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I. INTRODUCTION

The U.S. Evaluated Nuclear Data Files (ENDF/B)l have been very successful
in this country and internationally. The data are used directly inm calcula-
tions or as a reference for comparijson with new measurements and other interna-
tional data bases. The data-formats,2 being particularly suited for computer
processing codes, have been recommended by the IAEA3 as the preferred method of
exchange for international data. Part of this success is due to a remarkably
free exchange of data nationally and internationally. Primarily, of course,
it is due to the many needs for such a comprehensive, evaluated data base.

The current version, ENDF/B-V was largely released in 1979 and 1980. Both
ENDF/B-IV and -V were greatly expanded in the areas of fission products and
actinides, and the cross section evaluations have been improved in each new
version. ENDF/B-VI was originally scheduled for completion in late 1986. How-
ever, this schedule is now questionable, as is the extent of its content.

In this report, we direct our comments at the improvements we feel are
needed for ENDE/B-VI, irrespective of the time scale or probability of imple-
mentation. Additionally, we limit our considerations to fission products and
heavy nuclides (which we loosely call "actinides'} and specifically to plans at
Los Alamos National Laboratory (LANL), Hanford Engineering and Development
Laboratory (HEDL), and Idaho National Engineering Laboratory (INEL). In our
coverage we emphasize cross sections and yields for fission products and decay
data for both fission products and actinides. We do not attempt complete
coverage of planned evaluations of actinide cross sections nor other ENDF/B
general and special purpose files (e.g., General Purpose, Activation, Stan-
dards, etc.), although some of the data we cite lies in those files. However,
our summary of data content in the current ENDF/B-V files is complete for fis-
sion products and actinides.

Section Il compares the content of Versions IV and V of ENDF/B and pro-
vides references for more complete descriptions of the fission product and
actinide data files. The "Pandemonium" problem is described in Sec. III, and
illustrations of discrepancies between experimental and calculated results that
we attribute to this effect are given. Section IV summarizes the data expan-
sion that is planned for ENDF/B-VI in the areas of fission-product yields and
cross sections as well as decay data for fission products and actinides.

¥inally, our concluding remarks are given in Sec. V.
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I1. GENERAL CONTENT IN ENDF/B-IV AND -V.

ENDF/B-IV was the first version containing extensive decay data for fis-
sion products and their neutron cross sections. Previous versions contained no
fission yields or decay data and only included ~ 55 fission products having
cross sections. Actinide data were limited to cross sections of only a few
important fuel nuclides even in ENDF/B-IV. There were many aggregate compari-
sons of the fission-product data with decay energies, spectra, and cross sec-
tions. References 7, 8, and 9 summarize the specific data content, and
Refs. 10-15 describe some of thé evaluation procedures and data sources.

Extensive aggregate tests of the ENDF/B-V fission-product decay data have
been rnade,m_18 but similar tests of the actinide data are more limited. Some
results are reported in Ref. 19 and in the compiled data gesting report.17

A summary data report, similar to Ref. 7 for ENDF/B-IV, has been completed
for ENDF/B-V.20 It contains all major decay parameters, processed cross sec-
tions appropriate for fast and thermal neutron spectra, mass chain yields, and
some augmentation of the ENDF/B-V data necessary for completeness. To date,
there is no decay spectra summary similar to that in Ref. 9 for the ENDF/B-IV
spectra. References 10-15 provide some additional information and are parti-
cularly suited for summaries of evaluation methods and procedures.

Tables 1 and II compare the general content in Versions -1V and -V. The
dominant changes over Version IV are these:

o Actinides were greatly expanded; all 60 are radioactive and have

decay spectra, and 41 have partial or complete cross-section evalua-

tions.

o Most fission-product cross sections were reevaluated and several were
added.18

o Fission yield sets were greatly expanded. A set is characterized by

the fissionable nuclide, incident neutron energy, and type of yield,
i.e., independent or cumulative. Each set contains 1100 to 1200
yields. ENDF/B-IV contains independent yields for six nuclides at
one or more energies and no uncertainties for a total of ten yield
sets. ENDF/B-V contains both cumulative and independent yields for
11 fissionable nuclides for a total of 40 sets, and uncertainties are
included. Thus, the data expanded by a factor of eight. In addi-

tion, models for yield distributions were improved.
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Decay spectra were greatly expanded, and each nuclide having spectra
. . . + -

now includes, if appropriate, electron capture or B , B , o, ¥y, X-

ray, proton, and discrete electrons. The formats were expanded to

permit these and other spectra.

TABLE 1
ENDY¥/B-1IV vs ENDF/B-V GROSS COMPARISON OF DATA CONTENT IN FILES

smms== ======F]SSION PRODUCTS==== R e T

TYPE OF QUANTITY ENDF/B-1V  ENDF/B-V

General Content

Total nuclides 824 877
Nuclides having cross sections 181 186
Stable nuclides 113 127
Unstable nuclides 711 750
Total isameric states 520.15; 123 154
First isaneric states (>0.1s 117 148
Average energies derived fram exp 181 317
Delayed neutron precursors 57 105
Fission yield sefs 10 20

FP Nuclides having detailed spectrel data

Beta and/or gammna 180 264
Electron related 163$§—only; 233
Photon related 172(y only} 247
Conversion electron 38 167
Positron or EC 0 - 12
X-ray 0 166
Discrete electron 0 166
== ==ACTINIDES====== SEETSEEEE T
Total actinides with decay spec 0 60
(41 Have cross sections in EgDF/B—V)
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TABLE IT
COMPARISON OF FP YIELDS IN ENDF/B-IV AND ENDF/B-Va

Characteristic Neutron Incident Energy

Target High
Nuclide Thermal Fast (14 MeV) Spontaneous
#32Th 45 5

=™y 45 5 5

2=y 45 45 45

238 5

238 45 45

“Np 5

2Py, 45 45 5

2ipy 45 5

22py 5

zsch 5

310 sets of direct vields in ENDF/B-IV (~ 11 000 yields).
40 sets of direct and cumulative yields (by A and Z)in ENDF/B-V,

now including uncertainties (~ 44 000 yields plus uncertainties).

11I. THE "PANDEMONDIUM" PROBLEM

The expansion of decay spectral data for ENDF/B-V apparently improved the
shape of the aggregate spectra but worsened the magnitude. In particular, we
found that the overall gamma energy decreased and the beta energy increased,
making the comparisons with experiment worse than those with ENDF/B-IV. This
problem is evident in Fig. 1, where the total gamma and beta decay energies
calculated for a fission pulse using ENDF/B data are compared with experimental
values at various cooling times. The effect is even more pronounced in Figs.
2-5, which compare the calculated and measured decay energies for individual
spectral energy bins. (Note that the 1-100-s irradiation experimental results
from Oak Ridge are in good agreement with the 5.56-h irradiation data from Los
Alamos when both are reduced to a pulse equivalent.) This problem was first
observed by the Japanese in formation of their fi16521 and most recently dis-
cussed in Ref. 22. The problem was anticipated in a paper by Hardy et a1.23
based on a fictitious nuclide they called Pandemonium. In general, it results
from evaluations and/or experiments that are missing high-energy y-transitions
in the complex spectra of some high-Q nuclides. As can be seen in Fig. 6, most

of the calculated aggregate decay energy now results from nuclides having experi-

mentally based energies.
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The Japanese have used model calculations based on the Gross Theory of
Takahashi and Yamada24 to get average energies for such nuclides, with very good
results. In ENDF/B the average energies are derived from spectra if present in
the files. The procedure presents us with a major problem for the next version
of ENDF/B. As noted in the next section, we expect to add more spectra for the
nuclides. Clearly, we must also consider (in some cases) renormalizing the
average energies derived from these spectra or supplementing the spectra using
medel calculations such as could bé done with, e.g., the BETA code.25

A list of nuclides that may be in the Pandemonium class, hence requiring a
new examinmation, is given in Table III. Table IV provides a compariscn of some

average beta and gamma energies in ENDF/B-V with 1981 JNDC values.

IV. PLANNED EXPANSION OF DATA FOR ENDF/B-VI.
A. Yields

All current yield sets will be reevaluated and the number of sets
will be increased from 40 to perhaps 100. Table V summarizes the evolu-
tion of these data and Table VI indicates the specific nuclides and ener-
gies scheduled to have yields. Most of the increase is clearly for spon-
taneous and l4.7-MeV fission. The data should be updated through 1985,
the distribution model parameters reevaluated, and the basis for uncer-
tainty estimates reexamined. Some preliminary results are given in Ref.
15. As noted by the working groups at the conference in which this yield
paper was given, fission product yields are important to all applications
of fission-product data.

B. Decay Data

Table VII summarizes the planned expansion.

The current 60 actinides in ENDF/B-V Mod "0O" all have decay spectra.
These will be updated including results from the IAEA Coordinated Research
Program for Transactinium Nuclides. In addition, approximately 48 acti-
nides with spectra will be added. The reevaluation includes half-lives
and branching ratios.

For fission products, approximately 450 will have partial or complete
spectra, compared with ~ 264 in ENDF/B-V. Some will also have average
energies based on beta strength functions. The Pandemonium nucludes
discussed in Sec. III will be reevaluated and/or have energies based on
new measurements, including results from a program being started this year

at INEL. In many cases we expect to use the BETA model code for average
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TABLE III

NUCLIDES IN ENDF/B-V TO BE EXAMINED FOR PANDEMONDIUM EFFECT®

Nuclide | Halflife(s) Q (MeV)
6850+01 .000

a3-As—- B0 1. 8

33-As- 82 2.100+01 7.200
33-As— 82m 1.300+01 7.200
35-Br- 87 %.570+01 6.840
35-Br- 88 1.800+01 8.600
38-Kr- 91 8.570+00 6.120
38-Kr- 92 i.840+00 5.970
37-Rb- 892 4 .530+00 7.770
38-Kr— 83 1.289+00 7.510
37-Rb- 93 5.860+00 7.380
39— Y- 96 8 .000+00 8.500
39— Y- 66m 1.000+01 7?.000
38-Sr— 97 4 .000-01 7.400
apg- Y- 97 3.700+00 8.6870
39- Y- 97m 1.110+00 7.337
38-Sr— 98 8.500-01 5.810
ag- Y- 98 2.000+00 7.300
39— Y- 88n 8.500-01 7.300
41-Nb— 98 2.880+00 4 585
39- Y- 99 1.400+00 8.390
40-Zr- 99 2.100+00 4.445
41{-Nb-101 7.000+00 4.570
43-Te~102 5.280+00 4 .500
43-Te-102n 2.6810+02 5.000
43-Tc-104 1.092+03 5.400
44-Ru-107 2.520+02 3.150
45-Rh-108 1.880+01 4.500
45-Rh-108m  3.540+02 4.500
45-Rh—-110 2.850+401 5.400
45-Rh~110m 3.000+00 5.400
49-In—-120 3.080+00 5.400
49-In-120m 4.440+01 5.300
49-In-121 3.000+01 3.380
49-In-121m 2.258+02 3.700
51-Sb—134 1.070+01 8.490
51-Sb-134n 8.500-0t 8.400
54-Xe—-138 4.040+01 5.020
54-Xe-140 1.3680+01 4.080
55-Cs~-140 6.370+01 8.050
54-Xe—-141 1.720+00 6.000
55-Cs-14! 2.490+01 4.980
57-La-142 5.550+03 4 517
55-Cs-144 1.001+00 B.100
57-La-144 4.030+01 5 300
50-Pr-148 1.380+02 4 800
50-Pr-149 1.500+02 3.000
61-Pm-152 2.460+02 3.470
61-Pm-152m 4 .500+02 3.470
81-Pm-154 1.080+02 4 000
61-Am-154m 1.680+02 4 000

a
See text. These nuclides have
complex spectra and their average
energies need to be examined.

