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The energy-angle double differential cross sections of emitted neu-
trons (DDXs) from neutron induced reactions are fundamental data for
fusion neutronics calculation. The third version of Japanese Evaluated
Nuclear Data Library (JENDL-3) was produced aiming at the applications
related to the fission neutronics as well as fusion reactors. In order
to check the reliauvility of the evaluated data, the DDX data for 32 ele-
ments from lithium to uranium calculated from JENDL-3 were compared with
experimental data and values calculated from other two major evaluated
nuclear data libraries, ENDF/B-VI a-u JEF-2. The comparison was made at
the neutron incident energies of 4.2, 5.4, 6.0, l4.1 and 18.0 MeV, and
at the angles of 30°, 60°, 90°, 120° and 150°. It was found that the DDX
data calculated from JENDL-3 could reproduce overall trend of experimen-

tally observed values. However, some discrepancies were also recognized.
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1. Introduction

Transport of high energy neutrons plays an important role in deter-
mining major characteristics of fusion reactor blankets and structural
components: Aging due to radiation damage, nuclear heating distributions,
accumulated activities, shielding capability and tritium breeding ratio are
governed by nuclear reactions induced by fast neutrons. Double differential
neutron emission cross sections (DDXs) of nuclear reactions induced by
neutrons are fundamental and important data used in fusion neutronics
calculations. Recent evaluated nuclear data libraries, e.g. JENDL-3'’,
ENDF/B-VI®', JEF-2°’, have been produced to meet the above requirements.
On the other hand, the DDXs have been actively measured by Osaka university
and Tohoku university*l“. Therefore, it is be beneficial to make a com-
prehensive comparison of DDXs caiculated from JENDL-3 with those from other
evaluated nuclear data libraries and the experimental data. From these
comparisons, it is «xpected that some information on the reliability and
possible improvements of the data given in JENDL-3 will be derived.

A DDX data processing code, PLDDX, for the ENDF-4, -5 and -6 format
data was developed in the present work. The DDXs calculated from JENDL-3
are compared with those from ENDF/B-VI and JEF-2, and the experimental data
of Osaka and Tohoku universities. The considered elements and isotopes
are ®'Li, "Be, !B, ¢, N, 0, F, ?’Na, Mg, ?’A1, Si, S, Ca, Ti, V, Cr,
**Mn, Fe, Co, Ni, Cu, Zr, ’Nb, Mo, Sn, Sb, W, **'Ta, Pb, “°’Bi, Th and U. Five
angles, 30°, 60°, 90°, 120°, and 150° in the laboratory system, are
selected for the comparison, and the incident neutron energies are 4.2, 5.4
and 14.1 MeV for °Li, 5.4, 6.0 and 14 MeV for 'Li, 14.1 and 18.0 MeV for C,
0, ?’Al, Fe, Ni, Cu and Zr, 1.20, 2.03, 4.25, 6.10 and 14.1 MeV for Th and
U, and 14 MeV for the others,.

In chapter 2, the data processing method and the PLDDX code are briefly
described. In chapter 3, graphs of DDXs are presented for each nuclide,
and brief discussicns are also given. Concluding remarks are given in the

chapter 4.
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2. Brief Description of Data Processing

Data processing was performed for the evaluated and experimental data.
The data processing code, PLDDX, was developed to check validity of DDX
stored in evaluated nuclear data libraries in a simple manner, without too
much data processing work. This code has roughly two functi ns. One is
process of evaluated data; to read the evaluated data and to calculate DDX
with the method described below. The other function is experimental data
handling; to read in experimental DDX data stored in the EXFOR-type format,
and to write them onto a disk file in a special format called 'transmission
format'. These outputs are used as input data of a plotting code,
SPLINT'’, which was used to generate the graphs shown in this report.

The quantities of the evaluated data considered in PLDDX are the elastic
scattering (MT=2), the discrete inelastic scattering (MT=51 to 90), the
continuum inelastic scattering (MT=91), the (n,2n) reaction (MT=16), the
(n,3n) reaction (MT=17), the (n,nt) reaction (MT=22) and the (n,np) reaction
(MT=28). For the fissionable nuclides, fission neutron spectra can be also
considered. The evaluated data of cross sections (MF=3), angular distribu-
tions (MF=4), energy spectra (MF=5) and energy-angle distributions (MF=6)
in the ENDF-4, ~5 or -6 format file are used to calculate DDXs. The results
of the DDX calculations are written onto a disk file with the same specif-
ications as MF=3 of the ENDF-5 format.

Let O(FE—E'',u) the DDX at incident energy K, secondary energy E''
and emission angle cos™'(u) calculated from evaluated data by PLDDX. The
resolution broadening is applied to this quantity to be compared with the

experimental data, by the following relation;
Gobs (E—E" )= [ OCE~E"* 1y - G(E" E"*) - dE" (1)

where G(E',E'') denotes the normalized resolution functicn, Coss(f—£',u)
the 'observable' DDX affected by resolution broadening with the secondary
neutron energy KE'. In PLDDX, the function (¢ has two components,
corresponding to energy and timing resolutions of the time-of-flight
experiments. Both are expressed by Gaussian functions centered at £'',
but the latter has a width varying with [''. 1In this work, the widths were

empirically determined to reproduce the width of the elastic scattering peak
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measured at 90° .
The fission neutron spectra were considered only for uranium data of
JENDL-3., Other details of data processing are described in each section of

in chapter 3. A brief manusl of the PLDDX code is given at appendix.
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3. Graphs and Discussions

In this chapter, graphs of comparisons between the «valuate -
experimental data are shown for each nuclides, and some ditc. sion i.
given. In general, the DDXs calculated from JENDL-3, ENDr, _-VI and JEF-2
are illustrated by solid, dotted and dashed lines, respectively, while the
experimental data measured at Osaka and Tohoku universities are marked by

circles and triangles, respectively.
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3.1 Lithium

Comparisons of DDXs at the angles of 30°, 60°, 90°, 110° and 135°
for °Li at the incident energies of 4.2 and 5.4 MeV are shown in Figs.l and
2. The experimental data/CHIBA('84)/ exist only in the continuum region.
The evaluated data reproduce the experimental data.

Figure 3 shows the DDXs of ®Li at 30°, 60°, 90°, 120° and 150° at 14.1
MeV/MATSUYAMA+('89)/. At this incident energy, the JENDL-3 data agree with
the experimental data at all angels excellently. The ENDF/B-VI data cannot
reproduce lower part of the energy spectra at all the angles, while the JEF-2
data give small values in the 6-10 MeV region at the forward angles. On
the contrary, the JEF-2 data are larger than the experimental data at the
backward angles.

The DDXs of 'Li at 5.4 and 6.0 MeV/CHIBA('84)/ at the emitted angles
of 30°, 60°, 90°, 110° and 135° are shown in Figs.4 and 5. The experi-
mental data exist only in the continuum region. The DDXs calculated from
the three libraries can reproduce the experimental data.

The DDXs calculated from the evaluated data of 'Li are compared with
the experimental data at 30°, 60°, 75°, 120° and 150° for
"Li/CHIBA('84)/ at the incident neutron energy of 14.2 MeV in Fig.6. Figure
7 shows those of 30°, 60°, 80°, 120° and 150° for "L /TAKAHASHI('86)/,
whose incident energies change according to scattered angles. Both figures
indicate that the data of JENDL-3 reproduce the experimental data at all
the angles but other two libraries give small values in the neutron energy

region just below the second peak (the first inelastic scattering peak) at

the forward angles.

References for the Experimental Data in Figures

CHIBA('84) : Chiba S., Baba M., Nakashima H., Ono M., Yabuta N.,
Yukinori S. and Hirakawa N., J. Nucl. Sci. Technol.,
22, 771 (1985)

MATSUYAMA+('89): Baba M., Matsuyama S., Fujisawa M., Iwasaki T., Iwasaki
$. and Sakamoto R., JAERI-M 90-025, 383 (195%0).

