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I EXPERIMENTAL
MEASUREMENT

Measurement of Cross Section for *Mo(n,p)’*"Nb Reaction
and Deduction of Low Energy Neutron

Zhao Wenrong Lu Hanlin Yu Weixiang Han Xiaogang Huang Xiaolong
(China Institute of Atomic Energy, Beijing, 102413)

Introduction

Molybdenum is an important component of structural material for fission and future
fusion reactors. It consists of seven isotopes. Therefore, fast neutrons can lead to many
nuclear reactions. One of them is **Mo(n,p)’*"Nb reaction. Several authors published
their data for this reaction, while most of the cross section determinations were
concentrated on about 14 MeV energy range. For the neutron energy below 12 MeV,
there are only two sets of measured data, with a large discrepancy between them. The
tendency of the cross sections of Liskien" is higher with the neutron energy increasing,
in energy range above 18 MeV. And the same situation exists also for the reactions with
low threshold, such as *Ni(n,p)**Co, “Zn(n,p)*Cu and etc.

In present work the cross sections for the reaction were measured in the energy
range from 5 to 19 MeV. And the influence of various kinds of low energy neutrons
was considered very carefully. Especially in high energy range, “gas out” irradiation
was performed to deduct the effect of D-d low energy neutrons, and a reasonable
tendency of the cross sections was obtained.

1 Experimental Procedure

The cross sections were measured in neutron energy range from 5 to 19 MeV using
the activation technique. Natural metal molybdenum plate was machined into the
samples with 20 mm in diameter and 1mm in thickness. The samples were irradiated in



the 0° direction relative to incident particles. The irradiation time was 4 to 9 h and the
distance between the samples and the neutron source was 2 to 4 cm. The neutron flux
was determined via the monitor reactions.

In the energy range below 12 MeV, D(d,n)’He reaction was used to produce the
neutrons by D, gas target at HI-13 tandem accelerator and solid D-Ti target at Van de
Graaff accelerator and small tandem.

The activities of the Mo sample and monitors of **Ni(n,p)**Co and **Fe(n,p)**Mn
reactions were corrected for the contributions from D-d low energy neutrons of self-
building D target by gas in and gas out runs in the energy range of 5 to 7 MeV.

In 8 to 12 MeV range, a group of monitors was selected with different threshold,
such as **Ni(n,p)*Co, *Fe(n,p)*Mn, “Al(n,0)*Na, Au(n,2n)'**Au and etc. and
irradiated with Mo sample together. After that , a relationship between neutron flux and
threshold was obtained. The neutron flux at the measured energy can be given through
this relationship, according to the threshold of **Mo(n,p)**Nb reaction. In this way, the
influence of low energy neutrons was well deducted, which include of the D-d low
energy neutron from self building D target, breakup neutron, the neutron from A(d,xn)B
reaction and the scattering, where A means the structure materials of target or sample.

The neutrons above 14 MeV were produced via T(d,n)*He reaction. The cross
sections were measured relative to *Fe(n,p)**Mn and “Al(n,a)*Na reactions at
Cockroft Wetten accelerator. To reduce the effect of D-d low energy neutron, a new T-
Ti target was used and the irradiation time was as short as possible for the measurement
in about 14 MeV range.

In high energy range of 17.30 and 19.09 MeV the ¥’ Al(n,a.)**Na reaction was used
as monitor to determine the neutron flux. To correct the influence of D-d low energy
neutrons, the “gas out” irradiation was performed, where the “gas out” means the target
with free from tritium.

In all the measurements, the corrections were made for the fluctuation of the
neutron flux during the irradiation.

Table 1 The decay parameters of products

reaction haif-live E, /keV 1, 1%
27 Al(n,)*Na 15h 1368.6 100
¢Fe(n,p)**Mn 2.5785h 846.8 98.9
*Ni(n,p)*Co 70.916 h 810.8 99.5
Mo(n,p)**"Nb 10.15d 934.5 99
9T Au(n,2n)'"**Au 6.18d 356 87.6




The activities of the products were determined by Ge(Li) gamma-ray spectroscopy.
The decay parameters of the products are summarized in Table 1. The count rates were
corrected for the gamma ray self-absorption in sample and the cascade effect.

2 Result and Discussion

The cross sections for **Mo(n,p)°’*"Nb reaction are listed in Table 2. The principal
sources of error include the error of the efficiency of gamma ray detector, the cross |
section of monitors, counting statistics, and some corrections for the gamma-ray self
absorption in sample, for effect of low energy neutron and etc. Combing those errors in
quadrature, the total error for each cross section was obtained. '

Table 2 The measured cross sections of **Mo(n,p)**"Nb reaction

E /MeV o/ mb E /MeV o/ mb
5.03£0.16 42.6+2.3 11.40+0.35 118.0+6.4
6.00+0.17 69.1£3.9 14.0040.05 70.3+2.1
6.57£0.26 73.7+3.5 14.70£0.15 61.0+1.8
7.07£0.19 82.8+4.4 14.8340.15 56.4£1.5
8.37+0.58 85.8+4.6 17.30+0.20 36.5+3.6
9.37£0.46 95.0+5.1 19.09+0.22 29.8+1.5
10.40+0.33 104.7%5.5
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Fig.1 Cross section of ®?Mo(n,p) reaction



The cross sections are plotted as a function of neutron energy in Fig. 1 together
with available values from literatures for comparison. The solid line presents this
evaluation. Below 8 MeV, our data are in agreement with the data of Rahman!®. From 8
to 12 MeV, the results of Qaim"! are consistent with ours, while the cross sections of
Rahman® are about 50% higher than ours. In about 14 MeV energy range, the data of
Ikeda'”, Filatenkov!, Kong!® and present work fall into agreement. The data of Kanda!”
are much lower than others. Above 16 MeV, the tendency of the cross sections for
Marcikowskil® and ours is coincident. The results of Liskien!"! are higher than others in
his whole measured energy range.

In the energy range of 18 to 20 MeV, the data of Liskien!"! increase with the
neutron energy. In the same energy range in present work, a new T-Ti target was used
and the correction was made by "gas out” irradiation for the effect of D-d low energy
neutrons. The correction is 10% at 19 MeV neutron energy in our experimental
condition. Therefore, the present cross sections are lower than Liskien", and the
tendency of our measurements is decreased with neutron energy increasing.

The cross sections of *Ni(n,p)**Co and *Zn(n,p)*Cu reactions were also measured
relative to ¥’ Al(n,o.)**Na monitor reaction in high energy range. And the same tendency
of the cross sections were obtained.

Because of the low threshold of *?Mo(n,p)**Nb reaction, only 288 keV, the effect
of D-d low energy neutrons is obvious in high energy range. The influence is increased
with the neutron energy and strongly depends on the threshold of the specific reaction
and the irradiated time. Therefore, the correction, by “gas out” irradiation, for the effect
of low energy neutrons is very important for the reactions with low thresholds in high
energy range of neutrons produced through T(d,n)'He reaction.
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I THEORETICAL
CALCULATION

Progress Report on the Model Calculation
of n+’Be Reactions below 20 MeV

Zhang Jingshang Han Yinlu Shen Guangren Shen Qingbiao
(China Nuclear Data Center, CIAE)

Introduction

’Be has long been selected as the material for controlled thermonuclear
reactors''). The secondary particle energy spectra of n+’Be reaction, especially the
neutron spectrum needs further improvement to meet the needs of nuclear
engineering and other applications. The neutron double differential cross sections
have been measured by Drake et al. in 1977, Baba et al. in 1978"! and Takahashi et
al. in 1983", Perkins et al. evaluated the measured data mentioned above in terms of
Monte Carlo technique and set up ENDF/B-6 in 19855,

Because there is no suitable reaction model for the target nucleus with mass
number about 10, which is too light for statistical theory and is too heavy for few
body problem. So far the double differential neutron emission cross sections of
n+’Be were determined by the given representations of the multistage reactions in
terms of the relative contributions of the various possible reaction channels based on
the measured data and theoretical analysis'®. A proper description of the double
differential cross sections of neutron from n+’Be reaction in terms of a realistic
reaction model is one of the more complex problem that theorists and evaluators
confront.

The emission processes from discrete levels in the pre-equilibrium state are the
important reaction mechanism, which can be described by the unified Hauser-
Feshbach and exciton model”. In this model the angular momentum dependent
exciton model is used for conserving angular momentum in both equilibrium and
pre-equilibrium reaction processes!®. Meanwhile, the residual nuclei can decay
spontaneously into two or three clusters, this is the characteristic for light nucleus
reactions. Because of light mass, the recoil effect must be taken into account exactly
to maintain the energy balance”. The improved pick-up mechanism was employed
to calculate composite particle emissions in this model!'*'".



1 Reaction Channels of n+°Be Reaction

In view of n+’Be reactions for E, < 20 MeV the reaction channels are listed as

follows:

n+’Be =

(v+9Be 0=6.811MeV
p+°Li(T,,, =178.3 ms) Q=-12.825MeV
a+°He(B_,T,,, =806.7 ms) 0 =-0.598 MeV

Jd+°Li(B_ +2a,T,,, =838 ms) 0 =-14.663 MeV
t+’Li 0=-10.439MeV
>He+’He(2n + 2a) 0 =-3.362MeV
n,p+PLi(B_ +2a,T,,, =838ms) Q=-16.887 MeV

| 2n+°Be(a + o) 0 =-1.665MeV

Reaction mechanism in the n+°Be system leading to the decay into two neutrons
and two « particles reactions may proceed via a number different reaction channels,
either as sequential two-body reaction or as direct three-body or four body break-up
processes. The different approach strongly differs each other in their respective

neutron energy-angular distributions. The reaction channels to *Be(n,2n)2a. channel
involved in the calculation are as follows:

(a) n+’Be — n+’Be*

(b)

()
d
O

’Be* — n+*Be*
8Be* — 2a
n+ Be — n+ Be*
*Be* >+ He*
SHe* > n+a
n+’Be*—> He*+ He *
2°He* > 2n + 2
n+ Be* > a+°He*
®He* > n+n+a (3 - body break - up)
n+’Be*—>'"Be* - n + n+*Be (direct 3 - body break - up)

The discrete level scheme of every reaction channels is taken from the "Table of

Isotopes"' (1996).

2 Double Differential Cross Section from Discrete Levels to Discrete

Levels

A new model has been developed for calculating nuclear reaction data of light

nuclei™. In n+’Be
discrete levels at £,
6

reactions all of emissions are carried out from discrete levels to
<20 MeV.



The physical quantities used in this paper are defined as the following:
E': excitation energy;
E,: incident neutron energy in L. S;

M., M;: mass of compound nucleus and target;

m,, m,: mass of the first and the second emitted particle;

&, &: energy of the first and the second emitted particle;

M,, M,: mass of residual nucleus after the first and the second emitted particle;

E,, E,: energy of residual nucleus after the first and the second emitted

particle;

B,, B,: binding energy of the first and the second emitted particle in its

compound nucleus;

E, ,E, : level energy with the level order number £,, £, reached by the first

and the second emitted particle;

"), ;M (c): Legendre expansion coefficient of the first emitted particle

and its residual nucleus in C. M. S.;

@), £ (c): Legendre expansion coefficient of the second emitted particle

and its residual nucleus.

Obviously we have

M= e (1)

Three motion systems are used in the model calculations, in which the physical
quantity indicated by the superscript 1, ¢, r and r for laboratory, center of mass, and
recoil residual nucleus, respectively.

The Legendre expansion coefficients of the first emitted particle and its residual
nucleus f™(c) and f,M '(c) can be obtained by the unified model. For low
incident neutron energies ( < 20 MeV) the isotropic distribution of the second
particle emissions is assumed in this model. The emitted energies of the first and

second particlese{, &5 (from k, level to k, level) are given by

e My, _«
3 :-]\}i(E -B -E,) (2)
M
& =F?(Ek, -B,-E,) (3)

The maximum and the minimum energies of the emitted second particle in C. M.
S. are obtained by

I

e5(1-y) (4)
e(+7) (%)

C
gz,min

Il

c
gZ,max

where yis defined by



Efm
y= A ©®
&M,

The Legendre expansion of the second emitted particle in C. M. S can be
obtained by Ref. [13]

d’c

g
——— =Y 2+ 1) ;" (&5) P, (cos O (7
455z, 4]12;( )i (E2)Ri( )
and
m _1[ m
e =52 gmpm ®)
4ye;
where
Y
F ey
& €
= _22___ 9)
£ 2y

In some reaction channels the residual nucleus is unstable and separated into
two clusters spontaneously. For instance *Be=a+a with 0=0.092 MeV, *He=n+a
with 0=0.894 MeV. We denote that m, and M, are the masses of the two clusters
and m,+M,=M,. If the residual nucleus is in a discrete level k,, then the kinetic
energies of the two clusters in the residual system are

M
P =ﬁz-(Q+Ek1) (10)
E: =%(Q+Ekz) (11)

2

The two cluster separation can be treated as one cluster emission with isotropic
distribution as that of second particle emissions. All of formulation can be found in
Ref. [13].

3 Three-body Break-up Mode

The reaction mechanism of three-body break-up process is employed in n+’Be
reactions. The compound nucleus '"Be contributes to total (n,2n) reaction with a
probability through three-body break-up process. The nucleus ‘He* produced as a
result of the (n,a) reaction on °Be. °He in ground state decays only by PB. and
contributes to the (n,a) reaction, so it does not contribute to the (n,2n) reaction.
Since the first excited state of *He has the energy 1.797 MeV, the neutron binding
energy in *He is 1.869 MeV, so it could not have the sequential decay by emission

second neutron. Thus only sequential decay through three-body break-up process
8



contributes to the (n,2n) reaction.