—_ ‘13 .
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TABLE IV
COMPARISON OF AVERAGE BETA- AND GAMMA-RAY ENERGIES?
(ENDF/B-V vs 1981 JNDC Values)

——-————— E-Beta - ——— E-Game —— ———
(MeV) (MeV)

Nuclide JNDC(E) JNDC(G) ENDF/B-V INDC(E)} JNDC(G) ENDF/B-¥
*343¢ 85 1.70 1.63 2.18 2.24 2.39 1.39
s34Se 88 1.15 1.35 .B6 2.35 1.96 1.07
35Br 88 1.74 1.95 1.78 3.64 2.94 3.30
*34Se B7 2.49 2.08 2.54 1.66 2 64 1.714
*358r 87 1.54 1.81 2.50 3.86 2.41 1.55
*348a B3 2.38 2.40 2.39 1.72 1.72 1.47
»35Br B& 2.82 2.45 2.54 3.06 3. 21 3.00
37Rb B8 2.08 1.19 2.06 0.64 2.49 0.66
*35Br DO 4.39 3.08 .21 1.13 3.68 2.62
37Rb §0m 1.29 1.54 1.36 3.35 2.87 3.10
ATRD 90 1.89 1.57 2.20 2.16 2.76 1.08
*38Kr 91 1.99 2.08 1.94 1.73 1.62 1.73
A7TRb 91 1.52 1.48 1.50 2.22 2.30 2.23
sagkr 92 2.41 2.28 2.37 0.72 1.08 0.75
*37Rb §2 3.49 2.88 3.48 0.27 1.57 0.28
b38Kr 63 2.80 2.73 2.34 2.28 2.78 2.24
*37Rb 93 2.72 2.15 2.61 1.39 Z.68 1.32
*383r 95 2.27 1.59 2.11 1.03 2.44 i.40
*a83r 96 1.98 1.88 1.88 0.91 0.96 1.13
v383r @7 2.54 2.80 2.82 1.49 1.50 1.49
*30Y 97m 2.40 2.68 2.42 1.81 1.47 1.82
YapY 97 2.15 2.47 2.15 1.8 1.23 1.80
*37Rb 98 3.81 3.71 4.15 1.25 2.92 4.68
*38Sr 98 2.53 2.14 2.53 0.17 1.05 0. 18
*39Y 98n 2.88 2.99 2.98 3.11 2.80 0.81
*39Y 98 3.95 3.22 1.81 0.81 2.04 3.15
vagy 99 2.48 2.38 2.61 0.49 1.15 0.81
*40Zr101 2.50 2.18 z2.21 0.35 .08 1.53
43Tc104 1.88 1.24 1.58 1.84 2.88 1.84
*42Mo 105 Z2.28 1.29 1.88 0.15 2.37 1.09
*43Tc108 3.20 2.25 2.47 0.80 2.89 1.68
*45Rh110m 1.35 2.24 2.37 2.21 0.78 .08
*45Rh110 2.38 2.20 1.18 0.086 0.49 2.48
*50Sn13lm 1.17 1.10 1.47 1.63 2.39 1.00
*491(n132 2.24 3.16 3.83 4.78 2.90 5.00
518b132 1.20 1.20 1.38 2.57 2.73 2.80
*505n133 3.10 2.41 2.39 0.39 1.88 1.98
*519b134m 3.14 2.28 3.76 2.03 3.27 0.0
518Sb134 3.84 2.78 2.80 0.00 2.28 2.04
52Tet35 2.44 1.53 2.40 0.89 2. 82 0.74
831 138m Z2.31 1.76 2.13 2.00 2. 04 200
531 138 2.05 1.768 1.97 2.47 2.04 2.38
831 137 1.97 1.27 2.29 0.75 2. 46 0.97
55Cs138m 0. 40 0.28 0.39 0.53 0.73 0. 54
85Cs138 1.25 1.09 1.20 2.33 2.88 2.38
*54Xe136 1.74 1.00 1.70 0.89 2.24 078
*55Cs 140 1.5 1.43 1.85 z.22 2.79 2 130
"54Xe141 2.38 2.05 2.35 1.04 1.48 0.78
55Cs141 2.09 1.28 1.81 0.687 2.14 0 80
*54Xeld2 1.85 1.78 1.88 1.19 0 98 112
55Cs142 2.82 2.45 2.50 3.81 1.79 1.17
*57Lald4 1.79 1.34 1.48 1.31 2. 09 1 82
*57Lal48 2.48 2.18 2.05 0.72 1.35 173
*57Lai48 2.74 2.18 2.21 0.68 1 38 2 04
*5@Pr150 2.3 2.02 1.84 0.26 1.08 1 43

Ay -
This comparison was supplied by T. Yoshida, April 1981. JNDC(G) refers to
model calculations using the Gross Theory of Beta Decay. These values were
adopted into the JNDC fission product library. JNDC(E) refers to experimental-
ly based energies.

b .
These nuclides are scheduled to be reevaluated for ENDF/B-VI.
c , .
These nuclide energies are not based on spectra or beta strength functions in

ENDF/B-V.
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Pairing

Delayed Neutron
Charge Balance
Ternary Fissipn
Indep. Yields
Cumulative Yields

Uncertainties
No. of References
No. of Yields
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TABLE V
SUMMARY OF ENDF YIELD EVALUATIONS®

ENDF/B-IV

1974
6
10

50/50

No
No
No
) No
Yes
No
No
856

11000

ENDF/B-V Prelim. ENDF/B-VI

1978 1983
11 34

20 50
Yes Yes
Yes Yes
Yes Yes
Yes Yes
Yes Yes
Yes Yes
Yes Yes
Yes Yes
1119 1274
44000 110000

aENDF/B yields through ENDF/B-V have been based on evaluations by

B. F. Rider at G. E.

and modified at Leos Alamos to extend the chains.

Current results for preliminary ENDF/B-VI were produced at Los Alamos
using corrections and some additions to the 1981 G. E. Files.

Final results are planned to be updated through 1985 at Los Alamos,
including changes in the distribution model.

bBeginning with ENDF/B-V, delaved neutron branching fractions have been
Independent yields apply before delayed

incorporated into evaluations.
neutron emission and cumulative yields apply after emission.

Nuclide

227Th
229Th
232Th

231pa
232U
EBSU
234
235U
EGGU
237
238U

237
ZSBI;IIE

238 Pu
2349 PLI

240pu
Bﬂpu

Nuchide Thermal Fast 14 MeV Spon.

242py 5
24Am 6

24Z2M Am 6

243A

242Crn

244Cm 6

o O

243Cm 6
249Cf 6

ZSOCf 6
2810 6

252Cr
ZSSES 6
RS 6
24 Em 6
255F'h.1 6

TABLE VI
ENDF/B FISSION-PRODUCT YIELD SETS?
Thermal Fast 14 MeV Spon.
6
6
456 o6
6
6
456 56 56
6 6
456 456 456
56 6
6
456 456 6
56 6
6
6
456 456 56
56 6
456 56

2%Fm 6

a&, 5, and 6 refer to ENDF/B versions IV, V, and proposed VI (using updated
models and data).
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TABLE VII
ENDF/B-VI PROJECTED DECAY DATA CONTENT®

ACTINIDES: a) 108, ALL UNSTABLE AND HAVE LINE DATA
(vs 60 IN ENDF/B-V, REV. "0")

b) ALL IMPORTANT ACTINIDES FOR .
REACTOR TECH. TO BE REEVALUATED.
ée.E.. RESULTS FROM TAEA COORDINATED
ESEARCH PROGRAM ON TRANSACTINIUM NUCLIDE
DECAY DATA TO BE INCORPORATED.)

FISSION PRODUCTS: a) APPROX. 450 WITH PARTIAL OR COMPLETE
LINE DATA.

b) AV. BETA AND GAMMA ENERGIES FOR MANY
IMPORTANT NUCLIDES TO BE BASED ON INEL
DIRECT MEAS. (BEING STARTED 1984), OR RE-
EVALUATED. MODEL CALCULATIONS WILL BE USED
FOR AVERAGES WHERE LINE DATA ARE SUSPECT
OR INCOMPLETE AND FOR ALL UNSTABLE NUCL!DES
HAVING NO MEAS. SPECTRA (e.g.. USING THE
BETA CODE).

c) 110 NUCLIDES WILL HAVE DELAYED NEUTRON SPECTR?
AND Pn VALUES (V5 HAD NO DELAYED NEUTRON
SPECTRA FOR INDIVIDUAL PRECURSORS)

d) SELECTED NUCLIDES WILL HAVE AVERAGE
ENERGIES BASED ON BETA STRENGTH MEAS,

aENDF/B contains several other nuclide classifications such as dosimetry, stan-
dards, and activation. The activation files, for example, contain 77 unstable
nuclides all having line data plus 47 stable nuclides. (To various extents,
the other categories overlap parts of the actinide and fission product files.)
All files will receive some review and updating.

energies, especially for those nuclides having no spectra or whose spectra
we suspect are incomplete. Therefore, as with the fission yields and
cross sections, we expect to use both experimental and model data for
decay data.

This last comment also applies to delaved neutroms. There were mno
delayed neutron spectra for individual nuclides in ENDF/B-V. We expect to
add evaluated measured spectra for > 30 precursors and model calculated
spectra for another ~ 80. Currently there are time-of-flight and proton-
recoil measurements (e.g., at INEL) in progress for low energy spectra.
We expect to use these, and, where necessary, model calculations, to
extend the evaluated measured spectra to lower and possibly higher energy
ranges. These individual nuclide spectra are primarily useful only when

the evaluated emission probabilities (Pn) and fission product yields are
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of high quality. Pn evaluations were recently completed and unmeasured
values estimated from systematics.

We also expect to use the fission yields, Pn values, and delayed neu-
tron spectra of individual nuclides to calculate the conventional aggre-
gate time-group spectra, and possibly the group and total delayed neutron
yields; such aggregate data are also required in ENDF/B. A preliminary

calculation of the group v and spectra has been published based on 105

d
2
precursors, ! and the normalized spectra already appear to be superior to

the evaluated aggregate group spectra in ENDF/B-V.

C. Fission Product and Actinide Cross Sections

While a detailed work plan is not yet available, it is likely that
the cross section data for several primary fuel nuclides (including
235U and 239Pu) will be reevaluated for Version VI of ENDF/B. Supporting
nuclear model calculations will be performed using, for example, the GNASH
Hauser-Feshbach statistical-theory code28 and the ECIS deformed optical
model code.29 The extent of the reevaluations depends upon the amount of
new information that becomes available in the next two years.

Table VIII summarizes the evaluation plans for ~ 8 higher mass acti-
nides {A > 241) and 75 fission products. Resonance parameters and thermal
cross sections will be revised based on the most recent issue of BNL-325
and the analyses using the RESPARFM code.30 For selected nuclei, both
measured (n,y), (n,f), and (n,t) integral cross sections and differential
data will be used in the FERRET least-squares data adjustment code.31
Other cross sections [(n,n'), (n,2n)}, etc.] will be calculated using the
HAUSER#6 code.32 In all cases, the latest measured data will be incor-
porated in the evaluations.

An example of the use of this evaluation technique is given for the
1291(n,y) cross section in Fig. 7. In this instance, the influence of the
integral data (mot shown) is such that the adjusted result (solid_curve)

is pulled away from the differential data (dashed histogram). The shape

of the a priori imput (dashed curve) is maintained in the adjustment.
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TABLE VIII
CROSS SECTICN EVALUATION UPDATE PLANS FOR
ENDF/B-VI FISSION PRODUCTS AND HIGHER ACTINIDES

Focus on 75 FP nuclides and 8 higher actinides
(having Z greater than or equal to 94)

To include new resolved resonance parameter data

(a) Use computer code RESPARFM
(b) Input primarily from BNL-325
(1982 Z = 1-60,,. 1984 Z > 60}
{(c) Obtain DObs and ry from RESPARFM analyses

Calculate ny, nf, and nt cross sections using
least squares code FERRET for selected nuclei.

(a) Use integral and differential data as input

(b) Use elemental differential data as constraint
on individual isotope cross sections.