TAKAHASHI+('86): Takahashi A., JAERI-M 86-029, 99 (1986).
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SLi DDX AT 4.2MEV  90-DEG. BY PLDDX
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®Li DDX AT 4.2MEV 135-DEG. BY PLDDX
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i DDX AT 5.4MEV  30-DEG. BY PLDDX
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%Li DDX AT 5.4MEV 90-DEG. BY PLDDX
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®Li DDX AT 5.4MEV  135-DEG. BY PLDDX
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Li DDX AT 14.1MEV 30-DEG. BY PLDDX
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Li DDX AT 14.IMEV 90-DEG. BY PLDDX
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6~1 The ’Li Double Differential Cross Section at 14.2 MeV,
Emitted Angle = 30° in Laboratory System
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6-2 The ’Li Double Differential Cross Section at 14.2 MeV,
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Fig. 7-1 The 7Li Double Differential Cross Section,
Incident Energy = 14.8 MeV, Emitted Angle = 30°
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3.2 Beryllium

The DDXs calculated from the evaluated data of ’Be are compared with
the experimental data at 30°, 60°, 100°, 120° and 150° at the incident
neutron energy of 14.1 MeV/BABA+('88),TAKAHASHI+('87)/ in Fig.8. The
JENDL-3 and ENDF/B-VI data agree with the experimental data satisfactorily,
and the JEF-2 data underestimate at all the angles except for the elastic
scattering peak. At the backward angles, a 'shoulder' appears above the
elastic scattering peak in the DDXs calculated from JENDL-3. 1In JENDL-3,
the continuum (n,2n) neutron spectrum is given in MF=5, which cannot take
account of the energy-angle correlation. Although it is shown that the data

given in JENDL-3 can reproduce the overall trend of DDX for ’Be, drawbacks

of not employing MF=6 become clear.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Kikuchi T., Wakabayashi H. and

Hirakawa N., Proc. of Int. Conf. on Nucl. Data for Sci. and
Technol. at Mito in May 30- Jun. 3, p.209 (1988).
TAKAHASHI+('87): Takahashi A., private communication (1989).
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8-1 The %Be Double Differential Cross Section at l4.l MeV,
Emitted Angle = 30° in Laboratory System
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Fig. 8-4 The %Be Double Differential Cross Section at l4.1 MeV,
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3.3 Boron

The DDXs calculated from the evaluated data of '°B and !B at 30°,
60°, 100°, 120° and 150° at the incident neutron energy of l4.1 MeV are
shown in Figs.9 and 10, respectively. Some discrepancies are observed
between the two experimental data sets/BABA+('85),TAXKAHASHI+('89)/. For
%8, the elastic scattering peak of the data measured at Tonoku university
is 0.5 MeV higher and broader than that of Osaka university and their mag-
nitude significantly disagree with each other. The three evaluated data have
almost the same trends and reproduce roughly the experimental
data/ONO('85), TAKAHASHI+('88)/. For !''B, the JENDL-3 data give lower

values than the experimental data in the energy region below 2 MeV.

References for the Experimental Data in Figures

BABA+('85) : Baba M., Ono M., Yabuta N., Kikuchi T. and Hirakawa N.,
Proc. of Int. Conf. on Nucl. Data for Basic and Applied
Sci. at Santa Fe in May 13-17, p.223 (1985).

ONO('85) : Baba M., Ono M., Yabuta N., Kikuchi T. and Hirakawa N.,
Proc. of Int. Conf. on Nucl. Data for Basic and Applied
Sci. at Santa Fe in May 13-17, p.223 (1985).

TAKAHASHI+('88): Takahashi A., private communication (1988).

TAKAHASHI+('89): Takahashi A., private communication (1989).
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Fig. 9-1 The 108 Double Differential Cross Section at 1l4.1 MeV,
Emitted Angle = 30° in Laboratory System

"B DDX AT 14.IMEV 60-DEG. BY PLDDX

0
o L S S e e e B L SR
F [—sennL-3
[ |- -JcF-2 1
| [oehersa-v
107" 1O TAKAIASIIE (" 89 =
E [aBABAK("B5) E
C a1
L LIPS
1072 N Bl

gyl

TITTT

(=]
'
)
T T IO T
b
l 9
T

——

Cross Sectionlbarns/sr/ MeV)

]0'5 1 1 ] | 1 [ 1 ]1

0.0 5.0 10.0 15.0

Second. Neutron Energyl MeV)

Fig. 9-2 The 1UB Double Differential Cross Section at 14.1 MeV,
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Emitted Angle = 100° in Laboratory System
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Fig. 9-5 The 10B Double Differential Cross Section at l4.1 MeV,
Emitted Angle = 150° in Laboratory System
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Fig. 10-1 The !!B Double Differential Cross Section at l4.1 MeV,
Emitted Angle = 30° in Laboratory System
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3.4 Carbon

The DDXs calculated from the evaluated data of '2C at 30°, 60°, 90°,
120° and 145°/155° are displayed in Fig.ll together with the experimental
data/ONO('85), TAKAHASHI+('88)/ at the incident neutron energy of 1l4.1 MeV
and in Fig.l12 together with those/MATSUYAMA+('90)/ at 18.0 MeV. The
JENDL-3 data reproduce the experimental data excellently, but the data of
the other two libraries have unphysical structures below the lowest peak

region at both incident energies.

References for the Experimental Data in Figures

MATSUYAMA+('90): Baba M., Matsuyama S., Fujisawa M., Iwasaki T., Iwasaki
S. and Sakamoto R., JAERI-M 90-025, 383 (1990).

ONO('85) : Ono M., private communication (1989).

TAKAHASHI+('88): Takahashi A., Ichimura E., Sugimoto H. and Kato T.,
JAERI-M 86-080, 393 (1936).
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3.5 Nitrogen

The DDXs calculated from the evaluated data of N are compared with
the experimental data/ONO('85)/ of 30°, 60°, 80°, 120° and 150° for N
at the incident neutron energy of 14.2 MeV in Fig.13, and
those/TAKAHASHI+('86)/ of 30°, 60°, 80° and 120° for "'N at the incident
energies from 13.7 to 14.8 MeV in Fig.l4. The JENDL-3 data in the figures
are the revised version of the current JENDL-3 which will be released in
1993, and reproduce the experimental data measured at Osaka university
(Fig.l4). The experimental data of Tohoku university are larger than the
JENDL-3 data just below the elastic peak. Since those are not observed in

the data measured at Osaka university, it might be a tail of the elastic

scattering peak.

References for the Experimental Data in Figures

ONO('85) :+ Baba M., Ono M., Yabuta N., Kikuchi T. and Hirakawa N.,
Proc. of Int. Conf. on Nucl. Data for Basic and Applied
Sci., at Santa Fe in May 13-17, p.223 (1985).

TAXAHASHI+('86): Takahashi A., JAERI-M 86-029, 99 (1986).
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3.6 Oxygen

The DDXs calculated from the evaluated data of '°0 are compared with
the experimental data/BARA+('88),TAKAHASHI+('89)/ of 25°, 60°, 90°,
120° and 150° at the incident neutron energy of 14.1 MeV in Fig.l1S, and
those/BABA+('88)/ at 18.0 MeV in Fig.l6. The JEF-2 data are equivalent to
the ENDF/B-VI data. The three libraries give similar results at 14.1 MeV
(Fig.15) and underestimate just below the elastic scattering peak. Since
there is no 'level' in '°0 corresponding to this region, it is speculated that
the experimental data are affected by backgrounds. In the case of 18.0
MeV (Fig.l16), the data of the three libraries have the same trends in the
higher energy region. In the energy region below 10 MeV, however, they
are discrepant. Below 4 MeV, the JENDL-3 data reproduce the experimental
data at the forward angles, and give smaller values at the backward angles.

The JENDL-3 data are significantly lower than the experimental data just

below the second peak.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Kikuchi T., Wakabayashi H. and

Hirakawa N., Proc. of Int. Conf. on Nucl. Data for Sci. and
Technol. at Mito in May 30- Jun. 3, p.209 (1933).
TAKAHASHI+('89): Takahashi A., private communication (1989).

_51-



JAERI-M 92-053

BY PLDDX

'*0 DDX AT 14.IMEV 25-DEG.