The kinetics of the three-body break-up process has been given by Ohlsen!"!
(1965). H. Fuchs explains Ohlsen's derivation by introducing the integration over the
unobserved variables!'”. Meijer and Kamermens reviewed the three break-up
process induced by He projectiles'®. In the three break-up process, there are nine
degrees of freedom. We can reduce the problem by four degrees of freedom using
the momentum and energy conservation. Thus we only need to specify five
independent variables in order to determine the kinetics of outgoing three-particles.
Now we choose 6, @,, 6,, @, and ¢, as the five independent variables, where 6, @,
represent the recoil nucleus system scattering angle variables for a particle of mass
m; and energy ¢&,.

In the three break-up process of °He and '"Be, g, &, are the outgoing two
neutron energies, while the & represents the alpha particle and *Be, respectively.
Following Ohlsen's notation, from the momentum and energy conservation
g+rete=Qand in P=P + P, + P, =0 system, which means that Be is in C. M. S,
while °He is in recoil residual system after the first o particle emission, the relation
between &, and &, can be obtained

L & (my +my)+&,(my +my) +2mm,€,&, c05012]= 0] (12)
ny

Where m, and ¢, refer to the mass and energy of a particle or *Be. The Q-value
is E; —0.973 MeV for *He and E*+8.477 MeV for "“Be.

The triple-differential cross section for the observation of particle 1 with (6,, @,
&) simultaneously with particle 2 with (6,, @,, &,) reads!"*:

d’c 20 fy 1 (2
= —_— ! T &£ 13
d(‘:ldQlsz h })in Ji pl( 1) ( )

where
mm-,m

,01(51): 177°2 3p1p2_‘ }3 - (14)

2ﬂh6|:(m2 +m3)+ mZ(pl; )pZ}

P>

1;,,= reduced mass in the incident channel,
P..= momentum of the incident channel.

If the matrix element | T | can be considered as constant for the three break-up
process, in this case the triple-differential cross section can be determined as a
purely statistical spectrum of particle 1 at £2, under the assumption that particle 2 is
detected at £2,. Regardless energy of particle 2 for the fixed Q-value, by integrating
over (2, the double differential cross section of the first particle can be obtained by

9



2 3
do _ d’o 4,
de,de2, ded02,d2,
From the relationship between & and ¢, equation, the double differential cross
section for the second neutron can be expressed as:
d? d? d
7= [, (16)
de,de2, dg,d€2,d2, |de,

(15)

4 Transformation from C. M. StoL. S

Since the emitted particle spectra from levels to levels are in ring-type form the
Legendre expansion could not be used in L. S due to the forbidden area &'. The
double differential cross sections have to be expressed by the two dimensions table
of &' and &',

Denoting

Jmm E,
B= M 17)

For a given €l and u'=cos@'the corresponding quantities in C. M.S can be
obtained by

e =g+ g2 —28Ve 4! (18)
o1
4 =cosf° = Velu' - (19)

\/5' + 2 —2ﬂ\[6‘-l/ll

The spectrum in C. M. S has its maximum and minimum values, the maximum

and minimum values of &}, ,&L. can be given by

£l = (€S + B)? (20)
VéSin —ﬁ)z if B <yl <y

Emin =10 if Vesn <B <y Q1)
Erlnin = (ﬂ_ gr(:mx)z if Egﬂn < 6‘;“ < ﬁ

The p' is allowed in the area for a given &'

1 2 c 1 2 c
max{—1, % e <u' <minjl, < * P Emin (22)
28Ve"

The double differential cross section in L. S can be given by

10



21 +1
i d,, \F 2 HERE) (23)

5 Level Broadening Effect

For the first emission processes, the Gaussian expansion reads

1 e—&f)?
N exp(—(—zr?‘l—) 24)
where T, refers to the width of the 4, level of residual nucleus. &3 is the second
particle emission energy from level &, to level k,, the Gaussian expansion can be
obtained by

G(e, k) =

(e-»° -’
oy F1F2 f ly exp(— o2 o )
_ 1 (8—82)

\/Er'reXp( or? )

F=yT2+17 (26)

', and I, refer to the widths of level-k, and level-k,, respectively. If the energy
resolution AE in measurements is taken into account, the total width should be given
by

Gle, k. ky) =
(25)

where

[ = T2 +T2 + AE?
When a spectrum of outgoing particle is obtained by S(¢'), with energy region
Emin < €' < &4 » the Gaussian expansion at energy point £ reads
(6 -¢&)?
. exp(—- 20
J‘/_E . 21;, S(e')de’ (27)
T Fme )y erf(—2)

Jar

Sg (&) =

to keep the value of cross section unchangeable,

[Sq(e)de = f‘“S(g')dg' (28)

min

where erf is the error function.

6 The Function of LUNF Code

The physical quantities calculated by LUNF code contain:

(1) cross sections of total, elastic scattering, compound elastic scattering, non-
1



elastic scattering and all reaction channels;

(2) elastic scattering angular distributions;

(3) the double differential cross sections of outgoing neutron and o particle
from each reaction mechanism;

(4) the total double differential cross sections of emitted neutron and o
particle from (n,2n) reaction channels.

(5) the ENDF/B-6 outputting is given.

7 Results and Discussion

The new model has been used for calculating the cross sections of n+’Be
reactions, including the total, elastic scattering, non-elastic scattering, (n,a), (n,d),
(n,t) and (n,2n) cross sections. The cross section of (n,2n) is shown in Fig. 1. The
model calculations also include the cross sections of (n,y), (n,p), (n,np) and (n,n'y),
and in each channel the y decaying competition is taken into account. In our
interesting incident energy region (2 ~ 20 MeV), ¢,,< 0.1 mb, g, ,< 0.4 ub and at 20
MeV o, ,,=8 pb with the threshold energy of 18.78 MeV, all of them can be
neglected. o,, is 13 mb at 20 MeV with the threshold energy of 14.26 MeV. The
calculations of the double-differential cross sections of outgoing neutron and o
particle from °Be(n,2n)2a reaction channel have been performed in a wide energy
region and angles, which are listed in Table 1.

Table 1 The incident neutron energies and angles calculated
for comparison with the experimental data

E, / MeV 8 Ref.
3.25 49.9 3]
39 49.9 B3]
45 35.549.9 65.0 83.7 136.4 3]
5.9 25.35.45. 60. 100. 125 [2]
6.4 25.949.9 83.792.7 115.4 136.4 13
7.05 25.944.458.483.7 136.4 B3]
10.1 25.45.60. 80. 100. 125. 2]
14.1 15. 20. 30. 40. 50. 60. 70. 80. 90.

100. 113. 120. 130. 140. 150. 160. [4]
14.1 25.30. 37.5 45. 52.5 60. 80. 100.

120. 135. 150. 3]
14.2 27.545.60. 100. 125. 130. 145. 2]

The plotting for £,=10.1 and 14.1 are shown in Figs. 2 ~ 5, the comparisons of
the calculated results with experimental data are all in good or reasonable
agreements.

12
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Fig. 1 The (n,2n) cross section of n+°Be reaction
The data are taken from Refs. [2, 3].
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Fig.2 The energy-angular spectra “Be(n,2n)2c at E,=10.1 MeV.
The data are taken from Drake et all?
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Fig. 5 The energy-angular spectra °Be(n,2n)2a £,=14.1 MeV at 6=100

In this model sequential two-body reactions and the direct three-body processes
are included, from which the different respective neutron energy-angular
distributions are obtained as the components of the energy-angular spectrum of
outgoing neutron and o particle. The direct 4-body break-up mechanism is not taken
into account in the model calculation. The pre-equilibrium mechanism dominates
reaction processes of *Be, while the equilibrium state only gives lightly implement
even at low neutron incident energies ( < 20 MeV). At £,=14.1 MeV, as an example,
the pre-equilibrium state occupies the percentage of P, .=84.31%, while
equilibrium state only has P,.=15.69 %. The parameter of exciton model K=100
MeV? is used in the calculations.

8 Conclusion and Remarks

A new model for neutron induced light nucleus reactions has been developed.
The key point in this model is the description of the particle emissions from discrete
levels to discrete levels in pre-equilibrium states. The pre-equilibrium emission
mechanism dominants the reaction processes. The angular momentum conservation
and parity conservation are taken into account in whole reaction processes and the
energy balance is considered. The contribution to the (n,2n) reaction from three

body break-up is small (< 10%). From fitting results the percentages of three body
15



break-up of "°Be in the (n,2n) cross section are given as follows:

E. /MeV 3.25 4.5 5.9 6.4 7.05 10.1 14.1 15.4
% 8.04 8.22 8.70 8.79 8.87 8.53 8.54 8.69

In this model the forward-angle emission is taken into account, it proved that
the linear momentum dependent exciton state density can be employed in the light
nucleus reaction to account for forward-angle emissions!'”). Since the light nucleus
reactions have very strong recoil motion, the particles emitted from residual recoil
nucleus have very strong backward tendency, while the first emitted particles have
obvious forward tendency. Combining these effects the reasonable shapes of the
energy-angular spectrum are obtained.

From the calculations we can see that the optical model still works well to give
the emission branch from levels in the case of the light nucleus reaction. The
emission probabilities can be obtained by a set of optical model parameters for both
cross sections and double-differential cross sections.

The energy spectra of the second particle emissions from discrete levels to
discrete levels have ring-type form in C. M. S.. In this case the Legendre expansion
could not be used in laboratory system.

The pick-up mechanism is used in the composite particle emission. The
excitation energy dependent formula is used in the calculation. The results indicate
that E-dependent pre-formation formula is good for triton and deuteron emissions,
but for o particle emission the pre-formation probability should be set by F,=1.0,
which drop a hint that Be has very strong cluster structure, the a cluster pre-formed
already in the nucleus.

Since all the particle emissions are carried out from discrete levels to discrete
levels so we do not need the level density parameters as the input model parameters
except the compound nucleus. To fit experimental data of the double-differential
cross sections of neutron the level broadening and the energy resolution must be
included in the calculation accordingly. In our calculation the Gaussian expansion is
used for the level broadening effect. The calculations of nuclear reaction data both
of cross sections and energy-angular distributions of outgoing particles have being
performed for °Li, 'Li, '*C and so on to test this new model.
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n+"C below 20 MeV
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Introduction

A new model was developed for calculating nuclear data of light nuclei, with

which the cross sections and double differential cross sections of outgoing neutron
of n+’Be were calculated!. The results reproduce the experimental data successfully.
Now we go on a step further to calculate the data for n+"C to test this new model.
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The reaction mechanism of light nucleus is more complicated. In the reaction
processes of light nucleus the pre-equilibrium emissions dominate the reaction
mechanism, while the equilibrium state only gives lightly implement even at low
neutron incident energies. The emission processes from discrete levels in the pre-
equilibrium state are the important reaction mechanism. In this model the angular
momentum dependent exciton model is used for conserving angular momentum in
both equilibrium and pre-equilibrium reaction processes”. Meanwhile, the
residual nuclei can decay spontaneously into two clusters or carry out multi-
particle break-up process, these are the characteristics for light nucleus reactions.
Because of light mass, the recoil effect must be taken into account exactly to
maintain the energy balance®. The improved pick-up mechanism is employed to
calculate composite particle emission in this model!**).

In the case of E, < 20 MeV, all of the reaction for n+'2C proceeds via several
sequential decay process between discrete levels. The energy, spin and parity of
the levels are taken from the "Table of Isotopes" (1996)!.

Using LUNF code the calculated results of double differential cross sections
of outgoing neutron at £ =14.1 MeV and 18.0 MeV are shown in section 3. The
optical parameters of all kinds of particles are obtained by APN94 code. Since the
three-particle coincidence measurement of n+'>*C—n+a at E,=14.4 MeV has been
performed!, it is found that there is no evidence for this direct four body break-up
process by the experiment analysis, for this reason the multi-particle break-up
process is not taken into account in this calculation. The formulation of the
reaction for light nucleus can be found in Ref. [1].

1 Reaction Channels of n+'2C

In view of n+"2C for E, < 20 MeV the reaction channels are listed as follows:

y+l3C
n+2C
pUBE_T, ,
12c_Ja+’Be
n+<C= 4B
SHe+®Be(2a)
n,p+''B
2a+°He(n+a)

=20.0 ms)

The reaction channels of (n,t), (n,’He), (n,2n) are not open due to the
threshold energies > 20 MeV. The (n,a) reaction is reached by emitting an o to
the ground state of *Be, while the excitation states of *Be decay to the (n,n)3a

reaction. Reaction mechanism in the n+">C system leading to the decay into one
18



neutron and three o particles reactions may proceed via a number of different
reaction channels, such as sequential two-body reaction or two body break-up
process; the different approach strongly differs each other in their respective
neutron and a particle energy-angular distributions. The reaction channels to
12C(n,n)3c channel involved in the calculation are as follows:

(a) n+"”’C—— a+’Be*
‘Be* —— n+’Be
‘Be — ata
(b) n+"*C — a+’Be*
’Be* —— a+'He
‘He ——> n+a
(¢) n+”C ——n+"C*
2C* — a+'Be
'Be —— a+a
(d) n+">C —— °He+*Be
*Be — a+a
"He — n+a

2 Calculated Results and Discussion

As an example of the cross section, the comparison of theoretical calculated
results and experimental data®® ! of '>C (n,n+20.) reaction cross section is given in
Fig. 1. The measured data have large discrepancy and the theoretical calculation
curve pass through the measured data.

