix B. Users of these fits should keep in mind that the fits do

not apply for cooling times less than 1 or greater than 2 x 105 s.

VII. CONCLUSIONS

Conclusions

those drawn from

FROM SPECTRAL COMPARISONS

drawn from spectral comparisons are essentially the same as

the direct C1NDER-10 calculations. Figures 23, 24, 26, and 27

can be compared to Figs. 65, 84, 103, and 121. Note, however, that the Los

Alamos experiments have been included in gamma-ray comparisons. Los Alamos “ex-

perimental beta-ray points” were obtained first by fitting the Los Alamos cal-

orimetric experiment, in which total (6- + y) decay heat from fission products

was measured; second, by using these “total” fits to calculate values for cool-

ing times at which the gamma-ray energies were measured; and finally subtracting
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the gamma-ray energies from the total energies. Results are displayed in Fig.

139 for 235U betas and Fig. 140 for 239Pu betas. The large discrepancy seen in

Fig. 140 for the Los Alamos data has not been resolved.

Specifically, the following conclusions can be drawn from the spectral

comparisons. .

Zsgpu beta energY(1) The experimental data are consistent except for the

inferred from two Los Alamos experiments and compared to the Oak Ridge

experiment.

(2) No method of calculating the decay-energy fits the experimental

spectral data very well (aggregate results using the combined

JNDC/ENDF data agree with the Oak Ridge experiments).

(3) In general, calculated gamma decay-energies at short cooling times

(<100 S) are high at low energies (<0.8 MeV) and low at high energies

(>1.6 MeV) in comparison to experiments.

(4) In generalP calculated beta decay-energies are low at all cooling times

for low energies (<1.4 MeV) and high for high energies (>1.8 MeV).

VIII. Summary

Three experiments (one from Oak Ridge and two from Los Alamos), in which

23SU and 239PU were irradiated with thermal neutrons and either thesamples of

total, gamma-ray, or gamma- and beta-ray fission product decay-energies were

measured as functions of cooling time, were selected for comparisons with

calculations made using four different fission product data files. The data

files used included the ENDF/B-IV, ENDF/B-V, and decay-energies from the JNDC

file and spectra from the UK file combined with ENDF/B-V. In the case of the

JNDC file, only average total beta-ray and gamma-ray energies for each nuclide

were available, so a JNDC-ENDF file was assembled by replacing these energies in

the ENDF/B-V fission product data file.

To assess the relative validity of these data files, two types of

integral calculations were performed and compared to the experimental results.

In the first type, direct summation calculations were performed using the data

files as inpu”t,and resulting total gamma- and beta-ray decay-energies as a

function of cooling time were compared with experiments.

In the second type, integral spectral comparisons were made by rebinning

both the experimental data and pulse data from summation calculations, fitting

both with sums of exponential functions, and comparing results.
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Both types of calculational analyses yielded the same results; namely, all

data files are deficient, but the JNDC-ENDF results for the gamma- and beta-ray

total decay-energy agree best with experiments. In addition, spectral compari-

sons with experiment generally indicate that calculated gamma-ray decay-

energies are relatively high for early cooling times and small gamma-ray ‘ener-

gies; they are low for early cooling times and large gamma-ray energies. The

opposite is somewhat the case for the beta-ray decay-energies; that is, the cal-

culations tend to be low for small beta-ray energies and high for large energies.

Very few errors (none that are significant to the aggregate decay power)

have been found in the ENDF/B-V files, and the CINDER-10 code library based on

processing these files has been extensively checked for errors. One is forced

to conclude that some data in ENDF/B-V, probably the experimental decay energies

for the

assumed

complex

balance

individual nuclides, are likely deficient. This has already been

in compiling the 1981 Japanese data file in which it is noted “that the

beta-decay schemes based on gamma-ray peak analysis and intensity

should be regarded as doubtful from the viewpoint of completeness.” For

nuclides having Q-values > 5 MeV, they used fitted parameters in a model based

on the gross theory of beta decay to replace 6- and y experimental energies.