]
10 E 4 1 Y 3
L [——JcnoL-3 3
> [ |- - Jer-2 .
> | [renor - 1
= 107 - [oTAKAIASII 1 89) E
~ F {ABABRI('88) 3
o r -
w B B
~ I 4
- = ‘| 3
@] - J
2 [ ~
C - ) - -4
2 o -
4 = 3
[3) - ]
Q L R
(V] -4
w 107 E
o s ]
[ - 1
(&) I
L i
to-d
0.0
Second. Neutron Energy( MeVv)
Fig. 15-1 The 180 Double Differential Cross Section at 1l4.l1 MeV,
Emitted Angle = 25° in Laboratory System
"0 DDX AT 14.IMEV 60-DEG. BY PLDDX
10° 1
I Ty S — ENDF/7B-VT SBABALC' 881 ]
;; |- - JEF -2 OTAKAIIASHI 0 *89 ) 1
o]
= IO—'E- =
~ E ]
2 ! ]
c 1072 d
[ e e
o F 3
Eal _J—LLT R
= i
2 o073 J =
3 E ]
o C 3
w | i
o 107 Y E
o E | 3
I - , 3
&) L | ]
L | i
]0'5 1 1 1 1 |
0.0 5.0

Second. Neutron Energy( MeV)

15-2 The 150 Double Differential Cross Section at 14,1 MeV,

Fig.
Emitted Angle = 60° in Laboratory System



JAERI—M 92—-053

'®0 DDX AT 14.1MEV 90-DEG. BY PLDDX

o
1o . ———————1 "

——JENDL-] ODADAL " 8D}
- = Jer-2

-----ENDI /B -V

OTAKAHASIE o * 891

T T TT7T

el

T

Cross Sectionlbarns/sr/ MeV)
o
~

lllll‘ll
>
> >
._y_.:‘éz
B4
. *?JE
=,
o
_b—
[
Elm}
| L —
[ ]
.
»
E
o
NETITL

1973 ;ﬂs ]!,’g) ’LULF) & oles M{:é"?“ A@(; _:
£ K %E ” r[’ ](;)q' ﬁ(}) :
1o |
g 0 H ] ‘ |
: ,;rl ’f |
1073 L “ , HH ‘ o, 1 .
0.0 5.0 0.0 5.0

Second. Neutron Energy( MeV)

Fig. 15-3 The 160 pouble Differential Cross Section at l4.1 MeV,
Emitted Angle = 90° in Laboratory System

'*0 DDX AT 14.1MEV 120-DEG. BY PLDDX

|00 F T T T T ] T T T ¥ ] T T T T I 3
I [—uranL-3 OFAKAASII 41 89) ]

S [ [--Jee-2 SBABAL*80) ]
m Al A LNDL/B-V1
= 10 E
~ - ]
e r 4
(7} I -
~ - B
(92} - A
c 1072k "% 3
[ F 3
o - ]
-0 L ]
E L
o -3 ‘
— 1077 E
4 | 4
O F ]
[0)] .
w . ]
(%} -4
w 10 E +
(o] F 3
[ C 7
(&) I E

1073 1

0.0 15.0

Second. Neutron Energyl MeV)

Fig. 15-4 The !0 Double Differential Cross Section at 1l4.1 MeV,
Emitted Angle = 120° in Laboratory System

— 53 —



JAERI—M 92-053

®0 DDX AT 14.1IMEV 150-DEG. BY PLDDX

0
100 ' — ——s
E [—JcnoL-3 OTAKANASHI 11 '89) 3
S [ |- JEf-2 ABABAY *88) ]
® Y ENDF /D-V}

= 10 T =
~ F ]
[ [~ 4
[%2) - .
N |

1) -
c 1072 .
C E 3
o E 3
0 [ i
= — i
SR 1l .
a— B 3
o C ]
L) - 3
w B ]

4] -4
w 107°F E
o - .
[ C ]
(@] - 4

1073

0.0

Second. Neufron Energyl MeV)

Fig. 15-5 The 160 Double Differential Cross Section at l4.1 MeV,
Emitted Angle = 150° in Laboratory System

- 54



Cross Section(barns/sr/ Mev)

Fig.

Cross Section(barns/sr/ MeV)

Fig.

JAERI-M 92—-053

*0 DDX AT 18.0MEV 30-DEG. BY PLDDX

]
10 T 1 v E
L |—JENDL-3 E
[ |- -uer-2 1
gl ENDF/B-YI
10 ADABALC 88

T T

3

Lol

TEIRRETT]|

o2kl

g

i’
o3l + i

£ H 3
10 f %
]0'5 1 1 Il L 1 1 L 1 It 1

0.0 10.0 20.0

Second. Neulron Energyl MeV)

16-1 The 160 Double Differential Cross Section at 18.0 MeV,
Emitted Angle = 30° in Laboratory System

0 DDX AT 18.0MEV 50-DEG. BY PLDDX

0
10 E v t : E
[ |—JENDL-3 3
[ |- JeF-2 i
gl ENDF/B-VI
10 ABABAH 'BB)

T T TTO
N ERTIT|

st gl

1yl

LI ETY) G

104

[ERRERITN|

T T

20.0
Second. Neutron Energy( MeVv)

16-2 The 160 Double Differential Cross Section at 18.0 MeV,
Emitted Angle = 60° in Laboratory System



JAERI-M 92-033

"0 DDX AT 18.0MEV 90-DEG. BY PLDDX

0
I 0 E T T v E
[ [—JEnoL-3 E
|- - JEF-2 i
gl ENDF/B-VI
10 AQABAL 88 )

DEERRLLL
eyl

TYTITY
Lol

T
s gopenl

Cross Sectionlbarns/sr/ MeVv)

LEERERIL

20.0

Second. Neutron Energyl MeV)

Fig. 16-3 The 10 Double Differential Cross Section at 18.0 MeV,
Emitted Angle = 90° in Laboratory System

'*0 DDX AT 1B.0OMEV 120-DEG. BY PLDDX

10° & . , , . , . . : 3

F [—Jcwoe-3 ]
= - - uer-2 ]
E; al b EMDF/B-VI
= 10" }|apanaii 08 E
~ F ]
~ F ]
n I 1
R i J
) -2 AM“‘Y*%MM
c 107 ; E
G P ]
e) r _f-' ]
< ! 3
2 10k 3
o g E
[3) o 3
[} - 1
w - 4
(@] -4
w 107°F -
[e] F ]
& : ]
S C ]

1073 : ;
0.0 20.0

Second. Neutron Energyl MeV)

Fig. 16-4 The %0 Double Differential Cross Section at 18.0 MeV,
Emitted Angle = 120° in Laboratory System

- 56 —



JAERI—M 92—-053

o '®0 DDX AT 18.0MEV 147.5-DEG. BY PLDDX
10 . . . . : ; . . . 3
i T g
" |- - JEF-2 i
|-~ ENDF/B-V1
10! [ 20A0AL " 88) E
1072

e el

[

1

o
T T T T
<4

gl

T

Cross Section{barns/sr/ MeV)

Loyl

1073
0.0

Second. Neutron Epergy( MeV)

Fig. 16-5 The !60 Double Differential Cross Section at 18.0 MeV,
Emitted Angle = 147.5° in Laboratory System



JAERI-M 92-053

3.7 Fluorine

The DDXs calculated from the evaluated data of '°F are compared with
the experimental data/ONO(’'85),TAKAHASHI+('87)/ of 30°, 60°, 82°, 120°
and 150° at the incident neutron energy of 14.1 MeV in Fig.l7?. In the
discrete inelastic scattering region, the JENDL-3 data underestimate the
DDX significantly, since the direct process is not considered in JENDL-3.
The ENDF/B-VI and JEF-2 data reproduce the experimental data in thz. region.
However, they have irregular bumps in the 5-8 MeV region at the forward

angles. In the low energy region, the JENDL-3 and JEF-2 data have tendency

of overestimation at the backward angles.

References for the Experimental Data in Figures

ONO('85) : Baba M., Ono M., Yabuta N., Kikuchi T. and Hirakawa N.,
Proc. of Int. Conf. on Nucl. Data for Basic and Applied
Sci. at Santa Fe in May 13-17, p.223 (1985).