The comparisons of theoretical calculated double differential cross sections
and the experimental data"*'¥! of outgoing neutron are shown in Figs. 2 ~ 3 at
neutron incident energy £ = 14.1 MeV, for outgoing angular 30.0, 37.5, 45.0,
52.5, 60.0, 120.0, 135.0, 150.0 degree, respectively. The experimental data are
taken from M. Baba in 1987 by circle and 1990 by triangle, respectively.
Meanwhile, the comparisons of double differential cross sections between
theoretical calculated results and experimental data! of outgoing neutron are
given in Figs. 4 ~ 7 at neutron incident energy E =18.0 MeV, the outgoing angular
of neutron are 20.0, 25.0, 30.0, 35.0, 40.0, 45.0, 52.5, 60.0, 75.0, 90.0, 105.0,
120.0, 135.0, 146.0 degrees, respectively. The experimental data are taken from
M. Baba in 1990. Inthe calculated results the elastic peak is not involved. In
Figs. 2 ~ 7 the calculated values of outgoing neutron double differential cross
sections are in agreement with experimental data very well.
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3 Conclusion

A new model for neutron induced light nucleus reactions has been developed.
The key point in this model is the description of the particle emissions from
discrete levels to discrete levels in pre-equilibrium states. The pre-equilibrium
emission mechanism dominants the reaction processes. In whole reaction
processes the angular momentum and parity are conserved and the energy balance
i1s taken into account. To fit the experimental data the level broadening effect and
the energy resolution must be considered. The comparison with experimental data
of "C in a very wide incident neutron energies and energy-angular spectra have
been performed. From the calculation we can see that the optical model still works
well to give the emission branch from levels in the case of light nucleus reaction.

The comparisons indicate that this new model can reproduce the nuclear data of
n+'?C successfully.
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Fragment Angular Anisotropies and Inertia Parameters
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Abstract

An analysis of selected fission fragment angular distributions of various
target is made using exact theoretical expressions. Theoretical anisotropies
obtained from the transition state model are compared with their corresponding
values deduced from the statistical scission model. The nuclear moment of inertia
extracted from the model calculations are compared with their estimated values
from a microscopic theory, which includes the nuclear pairing interaction!".
Single particle levels of Nilsson et al. are utilized. It is found that the value of the
statistical parameter, KZ(Kg =3.;T/h%), is very sensitive to the energy gap
parameter, 4. The reduction of energy gap results in an increase in the moment of
inertia. The effect of pairing interaction on the inertia parameters are illustrated
and discussed.
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Introduction

There is considerable evidence that the statistical transition model (TSM)
provides a good representation of experimental fission fragment angular
distributions at low spin values and moderate excitation energies. The fundamental
assumpticn of this model is that the spin projection, K, on the nuclear symmetry axis
remains unchanged during the fission process. For heavy reaction system where the
angular momentum and excitation energy is large, fission fragment angular
distributions are analyzed with the statistical scission model (SSM). Versions of this
model have been published by Rossner et al.”) and Bond"”. Although the formal
equation in the two models are of the same structure, variances in the distributions
of angular momentum projections on the fission direction are established at very
different stages on the fission process in the two models. The properties of transition
state complex were studied by various authors!®. Nuclear moments of inertia were
extracted from the measured fission fragment anisotropies, Huizenga et al.! A

sharp decreasing in 3, /3.4 With Z >/ A at relatively low spin values has been

observed which calls for shell and / or pairing effects'®.

In the present work we have developed a special computer code to deduce the
statistical parameter K (K; =S.T/h*), from experimental angular anisotropies
using the exact theoretical expressions. The K7 values have also been evaluated by
employing the microscopic theory of interaction fermions using the single particle
levels of Nilsson model. Our microscopic calculations of the inertia parameters are
in satisfactory agreement with experiment, especially at lower spin values and
moderate excitation energies. In Sec.1, we review the basic theoretical framework.
Variances of the spin distribution obtained from model calculations based on the
transition state model and in some cases the statistical scission models are presented
in Sec. 2.a. In Sec. 2.b the dependence of K? on excitation energy and nuclear
deformation is presented and the resulting inertia parameters obtained from
microscopic theory, are compared with their corresponding experimental values.

1.1 Formalism of Transition State Moder at Excitation Energies

The excited levels in the transition nucleus are described by statistical theory.
The K-distribution of these levels is predicted by Halpern et al.”) to be Gaussian

2
F(K) o exp[ ZII;) ’(1)

0

and the variance of the distributions is



)
The effective moment of inertia is 3, = 33, A3, -J,) where 3, and 3, are
nuclear moment of inertia about an axis perpendicular and parallel to symmetry axis
and T is the temperature of the nucleus in the transition state.
With the assumption that the fragments separate along the symmetry axis and
that K is a good quantum number during the fission process, then the fragment

angular distribution from a state with quantum numbers K and M (projection of total
spin / along the space fixed axis) is given by!""

W (0) = (@1 + 1)/ 4mdly O ©

The normalized d}, x (@) functions are defined by!"'!

dly ((6) = [ + M)ONI = MY + K)N(I - K)1]2
3 (-1)¥ (sin(@/2)) X M*2X (cos(g / 2))H KM 2X 4)
= (I-K-X)I+M-X)(X+K-M)X!

where the sum is over X=0,1,2... and contains all terms in which no negative value
appears in the denominator of the sum for any one of the quantities in parentheses.
If the target and projectile spins are zero and no particle emission from the

initial compound nucleus occur before fission (i.e.A=0), then the overall angular

/g5

where the transmission coefficients are written as 7, since /=/ when M=0. Eq.(5) is
an exact theoretical expression for computation of fission fragment angular
distribution when both the target and projectile spins are zero. If the target and
projectile spins ate included, an exact expression for the fission fragment angular
distribution is"'

distribution for a fixed energy E, is given by Griffin!'?,

W () o Z(21+1)T, Z (21+1)‘dM OK(Q)} exp[

=-1

. 2 ; 2
I
s QUDGICH |

WOy :
Fmax | 1=0 j:ilw_s‘\ u==1y Z (21 + 1)TI (6)

o) e

{(2”1)1(1’ K(a)\ exp[

FM\
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The quantity [, s and j are the target spin, projectile spin and channel spin,
respectively. The channel spin j is defined by the relation j =1, ® s. The total
angular momentum / is given by the sum of the channel spin and orbital angular
momentum; [ = j® ! The projection of /, on the space-fixed axis is given by x4,
whereas the projection of j (and J) on this axis is M.

The use of equations (5) or (6), requires the evaluation of many )
functions and the Clebsch-Gordan coefficients, hence these equations have rarely
been used for data analysis. In the present paper, we have developed a special
computer code to run these more cumbersome theoretical expressions and thereby to
deduce the statistical variance X;. We have found quite different values of K as
compared to their values from the approximate expression!*™"*,

1.2 Formalism of the Statistical Scission Model

According to the statistical scission model, the relative cross-section, W{(8), for
fission fragments to be emitted in the direction # forming angle & with the beam
axis, when the target and projectile spins are zero is given by Huizenga et al."%!

]
. > 121 +1)/2|Dlyog (@) exp(-m? /253)
W(@) < Y (21 +1T, ==L ; %
o 3 exp(-m? /252)
m=—1]

here again the distribution of spin projection m (the projection of total angular
momentum / along #7), is taken to be a Gaussian with variance S2. Where §Z for

spherical fission fragments is given by either of the following Eqs.!”!
g Lrq
2 2 2 2 2 2
o[ oo? + (ur2T 102 /(ur2T 197 )

A ®)
(25 uT /72 f(23 4 + 1R2)/ 1R

2

whereo? =3, T/h* = gMRZT/hZ.

o~

The quantities Ssph > T, M and R, are the moment of inertia, nuclear temperature,

mass and radius of one of the symmetric fission fragments. R, is the distance
between centers of fragments at scission configuration and is equal to

R=1.225 (All/3 + A;,/j’)(c/a)?'/3 (4, and A4, are mass numbers of fission fragments).
For a scission configuration of two unattached deformed fragments, the variance S
is given by either of two Eq."”!
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where 0”2 , o) 3, and 3, are spin cut-off parameters and moments of inertia of

a single fission fragment rotating about an axis parallel and perpendicular to the
symmetry axis, respectively. The primary fission fragments are assumed to have
spheroidal shapes with the principal one-half axes of magnitude in terms of their
ratio c/a namely!"®.

c=r0A”3(c/a)2/3 and a=r0A”3(c/a)_”3 (10)

where A is the mass number of each fission fragments. The formula (7) is similar to
the corresponding equation in the transition state model. However as seen for
equations (8) and (9) the variance S; is calculated in a completely different way.

The total intrinsic excitation energy in the two fission fragments at scission is given
by

EzEc.m'*'Q'_EK_Edef—Erot (11)

where Q represents the difference in energy between the entrance channel nuclei and
the ground state of the two fission fragments. £y + E4; is the sum of the kinetic
and deformation energies at the instant of scission and £, is the rotational energy of

the scission configuration. The kinetic energy is estimated by use of the expression
72
EK(MeV):0.107j4—1/?+22 (12)
where Z and A4 are the charge and mass number of composite system. The rotational

energy E_, of the system at scission configuration for spin / and projection m on the
scission axis is

o a2 -
i 2uR? +43,

M is the reduced mass of the fission fragments. The temperature of each fission

fragment was assumed being given by

13)

T =[(E/2)/LDP]"? (14)

The variances of the spin distribution can be estimated also, with a microscopic
theory of interacting fermions using a realistic set of single particle levels. For
deformed fission fragments with axial symmetry, the single particle states are from
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the motion of a nucleon in the deformed average potential. They are characterized
by the projection £2of the angular momentum on the nuclear symmetry axis.
Employing the microscopic theory with nuclear pairing, the spin cut-off

parameter 0'”2 (E) is defined by

oif (B) = 3T /1" = %{Zﬂé sechz(%ﬂEpi}Zﬂé sechz[—‘z—ﬁEm )} (15)

where /S =—TI— (T is the nuclear temperature), E(E;) is the proton (neutron)

quasi particle energy. The quasi particle energies E; are related to the single particle

energies &; by E, = [(s,. - +A ]1/2 where A is the chemical potential and 4 is

the ground state gap parameter. The quantity 3 is the moment of inertia about an

axis parallel to the symmetry axis. The spin cut-off parameter 0‘“2 (E) is determined
by the properties of the intrinsic state. Hence Eq.(15) is a definition of the moment
of inertia.

In so far as the neutron-proton superfluids are independent, then the values of
the thermodynamic functions are the sum of those for neutrons and protons. For
example the intrinsic excitation energy corresponding to a given temperature is

Eim = Eifr’u + Ei?n (16)

Since the interaction between the neutron and proton is neglected, the value of the
moment of inertia is the sum of the proton and neutron moments of inertia.

o~

I=3,+3, a7

The temperature dependence of 3 is investigated by examining the data on
angular distribution of fission fragments. Such angular distribution depends on the
statistical variance K discussed in Sec.2.1. This quantity is

-1
N P (18)

o~

2 2
hrop Sy

K§ =3 4T /0" =

The dependence of K? upon excitation energy is therefore a good test of the
persistence of super conducting effects to finite excitation energies. The dependence
of Kk? versus the excitation energy for some typical cases of helium-induced fission
reactions, has been tested and the results will be given in the next section.

2.1 Results and Discussions

Several fission reactions are chosen to deduce the statistical variance, K} by
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fitting experimental fission fragment angular distributions with exact theoretical
expressions, which do and don't include the target and projectile spins. Angular
distributions have been studied for fragments in the fission of *Bi, **U, *U, *°U,
and **U by 51.5 MeV deuterons and in the fission of these same nuclei including
"Au by 42.8 MeV and 103 MeV helium ions. Optical-model transmission
coefficients are used in all calculations and the a-particle transmission coefficients,
Huizenga and Igo!"®, are kept fixed for the calculations with the different equations.
The experimental anisotropy W(170)/W(90) for **U(He,f) reaction with 42.8 MeV
is 1.52 taken from Gindler et al.™®!. The curve in Fig. 1 illustrates the theoretical
dependence of anisotropy of k! extracted from Eq. (5), which assumes that both
the target and projectile spins are zero. The experimental anisotropy W(174)/W(90)
for *Bi(d,f) reaction with 51.5 MeV deuterons is 1.592. The curve in Fig. 2
illustrates the theoretical dependence of anisotropy on k¢ for this reaction deduced
from Eq. (6), which includes the target and projectile spins. Similar results for
%7 Au(He,f) reaction with 103 MeV helium ions is shown in Fig. 3. The fission
fragment angular anisotropies together with the variances K?Z, obtained from the

listed anisotropies at 42.8 MeV helium ions, using the exact expressions are given in
Table 1.
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Fig. 1 Anisotropy W(170)/W(90) of fission Fig.2 Anisotropy W(174)/W(90) of fission
fragments for #*U(He,f) reaction with fragments for 2*Bi(d,f) reaction with
42.8 MeV a-particles. The theoretical 51.5 MeV deuterons. The theoretical
curve is calculated with Eq. (5) curve is calculated with Eq. (6)
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The theoretical curve is calculated with Eq. (6)
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Fig. 4 The angular distributions of fragments

in the helium-ion induced fission of

¥7Au and **Bi. The experimental data

are expressed by open circles. The
solid curve shows the "best fit" g2
calculated angular distributions.