(c) Use primarily latest CSIRS as source of
differential data.

(d) Use CFRMF, STEK, EBR-II, and FFTF as
source of integral data.

Calculate nn', ny, nf, nn, n2n, and Yy production, etc,
for selected nuclei using HAUSER*6 ccde.

(a) TInput levels from latest ENSDF files
{b) Use optical model parameters obtained from

expected HEDL study.

Include recent capture measurements of radioactive
nuclei (I1-129, Pd-107, etc.)--see example figure.

Evaluations to be completed May 1986.
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Fig. 7 I-129 Cross section evaluation: an example of the
influence of integral data.

V. CONCLUDING REMARKS

We have summarized the fission product and actinide data in ENDF/B-IV and
-V, and the needed (and partially planned) improvements in these files. These
data have been used in a wide spectrum of studies varying from antineutrin6
spectra to mundane problems in waste disposal and economic studies of the pro-
duction of useful radicactive nuclides. The data have been used to calculate
some needed integral quantities that had no measurement such as delayed neu-
trons from several fuels. The economic value of this data base is probably
best illustrated by its use in answering many gquestions during the progress of,
and following, the TMI-2 accident.33 Yet we are very aware of the needed data

expansions and improvements for other uses and have attempted to list these in

this report.
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T-2 EVALUATION OF FISSICN PRODUCT NEUTRON CROSS SECTIONS FOR JENDL

Fission-Product Neutron Cress Section Evaluation'wOrking Group
Japanese Nuclear Data Committee

Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, Japan

I. Integral Test of JENDL=-1 Fission-Product Neutron Cross Sections

JENDL-1 fission product cross section flle (including additional
library Version 1.,5) contains neutron cross sections for 67 nuclides.
Details of JENDL-1 and comparison with other recent evaluated data files
are desecribed in Ref. 1,

An extensive integral test was performed using the CFRMF sample
activation data and STEK sample reactivity data., Results of test for CFRMF
activations and for strong absorber reactivities in STEK were reported at
the Bologna meeting, 1979. (Ref. 2.)

After that, a tentative analysis was peformed for weak absorber
samples of STEK measuraments by applying the correction to the calculated
scattering reactivity component based on the measured reactivities of
scatterer samples., The measured (positive) reactivities of scatterer
samples such as carbon, aluminum, aluminum oxide, lead and lead oxide, were
compared with calculation. The experiment-to-calculation ratios were
nearly constant and about 1,2 for all of the above samples and core
spectra, except for the lead sample in STEK-1000 and =500 cores. This is
shown in Fig. 1.

Since the scattering cross sections of these nuclides are considered
as well known, the discrepancy may be regarded as the result of inaccuracy
of neutron spectra of STEK cores, or rather that of neutron adjoint spectra
used in calculation, Therefore, the factor 1,2 was applied to all of the
calculated scattering reactivity component to obtain the corrected total
reactivity of weak absorber sample. Examples of results before and after
correction are shown in Fig. 2, In most cases, we cbtained a better
agreement with experiments after applying this correction. The result for
Zr-93 shows that JENDL-1 Zr-03 capture cross section is too large by about
s factor of 2. ( ENDF/B or RCN-2 data are more consistent with STEK
integral data.) In case of La, the inelastic cross section is probably
overestimated by about 30 %, because the adopted levels at 0.57,0.83,0.93
and 1.07 MeV, based on the Nuclear Data Sheets 1974, are not confirmed in
a later version of NDS, and therefore have to be discarded, (Ref,1.)

The results of integral test are summarized in Table 2, together with
the observations from the comparison with recent differential capture data.

I1. Evaluation of JENDL-2 FP Neutron Cross Sections

Evaluation for JENDL-2 is at a final stage. It will contain 100
nuclides from Kr to Tb., The following improvements in data and method are
made compared to JENDL-1.

%#)Working group members: Kawal,M.(group leader,NAIG),Iijima,5.(NATG),
Kikuchi,Y.(JAERI),Nakajima,Y.(JAERI),Nakagawa,T.(JAERI),Watanabe,T.
(Kawasaki Heavy Industries),Sasaki,M.(MAPI),Acki,T.(Fuji Electric co.),
Matsunobu,H.(Sumitomo Atomic Industry ),Zukeran,A,(Hitachi),
Nishigori,T.(Osaka Univ.)
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(1) Integral test results are reflected on evaluation.
(2) Recent differential capture da%ta are taken into account. Resonance
parameters are re-evaluated using recent resonance data.

(3) The spherical optical model parameters and the level density parameters
were re-determined, (Ref. 3 and 4.) The systematics of level density
parameters and gamma-ray strength functions were studied in detail to
estimate these values for nuclides whose experimental data were lacking.

(4) Level scheme data were revised based on the evaluation by Nakasima,R.
and Matuwoteg,Z.(priv.comm.), and on Table of Isotopes, 7-th ed,

(5) The maximum energy of unresolved resonance region was extended from 50
kKeV to 100 keV, where self-shielding factor can be calculated from
unresolved resonance parameters,

(6) An auxiliary program JOBSETTER (Ref.5) for the statistical model calcu=
culation was developed which utilizes the input parameter data base to
a maximum extent, This is to simplify the input procedure and improve
the quality control of the evaluation.

I1II. Near-Future Sccpe

Integral test is scheduled using the data at CFAMF, STEK and EBR-1TI.
Adjustment of cross section is also planned, especially for nuclides for
which differential capture data are not available, These are, Zr-93, some
cf Xe isotopes,Ce-142, Pm-147, Eu-152 and -154. Cross section covariance
will be generated by the statistical thecory calculaticn using the method of
Gruppelaar, Both capture cross section and the statistical model parameters
will be adjusted, )

References :

(1) Kikuchi,Y.,Nakagawa,T,,Matsunobu,H,,Kawai,M.,Tgarss1,S.,Iijima,S,:
JAERI-1268 (1981). 3See also, Iijima,S.: TAEA-213 (1978)p.1565

(2) Iijima,s.,Watanabe,T.,Yoshida,T.,Kikuchi,¥Y.,Nishimura,H.:
NEANDC(E)209"L"(1979) p.317

(3) Tijima,S.,Kawai,M.: J.Nucl.Sci.Technol. 20{1983)77

(4) Iijima,S.,Yoshida,T,,Aoki,T.,Watanabe,T.,Sasaki,M.:J.Nuel.Sci.Technol.
21(1984)10

(5) Nakagawa,T.: Nuclear Data Center, Internal Memo, (1980)
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Summary of Compariscn of JENDL Fission Product Neutron
Crogs Sections with Integral and Differential pata?)
STEK CERMF Recent Discre-
Reactivity Data Activation Data Differential Data pancy

zr 91 CVE (p: small) Tvl.2

93 capture: too large

{(factor of 2}

Nb 93 1.0-1.086 0.68(+50%) 1.0
Mo nat 0.97-1.1

95 0.95-1.05 vl

97 €.95-1.1 vl

98 capture: too large 1.24(26%) ~MIYLL2

100 vl {(p: small) 0.89 (£17%) 0.8
Tc 99 0.85-0.9 1.21(x15%) A0.9 X
Ru 101 0.95-1.1 wl.2

102 capture: too large 1.58{£7%) Hl.5

104 CVE {p: small) 1.17(6%) vl x
Rh 103 1.0 0.98 (£24%) Y1
Pb 105 0.8 ANz

107 0.8 (low enrichment)

108 121—1.3 {p: small)* 0.82(Z7%})* A0.8

110 CVE (p: small) 0.6
Ag 107 0.99(119%) AlnlL1

109 V1 (scattering among 1.03(£10%) nl.4 X

exp. data)

I 127 0.95-1.05 1.23(£10%) Al

129 1.3-1.5 1,49 (27%) Al 112 X
Xe 131 1.047%1. 30

132 1.11(x7%) %

134 1.15(27%)*
Cs 133 0.8-0.9 1.0L(£7%) 1.0 solved

135 0.9-1.0 (low enrich-

ment)

137 not yet analyzed
La 139 CvE (p: small) 1.21(#5%) 1Nl L2
a) Table gives the ratio of JENDL or JENDL calculation to measurement.

*})

ENDF/B-4 cross secticns were used.
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Table 1 (continued)
STEK CFRMF Recent Discre- :
I} Bl 1 r 1 + i
Reactivity Data Activation Data Differential Data pancy

Ce 140 capture: too large
(p: small)}
142 capture: too large 2.05(7%)
(p: small)
Pr 141l CAE (p: small) .92 (£15%) B0.9v1.0
Nk 142 capture: too large
{p: small)*
143 0.9 40.85
144 CrE (p: small) Al.1
145 0.7% £0.600,7
146 CE (p: small) 1.00{+7%) 0. 85 x
148 capture: too large 1.49(+14%) A2 bt
(p: small)
150 CAE (p: small) 1.84{+12%) 1.202
Pm 147 0.95 1.13(x13%) X
Sm 147 0.95-1.05 0.85%1.0
148 1.0-1.5 In1.2
149 0.9-1.1 a0.75 x
150 0.9-1.2 A1.0
151 1.0-1.1 (low enrich-
ment)
152 Aw0.9-1.1 1.19{x6%} 11,2
154 vl (scattering among 1.25(*5%) 101.3
exp. data)
Eu nat 0.8-1.05
151 0.87 (£6%) 0.6-0.8 x
153 0.9-1.05%* 0.96(f7%)* 0.6-1.1 %
Gd 156 0.9"1.4 (scattering
ameng exp. data)
157 .1
158 1.01(212%)*
160 L.51(49%)*
Pu 239 Al.O** 0.97(n,f)**
U 235 1.0=1.1%** [1.00CG(n,£)].
U 238 1.04(n,f)**
1.07(n,y)** I
B nat RO

**)

JENDL-2A (preliminary versiocn of JENDL-2) wvalues.
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I-3 PRESENT STATUS AND FUTURE PROGRAMS OF EVALUATION OF DECAY HEAT
FOR FISSION PRODUCTS IN JAPAN

Decay Heat Evaluation Working Group
Japanese Nuclear Data Committee

Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken, Japan

I. JNDC Decay Data File, Version 1

JNDC Version 1 file contains the decay data and fission yield data for
1172 nuelides and the neutron cross section data for 80 nuclides in fission
product mass region, Details of this file and the results of comparison of
decay heat calculation with recent measurements (Refs. 1-3 ) have been
reported in Refs., #=7. The file is based on recent measurements and
compilation of decay data and fission yields. A particular feature is the
full use of the gross theory of beta-decay to estimate the energy-release
data of all nuclides {except Y-96) with Q-values larger than 5 MeV,
(Ref.8,9.)

Calculated decay powers for fission pulse from U-235 and Pu-239 are
shown in Figs. 1 through 4 in comparison with the experimental data at
YAYOI. The agreement is generally very good for a wide range of fissile
nuclides from Th-232 to Pu-241, especially at short cooling time and for
beta decay powers, However, the gamma decay heat is underestimated for all
fissile nuclides by 5 to 15 % at cooling times between 200 sec and 2000
sec, and overestimated for Th-232, U-233 and U-235 by 5 to 15 % at longer
cooling time than about 2000 sec.

The calculated decay heat was fitted by 31 exponential terms. The
fitted parameters are given in Table 1 for major fissile nuclides.(Ref.6.)

II. JNDC Decay Data File, Version 1.5

To seek for the possible sources of the above-stated disagreement
between calculation and experiment, an extensive sensitivity study and the
comparison with other decay data files (ENDF/B-V,UKFPDD~2,ENSDF) &and
experimental data were made, particularly for nuciides with Q-values
greater than 5 MeV and/or half-lives longer than a few tens of sec.
(Ref. 7, 10).

Although significant discrepancies among the data files were noted for
a pumber of nuclides concerning the energy-release data, the experimental
data were often too uncertain for most of these nuclides to revise the
evaluated data with convince. As the result, Version 1,5 was made by
revising only the energy- release data of Rb-88(1068s) and La=-143(852s).