TAKAHASHI+('87): Takahashi A., Ichimura E., Sugimoto H. and Kato T.,
JAERI-M 86-080, 393 (1986).
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3.8 Sodium

The DDXs calculated from the evaluated data of ’Na are compared with

the experimental data/TAKAHASHI+('86)/ of 45°, 60°, 80°, 110° and 135°,
whose incident energies change according to scattered amngles, in Fig.l8.
The JEF-2 data are equivalent to JENDL-3. The number of the experimental
data points which can be compared with the evaluated data is insufficient.

However, the evaluated data tend to overestimate the DDXs in the low energy

region at the backward angles.

Reference for the Experimental Data in Figures
TAKAHASHI+('86): Takahashi A., JAERI-M 86-029, 99 (198s).
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3.9 Magnesium

The DDXs calculated from the evaluated data of magnesium are compared
with the experimental data/TAKAHASHI+('87)/ of 30°, 60°, 90°, 120° and
150° at the incident neutron energy of 14.1 MeV in Fig.19. The JENDL-3 data
well reproduce the experimental data in the high energy region of all the
angles, while others give small values in the discrete inelastic scattering
region. The JENDL~3 data, however, tend to give large values in the low
energy region at the backward angles, and give a 'shoulder' above the elastic

scatterin eak due to the same reason mentioned at section 3.2.
E P

Reference for the Experimental Data in Figures

TAKAHASHI+('87): Takahashi A., Ichimura E., Sugimoto H. and Kato T.,
JAERI-M 86~080, 393 (1986).
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3.10 Aluminum

The DDXs calculated from the evaluated data of *’Al are compared with
the experimental data/YABUTA+('86), TAKAHASHI+('87)/ of 36°, 60°, 80°,
120° and 150 at the incident neutron energy of 14.1 MeV in Fig.20, and
those/BABA+('88)/ of 30°, 60°, 90°, 120° and 147° at 18.0 MeV in Fig.2l.
The evaluated data can almost reproduce the experimental data. However,
the JENDL-3 data give smaller values in the middle energy region at the

forward angles at 14.1 MeV and of all the angles at 18.0 MeV.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wakabayashi
H. and Hirakawa H., Proc. of Int, Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

TAKAHASHI+('87): Takahashi A., Ichimura E., Sugimoto H. and KXato T.,
JAERI-M 86-080, 393 (1986).

YABUTA('86) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wake rayashi
H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for

Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).
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3.11 Silicon

The DDXs calculated from the evaluated data of silicon are compared
with the experimental data of 30°, 60°, 80°, 120° and 150° for
25 /ONO('85)/ and "'Si/TAKAHASHI+('86)/ '*) at the incident neutron energy
of 14.1 MeV in Fig.22. The evaluated data can reproduce the experimental
data in the higher energy region. At 30°, they give small values in the
lower energy region. At the other angles, the JENDL-3 data reproduce the
data measured at Osaka university and the ENDF/B-VI and JEF-2 data raproduce

the data measured at Tohoku university.

References for the Experimental Data in Figures

ONO('85) : Baba M., Ono M., Yabuta N., Kikuchi T. and Hirakawa N.,
Proc. of Int. Conf. on Nucl. Data for Basic and Applied
Sci. at Santa Fe in May 13-17, p.223 (1985).

TAKAHASHI+('86): Takahashi A., Ichimura E., Sugimoto H. and Kato T.,
JAERI-M 86-080, 393 (1986).



JAERI-M 92 -053

Si DOX AT 14.IMEY 30-DEG. BY PLDDX

0
10 E T 1 L4 r T T ¥ 3
- [—JCHpL-3 ]
= - -urr -2 .
> b CHUT /D -V 1
= |0 '{=|aonot85) E
~ F JOTAKAIIASHI 41 *86) E
(59 r i
1923 = -4
~ o 4
v -
cC 10 2:"‘ Q_:
(59 Fl E
o F ]
_D [ o
= - i
o) -
2 07k .
4+ - 3
(4] o ]
Q - 4
(D -
w -4
w 107°E E
o - B
[ ~ ]
U = -
1073
0.0

Second. Neulron Energyl MeV)

Fig. 22~1 The Silicon Double Differential Cross Section at l4.1 MeV,
Emitted Angle = 30° in Laboratory System
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3.12 Sulphur

The DDXs calculated from the evaluated data of sulphur are compared
with the experimental data/TAKAHASHI('86)/ of 45°, 60°, 80°, 110° and
135°, whose incident energies change according to scattered angles, in
Fig.23. The comparison could not be made for JEF-2, since this library
include no data for the natural elements and there exists no processing code
which can create those data easily. In the discrete inelastic scattering
region, the JENDL-3 data well reproduce the experimental data, while the
ENDF/B-VI data give smaller values. In the lower energy region, the JENDL-3
data give small values below 4 MeV, and the ENDF/B-VI data lie lower than

the experimental data in the 3-7 MeV region at 45°.

Reference for the Experimental Data in Figures

TAKAHASHI+('86): Takahashi A., JAERI-M 86-029, 99 (1986).
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3.13 Calcium

The DDXs calculated from the evaluated data of calcium are compared
with the experimental data/TAKAHASHI+('86)/ of 30°, 60°, 90°, 120° and
150° at the incident neutron energy of 14.1 MeV in Fig.24. The evaluated
data almost reproduce the experimental data. However, they, especially
the JENDL-3 data, tend to overestimate the continuous spectra at the back-

ward angles.

Reference for the Experimental Data in Figures

TAKAHASHI+('86): Takahashi A., private communication (1989).
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3.14 Titaniuin

The DDXs calculated from the evaluated data of titanium are compared
with the experimental data/BABA+('88),TAKAHASHI+('86)/ of 30°, 5G°,
80°, 120° and 150° at the incident neutron energy of 1l4.1 MeV in Fig.25.
A discrepancy between two experimental data is observed just below the
elastic scattering peak, and the JENDL-3 data reproduce the data measured
at Tohoku university. In the low energy region, the JENDL-3 data give large
values at 150° and the others give smaller values at the forward angles than

the experimental édata.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wakabayashi
H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

TAKAHASHI+('86): Takahashi A., private communication (1989).
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3.15 Vanadium

The DDXs calculated from the evaluated data of *'V are compared with
the experimental data/BABA+('88),TAKAHASHI+('87)/ of 30°, 60°, 90°,
120° and 150° at the incident neutron energy of 14.1 MeV in Fig.26. A large
discrepancy between two experimental data is observed in the 6-9 MeV region,
and the JENDL-3 and ENDF/B-VI data are close to the data measured at Tohoku
university. The JEF-2 data underestimate but have the same trend of the data
of the Osaka university. The JENDL-3 data give much higher values than
the experimental dataz in the elastic and discrete inelastic scattering

regions at the backward angles.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wakabayashi
H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

TAKAHASHI+('87): Takahashi A., Ichimura E., Sugimoto H. and Kato T.,
JAERI-M 86-080, 393 (1986).
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3.16 Chromium

Only the JENDL-3 DDX data of "Cr are compared with the experimental
data/BABA+('88), TAKAHASHI+('87)/ of 30°, 60°, 80°, 120° and 150° at the
incident neutron energy of 14.1 MeV in Fig.27. The comparison coild not
be made for ENDF/B-VI and JEF-2, since these two libraries include no data
for the natural elements and there exists no processing code which can create
those data easily. The JENDL-3 data are almost in good agreement with the
experimental data, except in the low energy region at 60° and 80° where they
give smaller values, and in the 4-9 MeV region at 150° where they give

larger values.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wakabayashi
H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

TAKAHASHI+('87): Takahashi A., private communication (1989).
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3.17 Manganese

The DDXs calculated from the evaluated data of >’Mn are compared with
the experimental data/BABA+('88),TAKAHASHI+('88)/ of 30°, 60°, 90°,
120° and 150° at the incident neutron energy of l4.1 MeV in Fig.28. The
JENDL-3 data are in good agreement with the experimental data, except that
they underestimate the data in the energy region from 3 to 11 MeV at the
forward angles. The ENDF/B-VI data have similar trends of the JENDL-3 data,
but they give much smaller values in the discrete inelastic scattering region
just below the elastic scattering peak. The JEF-2 data cannot reproduce

the experimental data in the energy region from 4 to 12 MeV,

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wakabayashi
H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

TAKAHASHI+('88): Takahashi A.. private communication (1989).
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3.18 Iron

The DDXs calculated from the evaluated data of "Fe are compared with
the experimental data/BABA+('91),TAKAHASHI+('88)/ of 30°, 60°, 75° /80°,
120° and 150° at the incident neutron energy of 14.1 MeV in Fig.29, and
those/BABA+('88)/ of 30°, 60°, 90°, 120° and 150° at 18.0 MeV in Fig.30.
The comparison could not be made for ENDF/B-VI, since this library include
no data for the natural elements and there exists no processing code which
can create those data easily. The JENDL-3 data of both incident energies
tend to underestimate slightly at the forward angles and to overestimate

at the backward angles in the middle energy region of secondary neutrons.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi Ts, Wakabayashi
H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

BABA+('91) : Baba M., private communication (1991).