Table 1 Anisotropies, k3 and s? values determined from the exact
theoretical fit to the data at 42.8 MeV helium ions

Target oo, @ K2(b) X2 (©) s2(d) s2()
9TAu 2.47 39 375 33.1 46.2
209 2.12 56 46.5 45.5 52.7
23y 1.38 151 151.5 135 150
B4y 1.42 131 138 133 1354
By 1.40 149 146 129 152.6
23y 1.52 108 1163 101 111

a) Anisotropy measurement taken from [13}

b) K} calculated from a polynomial fit to the data [13]

c) K2

values obtained from the present work

d) Best fit values of 2 with /. = 201

e) Theoretical values of g2

Examination of the k7 given in Table 1, reveals that our K values are in

some cases smaller than their previously reported values. For example, the
experimental anisotropy for **Bi(He,f) reaction is 2.12. The results of our exact
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theoretical calculation with spin of target and projectile included, is 46.5 as
compared to its reported value of 56, which is about 17% small. This demonstrates
the error introduced by neglecting the target and projectile spins. The fission
anisotropies and their corresponding variances K;, obtained from the listed
anisotropies at 51.5 MeV deuterons and 103 MeV helium ions, using the exact
expressions are listed in Table 2. The values of K¢ reported in Table 1 and 2 were
calculated from the listed anisotropies since these anisotropies may result not only
from first chance but also second and third chance fission The values of K;

represent for some type of average value for the various fissioning nuclei, not for the
initial compound nucleus.

Table 2 Anisotropies and Kk values determined from the exact theoretical fit to the data

w(174)* 51.5 MeV deuterons w(170)* 103 MeV helium ions
Target W(90) K2 °® Ki ¢ W(90) K:® Kl °©
7Au -- -- -- 2.73 113 102
29Bj 1.592 105 91 2.56 132 116
By 1.270 226 213 1.57 371 283
By 1.299 198 192 1.55 381 398
By 1.211 299 276 1.62 345 353
By 1.348 172 170 1.60 353 369

a) Anisotropy measurement taken from [13]
b) K(f calculated from a polynomial fit to the data [13]

<) Kg values obtained from the present work

Again, comparison of the K g values listed in Table 2 shows that variances, X 5
deduced from exact calculations are generally smaller than their corresponding
values reported previously!'*'®. The experimental anisotropy for **Bi(d,f) reaction
with 51.5 MeV deuterons is 1.592 the results of our analysis using Eq. (6) is 91, as
compared to its previously reported values of 105 which is about 15% small.

The measured fission fragment angular distributions at 42.8 MeV helium-
induced fission of '’Au and **Bi, taken from Chaudhry et al."” are fitted using the
"best fit" values of k? from Table 1, the results are displayed in Fig. 4. It is seen
that the exact theoretical calculations give an excellent fit to the experimental fission
fragment angular distributions.

Variance S}, has been evaluated at 42.8 MeV helium ions fitting the listed
experimental fission fragment angular distributions using Eq. (7) by assuming
I¢ =207 . Our best fit values are given in Table 1. It is seen that in some cases the
deduced values of §; is close to the values of K calculated from the TSM model.
The variances S have also been calculated, assuming spheroidal fragments at the
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scission configuration. These theoretical values of §; are computed with Eq.(9) by
assuming r,=1.225 fm, a=4/8 and E =10 MeV. Our theoretical values of s¢ for

deformed fragments are considerably smaller than their corresponding experimental
values for uranium reactions. In order to bring the predicted values in agreement
with the experimental variances, the level density parameter "a" would need to be
changed from 4/8 up to 4/20. The results are shown in the last column of Table 1.

We conclude that the variances K produced by the TSM model for the 42.8
MeV helium-ion reactions give generally a good agreement relative to the SSM
model. This reestablished the applicability of this model for systems with well
defined deformation and lower spin values at moderate energies.

T '— T l ¥
L] 197Au
100 - « 2090, i
A 238U
I v 235U
’ 234U
ne 300F + 23y 103 MeV helium ions i
o
Q
[=]
=
~
= 200 |
51. 5MeV deuterons
L
100 |- — |
42.8MeV helium ions
—
0 L 1 A 1 N
32 34 36 38

2%/

Fig. 5 Valuesof K7 as a function of Z*/4 of the fissioning nucleus for reactions listed in Table
1 and 2. The calculated variances are labeled according to the target nucleus.

Variances k? determined from the listed angular anisotropies at 42.8 and 103

MeV helium-ion and 51.5 MeV deuterons induced fission of various targets under
study, are plotted in Fig. 5 as a function of Z*/4 of the fissioning nucleus. From the
study of Fig. 5 the following general trends are observed (i) the variance k¢ for

given target and projectile is larger for the high energy projectiles, (ii) the K¢ value

for a given projectile energy tends to increase as the parameter Z}A4 of the
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compound nucleus increase. This is related to an increase in J g With ZHA. We
have converted our "best fit" values of k2 to values of 3,/ 3 using Eq. (2) for

42.8 MeV helium ions induced fission reactions by utilizing the appropriate nuclear
temperature, 7. We have estimated the temperature for first and second chance
fission. In Fig. 6 we show results only for the assumption of first chance fission.

25 T T v T Y T . I
O Present Work 1
(o]
——LDM
(o]
15}
o -
®
ot
= o
o |
05 + _
0.0 1 1 i P ! L i
0 10 20 30 40 50

7%

Fig. 6 Comparison of the experimental values of Ssph/ B> determined from helium-ion
induced reactions with the liquid drop model at 42.8 MeV helium ions. Solid line curve
represents the theoretical non-rotating (LDM) model values of T,/ 3¢ as a function of Z%/A.

It is clear from Fig. 6 that there is a distinct increase of J/Je With

decreasing Z¥/A. This is the effect which was observed by Simmons et al.”" and
confirmed by others® and discussed in connection with dependence of K on the

excitation energy above fission barrier. The proposed explanation involves pairing
energy and/or shell effects, which will be discussed next.

2.2 Inertia Parameters

For determination of fission fragment anisotropies in the super conducting

model, the most important parameter to be calculated is 3,7/ h? . This quantity is
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directly related to the average of K over the particle spectrum and is given by the
spin cut-off parameter, 0'”2 =37/ A% . The microscopic theory is used to compute

'0'”2 (E) by way of Eq. (15). The energies and spins of the single particle levels for a

given deformations &, were calculated with a program and parameters of Nilsson et
al.”. The initial values of the gap parameters, 4, and A, were obtained from the
newest mass table of G. Audi. et al.®!. The chemical potential, A, were evaluated by

2421 Values of o1(E) are

calculated with the rigid body moment of inertia. k] Values are deduced as a

a procedure outlined in our pervious publications

function of excitation energies for the case of helium induced fission of '’Au, **Bi
and *U target nuclei. The temperature dependence of gap parameters for **’Pu
fissioning nucleus with 4,=1.23 MeV and 4,=1.37 MeV is shown in Fig. 7. The
moment of values of inertia for 242Pu is plotted as a function of nuclear temperature
in Fig. 8. The experimental values of K2 versus the excitation energy for °'Tl, *’At,

and **Pu fissioning nucleus together with theoretical curves calculated from the
super conducting model are displayed in Figs. 9 ~ 11. In the case of **Pu, the
calculations are made for shapes corresponding to deformation parameter 6=0.37
and 6=0.65. It is seen that the agreement between the calculations and experiment is
very good. The results from LDM model are also plotted for comparison.
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Fig. 7 Temperature dependence of the neutron and proton
energy gap parameters of ***Pu nucleus.
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The solid line curve gives the theoretical energy dependence from a microscopic
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In summery, by considering the various statistical interpretation of fission
fragment angular anisotropies, we have concluded that the TSM model gives

generally a good representation of experimental angular anisotropies at moderate
excitation energies.

The exact theoretical expressions including target and projectile spins as given
in Egs. (5) and (6) provides more precise information on the fission fragment
angular anisotropies. The rather encouraging results obtained by applying
microscopic theory for several fission reactions may serve as means of calculating
the total cross-sections and angular distributions of fission fragments. We intend to
extend such investigations to anisotropies produced in heavy ion reactions.
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Abstract

All reaction cross sections, secondary neutron spectra and elastic scattering
angular distributions of n+*Y in £,=0.001 ~ 20 MeV are calculated. Pretty good
results in accordance with experimental data are obtained. And the data results are
given in ENDF/B-6 format.

Introduction

Among the large number of fission product nuclides, ¥Y is one of several very
important nuclides for which there are abundant experimental data for o, and elastic
scattering angular distributions, sufficient experimental data for o, and o, ,,, some
data for o,, o, ,, 0,, and g, ,. There are no experimental data for other reaction cross
sections and secondary neutron spectra. All of the experimental data were taken
from EXFOR. The universal optical potential parameters for six channels used in
calculations are given in Table 1.

Firstly, the code APMN! was used to automatically get the optimum
parameters of optical potential for neutron channel. There are no experimental o,
for Y to search for the optimum optical potential parameters. They were calculated
from experimental o, and o, ,. The final optimum set of optical potential parameters
for neutron channel are (the parameters not listed here are taken the same values as
in Table 1):

V,=55.46697998, ¥,=-0.62699956, ¥,=0.01931670, V,=-0.09212393,
W,=4.56148911, W,=0.23274532,

U,=—-021403342, U,=0.38227317, U,=-0.08095945,

a.=0.44500044, a,=0.40294382,  a,=0.77707744,

r.=127821732, r,= 137984145, r,=1.10318673.
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Table 1 The universal optical potential parameters for six channels

channel n p t *He d a
a, 0.75, 0.75, 0.72, 0.72, 0.71, 0.520,
a, 0.58, 0.51, 0.84, 0.88, 0.78, 0.520,
a, 0.58, 0.51, 0.84, 0.88, 0.78, 0.520,

asg 0.75, 0.75, 0.72, 0.72, 0.71, 0.520,
r. 1.17, 1.17, 1.20, 1.20, 1.17, 1.442,
r 1.26, 1.32, 1.40, 1.40, 1.30, 1.442,
r, 1.26, 1.32, 1.40, 1.40, 1.30, 1.442,
reo 1.01, 1.01, 1.20, 1.20, 0.64, 1.442,
r. 1.25, 1.25, 1.30, 1.30, 1.30, 1.250,
Vy 56.30, 54.00, 165.00, 151.90, 90.60, 164.700,
Y, -0.32, -0.32, -0.17, -0.17, 0.00, 0.000,
V, 0.00, 0.00, 0.00, 0.00, 0.00, 0.000,
Vi -24.00, 24.00, -6.40, 50.00, 0.00, 0.000,
v, 0.00, 0.40, 0.00, 0.00, 0.00, - 0.000,
Veo 6.20, 6.20, 2.50, 2.50, 7.13, 0.000,
W, 13.00, 11.80, 46.00, 41.70, 12.00, 0.000,
W, -0.25, -0.25, -0.33, -0.33, 0.00, 0.000,
W, -12.00, 12.00. -110.00, 44.00, 0.00, 0.000,
U, -1.56, -2.70, 0.00, 0.00, 0.00, 22.400,
U, 0.22, 0.22, 0.00, 0.00, 0.00, 0.000,
U, 0.00, 0.00, 0.00, 0.00, 0.00, 0.000,

Secondary, the code DWUCK4" was used to calculate the cross sections and
angular distributions of direct inelastic scattering to 6 levels. These direct inelastic
scattering data and the optimum set of optical potential parameters were taken as the
input data of the kernel program SUNFP!, Through adjusting some parameters in the
input data of SUNF by hand again and again, the cross sections o, ,, 6, Gy Gnp
and g, , were made in optimum agreement with experimental data.

The final optimum values of the adjusted parameters we got are:

C,=2350 (the parameter for exciton model);

C.,=0.34 (the multiplied factor in o, ,);

The optical potential parameters for p, o were adjusted as follows:

for p channel, g, and a5, to 0.63, g, and a, to 0.51, r,and r, to 1.24;

for o channel, g, and a, to 0.55, r, and r¢, to 1.40, 7, and r, to 1.39;

The change of energy density parameters are as follows:

a,, from 9.37206 to 10.37206, a,, from 9.92813 to 12.88813, a,, from
11.21302 to 13.35302, a,,4 from 9.76237 to 10.36237, a,,, from 10.81555 to
15.81555;

The change of pair energy corrections are as follows:

4,, from 0.39 t0 0.19, 4, . from 1.49 to 0.49;
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The calculated o, 0,,, and o, with the experimental data are given in Fig. 1(a)
and (b), from which we can see that calculated o, are in very good accordance with
experimental data except in E,<0.4 MeV energy region, o,, and o, are also in
reasonable good accordance with experimental data. The results of g, are given in
Fig. 2, from which we can see that the calculated values are in pretty good
agreement with experimental data except in E>5 MeV energy region. The
calculated and experimental o, and o, ,, are given in Fig. 3, from which we can see
that the calculated o, ,, are in very good agreement with experimental data and B. S.
Yu's evaluated values, the calculated o, are also in pretty good consistent with
experimental data. The calculated and experimental o, , and o, , are given in Fig. 4,
from which we can see that the calculated o, are in very good agreement with
experimental data, and the calculated o, are not in very good accordance with
experimental data because the experimental data themselves are some divergent. All
calculated cross sections are plotted in Fig. 5, which are of reasonable values. There
are experimental and calculated elastic scattering angular distributions at 60 energy
points, only ten of them are given in Fig. 6 to Fig. 8, from which we can see that
calculated values are in pretty good agreement with experimental data (for other 50
energy points, calculated values are in similar accordance with experimental data).
The calculated secondary neutron spectra of continuous inelastic scattering (MT=91)
and (n,2n) reaction (MT=16) at £, =8.0, 14.0 MeV and 20.0 MeV are plotted in Fig.
9 and Fig.10,respectively. These secondary neutron spectra are of reasonable shapes
in physics, though there are no experimental data to compare with.
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Abstract

All reaction cross sections, secondary neutron spectra and elastic scattering
angular distributions of n+*Sr, **Sr and *°Sr in £,=0.001 ~ 20 MeV are calculated,
rather good results in accordance with experimental data are obtained, and the data
are given in ENDF/B-6 format.