In the beta-decay of Rb-88, a strong transition to the ground state is
observed experimentally. The JNDC value of gamma energy-release for Rb-
88 based on the gross theory was in overestimation by a factor of 4, As to
the La-143 average gamma-ray energy data, JNDC value was smaller than that
of ENSDF and ENDF/B-V by a factor of 3 and 20, respectively. Recent
measurement at Nagoya University (Ref.11) gives the value close to that of
ENSDF. We adopted temporarily the ENSDF value as Version 1.5 data.

%) Working group members: Matumoto,Z.(Group leader,JAERI),Akiyama,M.(Tokyo
Univ.),Nakasima,R.(Hoseil Univ,),Tasaka,K.(JAERI),Katakura,J.(JAERI),
Ihara,H.(JAERI),Yoshida,T.(NAIG),Iijima,SiNAIG)
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The calculated decay powers after revision are alsc shown in Figs., 1
through Y4 for U-235 and Pu-239 fissions, The agreement of the calculated
J-235 gamma decay power with experiment was improved significantly for
cocling time longer than 2000 sec., The same is true for the case of Th-232
and U-233 fissions. Revision of Rb-B88 decay data was the dominant cause of
improvement. There still remains the discrepancy for cooling time Dbetween
200 sec and 2000 sec,, the solution to which is not yet found successfully.

Incidentally, the gamma decay powars for 14MeV neutron fissions of U-
235, U-238 and Th-232 were also measured at YAYOI (Ref. 2). These data are
of interest not only for the application to a fusion-fission hybrid
reactor, but as a basic application of high energy fission yield data.
Figures 5 and 6 compare the measured data for fast and 14 MeV fissions of
U-238 and Th-232, respectively, together with the calculation using JNDC
1,5 file, Very large disagreement between calculation and experiment for
fast fission of thorium at intermediate cooling time is striking., It was
found very recently that the disagreement disappeared almost completely
after correcting the experimental data for the decay of Th-233 (22.3m)
produced by neutron capture of Th-233 (13).

ITI. Future Scope
The following works are planned for the near future,

(1) Identification of the discrepancy source of gamma decay heat for
cooling time befween 200 sec and 2000 sec.

(2) Addition and elaboration of decay data of short-lived nuclides,

(3) Evaluation of gamma-ray spectrum based on the measured data {(Ref.12)
and calculation.

(4) Re-evaluation of delayed neutron data,

References :

{1) Akiyama,M,, Furuta,T., Ida,T., Sakata,K., An,S. : J. At. Energy Soc.,
Japan, 24 (1982) 709,and 803 (in Japanese)

(2) Akiyama,M., An,S. : Paper present at OECD/NEANDC Mtg. on Yield and
Decay Data of Fission Product Nuclides, Brookhaven (1983)
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I-4 Fission Product Nuclear Data Measurements and Evaluations
at the Studsvik Science Research Laboratory

G. Rudstam

The Studsvik Science Research Laboratory,
S-611 82 Nykdping, Sweden

The group for nuclear physics and chemistry at the Studsvik Science
Research Laboratory has at its main tool an isctope separator ("OSIRIS™)
attached to the 1 MW nuclear reactor R2-0. An integrated target-ion
source system is used where the target material forms a cylinder
consisting of uranium oxide/carbide on a matrix of graphite cloth which
is placed in the discharge chambér of the ion source. The target is
irradiated with thermal neutrons from the reactor with a maximum flux of
4 x 101! n/cmzs. All elements wvolatile in the ion source temperature of
v 1500°C are released from the target and processed as elementary ions
by the separator. In this way isotopes of the elements Zn, Ga, Br, Kr,
Rb, 4Ag, Cd, In, Sb, Te, I, Xe, and Cs, and their daughter preoducts,
become available for study. By the addition of carbon tetrafluoride a
further set of elements - Sr, Y, Zr, Ba, lanthanides - become voiatile
as fluorides and may be processed as molecular ions. This means an
almost complete coverage of fission preducts down to half-lives about a
tenth of a second.

The experimental programme is focussed on fundamental studies of
short-lived fission products. This programme comprises measurements of
specific properties such as total beta decay energies, half-lives, and
the emission of delaved neutrons. More complete spectroscopic investi-
gations are carried out for especially interesting nuclides. Because of
the great importance of macroscopic effects of the fission products in
nuclear fuel the group is alsoc engaged in applied research with the view
to measure certaln guantities and to evaluate integrated effects.
Examples of this is the beta part of the decay heat, the delayed-neutron
erergy spectrum and its time dependence, and the fission yields. The
decay heat problem is also attacked by integral measurements of the beta
and gamma spectra emitted from irradiated fissile nuclides using a Van
de Grazaff-accelerator.

A summary of the experimental programme is given below in the form
of a table

A. Measurements

1. Delayed neutrons
1.1 Branching ratios
1.2 Energy spectra

2. Decay data
2.1 Total decay energies
2.2 Half-lives
2.3 Gamma branching ratios
2.4  Gamma spectroscopy

3. Research related to the decay heat problem
3.1 Measurement of the complete beta spectrum for individual
fission products and determination of the average heta energy
emitted per decay

_4()*
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3.2 Inteéral measurements of decay heat from
~ 235U (thermal fission; beta and gamma part)
- 238y (fast fission; gamma part)
- 2397 (thermal fission; beta and gamma part)

4, Fission vyields
4.1 Yields of thermal fission of 223U (many isomeric yield ratios
determined for the first time)
4.2 Yields of fast fission of 238U (new project planned)

B. Evaluations

5. Fnergy spectra of delayed-neutron groups and their time variation
6. Decay heat in nuclear fuel
7. Abundance pattern of fission products in nuclear fuel

8. Antineutrino energy spectrum around a nuclear reactor

Participants in the programme:

P. Aagaard

K. Aleklett

B. Fogelberg
P.I. Johansson
E. Lund

G. Rudstam

and the technical staff of OSIRIS.
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SESSION II

IT-1 DECAY HEAT CALCULATION WITH THE
C.E.A. RADIOACTIVITY DATA BANK

B. DUCHEMIN', J. BLaCHOT?, B. NIMAL',

J.C. NiMAL!, J.P., VEILLAUT!

COMMISSARIAT A L'ENERGIE ATOMIGUE FRANCE

} SERMA/LEPF - CEN,SACLAY ~ 9119] GIF SUR YVETTE CEDEX -
2 DRF/CPN - CEN.GRENOBLE - 38041 GRENOBLE CEDEX -

SUMMARY

-¥or a long time the French CEA has developped a radioactivity
data bank. This bank is updated using ENSDF and some recent experi-
mental results.

The fission product part of this library is currently used
for shielding source and decay heat calculations. A computer code
called PEPIN, using direct summation method has been developped
and is briefly described. A comparison is made with other calculations
and available experiments. '

INTRODUCTION

In this report we recall briecfly how our PEPIN code, which computes

residual heat and source terms for shielding calculations, due
products, works, using the summation method. We also show how,
cur results with availlable experiments and other calculaticns,
to improve them. :

DATA

to fission
by comparing
we are able

To make summation calculaticns many data are necessary : fission yields,
spectroscopic data by nuclide, capture cross sections and branching ratilo,..

Fission yields

The fission yields are computed using the well-known Wahkl{l), formula

Y_{A) % KP (Z,A) + NF_(A)
Y, (2,8) = f £ £ e

N e 7~0.5

7+0.5  (z-7P)°
-

dz
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where

YA atomic number

A s atomic mass .

¥ _(A) :cumulative fission yields after RIDLR (2)

ZP(A) :more probable Z value for A chain after RIDER {(2)

NF_{(A) :normalisation cocfficient

[ gaussian parameter

KPf(Z,A}:pairing coefficient after Wahl (1) with EOZ and EON values selected
by J. BLACHOT :

. e

For isomeric states, Yjf (Z,A) is distributed using the MADLAND (3)
method. The nuclide spins are taken from our radioactivity data bank.

Spectroscopic data

The spectroscopic data are taken from the CEA radioactivity data bank (4).

The library is currently updated using ENSDF and recent available
experiment. “We use now the May 82 version which contains 699 nuclides.

Capture cross sections

The effective capture cross sections, resonance integrals and branching
ratio are taken from several sources (5).

CALCULATION METRODOLOGY

Our PEPIN code solves analytically the Bateman equations for irradiation

dci(t) .

= ¥ Y. 1.+ 2C.(t)T.b., .- T.C. (8]
ae £ if £ 5 ] j1a i1

+ E Ck (t) Ak bk +i - Ai Ci {t)

with

Ci(t) .+ nuclide i concentration at time t

T, : c_o_ : fission rate
£ £ %%7P
O fission cross section of nuclide f
¢ ¢ neutrop flux
Ti : Oi ¢ : capture rate
o, * nuclide i capture cross section
3 ' : branching ratic of nuclide j towards nuclide 1
li : - decay constant.

- 43 —
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Our method which assumes that the fission rate is constant during an
irradiation step allows us to get analytical solutions at any cooling time
without too much computer cost.

COMPARISON WITH EXPERIMENTS

Many comparisons have been made with available experiments and other
"calculations. As an example we show in figure 1 to 4 such comparisons for
fission pulse of 235U (total, B and vy decay heat) and 239py (total decay
heat). Our results (PEPIN 699) are compared with DICKENS experiments (6},
LOTT et FICHE experiments (7), our earlier calculations (PEPLN 635) and
calculations made by the CINDER code with ENDF/BV (8).

These figures show that the total residual heat is well reproduced either
if some underestimations appear for 23%py around 1000 sec cooling time. But
for B and Y residual heat the comparisons are not so good. Some lmprovements
of these results were obtained using Aleklett and Rudstam values {9) for
mean B energy. : ‘

In fig. 5 and 6 soic sanmia spectra comparisons are made between our
. . .. 235
results and the Dickens experiment for thermal fission pulse of U.

These figures show that the highest energy gamma are not found in the calculation.
We are currently working to improve this result.

In conclusion it seems to us that although these results are satisfac—
tory, some improvements have to be made in our knowledge of nuclides with
large Q value or short decay time.’

REFERERNCES

A.C. WAHL ~ Journal of Radiocanalytical Chemistry Vol. 55 n° 1 (1980)
2 B.F. RIDER Nedo 12154-3C (1981)
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4

J. BLACHOT - C. FICHE - Harwell 1978 p 216 and J. BLACHOT - C. FICHE
ANPHAJ © (suppl.) (1981)
W.H. WALKER AECL-3037 (1969) and Chart of the nuclides_(lQ??)

J.K. DICKENS et al - ORNL-NUREG 39 (1978) and ORNL-NUREG 66 (1980)
M. LOTT et al J.N.E. 27 597 (1973) and C. FTCHE NEACRP/L 212 (1976)
R.J. LABAUVE et al LA 9090 MS (1981)
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I1-2 MEASUREMENTS OF GLOBAL
FTSSTON PRODUCTS CROSS SECTIONS
IN PWR SPECTRUM

P. GAUCHER, L. MARTIN DEIDIER

Commissariat & L'Energie Atomique

Département des Réacteurs d Eau

Contre d'Etudes Nucléaires de CADARACHE
B.EPn® 1 13115 SAINT-PAUL-LEZ-DURANCE
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MEASUREMENTS OF GLOBAL FISSION PRODUCTS CROSS SECTIONS IN PWR SPECTRUM

Ph. GAUCHER, L. MARTIN-DEIDIER

Figsion product absorption is very important in power reactors: for a
large part, the reactivity loss during irradiation is due to the fission
product capture. With the exception of 135 Xe, this absorpticn leads during
one reactor cycle to a less of around 3000-3500 pcm in reactivity, whereas
the total loss due to fuel spending is of arounéd €000 pcm.

72 % of this effect comes from the folliowing nuclides: 147 Pm, 145 Sm,
152 Sm, 895 Mo, 99 T¢, 103 Rh, 131 Xe, 133 Cs, 143 Nd, 145 Nc&. The remaining
28% comes from a very large number cof nuclides.