TAKAHASHI+('88): Takahashi A., private communication (1989).
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3.19 Cobalt

The DDXs calculated from the evaluated data of *’Co are compared with
the experimental data/TAKAHASHI+('88)/ of 30°, 60°, 90°, 120° and 150°
at the incident neutron energy of 14.1 MeV in Fig.31. The JENDL-3 data
reproduce the experimental data in the low energy region, and overestimate
them in the discrete inelastic scattering region of all the angles and in
the middle energy region at the backward angles. The JEF-2 data are
equivalent to the ENDF/B-VI data, and are almost in good agreement with
the experimental data, except that they underestimate the experimental data

in the middle energy region at the forward angles.

Reference for the Experimental Data in Figures

TAKAHASHI+('88): Takahashi A., private communication (1989).
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3.20 Nickel

Only JENDL-3 is available for "¥Ni. DDXs calculated from JENDL-3 at
the emission angles of 30°, 60°, 80°, 120° and 150° at the incident neutromn
energy of 14.1 MeV in Fig.32. The data at the angles of 30°, 60°, 907,
120° and 150° at 18.0 MeV are given in Fig.33. The comparison could not
be made for ENDF/B-VI and JEF-2, since these two libraries include no data
for the natural elements and there exists no processing code which can create
those data easily. At 14.1 MeV, the JENDL-3 data reproduce the experimental
data/BABA+('88),TAKAHASHI+('88)/, except for slightly overestimating in
the 5-10 MeV region at the backward angles and underestirating below 5 MeV
at the forward angle.. At 18.0 MeV, the data calculated from JENDL-3 are
in good agreement with the experimental data/BABA+('88)/, except at 30°

where they are significantly lower than the experimental data.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wakabayashi

H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

TAKAHASHI+('88): Takahashi A., private communication (1989).
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Fig. 33-3 The PatNji Double Differential Cross Section at 18.0 MeV,
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NI-NAT DDX AT 18.0MEV 150-DEG. BY PLDDX
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Fig. 33-5 The 74tNi Double Differential Cross Section at 18.0 MeV,
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3.21 Copper

The DDXs calculated from the evaluated data of "!Cu are compared with
the experimental data/BABA+('88),TAKAHASHI+('86)/ of 30°, 60°, 80°,
120° and 150° at the incident neutron energy of 14.1 MeV in Fig.34, and
those/BABA+('88)/ of 30°, 60°, 90°, 120° and 150° at 18.0 MeV in Fig.35.
The comparison could not be made for ENDF/B-VI, since this library include
no data for the natural elements and there exists no processing code which
can create those data easily. The The JENDL-3 data almost reproduce the

experimental data at both incident energies, while the JEF-2 data are too

small in the middle energy region.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wakabayashi
H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

TAKAHASHI+('86): Takahashi A., Ichimura E., Sugimoto H. and Kato T.,
JAERI-M 86-080, 393 (1986).
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3.22 Zirconium

The DDXs calculated from the evaluated data of "*Zr are compared with

the experimental data/BABA+('88),TAKAHASHI+(*88)/ of 30°, 60°, 80°,
120° and 150° at the incident neutron energy of 14.1 MeV in Fig.36, and
those/BABA+('88)/ of 30°, 60°, 90°, 120° and 150° at 18.0 MeV in Fig.37.
A discrepancy between two experimental data sets is observed around 9 MeV
at the incident energy of 14.1 MeV, and the data calculated from JENDL-3
are close to the data measured at Tohoku universitv. Since the direct pro-
cess of the inelastic scattering is not considered in JENDL-3, the DDXs
calculated from JENDL-3 give small values in the energy region just below
the peak of the elastic scattering. In the middle energy region, the JENDL-3
data reproduce the experimental data at the forward angles, but tend to be

overestimated at the backward angles at the both incident energies.

References for the Experimental Data in Figures

BABA+('88) : Baba M., Ishikawa M., Yabuta N., Kikuchi T., Wakabayashi
H. and Hirakawa H., Proc. of Int. Conf. on Nucl. Data for
Sci. and Technol. at Mito in May 30- Jun. 3, p.291 (1988).

TAKAHASHI+('88): Takahashi A., private communication (1989).
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3.23 Niobium

The DDXs calculated from the evaluated data of ’’Nb are compared with

the experimental data/TAKAHASHI+('88)/ of 30°, 60°, 90°, 120° and 150°

at the incident neutron energy of 14.1 MeV in Fig.38. The JENDL-3 data

reproduce the experimental data excellently, while the others cannot

reproduce them.

Reference for the Experimental Data in Figures
TAKAHASHI+('88): Takahashi A., private communication (1989).
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3.24 Molybdenum

The DDXs calculated from the evaluated data of ™Mo are compared with
the experimental data/TAKAHASHI+('88)/ of 30°, 60°, 90°, 120° and 150°
at the incident neutron energy of 14.1 MeV in Fig.39. In the energy region
just below the elastic scattering peak, the three libraries cannot reproduce
the experimental data, since the direct inelastic process is not considered.
The JENDL-3 and ENDF/B-VI data are in good agreement with the experimental

data in the energy region below about 10 MeV, except at the the forward

angles.

Reference for the Experimental Data in Figures
TAKAHASHI+('88): Takahashi A., private communication (1989).
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3.25 Tin

The DDXs calculated from the evaluated data of "'Sn are compared with
the experimental data/TAKAHASHI+('90)/ of 30°, 60°, 90°, 120° and 150°
at the incident neutron energy of 14.1 MeV in Fig.40. The elemental tin
is not included in the three evaluated libraries. The JENDL-3 data were
constructed from the individual isotope data of JENDL-3 and angular
distributions are assumed to be isotropic, except those of the elastic
scattering. Since JENDL-3 did not consider the direct process to the dis-
crete inelastic scattering, the JENDL-3 data are smaller than the experi-
mental data in the discrete inelastic scattering energy region just below
the elastic scattering peak. In the low energy region, the data calculated

from JENDL-3 well reproduce the experimental data.

Reference for the Experimental Data in Figures
TAKAHASHI+('90): Takahashi A., private communication (1990).
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Fig. 40-3 The 72tSn Double Differential Cross Section at 14.1 MeV,
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3.26 Antimony

Only the DDXs calculated from JENDL-3 of "!Sb are compared with the
experimental data /TAKAHASHI+('90)/ of 30°, 60°, 90°, 120° and 150° at
the incident neutron energy of 14.1 MeV in Fig.4l. The comparison could
not be made for ENDF/B-VI and JEF-2, since these two libraries include no
data for the natural elements and there exists no processing code which
can create those data easily. The JENDL-3 data are in good agreement with
the experimental data, except in the discrete inelastic scattering region,
since the direct process of the inelastic scattering is not considered in

JENDL-3.