Introduction

The natural element Sr has 4 stable isotopes: *Sr, ¥Sr, *Sr, and *Sr, the
abundances of which are 82.58%, 7.00%, 9.86% and 0.56%, respectively. As fission
product nuclei, this time we need to calculate 3 isotopes: *Sr, ®Sr and *°Sr, the later
two of which are unstable. There are abundant experimental data of o, for natural
element, some very divergent experimental o, for *Sr near E,=0.01 MeV; few
experimental o, for natural element; some experimental data of o,, for **Sr and
natural element; sufficient experimental data of o;,, for 8Sr; sufficient experimental
data of elastic scattering angular distributions for natural element at £ =0.886, 1.0,
3.2, 3.66, 437, 11.0 and 14.76 MeV. There are no experimental data for other
reaction cross sections and secondary neutron spectra. All of the experimental data
we were taken from EXFOR. The universal optical potential parameters for six
channels used in calculations are given in Table 1 of Ref. [1].

Firstly, The code APMNY is used to automatically get the optimal parameters
of optical potential for neutron channel. Because there are only some very divergent
experimental o,, for **Sr near E, ~ 0.01 MeV, the experimental o,, and elastic
scattering angular distributions for natural element are used to determine the optimal
optical potential parameters of **Sr for neutron channel in running the code APMN.
The final same set optimal parameters of optical potential for neutron channel used
for calculations of *Sr, **Sr and **Sr are:

Vo=56.09614944, V,=-0.27418378, V,=-0.02068655, V,=-0.42493716,
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W,=8.03748131, W,=0.16873387,

U,=-0.20045300, U,=0.17602199, U,=-0.04169800,
a,=0.66182411, a,=0.47570482, a,=0.64955997,
r,=1.26379693, r,= 1.22453%0, r,=1.25863004.

Secondary, the DWBA code DWUCK4" is used to calculate the direct inelastic
scattering cross sections and angular distributions of 5 levels for *Sr, 11 levels for
¥Sr, and 5 levels for *’Sr. These direct inelasti scattering data and the optimum set of
optical potential parameters are taken as the input data of the kernel program
SUNF™. Through adjusting some parameters in the input data of SUNF for **Sr by
hand again and again, we can make o,, and g, for 8Sr in optimum agreement with
experimental data.

The final optimal values of the changed parameters for ®*Sr we got are:

C, (the parameter for exciton model)=950.0;

C., (the multiplied factor in o, ,)=0.55;

The change of level density parameter for *Sr is a o,, from 9.97920 to
10.37920.

The pair energy corrections and optical potential parameters for charged
particles channels are not changed for *Sr.

For ¥Sr and *Sr, there are no experimental data for all cross sections, elastic
scattering angular distributions and secondary neutron spectra at all, we take
C,=950.0 (the same as for **Sr) and C,,=1.0, the optical potential parameters are the
same as for **Sr, the level density parameters and pair energy corrections are not
changed (kept the input values).

The calculated o, ©,,, and o, for **Sr, **Sr and **Sr as well as the experimental
o, and o, for *®Sr and natural element are given in Fig. 1, from which we can see
that the calculated o, are in very good accordance with experimental data, the
calculated o are also in rather good accordance with experimental data. The results
of o,, for *Sr, ¥Sr and *’Sr are given in Fig. 2, from which we can see that the
calculated values are not in good agreement with experimental data, because the
experimental data are very divergent. The calculated o, for *Sr, ®Sr and *Sr and
experimental o, for **Sr are given in Fig. 3, from which we can see that the
calculated value for *Sr are in very good agreement with experimental data, the
calculated for ¥*Sr and *’Sr are also reasonable in physics. The calculated elastic
scattering angular distributions for **Sr and the experimental data for natural element
at £ =0.886, 3.66, 11.0 and 14.76 MeV are given in Fig. 4(a) to 4(d), from which we
can see that the calculated values are in pretty good agreement with experimental
data. All kinds of the calculated cross sections are plotted in Fig. 5 for **Sr, in Fig. 6
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for ¥Sr and in Fig. 7 *°Sr. The calculated secondary neutron spectra of continuous
inelastic scattering (MT=91) and (n,2n) reaction (MT=16) at E,=8.0 MeV, E =14.0
MeV and E,=20.0 MeV are plotted in Fig. 8(a) and (b) for **Sr, in Fig. 9(a) and (b)
for *Sr, in Fig. 10(a) and (b) for *°Sr, respectively. These secondary neutron spectra
are of reasonable shapes in physics, though there are no experimental data to be
compared with.
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Neutron Spherical Optical Potential Parameters
for 2*24Py below 20 MeV

Wang Shunuan  Yu Baosheng
(China Institute of Atomic Energy, CIAE)

Abstract

A set of neutron spherical optical potential parameters for »*?*?Pu below 20
MeV is obtained by using the auto-searching optimum optical potential parameters
code APFO96!" based on latest available experimental data of total cross sections o,
nonelastic cross sections o,,, elastic differential cross sections o,(6), and
systematics. The calculated results of o, o, 0,(6) for ®***’Pu are compared with
available experimental data, CENDL-2 and other evaluated data files. Theoretical
calculations and experimental data are in agreement fairly good. The set of neutron
spherical optical potential parameters for ****Pu below 20 MeV are recommended
for CENDL-3 actinides nuclei FUNF preequilibrium and equilibrium statistical
calculations and evaluations.

In order to perform evaluations of actinides for CENDL-3, a set of neutron
spherical optical potential parameters for *****?Pu below 20 MeV was obtained by
using the auto-searching optimum optical potential parameters code APFO96!"! (with
14 adjusted parameters) and its adapted Alpha computer AUTOFOPT system!
connected with EXFOR, Model Parameters Library to produced two input data files
for APFO96. The searched parameters are based on all of available experimental
data of total cross sections ¢;, nonelastic cross sections g, ,
sections o(0).

In the auto-searching optimum optical potential parameters, the latest available

experimental data were used. There are enough o; data and o,(6) data at 23 incident
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neutron energy points (E,=0.5 ~ 14.1 MeV) for *’Pu. The o,_, data of n+*°Pu found
from EXFOR are not correct not only for the magnitude but also the tendency, and
they are not consistent with the sum of the all open reaction channels existing
experimental data or evaluated data. Therefore, in the present paper, the o,
excitation function, which are more reasonable and more consistent with the sum of
the all open reaction channels existing experimental data, are evaluated and
recommended for **Pu optical potential parameters adjustment. There are some o,
data for **°Pu only, and some o, data and o,(6) data at three neutron energy points
for ***Pu only. There are no any available data for ***Pu and **'Pu. By using APFO96
code and AUTOFOPT system and the available data mentioned above, a set of
neutron spherical optical potential parameters for *°Pu, *°Pu and *’Pu at E, < 20
MeV are firstly obtained respectively. According to the systematics of **Pu and
#'Pu (both are same Z and odd 4), the parameters for **'Pu was taken as the
completely same as for 2°Pu. According to the systematics of ***Pu, *°Pu and **Pu
(they are same Z and even A4), the extrapolation of the 14 adjusted parameters from
Py and *Pu was made to get the parameters for **Pu. From the later on
comparison between the calculated results and experimental data, the systematics
described above works well and successfully.

Table 1 Neutron (E, <20 MeV) Spherical Optical Potential Parameters for 2**22pPy

242Pu ZJOPu ZSBPu 239Pu, ZJIPu
Vy 48.92297363 49.24069595 49.55841827 50.59375000
Vi —-0.40507239 -0.38750157 ~-0.36993075 —-0.38913181
v, 0.02700651 0.01600822 0.00500993 -0.01268969
r, 1.25547445 1.26970696 1.28393947 1.25164747
a, 0.58439469 0.61144131 0.63848793 0.59236091
Wy 5.61328173 5.94410181 6.27492189 4.00000000
Wy, 0.34281868 0.19266422 0.04250976 0.11215307
r, 1.39045620 1.35386860 1.31728100 1.27787423
a, 0.52507484 0.50842720 0.49177956 0.80000001
Wyo 2.21182537 1.16506124 0.11829711 1.65087783
Wy, -0.37751999 0.06561940 0.50875879 0.08693016
Wy, ~0.00947707 0.00000000 0.00947707 0.00000000
ry 1.35027134 1.04229474 0.73431817 1.17236149
ay 0.36000001 0.36000001 0.36000001 0.36000001
(14 adjusted parameters)
Vi -24.0
V, 0.0
w, -12.0
Vso 6.2
As0~=a;
Fso™r,

(6 fixed parameters)
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As far as it goes, a set of reasonable neutron spherical optical potential
parameters for 2***’Pu below 20 MeV are shown in Table 1.

The calculated results of o, &,,,, 0,(8) for 2*?**Pu are compared with available
experimental data, CENDL-2 and other evaluated data files shown in Figs. 1 ~ 9.
Figs. 1 ~ 2 show the comparison of calculated total cross sections with experimental
data and JENDL-3.2, CENDL-2.1, ENDF/B-6, respectively, for n+*°Pu below 20
MeV. It can be seen from Figs. 1 ~ 2 that our results fit the experimental data prety
well, and they are more clossed to ENDF/B-6 and slightly better than CENDL-2 at
15 ~ 20 MeV. The calculated o,(6) at E=0.5, 0.7, 0.8, 1.0, 1.2, 1.4, 1.5, 1.6, 1.8,
1.9, 2.0, 2.2, 2.3, 2.4, 2.6, 2.8, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 14.1 MeV for **Pu are
agreement with experimental data well. Figs. 3 ~ 6 show the o,(6) results compared
with experimental data and JENDL-3, CENDL-2.1, ENDF/B-6 at £,=0.5, 1.9, 4.0,
14.1 MeV, respectively. Fig. 7 shows the calculated o, compared with experimental
data and CENDL-2. It can be pointed out that the total cross sections at 3 ~ 20 MeV
for *°Pu calculated in the present paper fit the experimental data better than the one
given in Ref. [3]. Figs. 8 ~ 9 show the ¢; at E =1 ~ 20 MeV and o,(0) at E,=0.57,
1.0, 1.5 MeV for *?Pu, respectively. The comparison of calculated results with
experimental data for *Pu is also fairly good. It can be concluded that the
comparisons between theoretical optical model calculations and available
experimental data are satisfied. The set of neutron parameters for **?**Pu at E, < 20
MeV could be recommended to CENDL-3 actinides nuclei FUNF preequilibrium
and equilibrium statistical calculations and avaluations.

e This Nork

g/b

4 239y, (N, TOT) 7

PR SV SRS SN B KA TP EPR EPRS WP P SV SR TP SRS B P R A
2 4 6 8 10 12 14 16 18 20

E n/MeV
Fig. 1 Comparison of evaluated and measured data for *Pu(n,tot)
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Calculation of Neutron Induced Reaction on **In
in Energy Region from 0.01 to 20 MeV
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Abstract

A set of neutron optical potential parameters for '“’In in energy region of 0.01 to
20 MeV was obtained with available experimental data. Various cross sections of
n+'"’In reactions are calculated. Theoretical results are compared with experimental
data.

Introduction

Calculating the cross sections of neutron induced reaction on '“’In is significant.
There are few experimental data of total cross sections, nonelastic cross sections,
elastic scattering cross sections and elastic scattering angular distributions of '"’In,
but there are more experimental data of “In. In this paper a good set of optical
potential parameters are presented and the calculated data of all cross sections and
elastic scattering angular distributions of "In are given.

1 Theories and Parameters

The optical model, evaporation model and pre-equilibrium emission theory
exciton model are used in our calculation.

In this calculations. The experimental data are taken from EXFOR library. The
nuclear discrete levels are taken from Ref. [1]. The parameters of nuclear level

densities and giant dipole resonance are taken from Ref. [2].
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With the aid of code APOM94"! the neutron optical potential parameters can be
adjusted automatically with fitting experimental total, nonelastic cross section and
elastic scattering angular distributions, then a set of best ones can be obtained.
Because the experimental data of total, nonelastic cross section and elastic scattering
angular distributions of '"’In are less, but there are more on ™In, and the abundance
of 'In is 95.7 %, the experimental total cross sections, nonelastic cross sections and
elastic scattering angular distributions of ™In were used to play the roles of
experimental data of '’In. A set of optimum neutron optical potential parameters of
*In are obtained as follows:

V=155.67852-0.079936E—0.029445E* —24.0(N-Z)/A

W, = max{0.0, 8.23697+0.69874E—~12.0(N-Z)/A}
W,=max{0.0, ~1.56148+0.21883 F-0.74522E%}

Ugo=6.2

r.=1.19637, r,=131798, r,=1.26103, re=1.19637,
a,=0.67477, a,=0.44005, a,=0.58002, ag,=0.67477.

The direct inelastic scattering cross sections were calculated by code
DWUCK4" on the basis of this set of neutron optical potential parameters. Through
adjusting the optical potential parameters of proton, alpha, *He, deuteron and triton
particles, level densities and giant dipole resonance parameters, all cross sections of
n+'"*In reaction are calculated by the code SUNF®),

In exciton model, the parameters X is taken as 600 MeV’.