In fact, for power reactor calculaticns, only global fissicn preoduct-
absorption is needed. Experimental programs developed in France are therefore
based on direct measurements of the g¢glokbal effects of spent fuel fissicn
products, in order tc gualify calculation means.

2 comparison between this method and integral measurements on separated
nuclides shows the following advanitages:

- The fissien product effects &are mneasured in o
related to &a PWR's, in terms cf neutronica: spectrum an
self-shielding. It will therefore be easgy to obtain the true effect
in & power reactor through the interpretation of the measurements .

- To obtain the global effect, there 1s nc need tCc use such data as
fission yields or accumelaticon parameters in fuel, in which
uncertainties are still imperiant todav.
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1 Experimental methods:

From an experimental point of view, global fission products absorption
measurements are realised by an oscillation method. The reactivity effects of
spent fuel samples are compared toc the ones of nen-irradiated samples. These
experiments are realised in the Minerve reactor, at the Centre d'Etudes
Nucleaires de Cadarache (France). The measurements by the oscillatlon method
are performed in the center of the experimental assembly MELODIE ., composed
of a lattice of 800 UO2 rods with a 235 U 3% enrichment, similar in
characteristics to power reactor rods. The neutronical spectrum obtained is
cherefore very close to the PWR's. Figure 1 gives a view of the Melodie
assembly. ;

Experimental samples of about 100 mm long are cut in special 1labs frem
spent fuel rods and re-clad. In each sample, there is about .4 g of <{ission
products. 135 Xe, which has a great importance in reactors because of a large
abscrption cross section ( 200 barms), has disappeared. because of a very
short half-life (9.17 hours). But the data concerning this nuclide can be
checked precisely in power reactors.

The compesitions in heavy nuclides (Uranium, Plutcenium, Americium), are
measured through analysis of pellets taken at each end of +the spent fuel
sample. The guantity of fissicn products is obtained through measurements of
148 N4 concentration, which is alclassical-burn—up indicator./1/

There are two solutions tec interprete spent fuel measures:

- compariscn by oscillation of two samples, one consisting of spent fuel,
the other of the same non-irradiated fuel. The global loss in reactivity
due to irradiation is thus d&irectly obtained. But to reach fission
preducts absorption, we have to take inte acceount the evolution of heavy
nuclides during irradiatien, and the final precisicn 1s lessened.

- Comparison by oscillations of the spent fuel sample with & standard
sample, the uranium and plutonium concentraticns ¢f which are close to
the studied sample's. Corrections due to heavy ruclides are reduced, and
the final precision on fission produccs abscretion is improved.
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C 2 Experimental program:

During the vears 1973/1974,a pregram of measurements on PWR spent fuels
was realised /2/. The samples were taken from the SENA reactor assemblies
after one , two and three cycles of irradiation; the burn-up was between 5000
~and 30000 MWD/T. The results obtained have shown that global absorption of

"fission products was correctly predicted , for the concerned burn-up, by the
APOLLC code ( used in the C.E.R. for light water reactors calculation}/3/.
The uncertainties and discrepancies between calculation &and experiment are
given in the foilowing table.

sample with
cne cycle

sample with sample with
two cycles three cycles

‘E—C/C +12+12%,-1i12% +1 0+ 12 %

Becaluse of the modifications of the French reactors, these results are
nc longer sufficient:

-The burn-up scale studied is too narrow compared with the current FPWR
‘burn-up of unloading ( 33 GWD/T in average, 38 GWD/T for the most burnt
fuels), and the problem will become even mere serious with the future
unleading burn-up of 45 GWD/T in average./4/

- Yeutronical characteristics of the SENR's cCcore are not typical of
modern reactors: fuel assemblies are in  tubes rods are steel-clad,
whereas French PWR reactors are mainly 17x17 with zircaloy clading.

To solve these problems, & hew program of measurements’ 1s to taks place
in the Minerve reactor at the end of 1984. The spent fuel samples come from
BUGEY III and FESSENHZIM II reactors (PWR 17xi7). Samples and associated
nurn-up are listed in the following table. '

REACTOR Number of Burn-up number of
cycles (GWD/T) samples
BUGEY III 1.5 22. 1
2. 27 i
3 36-328 2
FESSENHEIN II 4 38-48 3
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In figure 2, the absorption of the fission products 1s shown according
to the burn-up for a typical PWR reactor, and the investigated burn-up - scales,
are represented.

With this program, the uncertainty cn the global absorption of fissiecn
products should be restrained to less than 6%, concerning PWR calculations
and the present or future unleading burn-up.

To complete this program , oscillations on UOZ-PudZ samples, irradiated
ir the SENA reactor, will be dcne. Thus, informations on glcbal capture of
fission products issued from that kinéd of fuel will be obtained. These
mezsures are part of the studies the C.E.A. is presently carriyng out on
Plutonium recycling in P.W.R.
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I1-3 SOME INVESTIGATIONS ON THE CONTRIBUTION

OF THE INTERNAL CONVERSION PROCESS

TO THE DECAY HEAT OF A LMFBR

Nicole KAROUBY-COHEN
IRDI/DRNR/SPCI/LEPh - bat. 230
Centre d'Etudes Nucléaires de CADARACHE
Bolte Postale N°1
F.13115 - SAINT-PAUL-LEZ-DURANCE

’ (France)

ABSTRACT

The internal conversion process contributes not negligeably
to the total decay heat. The contribution of this phénomenon
has been investigated using BLACHOT-FICHE data /Ref. 1/.

This study has allowed ' to show the importance of internal
conversion process for the calculation of the decay heat of fission

products, i.e. up to 10 ¥ 15%.

Tt has allowed, also to showthe need of reliable and precise
data on the internal conversion process in this type of decay

data libraries.
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1 - INTRODUCTION

The calculation of fission products decay heat is necessary
for fuel cycle studies. The internal conversion process contributes
not negligeably to the total results. The contribution of this
phenomencn has been investigated using BLACHOT-FICHE data /réf. 1/.

2 - PART OF THE DECAY HEAT PRODUCED BY THE FISSION PRODUCTS

About 70 % of the decay heat for a fuel assembly in a fast
reactor core is originated by fission products gamma and beta
desintegration (see table I, relative to SUPER-PHENIX) .

When studing the gamma emission, we have been interested by the

internal conversion process as a complementary desexcitation

mode .

This process is related to the gammaemission. When the
excitation energy is small, this is the principal phenomenon of
desexcitation. The excitation energy is transmitted to an inner-
shell (mainly k and L) electron, the conversion electron, which
is emmited by the atom. The created hole originates an electron

cloud rearrangement with characteristic x-ray emission.

The internal conversion coefficient oT is defined as :

Ne

T =
[+ Ny

where Ne is the number of conversion electrons and Ny the
number of photons by unit time.The total of mav be decomposed on

partial factors corresponding to each electron shell
oT = ap + e, = oy +eeee

3 - DECAY HEAT CALCUL

In the BLACHOT-FICHE data library, the actual intensity of a
gamma transition is increased by a factor (1 + aT} to take into

account the internal conversion process. The decay heat has been
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calculated for a SUPER PHENIX 1 type fast reactor, for an average
neutron flux of 4.16 10*° n/cm? /s and different cooling times

(3 months to 3 years), considering 273 fission products.

At present an assement based on the BLACHOT-FICHE library
data, indicates that the internal conversion process represents
a 10 to 15 % contribution to the total decay heat generated by

fission products. =

These values may be by far and large dependent on which
isotope is considered. For example, for the Ce 144 (11.4 &% of
the decay heat produced by fission products), 45 % of gamma ray

decay heat is originated by internal conversion.

4 — INTERNAL CONVERSION IN THE BLACHOT-FICHE LIBRARY

This library contains 707 fission products. A code makes
the energy balance for all the fission products for the internal
conversion process. For every fission product we have calculated
the oT energy (EoT), the conversion electron energy (EEC) and

the x-ray energy (Ex).

However for 10 & of fission products in BLACHOT-FICHE data
the equality : EaT = Ex + Ep. is not verified.

We can see the importance of this difference in the table II.

The 8 isotopes in the table II contribute to 95 % of total decay
heat of fission products for a core fuel assembly in SUPER PHENIX 1

after 3 years of cooling.
These rather large differences must be c¢cnsidered having in
mind that internal conversion represents at most 15 % of total

decay heat, reducing their impact on global values.

Nevertheless, for a better reliability of the library, the

internal conversion treatment ought to be improved.
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4 - CONCLUSION

This study has permitted to show the importance of internal
conversion process for the calculation of decag heat of fission products,
i.e. up to 10 + 15 %.

It has allowed, also, to show the need of reliable and precise

data on the internal conversion process in this type of decay data

libraries.

REFERENCES

/REEf.1/ - Table of radiocactive isotopes and of their main decay
caracteristics by J. BLACHOT and CH. FICHE.
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TABLE I

DECAY HEAT FOR A CORE FUEL STANDARD SUBASSEMBLY IN

SUPERPHENIX 17

(percentage contributions)

Fission products

Times of ccoling Decay heat Heavy Nuclides Steel
(B + v) (@) (8 +v)
3 mpnths 87 % 7 % 6 %
6 months 82 % 11 % 7 %
1 vear 73 % 20 % 7 %
& years 23 % 68 2 9 %
x Irradiation time ; 160 days
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TABLE II

INTERNAL CONVERSION ENERGY

AN BLACHOT-FICHE DATA

2
T = 3 years Ex + EEC [KeV) EaT {(KeV)
Y 90 F (1) 4.1 % 2.816 101 o}
RH 106 F (2) . 42.3 % 8.101 107} 8.484 10~ "
SB 125 (3) 0.5 % 2.587 10! 2.697 101
TE 125 M (4) 7.3 % 3.179 101 1.419 10?
BA 137 M (5) : 7.5 % 2. 494 6.662 10!
PR 144 (6) 20.1 % 4.967 10-° 4.967 10"
CE 144 (7) 11.4 & 1.307 10° 1.307 10°
3
PM 147 (8) 1.3 ¢ 3. 423 10 3.490 10~
(1) For ¥ 90 F the oT = O
(4) For TE 127 M .
Gamma of 35.46 KeV aT = 14.02 Zai = 13,982
i=K,L
Gamma of 109.27 KeV oT = 353 no sum over oj
Gamma of 144.78 KeV oT = 252 Toi = 199.0
i=X,L

(5) This data does not give the conversion electron spectrum.

(6) and (7): the library gives the aT coefficient but does not give
x-ray and conversion electrcn spectrum. However all their energiles

are c¢ilven as a comment.
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II-4 A Model for Fission-Product Calculatioms®sl

by
A. B. Smith
Argonne National Laboratory

Argonne, Illinois, U.S.A.

Many fission-product cross sections remain unmeasurable thus con—
siderable reliance must be placed upon calculational interpolation and
exstrapolation from the few available measured cross sections. The
vehicle, particularly for the lighter fission products, is the con-
ventional the optical-statistical model.? The applied goals generally
are: capture cross sections to 7-10% accuracies and inelastic-scattering
. cross sections to 25-50%. Comparisons of recent evaluations and experi-
mental results indicate that these goals have too often are far from met,
particularly in the area of inelastic scattering, and some of the evaluated
fission—product cross sections are simply physically unreasonable. An
example of these discrepancies is shown in Fig. 1. The evaluated inelastic-
scattering cross sectionms of palladium are nearly a 100%Z discrepant with
observation and the isotopes are prominent fission products with large
inelastic—scattering>cross sections at relatively low energies. It is
difficult to avoid the conclusion that the models employed in many of the

evaluations are inappropriate and/or inappropriately used.

*This work supported by U. S. Department of Energy.
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Objective and Methodology

In order to alleviate the above unfortunate situations, a "regiomal”
optical-statistical (OM) model was sought with the goal of quantitative
prediction of the cross sections of the lighter-mass {(Z=39-51) fission
products. The first step toward that goal was the establishment of a
reliable experimental data base consisting of energy—averaged neutron
total and differential-scattering cross sections. The second step was the
deduction of a "regional” model from the experimental data. It was assumed
that a spherical OM is appropiiate: a reasonable and practical assumption.
The resulting OM then was verified against the measured data base. Finally,

the physical character of the "regional” model was examined.