Reference for the Experimental Data in Figures

TAXAHASHI+('90): Takahashi A., private communication (1990).
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Fig. 41-3 The 7@tSh Double Differential Cross Section at 1l4.1 MeV,
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3.27 Tantalum

The DDXs calculated from the evaluated data of '’!Ta are compared with
the experimental data/BABA+('91)/ of 30°, 60°, 90°, 120° and 150° at the
incident neutron energy of 1l4.1 MeV in Fig.42. The JENDL-3 data reproduce
the experimental data, except in the energy region of the discrete inelastic
scattering and of 5-10 MeV. The JEF-2 and ENDF/B-VI data are equivalent
to each other, and they are almost in good agreement with the experimental

data. However, they have strange valleys around 5 MeV.

Reference for the Experimental Data in Figures
BABA+('91): Baba M., private communication (1991).
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Fig. 42-1 The !8lTa Double Differential Cross Section at 14.1 MeV,
Emitted Angle = 30° in Laboratory System
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Fig. 42-2 The 18173 Double Differential Cross Section at 4.1 MeV,
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Fig. 42-3 The !81Ta Double Differential Cross Section at 14.1 MeV,
Emitted Angle = 90° in Laboratory System
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Fig. 42-4 The 1817y Double Differential Cross Section at l4.1 MeV,
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Fig. 42-5 The 18175 Double Differential Cross Section at l4.1 MeV,
Emitted Angle = 150° in Laboratory System
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3.28 Tungsten

The DDXs calculated from the evaluated data of "W are compared with

the experimental data/TAKAHASHI+('88)/ of 30°, 60°, 90°, 120° and 150°

at the incident neutron energy of 14.1 MeV in Fig.43. The comparison could

not be made for JEF-2, since this library include no data for the natural

elements and there exists no processing code which can create those data
The experimental data and the JENDL-3 data have a strange step
while the ENDF/B-VI data have smooth

easily.
around 9 and 5 MeV, respectively,

shape. In the low energy region, both libraries reproduce the experimental

data.

Reference for the Experimental Data in Figures
TAKAHASHI+('88): Takahashi A., private communication (1989).
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Fig. 43-3 The P8ty Double Differential Cross Section at 14.1 MeV,
Emitted Angle = 90° in Laboratory System
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Fig. 43-5 The 7atW Double Differential Cross Section at 1l4.1 MeV,
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3.29 Lead

The DDXs calculated from the evaluated data of "Pb are compared with
the experimental data /TAKAHASHI+('86)/ of 30°, 60°, 90°, 120° and 150°
at the incident neutron energy of 14.1 MeV in Fig.44. The comparison could
not be made for ENDF/B-VI, since this library include no data for the natural
elements and there exists no processing code which can create those data
easily. The JENDL-3 data reproduce the experimental data in the discrete
inelastic scattering region at the forward angles and in the mid energy
region at the backward angles. The experimental data in low energy region
are reproduced well by JENDL-3. However, the JENDL-3 data overestimate
the experimental data in the discrete inelastic scattering region just below
the elastic scattering peak at the backward angles and underestimate in
the middle energy region at the forward angles. The JEF-2 data cannot
reproduce the experimental data in the discrete inelastic scattering region

just below the elastic scattering peak.

Reference for the Experimental Data in Figures

TAKAHASHI+('86): Takahashi A., Ichimura E., Sugimoto H. and Xato T.,
JAERI-M 86-080, 393 (1986).
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Fig. 44-1 The RatPh Double Differential Cross Section at l4.1 MeV,
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Fig. 44~2 The 72tPb Double Differential Cross Section at 14.1 MeV,
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Fig. 44-3 The PatPb Double Differemtial Cross Section at 14.1 MeV,
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Fig. 44-5 The "2tph Double Differential Cross Section at 14.1 MeV,
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3.30 Bismuth

The DDXs calculated from the evaluated data of 2°°Bi are compared with

the experimental data /TAKAHASHI+('88)/ of 30°, 60°, 90°, 120° and 150°

at the incident neutron energy of 14.1 MeV in Fig.45. The JENDL-3 data well

reproduce the experimental data of all the angles, except the third peak

around 10 MeV appeared in the experimental data and below 1 MeV.

Reference for the Experimental Data in Figures
TAKAHASHI+('88): Takahashi A., private communication (1989).
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Fig. 45-1 The 209Bi Double Differential Cross Section at 14.1 MeV,
Emitted Angle = 30° in Laboratory System
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Fig. 45-2 The 209Bi Double Differential Cross Section at 14.1 MeV,
Emitted Angle = 60° in Laboratory System
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Fig. 45-3 The 209Bi Double Differential Cross Section at l4.1 MeV,
Emitted Angle = 90° in Laboratory System
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3.31 Thorium

£ 2*2Th are compared with

The DDXs calculated from the evaluated data o
the experimental data /BABA+('90)/ of "!Th at the emitted angles of 30°,
60°, 90°, 120° and 150° at the incident neutron energy of 1.20 (60° and
120° only), 2.03, 4.25, 6.10, 14.1 MeV in Figs.46-50, The DDXs calculated
from the evaluated data do not include contributions of fission neutrons
for a technical reason. The JENDL-3 data almost reproduce the experimental

data, except the second peak continuing the elastic scattering peak at the

backward angles.

Reference for the Experimental Data in Figures

BABA+('90): Baba M., Wakabayashi H., Itoh N., Maeda K. and Hirakawa N.,
JAERI-M 89-143 (1986) in Japanese.
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3.32 Uranium

The DDXs calculated from the evaluated data of 2**U are compared with
the experimental data /BABA+('90)/ of maly at the emitted angles of 30°,
60°, 90°, 120° and 150° at the incident neutron energy of 1.20 (60° and
120° only), 2.03, 4.25, 6.10, 14.1 MeV in Figs.51-55. The DDXs calculated
from JENDL-3 include contributions of fission neutrons, except for the 1.20
MeV incident energy data. For the other evaluated libraries, however,
fission neutrons could not be added to DDXs calculations for a technical
reason. For the other quantities, the JEF-2 data are egquivalent to the
JENDL-3 data. The JENDL-3 data almost reproduce the experimental data at
1.20 and 4.25 MeV. At the incident neutron energy of 14.1 MeV, the JENDL-3
data give small values in the energy region of 5 to 12 MeV, since the energy
spectrum of the continuum inelastic scattering in JENDL-3 is adopted only
the evaporation spectrum. In the discrete inelastic scattering energy
region, JENDL-3 gives much higher values than the experimental data. The
fission tail lying in the higher energy region above the elastic scattering

peak is in good agreement with the experimental data.

Reference for the Experimcuntal Data in Figures

BABA+('90): Baba M., Wakabayashi H., Itoh N., Maeda K. and Hirakawa N.,
JAERI-M 89-143 (1986) in Japanese.

- 183 —



JAERI-M 92-053

| U-NAT DDX AT 1.20MEY 60-DEG. BY PLDDX
10! : . . : : . : : ,

~——JI ki -3
- - Jr-2

T frHDf £B-v1 f'jﬁ 1
i :

10°

= [ananav 90y Fa

- A < a )

- e 3 1 1,:]]
- -V. ‘-. i ‘: =

é lrl

- l, Bltl I ﬁ I

Hi

Y I ][
T IR PR 1 RO 1 AT

Second. Neulron Energyl MeV)
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Emitted Angle = 60° in Laboratory System

U-NAT DDX AT 1.20MEV 120-DEG. BY PLDDX

o' , i
— g [—J”‘N'J ----- ENDF/B-V1 ]
> I IR AQADAL " 90)
a
= 10° |- :
P : r'“I@ :"' ]

o B : :

W Pt .
‘C_i o f ’f LL/}}J"& :
Eal I ll J
T : R
C - ‘ f 4
2 1oL { ‘ [ ‘]I‘JI A
4; i 4 | J L‘
S B I [
a 1073
o :
C -
” - :

]0'4 ] o N 1 R . , I )

0.0 1.0 20

Second. Neutron Energyl MeV)

Fig. 51-2 The 13ty Double Differential Cross Sectiom at 1.20 MeV,
Emitted Angle = 120° in Laboratory System