2 Calculation Results and Analyses

Fig. 1 shows the comparison of total cross sections between the calculated
results and experimental data in the energy region from 0.01 to 20 MeV. The
theoretical values are in good agreement with the experimental data. Fig. 2 shows
the comparison of the calculated elastic scattering cross sections with the
experimental data, the calculated results basically agree with the experimental data,
but in energy region from 0.1 to 0.3 MeV, the theoretical curve is a little lower than
experimental data. The calculated results are reasonable. The comparison between
calculated values and experimental data of the elastic scattering angular distributions
are shown in Figs. 3a, 3b, 3c. The theoretical values are in good agreement with the
experimental data. Fig. 4 shows the comparison of the calculated inelastic scattering
cross sections with the experimental data, experimental data is higher than
theoretical curve. Because the theoretical values of total cross sections, elastic
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scattering angular distributions and elastic scattering cross sections are in good
agreement with experimental data, the calculated inelastic cross sections are
reasonable. The theoretical values and experimental data of (n,y) cross section of
"“In are shown in Fig. 5. The calculated results are in agreement with the
experimental data for energy E <1.0 MeV. Figs. 6 and 7 give the comparison of
calculated and experimental cross sections of (n, p) and (n,a) respectively. The
calculated results of (n,a) are in agreement with the experimental data. Fig. 8 shows
the theoretical values and experimental data of (n,2n). The theoretical values
reproduce the experimental data®’® well. In Ref. {7], the experimental data of
ground state and isomeric state are given, respectively. Thus, we give the sum of
ground state and isomeric state data. Fig. 9 gives the total secondary neutron
spectrum at energy £ =14.625 MeV. The shape of theoretical curve is in agreement
with experimental data. Fig. 10 shows all cross sections of n+'*’In.
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3 Summary

Based on the available experimental data of ™In, a set of neutron optical

potential parameters was obtained for '"’In in the energy region from 0.01 to 20
MeV. Mentioned above results show that calculated values basically agree with the
experimental data except inelastic cross section. The analysis was shows that the
calculated inelastic cross sections are correct. It is possible that the experimental
data of inelastic cross sections include some elastic scattering contribution. These

theoretical results have important reference value to experimental scientists.
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Abstract

All reaction cross sections, secondary neutron spectra and elastic scattering
angular distributions of n+*Rb, *Rb and natural Rb in £,=0.001 ~ 20 MeV are
calculated, rather good theoretical results in accordance with experimental data are
obtained, and all calculated results for **Rb and *’Rb are given in ENDF/B-6 format.

Introduction

$87Rb are the only two stable isotopes of natural element Rb which belongs to
fission product nuclides. The abundances of *Rb and *Rb are 72.165 and 27.835,
respectively. There are sufficient experimental data of o, for natural element, some
experimental data of o,, for ®*Rb and *'Rb in E,<0.03 MeV region; sufficient
experimental data of o,, for *Rb, *Rb and natural element; sufficient experimental
data of o, ,, for **Rb and *’Rb; some experimental data of o, , for *’Rb and natural
element; some experimental data of o, , for *Rb and natural element. There are no
experimental data for other reaction cross sections, elastic scattering angular
distributions, and secondary neutron spectra. All of the experimental data are taken
from EXFOR. The universal optical potential parameters for six channels used in
calculations are given in Table 1 of Ref. [1].
~ Firstly, The code APMN® s used to automatically get the optimal parameters of
optical potential for neutron channel. Because there are only some very divergent
experimental data of o, for *Rb and *Rb in E,<0.03 MeV region and no
experimental data for o, and elastic scattering angular distributions at all, the
experimental data of o, for natural element are used to determine the optimal
optical potential parameters for neutron channel by using the code APMN. The
optimal same set of optical potential parameters for neutron channel used for
calculations of ¥Rb and ¥Rb are:
V,=49.664341, V,=-0.201245, V,=-0.009378, V,=0.081837,

W,=-2.381331, W,=0.174407,
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U,=1.949484, U,=0.212028, U,=0.009705,
a,=0.617588, a,=0.587063, a,=0.681305,
r=1.279039, r.=1.238257, r,=1.200825.

Secondary, the codle DWUCK4® is used to calculate the cross sections and
angular distributions of 10 levels for ¥Rb, 5 levels for *Rb, in direct inelastic
scattering. These direct inelastic scattering data and the optimum set of optical
potential parameters are taken as the input data of the kernel program SUNFY.
SUNF can only calculate single isotope, so a small program is used to get the cross
sections of natural element from the output of *Rb and *Rb. Through adjusting
some parameters in the input data of SUNF for *Rb and *Rb o, , o, ,,, 7,, and o, ,
for ®*Rb, *Rb as well as natural element in good agreement with experimental data
are obtained. :

The optimal values of the parameters we got are:

C, (the parameter for exiton model) = 570.0 for **Rb, 600.0 for *Rb;

C., (the multiplied factor in o, ) = 0.119 for *Rb, 0.50 for *’Rb;

Some optical potential parameters for p, o channels are as follows:

for ¥Rb:

for p channel, a, and a4,=0.60, a, and a,=0.55, r =1.25;

for a channel, a,, a,, a, and a5,=0.65, r, and ry,=1.35, r, and r,=1.40;

for ¥Rb:

for p channel, a, and a4,=0.50, a, and a,=0.45, r, and r =1 15;

for o channel, a,, a,, a, and a;,=0.60, r,, r,, r, and ry;=1.39;

The level density parameter is as follows:

for ®Rb, a,,= 11.48064, a,, = 11.10343, a,,= 9.22576, a, = 11.89621, a,,,=
14.21238;

for *’Rb, a,,= 11.78000, a,,,= 12.51302;

The pairing energy correction is as follows:

for *Rb, 4, ,= 1.20;

for ¥Rb, 4, , = 0.45.

The calculated o, 0,,, and o, as well as the experimental data of o, for *Rb,
¥Rb and natural element are given in Fig. 1, from which we can see that the
calculated o, are in good agreement with experimental data. The results of o, for
%Rb, *Rb and natural element are given in Fig. 2, from which we can see that the
calculated values are in good agreement with experimental data except in £,>2 MeV
energy region. The calculated and experimental o, , are given in Fig. 3, from which
we can see that the calculated value are in good agreement with experimental data
for ¥Rb, but not in good agreement with experimental data for natural element. We
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guess that the experimental o,, in £>14.5 MeV energy region possibly includes
O, because in this energy region the o,, should gradually decrease in company
with the increase of o, ,,. The calculated and experimental o, , are given in Fig. 4,
from which we can see that the calculated value are difficult to compare with
experimental data, because the experimental o, , for both *Rb and natural element
are rather divergent. The calculated o, and o,,, and experimental o, ,, for *Rb and
¥Rb are given in Fig. 5, from which we can see that the calculated o, ,, are in good
agreement with experimental data for Rb and ¥Rb and H. R. Yuan's evaluated
values for ¥Rb. All the calculated cross sections are plotted in Figs. 6 ~ 8 for natural
element, **Rb and ¥Rb, respectively. The calculated secondary neutron spectra of
continuous inelastic scattering (MT=91) at £,=8.0 and 14.0 MeV and (n,2n) reaction
(MT=16) at E.=14.0 and 20.0 MeV are plotted in Fig. 9 and Fig. 10 for ®*Rb, in Fig.
11 and Fig. 12 for *Rb, respectively. The shape of these secondary neutron spectra
are reasonable in physics, though there are no experimental data to compare with.
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Abstract

A set of neutron optical potential parameters in energy region from 0.01 to 20
MeV is obtained on the basis of available experimental data. Based on this set of
optical potential parameters, the elastic scattering angular distribution and all cross
sections of neutron induced reaction on '"Cd are calculated. Various calculated

nuclear data are in good agreement with available experimental data.
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Introduction

The cross sections '*Cd(n,y)'*Cd, 'Cd(n,2n)""*Cd are of considerable significance
for nuclear science and technology. Because the experimental data are scarce, it is
necessary to calculate the cross sections according to some theoretical models. This
paper presents the calculated results of '’Cd in energy region from 0.01 to 20 MeV.

1 Theories and Parameters

The code APOM94!", DWUCK4? and SUNF"! were used in the calculations.
The experimental data were taken from EXFOR library. The nuclear discrete levels
were taken from Ref. [4]. The parameters of nuclear level densities and giant dipole
resonance were taken from Ref. {5].

With the aid of code APOM94 the best neutron optical potential parameters can
be adjusted automatically to fit the total cross sections, nonelastic scattering cross
sections and elastic scattering angular distributions. For the experimental data of
neutron induced reactions on 'Cd are scarce, the experimental data of YCd and
experiment data of neighbor nuclei were referenced in the calculation. A set of
optimum neutron optical potential parameters of '*Cd were obtained as follows:

V = 55.2769-0.41505E-0.0018309E>-24.0(N-2),

W, = max{0.0, 9.23119+0.222508 E~12.0(N-Z)/A},

W, = max{0.0, —1.56148+0.21883E-0.074714F2},
Ugy=6.2,

r.=1.17375, r,=136780, r,=126103, re,=1.17345,
a,=0.74542, a,=0.40658, a,=0.58002, ag,=0.74542.

The exciton model parameter X is taken as 900 MeV.

The direct inelastic scattering cross sections are calculated by code DWUCK4
on the basis of this set of neutron optical potential parameters. Through adjusting the
optical potential parameters of proton, alpha, *He, deuteron and triton particles, level
densities and giant dipole resonance parameters, all reaction cross sections are
calculated by using the code SUNF.

2 Calculation Results and Analyses

Fig. 1 shows a comparison of neutron total cross sections between the calculated
results of '°Cd and the experimental data of natural nucleus in the energy range
from 0.01 to 20 MeV; the theoretical values reproduce the experimental data very
well. The elastic scattering angular distributions are shown in Figs. 2a, 2b and 2¢;
the theoretical values are in good agreement with the experimental data. Fig. 3
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shows the cross sections of '>Cd(n,y)""*Cd. The calculated results reproduce the
experimental data quite well. Fig. 4 shows the theoretical values of cross section for
B3Cd(n,2n)""?Cd. Lack of the experimental data, the experimental values of
6Cd(n,2n)'°Cd were referenced. Fig. 5 shows that the theoretical values cross two
experimental points at 14 MeV for '*Cd(n,p)'*Ag reaction. Fig. 6 shows compari-
son between the theoretical values and the experimental data of the neutron energy
spectrum at E =14.5 MeV. The theoretical values are in agreement with the
experimental data. Various calculated cross sections are shown in Fig. 7. They are all
reasonable.
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3  Summary

Based on the experimental data of '""Cd and using the code APOM94,
DWUCK4 and SUNF, a set of optimum neutron optical potential parameters were
obtained for "°Cd in the energy range from 0.01 to 20 MeV. Above-mentioned
results show that calculated values are in basically agreement with the experimental
data.
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Abstract

A set of neutron optical potential parameters for energy from 0.01 to 20 MeV is
obtained on the basis of available experimental data of '*'?N*Sb and neighbored
nucleus. Based on this set of optical potential parameters, all cross sections of
neutron induced reactions for ''?Sb are calculated. The calculated results
reproduce the available experimental data well.

1 Theories and Parameters

The cross sections of neutron induced reactions on '*"'?Sb is useful for nuclear
science and technology. The purpose of this paper is to present the caculated results.
In our cakculations, the code APOM94!"), DWUCK4? and SUNF™ are used.

The experimental data were taken from EXFOR library. The nuclear discrete
levels and the parameters of nuclear levels densities as well as giant dipole
resonance were taken from Ref. [4] and Ref. [5], respectively.

There are a few experimental data for *'**Sb (n,2n) and (n,y) of neutron
induced reactions, while there are more total cross sections, elastic scattering angular
distributions on “Sb. The abundaces of '*'Sb and '*Sb are 57.21 and 42.79 %,
respectively.

With code APOM94, the best neutron optical potential parameters for '*'Sb
were obtained by fitting experimental total cross sections, nonelastic cross sections
and elastic scattering angular distributions of ™Sb and this set of neutron optical
potential parameters were used in n+'>*Sb reaction without adjustment'®. This set of
optimum neutron optical potential parameters for '*'Sb and 'Sb are as follows:

V= 55.15506-0.358E~0.01645E>~24.0(N-2)/A,

W.= max{0.0, 4.91473+0.91999E-12.0(N-Z)/4},

W, = max{0.0, —1.56148+0.21883E-0.074714E2},

r=1.19786, r.=1.34581, r=1.31036, ry,=1.19786,

a.=0.64562, a,=0.49202, a,=0.58002, ay,=0.64562,
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The direct inelastic scattering cross sections were calculated by code DWUCK4
on the basis of this set of neutron optical potential parameters. All cross sections of
n+'*'Sb and n+'*Sb were calculated by SUNF code. In the calculation, the optical
potential parameters of proton, alpha, *He, deuteron and triton paticales, level
densities, giant dipole resonance, especially, the pair correction values were adjusted.
The exciton model parameter X is taken as 900 MeV°.

2 Calculation Results and Analyses

Fig. 1 shows a comparison of neutron total cross section between the calculated
results of "*'*’Sb and experimental data of natural nucleus in the energy range from
0.01 to 20 MeV. It indicates that the theoretical values of '*'Sb and '*Sb reproduce
the experimental data rather well.
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Fig. 1 Comparison of neutron total cross sections between the calculated values
of '*'38b and the experimental data of MSb

The comparison between calculated values and experimental data of the elastic
scattering angular distributions are shown in Fig. 2a and Fig. 2b. The theoretical
values are also in good agreement with the experimental data of ™'Sb.

Fig. 3a and Fig. 3b the show comparison of '*'**Sb(n,y) cross section between
calculated results and experimental data. The calculated values are in agreement
with experimental data well in £,<1.2 MeV. The shape both of theoretical curves of
Sb(n,y) and '”Sb(n,y) is reansonable except in energy range from 1.2 to 3.0 MeV.
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The calculated cross sections of '*'Sh(n,2n) reactions and available
experimental data are shown in Fig. 4a and Fig.4b respectively. We can see from Fig.
4a theoretical values and the experimental data are in good agreement each other. In
Fig. 4b the theoretical curve pass the experimental data”’ and are higher than the
experimental data® obviously. It indicates that the calculated results and
experimental data”” are reasonable based on the evaluation and analysis of

experimental datal"®!.