Total Neutron Cross Section Measurements?

The neutron total cross sections of all elemental targets in the
region Z=39-51 (excepting Tc and Ru) were measured from 0.05 to 20.0 MeV
with the emphasis on energies below 5 MeV: i.e. the region of primary
fast-breeder—reactor interest. The broad resolution accuracies were
generally 1-2%. The results form a high-quality and internally con-—
sistent data base, and provide an essential model bench mark {the total
cross section is one of the few reasonably unambiguously calculable

quantities). Illustrative experimental results are given in Fig. 2.

Differential-Scattering—Cross—Section Measurements

The differential scattering cross sections were obtained for the same

7=39-51 targets as above., Incident—energy resolutions were intentionally
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Yttrium, Zirconium, Niobium, Molybdenum, Rhodium, Palladium,

Silver and Cadmium.

Fig. 2
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relatively broad (e.g. 50 keV) in order to provide energy-averaged results
reasonably consistent with the concept of the OM. Particular attention

was glven to elastic scattering over the energy range 1.5-4,0 MeV., Lower-
energy results tend to fluctuate in a manner that is difficult to inter-
prete within the OM context. The scattering-angle range was 20-160 deg. and
the differential-elastic-scattering accuracies gemerally 3-5%. All magni-
tudes were obtained relative to the neutron total cross section of carbon

in the manner described in ref. 4. The experimental elastic-scattering
results spanned a region from strong compound-elastic (CE) scattering to

one where the elastic process.is due primarily to shape—elastic (SE)

scattering. The experimental scattering results are illustrated in Figs.

3A"3D .

Model Deduction

The experimental elastic-scattering results for each target were
concurrently Xi-square fitted with the OM potential. Neutrom total cross
sections were also introduced into the fitting procedure to assure reasonable
cross section behavior down to 0.l MeV and to energies above 4.0 MeV.
Six-parameters were varied in the fitting: real and imaginary strengths,
radii and diffusenesses. The results were "best” parameter sets for each
target. The details of the fitting procedure, the potential form and the
resulting parameter values for each target are given in ref. 1. The "regional”
model was derived from the mass-dependent trends of the parameters obtained
for the individual targets. That "regional” model was then used to calculate
the observed quantities. The calculated results were in remarkably good
agreement with the experimental values as {11lustrated by the graphical
comparisons of Fig. 4. Rather generally, the calculated values are consistent

with the observed quantities to within the experimental uncertainty alone.



JAERI —M 84 ~ 182

*s9AInD £q (2X93 SYI UT POQIINSIP SEB) UOTIBRINOTRD
Jo s3Tns21 I3 pue stoquis BIEP LG PIIBPDTPUT SIB SANTRA
paansesm ayJ, *sS3TNEa1 BuTASIILIS-DTISETD JATILIISNITI ve 314

mvﬂmw1|zgf D o
A_ ﬂ_Qo i
o ; glwﬂjl‘ \ﬁ\ . o0
| ¥\WMMMLMMV5 e Lo
&b
& [ LA |
1 _ . . o " U. p
\y 31-___:-ﬂ.r.wwwﬁ Tt &
Ol ANEAI o
q ‘ | q”m.t,./ /./Mw ,./Af .._Z/T w
A o
TN 3
S >
o.uﬁﬂ..‘iMﬂ.;ﬂf\/ "\ aN oY ﬁ
EAW AR |
; a,‘\-\\ ,,r .J\ __/ .rK | ~\w
- " /.y v;L #\\
;.../{
w 3




JAERI — M 84 — 182

sgoAInD Ag (3I¥93 9yl ul PIqIIVSSP SB) UOCFIRTNOTED
Jo $31NS91 dYl pu® s$ToquAs eiep Aq PIIBDTPUT 2IB SINTEA
peanseaw ayjl *s3[Nss1 BuUTaL23IBOS-ITISETd DATIBIISHIT]

100

[Ne)

oL

g¢ *3T1d

[1s/Q]UP/OP




JAERT —M 84 — 182

*s9AaND £q (3I%23 DYl UT PaqTADSOP SB) UOTIRTNOTED
Jo 83Insax vyl pue sToquAS ®iep £q pPIIBDIPUT OB SINTERA
poiIngesw Byl °S3TNSax BuTialIeOS-DTISE[D SATIRIISNT]

o¢ 814

[4s/q]UP/OP



JAERI —M 84 — 182

+88AIND £Q (1¥93 WYl UT PSGTIVSIP SB) UOIIBINOTED
Jo s3Tns2x ayly pue sToquis BIEP AQ PBIELOTPUT VIB SINTEA
peanseom 3yl <*s83[NSaa SUTIDIIBDS—_OTISETI SATIRIISATTL ag *81d

08t 0
{100
. e 110
bmmwv \\zf: ;1/fov
4] a .
S e A r\ﬂx.f“,.x.m./
N
. | x
A

~
P

Lt o

100

Lo

[1s/q|UP/OP

i 69 —



JAERI —M 84 — 182

s/q)

o =

UPOP

Sldeg]

4.5

EnlMeV]

10r

bols) with the results
"regional” model.

Comparisons of the experimental data {sym
of calculations (curves) based upon the

Fig. 4



JAERI - M 84 — 182

Character of the "Regional” Model

The real portion of the "regional”™ potential is relatively conventional.

In particular, the dependence on isospin is very similar to that encountered
in "global” representationsl, as 1llustrated in Fig. 5. More interesting is
the "anomolous” absorption strength indicated in Fig. 6. The absorption has
"sharp minima at the N and P=50 shell closures as suggested by Lane et al,®
Only a modest portion of the effect is attributable to deformation, as shown
by detailed studies of extreme cases; e.g. of the effect of the strong
vibration character of the palladium isotopesl., Similar anomalous absorption
has been noted in low—energy (p,n) measurements® and there it has been
attributed to a modulation of the density of intermediate states’, although
the suggestion is largely qualitative. Certainly, the absorption evident in
the present “regional™ OM is inconsistent with the "global" model concept by
very considerable amounts that will be manifest as corresponding differences
in calculated cross sections. The "regional” OM model does predict reasonable
£=0 and %=1 strength functions though those quantities were not an input to

the model deduction.

Summary Comments

A quantitative “"regional™ OM has been obtained. Results calculated with
it alleviate many of the observed discrepancies between evaluated and
measured light-fission-product cross sections. The next step is a similar
study of the complimentary heavy fission products. Toward that end:
neutron-total—-cross—-section measurements have been largely completed, scattering
measurements are in progress, and model development has started. The latter
portion of the endeavor is difficult as the targets are generally rotators
with large static deformations. As a consequence, the experimental interpre-
tation and the model development is far more complex than for the simple

spherical OM treatment discussed above.
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A

Fig. & The absorption strength (J/A) of the “"regional” OM as a function of
target mass {(A). The "regional”™ values are noted by the curve
while the results obtained for the individual targets are noted by
data symbols. Detalls are given in ref. 1.
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The author would be pleagsed to respond to any questions that might be

directed to hils office.

Argonne 3/15/84
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II-5 Fission product nuclear data mesurements at
the JAERI LINAC

M. Mizumoto, Y. Nakajima, M. Ohkubo
M. Sugimoto, Y. Furuta and Y. Kawarasaki

Japan Atomic Energy Research Institute
Tokai-mura, Naka—gun, Ibaraki-ken, Japan

I. Introduction

Neutron cross sections of fission products are of
great importance for reactor application, although it
seems that the emphasis on the needs of more accurate data
is gradually decreasing partly due to financial problems
for fast reactor developement program. But, average
capture cross sections in the keV region have been still
requested in WRENDA with high prierity. A systematic
study of the average properties of resonance parameters,
strength functions and level spacings provides valuable
information in order to understand neutron interaction
mechanism with nuclei. The measurements of fission
product cross sections carried out at the JAERI Linac were
reviewed by Yamamuro and Asami (1> in the 1979 Bologna FP
specialist meeting. In the present report, the only
recent results since 1980 will be summarized. Some of
these experimental results have been already published
elswhere.

I1 Experiments
A block diagram of the experimental arrangement is shown
in Fig. 1. The 120 MeV electron linear acceleratoer has
bean used with the parameters and performances listed in
Table 1. Neutrons are produced in a laminated
water—cooled Ta target surrounded by a 5 ecm thick
boron—loaded polyethylene. Six evacuated neutron flight
paths are available for measurements. The 100 m and 130 m
stations have been used mainly for high energy resolution
transmission experiments with five 11.1 cm diameter x 1. 25
em thick 6Li—glass detector or NE!10 plastic detector.
The 45 m and 55 m stations are alsc used for transmission
experiments.

Capture cross section measurements are made either
with a large scintillation detector at 55 m or with a
Moxon—Rae detector at 45 m. Recently an old 3500 1
scintillator tank was replaced by a smaller 500 | tank.
The new tank ls optically separated into halves by thin
aluminized mirror, so that background counts are reduced
by operating the two halves of the tank in coincidence.
Neutrons captured by hydrogens in liquid are reduced by
adding tri-methylborate. Neutron flux is measured with
a Li—-glass scintillation detector or with a 1°p-Nal
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detector. A time dependent background is determined by a
modified black resonance method, by inserting black
resonance filters such as Na, Al, Mn and Co in the beam.
The computer programs used for resonance analyses are a
modified Harvey—Atta code and a SIOB for transmission data
and a CAFIT and a TACASI for capture data. Several
enriched samples for separated isotope measurements were
borrowed from the Isotope Division of the QCak Ridge
National Laboratory.

II1. Results and discussion

1> Resonance parameter experiments.

Resonance parameter experiments of fission product
nuclei performed at the JAERI Linac are listed in Table 2.1,
along with the covered energy range and the flight
path length used. In general, most of the old rescnance
parameter measurements for FP nuclei are limited to the low
energy region, say 1l keV and the quality of data in the
high energy region is rather poor, even when they are
available. On the other hand, high resolution capture
cross section measurements have been extensively carried
out at ORELA for last ten years only aboeve 2.5 keV for fast
reactor application. They measured resonance capture
areas for many FP nuclei. We have tried to measure also
neutron widths with high resolution transmission
experiments and to fill up this energy gap in order to
obtain complete sets of accurate resonance parameters.

The radiative capture cross section of La—-139 was
measured in the energy range of 70 — 2540 eV, and capture
areas for 20 resonances and radiative widths for 5
resonances were newly obtained. (2)

Neutron resonance parameters of Rb—85 and Rb—87 were
determined for 138 resonances up to 18.5 keV and for 30
resonances up to 48.6 keV, respectively. Average
parameters listed in Table 3a show large difference in
average level spacing and radiative widths due to the
different neutron binding energy for these nuclei.
Cumulative sum of the resonance levels and reduced neutron
widths for Rb—87 are shown in Figs. 2 and 3 with several
curves with different cut—off values of reduced neutron
widths. Four large s-wave resonances , which have 37 % of
the strength below 50 keV, are found in this experiment. (3)

Resonance energies and neutron widths for silver
isotopes were obtained Iin the energy region of 400 eV - 7
keV. Average parameters deduced are Sp; = (0.43 £ 0.05) =
104'. Do = 20 £ 2 eV for Ag-107 and S, = (0.45 + 0.05) x
107, D, = 20 + 2 eV -for Ag-109. In these nuclei,
admixture of p—wave resoenances are expected to be observed
in small s-wave resonances due to the large p-wave
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strength functions as shown in Fig. 5. For the analysis
of missing resonances, the procedure proposed by Moore was
adopted, which uses the moments of the reduced neutron
widths. (4) The detectability of small resonances for our
experiments are indicated as the curve in Fig. 6. The
large differences between strength functions of Ag-107 and
Ag-109 observed below 1 keV disappeared in the higher
ennergy range. (9)

Very recently, resonances of Sn—122 were measured up
to 30 keV and average resonance parametefrs are newly
obtained .being Sp = 0.30F 31275 x 1071 Dy = 1. 172337
keV and R'= 0.60 + 0.05 fm. Cumulative plot of reduced
neutron widths are shown in Fig. 8. The transmission and
capture measurements of several other isotopes such as
Sb-121, Sb-123, Ba-135, Ba-137 and Ba—-138 have been
recently completed and the analyses are in progress. Fig. 4
shows a cumulative values of gff of Sb-123 vs. neutren
energy, with several cut-off values in gff.