184



JAERI-M 92-053

U-NAT DDX AT 2.03MEV 30-DEG. BY PLDDX

102 —— ——r— e ———
o T ATADAIL 90 X
Z [ |- -2 |
- T HDT /1 -V 1
= 10'L A -
- - E
~ ]
7 s 1
o ]
w
C ==
T 3
o ]
n N 3
- ]
o
= E
3] §
[¢}]
wl 3 ]
w -2 3
n [0 E '_G ":F
o B H ]
I " H H ]
& 3 ; ;
|0'3 t t 1 1 [ 1 1 Lll i) ! 1 : Il L i
0.0 i.0 2.0 1.0

Second. Neutron Energy( MeV)

Fig. 52-1 The "3ty Double Differential Cross Section at 2.03 MeV,
Emitted Angle = 30° in Laboratory System
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4. Concluding Remarks

The comparisons of DDXs calculated from the evaluated data libraries
with the experimental data were performed by using the PLDDX code. The
considered elements and isotopes were °'Li, ’ge, '®''B, ¢, N, '°0, F, P’Na,
Mg, 2’al, si, s, Cca, Ti, V, Cr, >’Mn, Fe, Co, Ni, Cu, Zr, °’Nb, Mo, Sn, Sb,
W, !®'Ta, Pb, 2°Bi, Th and U. The comparison could not be made for the
elements of Cr, Fe, Ni, Cu, Sn, Sb, and Pb of ENDF/B-VI, and S, Cr, Ni,
Sn, Sb, and W of JEF-2, since these two librzries include no data for the
natural elements and there exists no processing code which can create those
data easily. The fission spectra are included in only the DDXs for uranium
of JENDL-3, since the FLDDX code can convert only the probability distri-
bution and Watt-type formula of the fission spectrum. Further improvement
is necessary to solve the above problems.

The comparisons gave important information on the evaluated data of
JENDL-3. The discrepancies between the experimental data and the JENDL-3
data are summarized as following:

1) ’Be: At the backward angles, a 'shoulder' appears above the elastic
scattering peak in the DDXs calculated from JENDL-3. 1In JENDL-3,
the continuum (n,2n) neutron spectrum is given in MF=5, which cannot
take account of the energy-angle correlation. Although it is shown
that the data given in JENDL-3 can reproduce the overall trend of
DDX for ’Be, drawbacks of not employing MF=6 become clear.

2) "B: The JENDL-3 data give lower values than the experimental data
in the energy region below 2 MeV.

3) *0: In the case of 18.0 MeV, the JENDL-3 data give smaller values
below 4 MeV at the backward angles, and are significantly lower than
the experimental data just below the second peak.

4) F: In the discrete inelastic scattering region, the JENDL-3 data
underestimate the DDX significantly, since the direct process is
not considered in JENDL-3. 1In the low energy region, the JENDL-3
data have tendency of overestimation at the backward angles.

5) ®Na: The JENDL-3 data tend to overestimate the DDXs in the low energy
region at the backward angles.

6) "Mg: The JENDL-3 data tend to give large values in the low energy
region at the backward angles, and give a 'shoulder’ above the elastic

scattering peak due to the same reason of ’Be.
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741: The JENDL-3 data give smaller values in the middle energy region
at the forward angles at 14.1 MeV and of all the angles at 18.0 MeV.
"atsi: The JENDL-3 data give small values at 30° in the lower energy
region.

"ls: In the lower energy region, the JENDL-3 data give small values
below 4 MeV.

"ca: The JENDL-3 data tend to overestimate the continuous spectra
at the backward angles.

"alpi: In the low energy region, the JENDL-3 data give large values
at 150°.

ly: The JENDL-3 data give much higher values than the experimental

data in the elastic and discrete inelastic scattering regions at the

backward angles.
nutc

r: The JENDL-3 data give smaller values in the low energy region
at 60° and 80°, and larger values in the 4-9 MeV region at 150°.
"Mn: The JENDL-3 data underestimate the experimental data in the
energy region from 3 to 11 MeV at the forward angles.

"lpe: The JENDL-3 data tend to underestimate the experimental data
slightly at the forward angles and to overestimate them at the
backward angles in the middle energy region of secondary neutrons.
¥Co: The JENDL-3 data overestimate the experimental data in the
discrete inelastic scattering region of all the angles and in the
middle energy region at the backward angles.

"alNi: At 14.1 MeV, the JENDL-3 data slightly overestimate the
experimental data in the 5-10 MeV region at the backward angles,
and underestimate them below 5 MeV at the forward angles. At 18.0
MeV, the JENDL-3 data are significantly lower than the experimental
data at 30°.

natzr: Since the direct process of the inelastic scattering is not
considered in JENDL-3, the DDXs calculated from JENDL-3 give small
values in the energy region just below the peak of the elastic
scattering. In the middle energy region, the JENDL-3 data tend to
be overestimated at the backward angles.

"¥Mo: In the energy region just below the elastic scattering peak,
the JENDL-3 data cannot reproduce the experimental data, since the
direct inelastic process is not considered. The JENDL-3 data are
smaller than the experimental data in the energy region from 5 to

10 MeV at the the forward angles.
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20) "'sn: Since JENDL-3 did not consider the direct process to the dis-
crete inelastic scattering, the JENDL-3 data are smaller than the
experimental data in the discrete inelastic scattering energy region
just below the elastic scattering peak.

21) "Sb: The JENDL-3 data give small values in the discrete inelastic
scattering region, since the direct process of the inelastic scat-
tering is not considered in JENDL-3.

22) '®'Ta: The JENDL-3 data underestimate the experimental data in the
energy region of the discrete inelastic scattering and of 5-10 MeV.

23) "'§: The JENDL-3 data have a strange step around 6 MeV.

24) ™pb: The JENDL-3 data overestimate the experimental data in the
discrete inelastic scattering region just below the elastic scattering
peak at the backward angles and underestimate in the middle energy
region at the forward angles.

25) ?®Bi: The JENDL-3 data cannot reproduce the third peak around 10
MeV appeared in the experimental data and below 1 MeV.

26) **’Th: The JENDL-3 data cannot reproduce the second peak of the
experimental data continuing the elastic scattering peak at the
backward angles.

27) ?®U: At the incident neutron emergy of 14.1 #MeV, the JENDL-3 data
give small values in the energy region of 5 to 12 MeV, since the
energy spectrum of the continuum inelastic scattering in JENDL-3 is
adopted only the evaporation spectrum. In the discrete inelastic
scattering energy region, the JENDL-3 data give much higher values
than the experimental data.

The discrepancies between the experimental data and the JENDL-3 data des-
cribed above are mainly caused by two reasons: 1) The direct process of
the discrete inelastic scattering is not considered. 2) The energy-angle
correlation cannot be included in JENDL-3, since the ENDF-5 format is
adopted. They will be improved in the JENDL Fusion File which is one of
the JENDL special purpose files, and the file will be adopted to the
'JENDL-3.2'. The authors wish they are useful to many evaluators and users

of the evaluated data.
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Appendix: Brief Manual of Code 'PLDDX!'

I. Functions of PLDDX

The code PLDDX has two main functions. One is to read evaluated data
in an ENDF-4, -5 or -6 format file, to calculate an energy differential (EDX)
or double differential cross section (DDX) at an incident energy and an
outgoing angle, and write it onto a disk file in the same format as MF=3
of the ENDF-5 format. The interpolation is fixed to 'histogram-type'
(INT=1). The resolution broadening is considered in the secordary neutron
energy, and finite timing resolution of the time-of-flight experiments is
also taken into account. The latter is expressed by a resolution function
of a Gaussian form with a width which varies with the secondary neutron
energy. The other function of this code is to read in experimental EDX or
DDX data stored in the EXFOR-type format, and write them onto a disk file
in a special format called 'transmission format'. In order to compare
several kinds of data in the same graph, a common factor can be multiplied
to the calculated and experimental data. Within a job, this code can be used
repeatedly to produce EDX or DDX of several incident energies and outgoing
angles, or to retrieve several sets of experimental data.