Fig. 5 gives out the energy spectrum of neutron at E=14.625 MeV. Beacause
the calculated curve we given is without the contribution of discrete levels, so it
becomes low rapidly when energy £.>10.0 MeV.
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All calculated cross section curves of n+'*'Sb and n+'>*Sb are shown in Fig. 6a

and Fig. 6b, respectively.
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Calculation of Photonuclear Data for '3%182:183184186yy

Han Yinlu Yu Baosheng Zhang Jingshang
(China Nuclear Data Center, CIAE)

Abstract

Based on available experimental data of neutron and photonuclear reaction, a
set of neutron optical potential parameter and giant resonance parameters of y for W
were obtained. The photonuclear reaction data for '8"'8218318418W \yere calculated
and compared with experimental data.

Introduction

The photonuclear reaction data have been widely used in basic scientific
researches on neutron binding energy, nuclear level and deformation, as well as
nuclear reaction mechanism, also used in engineering and technology such as
medicine, electronic, activation analysis, radiation damage and shielding.

W is an important structral materials. It is necessary and useful to calculate its
photonuclear data according to some theoretical models. The calculations of
180.182,183.184.18\/  photonuclear data and comparisons of theoretical results with
experimental data for photon energies in the range 4 ~ 30 MeV are given in this

paper.
1 Theoretical Model and Parameters

There are no nuclear force and charge interaction between photo and nucleus,
thus the photonuclear reaction is induced by electromagnetic interaction. The
nuclear photon scattering process shows a higher order coherent phenomena!'), the
total absorption and coherent scattering cross section can be obtained on basis of the
optical theorem and the dispersion relation, associated with the absorption process.
And the spherical optical model, the semi-classical theory of multi-step nuclear
reaction processes was used in our calculation.

The code APOMP!, by which the best neutron optical potential parameters can
be searched automatically with fitting experimental total, nonelastic scattering cross
sections and elastic scattering angular distributions of n+'*>#18NaW reactions, were
used to obtain a set of optimum neutron optical potential parameters for W. The
optical potential parameters for particles p, o, *He, d and t were taken from the Ref.
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[3]. A set of optimum neutron optical potential parameters of W is as follows:

V= 54.5971+0.1085E~0.0219 E>~24(N-Z)/A

W, = max{0.0, 7.8227-0.3482E-12(N-Z)/4}

W, = max{0.0, —0.0152+0.1508 E~0.0007E2}

Usp= 6.2

r=1.1584, r,=13877, r,=1.6462, re=1.1584
a,=0.5001, a,=0.5609, a,=0.8661, as,=0.5001

The giant resonance parameters of gamma were adjusted automatically with the
code GUNF™ by fitting the experimental data of absorption cross sections of

y+!8 18418 reactions. The parameters are given in Table 1.

Table 1 The giant resonance parameters of gamma for W

o5 (b) 0.0098 s (b) 0.0068 o2 (b) 0.02552
" (MeV) 3.9 ri(Mev) 4.36 7 (MeV) 2.2505
g2 (MeV) 13.16 £ (MeV) 15.68 E® (MeV) 13.945

The exciton model parameter K was taken as 1200 MeV°. The discrete level, the
pair correction parameter and level density parameters were taken from Chinese
Evaluated Nuclear Parameter Library (CENPL).

2 Calculated Results and Analyses

The code GUNF for structural materials with incident photon energies up to 30
MeV was used to calculate all cross section of y+'*%!3218.184136\ reactions.

The comparison of calculated results with the experimental data for "**W(y,
abs)'®W, ""*W(y,abs)'™W and "**W(y,abs)'*W reactions were given in Ref. [5],
respectively. The experimental data were taken from Ref. [6 ~ 8], respectively.
Since the absorption cross section are mainly from the (y,n) reaction for energy
E <14 MeV, the experimental data™ of (y,n) reaction are considered in analyses of
absorption cross section. The calculated results of "*W(y,abs)'®W, **W(y,abs)'*W
and "*W(y, abs)'*W reactions are in agreement with the experimental data taken
from Ref. [6,7,9]. The comparison of calculated results with experimental data®'”
for "**W(y,n+np) and "*>'*'**W(y,n+np+2n) reactions shown the calculated results fit
the experimental data quite well. The calculated results of '**W(y,3n)'**W reaction
are in agreement with experimental data®. There are no experimental data reported
up to now for W and '®W photonuclear reactions. All of photonuclear cross
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sections for "W, W, 8w 8w and "W reactions were calculated. The
calculated results are available for energy E, < 30 MeV.

3 Summary

Based on the experimental data of total, nonelastic scattering cross sections and

elastic scattering angular distribution of n+"*W reaction and absorption cross
sections of y+'"¥2"#+1%W reaction, a set of neutron optical potential parameter and
giant resonance parameters of gamma for W were obtained. Then photonuclear
reaction data for '"182183.184186\W were calculated by the code GUNF. Since the
calculated results for many channels are in pretty agreement with existed
experimental data, the predicted cross sections for which there are no experimental
data are reasonable.
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III DATA EVALUATION

Evaluation of Activation Cross Sections for (n,a)

and (n,n'a) Reactions on % NCy

Ma Gonggui
(Institute of Nuclear Science and Technology, Sichuan University, Chengdu, 610064)

Introduction

Copper is a very important structure material in nuclear fusion engineering. The
neutron activation cross section are very useful in fusion research and other
applications such as radiation safety, environmental, material damage and neutron
dosimetry. More efforts are required to identify and resolve the differences and
discrepancies in the existing activation cross sections from different laboratories.

The natural copper consists of two stable isotopes, i.e. ®Cu, ®Cu. Their
abundaces and threshold energies are given in Table 1.

Table 1 Isotopic abundaces and their reaction threshold energies of copper

isotope (n,a) thresh. / MeV (n,n'et) thresh. / MeV abun. / %
Cuy 1.715(Q-Value) 5.869 69.17
Cu 0.08423 6.876 30.83

The cross sections of (n,) and (n,n'a) for #**™Cu are recommended based on
the available experimental measured data and theoretically calculated results!"! from
threshold up to 20 MeV. The evaluated cross sections are given in Figs. 1 ~ 6 with
experimental data and compared with other evaluated data. The present work was
done for CENDL-3.

1 ®Cu(n,0)*Co Reaction

The experimental data were measured by Majdeddin(97), Lu Halin(91),
Meadows(91), Csikai(91), Ikeda(91), Wang Yongchang(90), Greenwood(85),
Winkler(80), Garuska(80), Artem(80), Paulsen(67), and Cserpak(94)*™"! in the

energy range from threshold up to 20.0 MeV, respectively. The evaluated data were
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obtained by fitting experimental data from threshold energy to 20.0 MeV. The
comparison of experimental data with evaluated ones is shown in Fig.1.

100 g

- — ENDF/B-6(90)
------ JENDL-3 (90)
This Work
Lu Halin(91) ® Meadows (91)
Csikai (91) A |keda(91) ]
Wang (90) @ Greenwood (85) ]
Winkler (80) & Paulsen(67)

0.1 o » Garuska(80) 4 Artem(80) E
F a Cserpak (94) o Filatenkov (37}
® Majdeddin(97)
1 i L
34 8 12 16 20
£En/MeV

a/mb

41000

Fig. 1 (n,a) cross section for ®Cu
2 ®Cu(n,0)*Co Reaction

The experimental data were measured by Majdeddin(97), Molla(94),
Cserpak(94), Gruzdevich(93), Mclane(88) and Clator(69)"*"" from 6.32 to 16.7
MeV, respectively. The evaluated data were obtained by fitting experimental data
from threshold energy to 14.0 MeV. Above 14.0MeV, the recommended data were
taken from calculated result, and normalized to the fitting experimental datum of
11.6 mb at 14.0 MeV. The evaluated results are shown in Fig. 2.

25 T T T
Y v
o] v
10 |
TF
5 F
3l
o - — ENDF/B-6(90)
s | L1 o JENDL-3 (90)
This Work
1 ® Majdeddin(97) T
0.7+t @ Mol la(94)
0.5} 4 Mclane (88)
03t 8 Gruzdevich{(93)
: A Cserpak (94)
v Clator (69)
0.1 ~ L 1
4 8 12 16 20
E /WeV

Fig.2 (n,a) cross section for $*Cu
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3 %Cu(n,n'a)”Co Reaction

For (n,n'a) reaction, the recommended data were taken from calculated result
due to lack of the experimental data(see Fig. 3).

100 Y T T T
~ — ENDF/B-6(90)
go | oe- JENDL-3(90)
—— This Work
60 .
£
N
a0 + .
20 |- .
0 1 - ! L i
10 12 14 16 18 20

£E,/MeV
Fig.3 (n,n'a) cross section for *Cu

4  %“Cu(n,n'a.)*'Co Reaction

The experimental data were measured by Ryves(78), Qaim(74), Santry(65),
Bramlitt(63) and Kantele(62)!"**? from 13.58 to 19.8 MeV. The evaluated data were
obtained by fitting experimental data from threshold energy to 20.0 MeV. The
comparison of experimental data with evaluated ones is shown in Fig. 4.
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5 The (n, o) and (n,n'e) Reaction for Natural Copper

For (n, a) reaction, there is only a datum measured by Majdeddin(97) at 14.7
MeV. For (n,n'at) reaction, there are no experimental data. The recommended data
were obtained from summing the isotopic data weighted by the abundance. The

comparison of other evaluated data with present evaluated data is shown in Figs. 5 ~
6.
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Fig.5 (n,a) cross section for NCu
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6 Summary

The #**™'Cy(n,a) and (n,n'a) cross sections below 20.0 MeV were evaluated
and compared with ENDF/B-6 and JEENDL-3. It was shown that our results have
improved representation of experimental data.
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Evaluation and Calculation of Photonuclear
Reaction Data for 'V below 30 MeV

Yu Baosheng Han Yinlu Zhang Jingshang
(China Nuclear Data Center, CIAE)

Introduction

Vanadium is a very important structure material in nuclear reactor engineering.
The photonuclear cross sections of vanadium up to 30 MeV are concerned in radiation
induced material damage, radiation safety, reactor dosimetry etc.

In this work, the experimental data of photonuclear reactions for *'V were
evaluated, and theoretical calculations were carried out. The recommended
photonuclear data for °'V were obtained on the basis of evaluated and calculated data,
and compared with existing measured data.

1 Evaluation and Analysis of Experimental Data

The vanadium is an existing alone element in natural and its abundance of isotope
*V is 100%. In the present work, evaluated photonuclear reactions cross sections are
as follows: *'V(1,ABS), *'V(y,n)+(y,n+p), *'V(y,2n)+(y,2n+p), *'V(y.3n), (y,n+p),
(y,n+a),(7,2n), (,3n), (v,p), (1.d), (1,t), (v,’He), (,a) and the double differential cross
sections of (y,2n), (y,3n), (y,n+p), (y,n+ta) and (v,0' ., inue)-

The experimental data of photonuclear reaction for vanadium sample up to 1998
from EXFOR master files were collected and analyzed. The available experimental
data'""* for photonuclear reaction cross sections of °>'V are shown in Table 1. There are
3 groups of measured photonuclear reaction data from threshold to 28 MeV.

The photonuclear cross sections for *'V(y,n)+(y,n+p), (y,2n)+(y,2n+p) and
(y,n)+(y,n+p)+(y,2n)+(y,3n) reactions were firstly measured by S. C. Fultz!"! in gamma
energy region of 10.3 ~27.8, 19.8 ~ 27.8 and 10.3 ~ 27.8 MeV, respectively in1962.
In the measurement of S. C. Fultz!"! | a xenon-filled transmission ionization chamber
located between the photon collimator and sample was used and calibrated by a
Nal(Tl) gamma-ray spectrometer, which was used to accurately monitor the photon
flux. The photon beam energy collimated were determined by means of Nal y-ray
spectrometer which was located after neutron detector system. In the giant-resonance
region, the photon energy resolution for 'V is about 3% (10 to 27 MeV). The
vanadium sample was used, the attenuation of photon flux in the sample was taken
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into accounted and the necessary corrections were made. The neutron emitted by the
sample were detected using 4n paraffin moderator neutron detector which consists of
24 BF, proportional counters. The obvious structure of photonuclear cross sections
can be observed in measured data corresponding to (y,n)+(y,n+p), (y,2n)+(y,2n+p)
reactions.

Table 1 Collected data of photonuclear reactions for 'V

Year Author E /MeV Sample Detector Reactions Comment
1962 S. C. Fultz 10.3 to 27.8 Sy PROPC* (y,n)+(y,n+p)
19.8 to 27.8 Sy PROPC (1,2n)+(v,2n+p)
Y. ntp)+
1031027.8 sty PROPC (v.n)
(r.2n)+(y,3m)
1974 A. Veyssiere 13.2t027.8 sty STANK** (v,n)+(y,n+p)
20.3 1027.8 Sty STANK (1.2n)
1321027.8 sty STANK (on)yH(vntpyt
2(y.2n)
. . Activatin
5 51 H 51 2¥
1976  A. S. Danagulyan 3.5 \" Ge(Li) V(v,X)*Na Method

*  PROPC: Paraffin moderator with BF; counters
**  STANK: Gd - loaded liquid scintillator tank

The second measurement of photonuclear cross sections for >'V was performed
by A. Veyssiere!” using the improved Ga-loaded liquid scintillation tank with
vanadium metal sample in gamma energy region between 13.2 ~27.8 MeV in1974. In
order to improve the disadvantage of insufficient signal to noise ratio the STANK
method was adopted. In the improved apparatus, two Nal crystal were used in
coincidence for detecting annihilation radiation, together with some considerations on
the optimal signal to noise ration, the neutron background were reduced. The
measured data were corrected for pile up in the detector, the neutron detector
efficiency, the photon beam attenuation in the sample, etc.. The experimental results
were also improved compared with the previous work.