27 Average capture data

The measurements of average capture cross sections are
listed in Table 2.2). These cross section data were used
to deduce average resonance parameters by fitting the data
with the energy independent strength function model.

The average capture cross sections for odd isotopes of
gadolinium were measured from I.1 keV to 220 keV with a 500
1 liquid scintillator tank. Figs. 9 and !0 show our
results for Gd—1!55 and Gd-157, respectively. Previous
measurements for these isotopes in keV region were only
made by Shorin et al. (6), while recent data by Voignier
et al. ¢7) cover only above 500 keV. The slope of the data
by Shorin et al. are slightly steeper than our data. The
solid curves are calculated with the preliminary values of
strength functions given in Table 3b.

Capture cross section measurements for Ag—107, Ag—-109
and Ag-nat were carried out with a 3500 ! liquid
scintillation detector, Br i and B were used to determine
relative neutron flux and normalization was made by the
saturated resonance method. Numerical values of cross
sections are listed in Table 4 together with statistical
uncertainties in percentage. We tried to fit the three
kinds of data simultaneously with consistent strength
functions, by taking into account the correlation of the
input data in the different energy and with the different
isotopes. The sources of systematic uncertainties, which
might correlate the data points, are given in Table 5.

The shape of time dependent background is expressed by the
power of neutron energy. Uncertainties caused by sample
thickness and normalization correlates the data in different
energy bin by 100 % for each sample. The correlation
matrices for our standard cross section B(n,dY) are

taken from the ENDF/B-V. In the low energy region where
standard cross section is inversely proportional to

neutron velocity, correlation of these cross sections

ijs assumed to be 100 J%. The standard deviations of the
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systematical uncertainties, that are the square roots of
diagonal elements of the covariance matrices, are listed
in Table 6. Energy bins are adapted from the JAERI

Fast Set used for fast reactor calculation. The computer
program was developed to calculate correlation matrix of
uncertainty by error propagation rules. (8) Table 7a-7¢ show
the deduced correlation matrices of systematic
uncertainties for Ag—107 itself in the different energy
and between Ag-nat and Ag-108. Six similar matrices are
caleculated in the same manner. Uncorrelated uncertainties
due %o counts statistics and width fluctuations from
Porter—Thomas and Wigner distribution of resonance are
also taken inte account. A least squaresmethod to fit the
data with the strength function model is based on the
similar procedure proposed by Perey. (9> By assuming that
experimental values D® and initial parameters P are
independent of each other, the determination of new
parameters P’is given by minimizing with

.1 -
x2 = -pPY¥M'c-pP) + @ -0 v'wm-pH ,

where M specifies the uncertainties of P and V is
covariance matrix of data, and BD'= D + G ( P'- Py, G is a
sensitivity matrix with the element g;ij = ddi/d»q , D is a
vector of calculated values using P. In the calculation,
only diagonal parts were considered in the covariance
matrix M for parameters. The initial values for
parameters and their standard deviations are listed in the
fourth column of Table Ba, by using our results of
resonance analyses, and the recent BNL-325, 4th edition.
Fig. 1l shows the cross section data and the fitted

curves. Calculated curves for Ag—109 and Ag—nat are
obviously low in the low energy region compared with the
experimental values. This might be interpreted as the

influence of small initial values of s—wave strength
function of Ag—1089.
In the 6th column of Table 8a, results which obtained

with the conventional method are listed. In this method,
fit was made separately for Ag—-107 and Ag-109 capture cross
sections assuming no correlations. As the result, the

very similar average resonance parameters are obtained
from two different methods. Table 8b shows the
correlation matrices of the fitted average parametiers.
The strong correlations between s—wave and p—-wave and
between p-~wave and d-wave strength functions calculated
with the conventional method is somewhat unrealistic.
These correlations disappear in the result when the
correlations of the input data are condsidered.
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Table 1 JAER]I linac parameters and performances.
Electron energy 120 MeV

Operating frequency 2857 MHz (s-band>

Pulse repetition rate 12.5 — 450 pos

Pulse width 10 ns - 2 us

Maximum peak current 6 A (20 ns) - 600 mA (1 us)
Maximum beam power 4.5 kW (short pulse?
Neutron target Laminated water—cooled Ta
Moderator thickness 5 ¢m

Number flight paths 5 (18.5 - 190 m)

Table 2 Recent measurements of fission product nucleus
cross .sections at the JAERI Linac

13 Resonance parameter measurements

Target Energy Flight path length

nucleus range (eV) Cm)
La-139 700 - 2540 52
Ag~-107,Ag-108 1.5 - 7000 52, 56, 190
Rb-85, Rb-87 200 —-185C0(Rb-852 47, 1390

200 —-48600(Rb-87

Sb—-121,56-123 20 - 60QC 47, 190
Sn-122 100 - 3000 47, 180
Gd—155,Gd—-157 a’ 180
Ba—-135,Ba-137 a 52, 56, 180
Ba-138

2) Average capture cross section measurements at 52 m.

Target Energy <(keV: Uncertainty (%
Ag—107, Ag=-1089 3.2 - 700 4 - 1
Gd—155,Gd-—-157 1.1 = 22¢ 5 -~ 8
Sb-123,5b-123 al
Ba—-13G al

a) Experiments have been completed, and analyses
are in progress.

e 80 —
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Table 3a Average resonance parameters of Rb—-85 and Rb-—87.

Average ’ Rb-85 Rb—87
parameter

SOx ] Dxx4 . 0.94 + 0.11 1.15 + 0.3
DO (eV) 133 + 1! 1380 + 250
<Te> (meV) 328 ¢+ 18 166 =+ 30

Table 3b Average resonance parameters of Gd—155 and Gd-157
(preliminary values)

Average Gd-155 Cd-157
parameter

S0 ] O%xd 3.00 = 0.28 2.4 £ 0.2
{IT> (meV) 120 + 30 108 =+ 6
Slx]0%x4 3.7 £ 1.1 2.3 £+ 0.2
<I7> (meVD 140 + 6O 130 = 9
S2x ] Oxx4 1.0 * 0.5
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Table 4 Average capture cross sections of Ag-107, Ag-109
and Ag-nat.

En Ag—-107 Ag-108 Ag—nat
(keV) (barn? (barn) (barn)
a’ al a)

3.2 - 4 1.810 (0.9 1.851 (1. 2.221 1. D

4 - 5 1. 765 (0. 5> 1. 713 (0. 5 1.973 (0. 62

5 - [ 1.568 (0.3 1. 629 (0. 5 1. 778 (0. 6>

6 - T 1.490 (0. 5) 1.6871 (0. 6> 1. 737 (0. B>

7 - 8 1.246 (0. 62 1.391 (0. 6> 1. 455 (0. 6>

8 - 9 1.407 (0.5 1.637 0.5 1.620 (0. 86>

9 - 10 1. 352 (0. B> 1. 320 (0. B) 1.445 (0.7
10 - 12 1.186 (0. 4> 1. 349 (C. 4 1.345 <0. 3>
12 - 14 1.138 (0.5 1. 171 (0. 5 1. 207 €0. 6>
i4 - 16 1. 068 (0.5 1.308 (0.86) 1.101 <(0.86>
Ie - 18 1.0862 (0.3 1.075 (0.6 1.112 0.
18 - 20 1. 037 (0. 5 [. 061 (0. 62 1. 068 (0.7
20 - 25 0.963 (2.2 1.010 2. 0.988 (3.1
25 - 30 0.911 (2.8 0. 855 (3.2) 0.888 (3. 4>
30 - 35 0.825 (3.5 0.816 (3. 8 0.814 (4.3
35 - 44 0.762 (3.9 0.748 (4. 3 0.732 4.9
40 - 45 0.683 (4. 1> 0.681 4. 4> 0. 686 (5. 02
45 - 5C C.679 (3. 82 0.6823 4. 4> 0.687 4.7
50 - 60 0. 583 (3.1 0.575 (3.3 0. 586 (3.7)
60 - 70 0.554 (3.0 0.518 (3.3 0.5836 (3.7
70 - 80 0. 525 (3.8 0.477 4. 3 0.502 4.8
80 - 90 0. 484 4. 0) 0.438 (4.5 C.441 (5. 1>
90 - 100 0.451 (3.9 0.419 4. 4> 0.439 (5. 1)
100 - 120 0.403 (2. 8) 0.375 (3. 2> 0.382 (5.2
120 - 140 0. 366 (3.0 0. 337 (3. 4> 0. 344 (5.5
140 - 160 0.347 (3.5 0.316 4.0 D. 309 (6.7
160 - 180 0.314 (3.6) 0.291 4.0 0.2393 (6. 6)
180 - 200 0.292 (3.7 0. 285 4. 1) 0. 268 (6.6
200 - 250 0.271 2.6) 0. 257 (2. 9 0.249 4. 6)
250 ~ 300 0. 246 (2.8 0. 232 (3. 1> 0.233 4. 4>
300 - 350 0.230 3. 0.213 (3.3 0.213 4. 62
350 - 400 0.183 (3.5 0.179 4. 0.171 (5.6
400 - 450 D.177 4. O 0. 157 (4. 5) 0. 153 (6. 2>
450 - 500 0.142 (4. Q) 0. 133 (4.5 0. 135 (5.0
500 - 600 0.113 3.3 0.109 (3.6 0.110 (5. 1)
600 - 700 0.094 (3.9 0.09] 4.3 0.10LF (6. D

al Statistical standard deviations given in percentage.
Systematic uncertainties are discussed separately.
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Table 5 The sources of uncertalnties in the measured
capture cross section of silver lsotopes.

Neutron energy region f(keV)

Source of uncertainty 10 - 20 80 - 100 300 - 400

%) (%) (%>

Background of 1.4 2.5 1.0

captures yield

Normalization 2.2 2.2 2.2

Background of 0.0 0.6 1. 4

neutron flux

Relative efficiency 1.0 1. 4 2.6

of flux detecteoer

Sample thickness 2.0 2.0 2.0

Sample thickness 2. 4 2.6 2.8

corrections
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Table & Systematic uncertainties of measured capture cross
sections of silver lsotopes for each group.

Group No. Energy Ag-107 Ag-1083 Ag-nat
(keV) $:9) 1679 %>

1 630 - 500 5.72 5.77 5. 88
2 5060 - 400 5.33 5.40 5.51
3 400 - 310 5.08 5.16 5. 32
4 310 - 250 4. 895 5. 05 5. 25
5 250 - 200 4. 86 5.01 5.27
6 200 - 150 4,74 4. 98 5. 31
7 150 -~ 120 4. 56 4. 85 5. 14
8 120 - 100 4.51 5.03 5 13
9 I00 - 77.3 4.59 5. 45 5. 59
10 77.3 — 59.8 4.49 5. 10 5. 44
11 59.8 - 46.5 4. 55 5. 31 5.93
12 46.5 — 36.0 4. 69 5. 51 6. 35
13 36.0 - 27.8 4. 70 5. 61 6. 96
14 27.8 - 21.5 4. 69 5.15 7. 09
15 21.5 - 16.86 4. 81 5. 24 7. 20
16 16.6 - 12.9 4. 36 4.489 5. 14
17 12.9 - 10.0 4.43 4. 54 5. 17
18 10.0 - 7.73 4. 50 4. 65 5.34
19 7.73 — 5.98 4.68 4. 85 5. 63
20 5.88 — 4.85 4.68 5. 07 6.13
21 4.5 - 3.60 5.12 5. 17 5. 71

78477
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Table Ba Average resonance parameters
Number Isotope Average Ini
parameter
1 Ag—-107 S0x10%%x4
2 Slx10%*x4 3.
3 S2x10%*%x4
4 Sr 0.0
5 Ag-109 S0x10%x4 0.
6 S1x10%%x4 3.
7 S2x10%xq
g Sr 0.9
Table 8b Correlation matrix ( x10QQ
Number i 2 3
13 I 1000
2 -175 1000
3 461 -317 Lgoc
4 =267 EB2 -4
5 27 -59 -80
] -80 3 75
7 -B7 77 a2
8 -74 -7 58
2 1 1000
2 -74] 1000
3 737 -941 1gaaq
4 ~60e 160 -189
5
B
7
8

JAERI —M 84 — 182

1) fitted simultaneously for Ag-10T7,
Ag—109 and Ag—nat capture cross sectlions taking
corralatlons betwean measured data.

into account
;22 fitted separately for

Ag-107 and Ag-109 capture cross sections assuming no correlations.