When used in our calculation, the improved agreement with sensitive pulse cases

for two fuels differing greatly in fission-yield distributions is remarkable;

this strongly indicates that yield and decay parameters in ENDF/B-V, other than

some decay energies of short-lived nuclides, are very good.

The conclusion regarding deficient gamma energies based on total energy

calculations was also suggested in earlier reports. 4,24,2!j. Our comparisons

using additional aggregate experiments, and particularly the spectral compari-

sons, greatly strengthen the conjecture that some short-lived (high-Q)

nuclides have a gamma spectrum that is too soft (and an inferred beta spectrum

that is too hard). In addition, the deficient spectra are most likely in those

nuclides having experimentally measured spectra, not in model estimates, because

of their dominance in the aggregate energy calculations. Calculations of total

energies using the complete UK and JNDC independently

Tobias and Yoshida (October 1980 file) are in general

tions based only on ENDF/B-V. These files generally

mental data in evaluations, but use different models

evaluated data files by

agreement with calcula-

use the same experi-

(based on the experimental

data) in estimating the unmeasured average decay-energies; and the UK calcula-

tions also use an independent fission-yield evaluation. Therefore, evaluations

are generally consistent.
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APPENDIX A

This appendix contains sets of alpha, lambda parameter pairs derived from

the four data libraries, ENDF/B-IV, ENDF/B-V, JNDC, and UK by using the FITPULS

code, as described in Section V. The sets are given in the 18-group gamma-ray

and 17-group beta-ray energy group structure

contains the following tables:

235U thermal pulseTable A-I Fits to

23% thermal pulseTable A-II Fits to

shown in Table III. The appendix

gammas for ENDF/B-IV data

betas for ENDF/B-IV data

Table A-III Fits to 239pu thermal pulse gammas for ENDF/B-IV data

Table A-IV Fits to 239pu thermal pulse betas for ENDF/B-IV data

Table A-V Fits to 23% thermal pulse gammas for ENDF/B-V data

Table A-VI Fits to 235U thermal pulse betas for ENDF/B-V data

Table A-VII Fits to 239PU thermal pulse gammas for ENDF/B-V data

Table A-VIII Fits to 239Pu thermal pulse betas for ENDF/B-V data

Table A-IX Fits to 235U thermal pulse gammas for JNDC/ENDF data

Table A-X Fits to 23% thermal pulse betas for JNDC/ENDF data

Table A-XI Fits to 239Pu thermal pulse gammas for JNDC/ENDF data

Table A-XII Fits to 239Pu thermal pulse betas for JNDC/ENDF data

Table A-XIII Fits to 235U thermal pulse gammas for UK data

23% thermal pulse betas for UK dataTable A-XIV Fits to
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APPENDIX B

This appendix contains sets of alpha, lamba parameter pairs derived (from

experimental data) by using the FITPULS code, as described in Section VI. Since

the method used does net result in unique sets of parameters, confidence limits

were placed on each set. Tables B-I through B-IV give the confidence limits to

be associated with the sets of parameter pairs in Tables B-V through B-VIII. An

index to the tables in Appendix B follows.

Table B-I Confidence Limits of Experimental Fits for 23% Thermal Pulse

Gammas

Table B-II Confidence Limits of Experimental Fits for 239u Thermal pulSe

Betas

Table B-III Confidence Limits of Experimental Fits for 239W

Gammas

Table B-IV Confidence Limits of Experimental Fits for 239PU

Betas

23% Thermal Pulse GammasTable B-V Experimental Fits for

23% Thermal Pulse BetasTable B-VI Experimental Fits for

239Pu Thermal Pulse GammasTable B-VII Experimental Fits for

Table B-VIII Experimental Fits for 239Pu Thermal Pulse Betas.