At present, this code has two limitations. First, it cannot take
account of the finite incident energy spread. Secondly, it cannot deal with
some of the fission spectra expressed by simple functions. The former
drawback can be covered up approximately by using this code at several
incident energies inside the incident energy resolution, and sum up those
results by CRECTJ5 code taking a proper weighting function. In the same

manner, effects of the finite angular resolution can be dealt with if it is

necessary.

1I. Input and Output Files

Unit 1 : The ENDF-4, -5 or -6 format file for input, required if N and

MAT in card n+3 are given.

Unit 2 : The EXFOR-type EDX or DDX data file for input, required if SUBE

in card nt+2 is given.

Unit 11 : The ENDF-5 format file for output of calculated EDX or DDX.
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12 : A transmission format file for output of experimental EDX or DDX.

Description of the Input Data

1 to n-1 : Comment cards {804A1)

The number of comment cards is not restricted. A blank card indicates

the end of comment cards.

n : E;n, Angle, Factor (3F10.3)

Ein ¢ Incident energy in MeV. If this is O, the job finishes.

Angle : Laboratory scattering angle in degrees. If this is greater than
180.0, an EDX is created. Otherwise, a DDX at angle 'Angle'
is created.

Factor : A factor which is multiplied to the calculated and the

retrieved experimental data. A default value is 1.0.

n+l ¢ Eainy, Eaax, dE, ES, ET (5F10.3)

Euin ! The minimum secondary energy (MeV) of EDX or DDX to be
calculated.

Eaax ¢ The maximum secondary energy (MeV) of EDX or DDX to be
calculated.

dE : The energy interval (MeV) of calculation of EDX or DDX.

ES : Resolution of the secondary particle energy (MeV) applied to the
calculated EDX or DDX. If ES = 0.0, the resolution broadening
is not applied.

ET : Timing resolution of the time-of-flight experiments (ns/m) to be
applied to the calculated EDX or DDX.

Note : Contributions to the calculated EDPX or DDX from the energy
region outside (E.in,Easx) are neglected in PLDDX, even if they
do in actual experiments due to finite resolutions. So the
user must take (Egpin,Ea..x) wide enough to cover the secondary
energy region which can contribute to the domain where he is
interested in.

Note : ES and ET denote the standard deviation. However, user must
determine these values by comparing the width of the calcu-

lated elastic scattering peak with that of the experimental

data.
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Card n+2 : SUBE, 1zZA (A8, 2X, I6)
SUBE : Subentry number of the EXFOR-type data to be retrieved from unit
2. If SUBE is left blank, the experimental data are not
retrieved. In that case, the input file on unit 2 and output

file on unit 12 do not have to be assigned.
IZA : 1000Z+A of the retrieved data which will be written on unit 12,
where Z denotes atomic number, A the mass number.
Note : In retrieving the experimental data, PLDDX recognizes only
the subentry number. The entry number has no meanings.
Note : The subentry number is recognized as a character data, so
symbols of ' ' and '0' are considered to be different.
Note : The retrieved data are identified only by the 1ZA.
Note : The 'Ql' flag of the retrieved data is fixed to 'TOT'.
Therefore, if the user retrieves several experimental data in
a job, he has to change IZA subsequently to identify different

data even if the data corresponds to the same Z and A.

Card n+3 : N, MAT (*)
N : The number of MT's from which the EDX or DDX is constructed. If
N is greater than or equal to 100, PLDDX takes a combination
of MT=2, 16, 17, 22, 24, 28, 32, 51 to 90, and 91 as a default.
If N is less than 100, the user must specify the combination
of MT's in the following card.

MAT : The material number given in the ENDF-type data set.
Note : If MAT is left blank, the EDX or DDX is not calculated. In
that case, the input file on unit 1 and output file on unit

11 do not have to be assigned.

Card n+4 to m : (MT(i), i=1,N) (1015)
MT(i) : The MT number of i-th reaction to be included in the calcula-
tion of EDX or DDX. For example, if the user want to make a

DDX of only the (n,2n) reaction, N must be 1, and MT given on

this card must be 16.
Note : This card is required only if N is less than 100,
Card m+]l to up : For the next calculation, repeat inputs from Card n. The

job is terminated if E;, = 0.0 on Card n.
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IV. Output Format

The calculated EDX or DDX is written onto a file assigned as the logical
unit 11. It is written in the same format as the usual smooth cross section
in MF=3 of the ENDF-5 format, i.e., as pairs of (energy, EDX) or (energy,
DDX). Here, the energy is interpreted as the secondary particle energy in
eV, and EDX is given in (barns/Sr), and DDX in {(barns/Sr/MeV). The MT
number of calculated DDX at an angle of 8H(degrees) is determined by the

following rule:
MT(0) = Integer(—zga)xlo.o + i (4-1)

where i = 1 for the first calculation, 2 for the next calculation, and so
forth until E;, becomes 0.0. In the example shown in next chapter, the DDXs
are calculated at 40 and 120 deg. at 14.1 MeV in a single job. The MT number
of the calculated DDX at 40 deg. is therefore
MT = Integer(40.0/2.0)%x10+1=201, while that  of 120 deg. becomes
MF = Integer(120.0/2.0)x10+2=602. If vou have the third set, the MT will
be MT = Jnteger(9/2.0)x10+3... The MT number of reproduced EDX is calcu-

lated by setting 0=0.0 in eq. (A-1).

V. Sample JCL and Input

In the following example of JCL and input data, DDXs of *Nb are cal-
culated at 40 and 120 deg., at an incident energy of 14.1 MeV (Fig.A-1).
At the same time, two sets of experimental data at 40 and 120 deg. are
retrieved. The calculated and experimental data at 120 deg. are multiplied
by 0.1 in order to plot the DDXs of these two angles in a same figure.
The IZA of the first experimental data set is set to 41093. On the other
hand, that of the second data is artificially set to 41094 in order to be
distinguished from the 40 deg. data.

In the second step of the JCL, SPLINT executes plotting of the calcu-

lated and experimental DDXs.
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//JOBPROC DD DSN=J2608.PROCLIB.CNTL
// EXEC LMGO,LM='J4013.LOADM',PNM=PLDDX

// EXPAND DISKTO,DDN=FTO1F00l,DSN='J1615.JENDL303',MODE=IN
// EXPAND DISKTO,DDN=FT02F001,DSN="J4013.DDXEXP02"',

// Q='.DATA(OKNBDD90)',MODE=IN

// EXPAND TPDISK,DDN=FT11FOOl,DSN=CAL

// EXPAND TPDISK,DDN=FT12F001,DSN=EXP,RSIZE=160

//SYSIN DD *

DDX OF 93-NB AT 14.1-MEV, 40- AND 120-DEG.

14.1 40.0 1.0

0.0 16.0 0.2 0.5 0.5
00018005 41093

100 3411
14.1 120.0 0.1

0.0 16.0 0.2 0.5 0.5
00018013 41094

100 3411

0.0

// EXEC SPLINT89
// EXPAND TPDISK,DDN=FTOl1F00l,DSN=CAL,DISP=0OLD

// EXPAND TPDISK,DDN=FTO2FQ0l1,DSN=EXP,DISP=0LD,RSIZE=160

//SYSIN DD *

TITLE=DDX OF 93-NB AT 14.2MEV. 40- AND 120-DEG.

XTITLE=SECONDARY NEUTRON ENERGY ( MEV )

YTITLE=CROSS SECTION (B/ SR/ MEV)

XMIN=0.0,XMAX=16.0E6,XLEN=18.0

YMIN=0.0,YMAX=1.0,YLEN=12.0
DATALl,ENDF(3411,3,201),INP=1,LINE=2,NAME=JENDL-3(40-DEG.)
DATA2,0NES(41093,TOT),INP=2,SYM=0,NAME=TAKAHASHI ET AL.(40-DEG.)
DATA3,ENDF(3411,3,602),INP=1,LINE=2 NAME=JENDL-3(120-DEG.)
DATA4,ONES(41094,TOT), INP=2,5YM=0,NAME=TAKAHASHI ET AL.(l120-DEG.)
DATA2,ERR=1

DATA4,ERR=1

PLOT

STOP
Fig.A-1 The Sample JCL and Tuput Data
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