13 Final values
(simultaneocus)

43 + 0.0&

8 + 0.6

0 0.2
072 £ 0.000S
45 + 0.05

8 = 0.6

0 =+ 0.2
073 + 0.0005

H B H H
cooo
[ §]

. 04

2

.2

- 0004

H H H H
ODPO

2) Final values
(separated?

0. 0063

W H H H
cooo
3+

B+ H H
ceoo
[

4 5 ]
1000
-64 1000
-9 -150 1000
66 460 ~385
-7 -228 663
1000
1000
-761 1000
765 -952
-644 232

1000
-72

1000
-263

1000

1000
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2so- Ag

200
Dobs(s+P)
< 150~ =|5.3eV
N N
100~ ™ Do=20¢eV —

50

| l | l | !
@) 000 2000 3000 4000 5000 6000

Neutron Energy (eV)

Fig. 5 Cumulative number of observed levels vs. neutron energy for
Ag—107. The Dobs value represents only the slope of visually
fitted line which includes s— and p—-wave contribution but is
not corrected for weak missing resonances. The solid slope
DO gives our final value of the s—wave level spacing after

missing levels were corrected for.
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Fig. 7 ng: vs. neutron energy for Ag—1089. The slope glves our
s—wave strength function.
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Fig. 1! Average neutron c¢ross sactions of Ag-107, Ag-109 and Ag—-nat.
The solid lines givas the calculated values using average
resonance parameters with strength function model. The fit
was made simultaneously for Ag—-107,Ag-109 and Ag-nat capture
cross section data takling into account correlations between
measured data.
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I11-6 PYGMY RESONANCE APPEARED IN keV-NEUTRON CAPTURE
GAMMA-RAY SPECTRA OF NUCLEI N = 82 - 126

Masayuki Igashira, Xazuyuki Udagawa, Tomchirc Natsume,
Hidehiro Fukui, Michio Shimizu, Haruki Xomano,
Hideo Kitazawa and Nobuhiro yamanmuro”

Research Laboratory for Nuclear Reactors,
Tokye Institute of Technology,
C-okavama, Meguro-ku, Tokyo, 152, Japan

We have measured capture gamma-ray spectra of Pr, Tb, Ho, Ta and
Au with keV neutrons and cobserved the pygmy resonance in all these
spectra. Remarkable features of the pygmy resonance were found to
be that with neutron number the resonance energy increases linearly
and the electric dipole strength exhausted in the resonance
increases exponentially.

I. INTRODUCTION

Many workers have observed an anomalous bump around 5.5 MeV in gamma-ray
spectra from (n,¥) and (d,p¥) reactions on several nuclei 110< A < 140 and 180
< A < 210 at the neutron energies of -1.5 - 4.0 Mev{l - 4]. The bump is gener-
ally referred to as " pygmy resonance”, and the following features have been
clarified for the resonance: (1)The resonance energy is independent of the inci-
dent neutron energy. This fact implies that the resconance would not results
from the irregularity of the nuclear level density, but from the rescnance
structure of gamma-ray strength Lfunction. {Z2)The net area of the bump
relative to the total area in the gamma-ray spectrum increases with mass number
in each mass region.

Harvey and Khanna[S] have explained the pygmy resconance as a concentration
of the low energy electric dipole strength, using the schematic model of
Goswami and Pallel].

On the other hand, Joly et al.l7] found a bump arcund 3.5 MeV in the neutron
capture gamma-ray spectra of Tm at the neutron energies of 0.5 - 2.5 MeV. They
have shown that the bump can be expressed by the Brink-Axel gamma-ray strength
functionl 8] with a& small rescnance of the width 1.0 MeV at 3.5 MeV.

Here, great interest in the pygmy resconances observed so far is to knew
whether or not these resonances have a common physical origin. From this point
of view, we have measured keV-neutron capture gamma-ray spectra in the mass
region 140 < A < 200.

II. EXPERIMENTAL PROCEDURES AND DATA PROCESSING

The experimental arrangement is shown schematically in Fig. 1. Neutrons
were generated by the'7Li(p,n)7Be reaction using the pulsed proton beam from
the 3.2-MV Pelletron accelerator in Tokyc Institute of Technology. The average
proton beam current was typically 4 M A for the repetition rate of ZMHz and the
pulse width of about 1 ns. Incident neutrons to a sample were monitored by a

* Present address: Nippon Atomic Industry Group Co., Ltd.,
Ukishima-che, Kawasaki-ku, Kawasaki, 210, Japan
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bLi-—glass scintillation detector located at 4.8 m from the neutreon source.
Measurements of capture gamma-ray spectra were performed by a time-of-flight
technique at several neutron energies between 10 and 800 kevV for Th, Ho and Au,
and at 540 and 420 keV for Pr and Ta, respectively. The energy spread of neu-
trons was 8 - 70 keV. The samples were ~50 mm in diameter and ~0.03 atoms/b in
thickness, and Tbh sample was a 100 x 100 mm plate. Each sample was located
at 150 mm from the neutron scurce. Gamma-rays from the sample were detected by
a 76 mm43x 156 mm NaI{(Tl) detector centered in an annular Nal(Tl) crystal, 254
mm in outer diameter and 280 mm in the length. Both detectors, which were
placed in a heavy shield of borated paraffin, lead and cadmium, operated as an
anti-Compton gamma-ray spectrometer. The detector system was mounted on a
goniometer rotating arcund an axis at the position of the sample. The distance
between the sample and the spectrometer was about 8C cm. Gamma-rays were
observed at an angle of 125° with respect to the proton beam direction.

A typical time-of-flight spectrum for Tb sample is shown in Fig. 2. The
peak b shows capture gamma-rays by direct neutrons to the sample from the neu-
tron source and the peak c¢ is due to the neutrons scattered by the neutron
source assembly. The peak a shows the gamma-rays produced by the TLi(p,7)¥Be
and "Li(p,p’ ¥ )7Li reactions. The part A can be regarded nearly as the time-
independent background, mainly consisting of the natural background and the
beta- and gamma-rays due to the ’WII(ntH,}) reaction in the central NaI {Tl)
detector. Four digital windows were set up in the time-of-fliight spectrum.

Gne of the windows (B+C) was used tc measure the capture gamma-rays from the
sample and the other three windows set up in the part A to determine the back-
ground(C). The net capture gamma-ray pulse height spectrum was obtained by
subtracting the background from the foreground(B+C).

The response of the gamma-ray detector must be known in order to obtain the
capture gamma-ray spectrum from the observed pulse height spectrum. The
response functions were measured at the gamma-ray energies of 0.5 - 11.0 MeV,
using several calibrated sources, the 2 Na and Am-Be sources, and the mono-
energetic gamma-rays from the TBe(p,?) '°B, 'FF(p,a?)’t0 and *"AL(p,¥) ¥ si
reactions. Using the measured response functions, a response matrix was con-—
structed by an interpolaticon procedure.

The net capture gamma-ray pulse height spectrum was unfolded by the ccmputer
code FERDORL9], using the response matrix. The unfolded capture gamma-ray
spectrum MV (Ey) was normalized as

Bn+En
L (ET)EIdEj = Bn + En , (1)
0

where Bn, En, and Ey are the neutron binding energy, the incident neutron
energy, and the gamma-ray energy, respectively. Correcticn for the gamma-ray
attenuation in the sample was made by a Monte-Carlo calculation.

IIT. RESULTS AND DISCUSSION

Typical capture gamma-ray spectra of Pr, Th, Ho, Ta and Au are shown in
Fig. 3. 1In the capture gamma-ray spectra of Pr, Tb, Ho and Au, distinct bumps
are observed around 1.5, 2.5, 3.0 and 5.5 MeV, respectively. A slight change
of the gradient cf the gamma-ray spectrum of Ta, which could be attributed to a
bump by the present analysis, is observed around 4.5 MeV. The bumps for Th, Ho
and Au were observed for all neutron energies between 10 and 800 keV. The
capture gamma-ray spectra of Tb at the neutron energies of 10, 410 and 800 keV
are shown in Fig. 4. The energy of the bump is independent of the incident
neutron energy, namely its behaviecr is resonance-like. Thexefore, the charac-
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teristics of the bump can be reflected phencmenclogically in the gamma-ray
strength function as a pygmy rescnance.

The gamma-ray strength function for residual nuclei were derived from cap-
ture gamma-ray spectra, using a spectrum fitting method [10]. The composite
formula proposed by Gilbert and Cameronill] was used for a nuclear level densi-
ty distribution in the spectrum fitting calculation. The nuclear level density
parameters were determined from a cumulative plot of the number of excited
levels and from the average level spacing for s-wave neutron resonances at the
neutron binding energy. A trial function £(Ey) for the gamma-ray strength
function was given by

2,0pl'p 2 EyOili

f(ET);k{ 2 2.z 2 +.>~ 2 22 ._,.z}’ (2)

(B3 - Ep) + (ByI'p) i=1 (Ey - EiJ + (E¥i'1)
where Ei,| i and{J i are the energy, width and peak cross section of the giant
electric dipcle resonance respectively, taken from ref. {12}, By the first
term in the equation (2), we represent the pygmy resonance which was cbserved
as a bump in gamma-ray spectra, assuming that the resonance results from
electric dipole transitions. The quantities Ep,|'p andTp were derived from
the spectrum fitting calculation. The nermalization constant k was determined
from the average total radiative width at the neutron binding energy.

The energies and widths of the pygmy rescnance derived from spectrum fitting
calculations are shown with neutron number N in Fig. 5. The length of bar
shows the resonance width. In the figure, the values for r?on’ Hg and Tl are
taken from other works[1,4,7]. The figure shows that the resonance energy in-
creases linearly with neutron number 82 < N < 126,

In addition, we investigated the electric dipole strength exhausted in the
pygmy resonance. The electric dipole sum rule is represented by the eguation

(ED) B Nz
Oy (Ey)dEy = 21— — (1 + 0.8y} , (3
0 msC A
where O;LEL%Eg) is the electric dipole photoabscrption cross section, m,. the
neutron mass , ¢ the light velocity, vy the exchange force factor, A the mass
numper, N the neutron number and Z the proton number. The right hand side of
the equaticn (3) gives 60ONZ/A (mb-MeV) for y = 0. _
Using the equation (2}, the photoabsorpticon cross section G}(LIMEX) is
written
0BV (my) = By E(E) /K (4)
Then, the resonance integral for the pygmy rescnance gives (ﬂ/2MTpPp (mb- MeV) .
The ratioc of the electric dipele strength of the pygmy resonance to the sum
rule value is

(N 2)TplMp/ (60NZ/R) . (5)

; .0 178 \ .
These ratios for"42Pr, ¢ Th, féGHo, 52 Ta and Au are shown in Fig. &. The

figure shows that the ratio, a few % at most, increases exponentially with
neutron number.
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