Thermal Pulse

Thermal Pulse
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TABLE B-I

CONFIDENCE LIMITS OF EXPERIMENTAL FITS FOR 23~ THERMAL PULSE GAMMASa

Group No. Confidence Limit (%) Comment

1 19.0 includes all points
2 19.0 includes all points
3 15.0 includes all points
4 24.0 includes all points

5 7.0 includes all points

6 20.0 includes all points

7 12.0 includes all points

8 41.0 includes all points
9 56.0 includes all points
10 45.0 includes all points
11 62.0 includes all points

12 65.0 includes all points
13 77.0 exclude pt. at 1.2 + 04 s (134%)
14 31.0 includes all points
15 36.0 exclude pt. at 1.0 + 5 s (81%)
16 23.0 includes all points
17 32.0 exclude data above 1000 s
18 57.0 exclude data above 1000 s

aNote: Gamma Fits are from 2 s to 1.5 x 105 s cooling time.

TABLE B-II

CONFIDENCE LIMITS OF EXPERIMENTAL FITS FOR 23% THERMAL PULSE BETASa

Group No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Confidence Limit (%)

25.0
18.0
8.0
8.0
10.0
10.0
10.0
.9.0
10.0
11.0
10.0
22.0
17.0
15.0
25.0
33.0
39.0

Comment

includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points

aNote: Beta Fits are from 2 s to 1.2 x 104 s

—



TABLE B-III

CONFIDENCE LIMITS OF EXPERIMENTAL FITS FOR 235PU ~E~L PULSE

Group No. Confidence Limit (%) Comment

GAMMASa

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

15.0
10.O
9.0
7.0
8.0
13.0
13.0
15.0
33.0
27.0
16.0
28.0
24.0
14.0
59.0
19.0
24.0
61.0

includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
exclude pt. at 1.5 +
includes all points
includes all points
exclude pt. at 1.5 +
includes all points
exclude points above
exclude points above

05 S (42%)

05 S (92%)

1000 s
500 s

aNote: Gamma Fits are from 2 s to 1.5 x 105 s cooling time.

TABLE B-IV

CONFIDENCE LIMITS OF EXPERIMENTAL FITS FOR 239PU THERMAL PULSE BETASa

Group No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Confidence Limit (%) Comment

44.0
25.0
15.0
6.0
6.0
7.0
8.0
10.0
8.0
6.0
9.0
8.0
14.0
17.0
7.0
13.0
13.0

includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
includes all points
exclude point at 1.2 x 104 s
exclude point at 1.2 x 104 s
exclude point at 1.2 x 104 s

aNote: Beta Fits are from 2 s to 1.2 x 104 s
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S28Sport Royal Rod
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. -, -. --- 026450 6.00 A03

$1702 A14
176-200 12.00 A09 326-35o

,., ..+,-fJ $,~,~ 7.00 A04
18.00 AM

201-223
076-100

13.00 A1O
8.00.

351-375 19.00 A16
. . . . . . . . . . . . . AOS . 226-2S0 14.00 All 376400

_Iol.125
20.00 A17

-. .r:f. -:. - A06 Z1-275 Ls.w
lM

A12 401425 21.00 A18
126-ljO. A07 276-300 16.00 A13 426450,. 22.00 A19

451475 S23.00 A20
476-S00 24.00 A21
SOI-S23 25.00 A22
S26-550 26.00 A23
SSI-S75 27.00 A24
576-600 28.00 A25
601 -up t A99

.. tAdd $1.00 for ach dditbnd 23.pqpsinaement ~r,portbn thumf from @l - up.
.-, . .. . . \ .,JY ;?

. W-M-.-..,-. .,. -.> -.. ...-f.w. m,’ik~-., +.vx., -... !. , ..3-L. A<. .&L. / . raa , d.,,..,. . . ... -J. -“. L...
. . . . . . . . . . . . . . . . . . . . . . . .--,, . ,. >< . ..- . . .,

,~- .,, .
.-

.=. -___.-, ..t —. -., —,