The results measured by A. Veyssiere” for the (y,n)+(y,n+p) reactions were
compared with the ones of S. C. Fultz!'}, seeing Fig.1. There are no great differences,
the only exception is that the position of giant resonance peak measured by A.
Veyssiere™ is slightly higher than the one measured by S. C. Fultz"! around 19 MeV.
But the fact is that the errors of the measured data by A. Veyssiere!” gave the
statistical errors only, when the systematical errors were added, the data measured by
A. Veyssiere®” will be in a very good agreement with the data measured by S. C.
Fultz within errors. For *'V(y,2n)+(y,2n+p) reactions, the data measured by A.
Veyssiere® were lower than the ones given by S. C. Fultz', because the’'V(y,2n+p)
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reaction is not included in the data measured by A. Veyssiere!”. The threshold energy
for *'V(y,2n+p) reaction is 20.25 MeV. The comparison between both measured
data''? is shown Fig. 2.

-
4
4

0.08

0.07

-—— This Work

« S.C.FULTZ(62)
« A VEYSSIERE (74)

0.06

FYYTTYYE I7TIITIYY IYPTAITY

a/b

0.05

iusdinds

0.04

RNty LA RALA0 LA AALAS IEAL)LLAS RAAM LUALY LLLL) LLAL) LALLM LAAL) RALALALAL ALLL

FITTIITTS STOVS ITITI TS CTYTI )

=
°H
(3]
n
o
(]
(3]
[
o
[
(3]

Ey/NeV

Fig. 1 The comparison of calculated results with experimental data for *'V(y,n+(n+p)) reactions

0.020_ T l T l T ] T ' T I T ! T '[ T ] T ] T I T I T I T ] T B
0.018} —  This Work 7
0.016 [ , o S.C.FULTZ(62)(G, 2N+ (2N, 0)) ]
C o A.VEYSSIERE (74) (G, 2N) P
0.014 ]
0.012F 3
a T ]
¥ 0.010 - —
0.008 [ y 1 3
0. 006 E L 51-¥(G,2N+(2N+P))React ions E
0.004 l J
0.002 ]l
o.ooomxluI{1.1.1.1.1.1.111,1.1.1,1.1.|.‘
18 20 22 24 26 28 30 32 34

Fig. 2 The comparison of calculated results with experimental data for 5'V(y,2n+(2n+p))reactions

The photoabsorption cross section is the sum of (y,n)+(y,n+p)+(y,2n)+(y,
2n+p)+(y,3n). The threshold energy for °'V(y,3n) is 31.9 MeV. Meanwhile the
(Y,2n+p) reaction is much lower than the (y,2n), photoabsorption cross section are
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mainly from the contributions of (y,n)+(y,n+p)+(y,2n). Therefore, the data measured
by S. C. Fultz"! were accepted as the photoabsorption cross section below 28 MeV,

and are shown in Fig. 3.
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Fig. 3 The comparison of calculated results with experimental
data for *'V(y,n+(n+p)+2n) reactions

The sum of photonuclear (y,n)+(y,n+p)+2(y,2n) cross sections measured by S. C.
Fultz!! and A. Veyssiere™” are in agreement with each other within errors. They are

shown in Fig. 4.
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2 Theoretical Calculation and Recommendation

Based on the evaluation mentioned above, the theoretical calculation was used to
fit the adopted experimental data!"*. In order to calculate the photonuclear reactions
for vanadium, the spherical optical model, the semi-classical theory of multi-step
nuclear reaction processes were used.

The code APOM™ by which the best neutron optical potential parameters can be
searched automatically with fitting experimental total and nonelastic scattering cross
sections and elastic scattering angular distributions of n+’'V reaction, was used to
obtain a set of optimum neutron optical potential parameters for V. They are as
follows:

V= 54.8195-0.2451E+0.003577E*-24(N-Z)/4

W,=max{0.0, 9.2514-0.3141 E-12(N-2)/A}

W,=max{0.0, —1.6464+0.1645E~-0.0005580E°}

Usp=6.2

r.=1.1439, r,=1.1457, r.= 13879, ry=1.1439

a,=0.7367, a,=0.5488, a,=0.6450, ay,,=0.7367

The optical potential parameters for particles p, a, He’, d and t were taken from
the Ref. [S]. The giant resonance parameters of gamma were adjusted automatically
with the code GUNF by fitting the experimental data of cross sections of
*'V(y,n+np),”'V(y,2n) and *'V(y,n+np+2(2n)) reaction. The parameters are given in
Table 2.

Table 2 The giant resonance parameters of gamma for *'V

o Bl/b 0.0465 a,F/b 0.027001 0f/b 0.030917
r'f/MeV 6.090617 rs /MeV 9.833399 re /MeV 0.867939
rf /MevV 18.041727 r¥ /MeV 21.492451 re MeV 18.082096

The exciton model parameter K was taken as 1900 MeV. The discrete level, the
pair correction parameter and level density parameters were taken from Chinese
Evaluated Nuclear Parameter Library (CENPL).

The total photoneutron cross section was a sum of the photoneutron excitation
state, which were from ground state to the highest state and continuum state. The level
scheme used for theoretical calculation are taken from CENPL. The continuum levels
were assumed abovel.7002 MeV for °'V.

The cross sections of photonuclear reactions were calculated from threshold to 30
MeV. The theoretical calculated values are almost overlapped with the experimental
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data and are shown in Figs. 1 ~ 4. Because the calculated data for photonuclear
reactions channels are in pretty agreement with existing experimental data, the
predicted cross sections that there are no any experimental data are reasonable.

For *'V(y,x) reactions, there are no any experimental data with the exception of
data® for ’'V(y,x)*Na reaction. Therefore, the changed particle emission cross
sections for *'V(y,p), (1,d), (1.1), (v,’He), (v,) need to be calculated theoretically.

The pertinent calculations have already performed using GUNF Code'®. In the
present work, the recommended cross sections for *'V reactions from threshold to 30
MeV are given and shown in Fig. 5.

0.1F

0.007 |

i i /‘
e W ;JV. AT T T s a4
0. 0001

EylMeV

Fig. 5 The recommended photonuclear reactions data for 'V

For the photonuclear double differential cross sections of V, the experimental
data are very scarce. Therefore, the theoretical calculations are completely taken as
the recommended data. The evaluation cross sections of photonuclear double
differential cross sections for vanadium were obtained after testing other available
experimental data, such as (y,n), (y,2n), (y,2n+p), etc..

3 Summary

The cross sections of photonuclear reactions for >'V have been evaluated and
calculated. The recommended values were compared with experimental data below
30 MeV. It is shown that our results could reproduce experimental data very well.
Therefore the predicted photonuclear reaction data for those are deficient in
experimental ones are reasonable.
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The Evaluation of Fission Product Yields for 2*U Fission

Liang Qichang Liu Tingjin
(China Nuclear Data Center, CIAE)

Introduction

In the basic research of fission process and application of nuclear industry, the
fission product yields data have great significance, for example, in the reactor
physics the fission yield data are widely used in the calculation of decay heat, burn-
up determination, and dosimetry, transmutation studies, fuel handling, waste
disposal, and safety prediction etc.

In this paper, the cumulative fission yields for 45 fission product nuclides of
38U fission induced by neutron of fast reactor spectrum and high energy (around
14.0 MeV) neutron have been evaluated and compared with the main fission yield
libraries in the world.

1 The Evaluation Method
1.1 Experimental Data Collection

All experimental data available up to now were collected, most of them were
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obtained from the EXFOR master data library, some were taken from the China
measured data, and some were also collected from the publications concerned.

1.2 Data Selection

The EXFOR BIB information and papers concerned were read carefully and
analysed in physics, the data were adopted or abandoned according to the measured
data, method, facility, detector, monitor, data error and discrepancy situation
compared with others.

1.3 Error Adjusting

Experimentalists reported the errors in their papers in different ways, some
experimental data even no errors were given, so the reported errors in the papers
sometimes should be adjusted to a reasonable level, the different adjusting limits are
set according to different measurement techniques.

1.4 Data Correction

The data were corrected if necessary by using new reference data including the
standard fission yields, gamma intensity, fission cross section, and other standard
cross sections used for neutron flux monitor such as Al(n,c) cross section, etc.

1.5 Data Processing .

After making the selection, analysis and correction of the experimental data as
mentioned above, then the data processing were made with two ways:

(1) Data Average

If there are only the absolute yields and several measurement data sets at the
same incident neutron energy, for the same target and product nuclide, the weighted
means yield was calculated by using the code AVERAG!.

(2) Simultaneous Evaluation

If there are several absolute fission yields and their ratio measurements for some
product nuclides at the same energy and target, in order to advoid the introduction of
other 'standards', the simultaneous evaluation were made by using the code ZOTT!,
with this code, not only the optimum fission yields and ratios, but also their
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covariance matrix can be calculated.
2 The results and comparison

The 68 cumulative fission yields (including fast reactor spectrum(F) and around
14 MeV energy(H)) for 45 product nuclides have been evaluated, the results are
given in Table 1.

Table 1 The results of evaluation for some fission yields from ***U fission

Nuclide E FY Error Data Sets* Processed
*Ni F 3.9710E-06 1.6000E-06 1
¥’Cu F 2.2980E-03 9.3000E-06 1
H 1.4838E-04 4.0000E-05 1
27Zn F 6.4770E-05 2.5000E-05 1
H 3.1795E-03 4.0000E-04 1
8Kr F 1.6600E-01 1.2000E-02 1
H 2.5290E-01 2.1000E-02 2 A
BmKr F 7.4250E-01 2.8100E-02 2 A
H 1.0820E+00 2.9000E-02 7 A
$Br F 7.4000E—-01 1.0000E-02 1
¥Kr F 1.6030E+00 4.7400E-02 2 A
H 1.7325E+00 6.4400E-02 4 A
8Br F 2.0200E+00 1.8000E-01 1
¥Se F 9.2788E-01 2.5053E~01 #
BKr F 2.0180E+00 9.6300E-02 3 A
H 2.0253E+00 6.8000E-02 7 A
8By H 1.9000E+00 3.7000E-01 1
“Br H 1.1900E+00 2.0000E-01 1
Y F 3.9594E+00 7.8941E-02 2(2) AS
H 3.7723E+00 8.6100E-02 7 A
1Sr F 3.9231E+00 2.9650E-01 1
*Kr F 3.3931E+00 1.6970E-01 1
¢ F 5.0492E+00 2.1195E-01 1(1) S
SZr F 5.1438E+00 5.6800E-02 9 A
H 4.9197E+00 6.7100E-02 13 A
*Mo F 6.1403E+00 1.9020E-01 4 A
H 5.6423E+00 7.2800E-02 14 A
Mo F 6.3298E+00 3.7430E-01 2 A
1%Rh F 3.9059E+00 8.1867E-02 1(3) AS
H 3.2895E+00 5.4200E-02 8 A
1%pd F 1.5397E-01 2.5665E-02 2(1) AS
Ag F 6.9142E-02 3.0296E-03 3(D) AS
H 1.0477E+00 2.2800E-02 7 A
12pd F - 5.9151E-02 3.4672E-03 2(1) AS
BAg F 2.5000E-02 7.0000E-03 1
1BmCd F 2.5790E-03 3.1000E-04 1
H 6.7700E-02 9.7000E—-03 2 A
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Table 1 Contin.

Nuclide E FY Error Data Sets* Processed

121 F 2.5532E-02 5.2632E-03 1(1) S

1258b F 4.9220E-02 2.0310E-02 2 A
H 1.2771E+00 7.1800E-02 2 A

126Sh H 2.5000E-01 1.0000E-02 1

1273p F 1.5761E-01 7.0481E~03 2(3) AS

13lmTe H 4.7724E-01 3.3671E-02 - 1(1) S

131 F 3.2193E+00 3.4200E-02 12 A
H 3.8538E+00 6.7381E-02 5(2) AS

1¥Xe F 6.5664E+00 1.8590E-01 3 A
H 6.0094E+00 1.1490E-01 6 A

BXe F 7.5977E+00 3.2390E-01 3 A
H 6.4616E+00 1.0870E-01 4 A

135mye F 1.0780E+00 2.1560E-01 #

| F 6.0000E+00 1.0000E+00 !
H 3.2800E+00 6.6000E-01 1

H0Xe H 2.8412E+00 5.6900E-02 3 A

MXe F 3.0952E+00 1.1140E-01 1
H 1.2963E+00 3.9900E-02 3 A

G F 3.9900E-01 4.9900E-02 1

Xe F 1.2734E-01 1.7800E~-02 1

¥Ce F 4.5493E+00 8.4700E-02 7 A
H 3.7165E+00 8.6800E-02 9 A

H'Nd F 2.5867E+00 5.7200E-02 5 A
H 2.0878E+00 3.3800E-02 12 A

M5Nd F 2.1015E+00 1.8580E—02 3(1) AS
H 1.6000E+00 9.0000E-02

BEy F 6.7100E-02 2.1000E-03 3 A
H 1.0900E-01 2.9000E-03 8 A

SEy H 8.4144E-02 7.3410E-03 2 A

) F 1.1436E-03 9.0000E-05 3 A
H 8.2450E-03 5.0500E-04 2 A

Meaning of the symbo! in the table:

*  Number of data sets adopted in present evaluation, in the simultaneous evaluation case, it shows the
number of absolutely measured data sets, and the number of measured ratio sets in parentheses ( ).
Average with weight

Simultaneous evaluation

Fast reactor spectrum average

High energy (around 14 MeV)

Modet calculation

#® o >

The present results were compared with the ENDF/B-6, JENDL-3/FY, CENDL-
FY(86), and JEF-2/FY as shown in Table 2. It was found that in the total 68
evaluated values, 50(73.5% of total), 4(5.9%), 2(2.9%), and 4(5.9%) values of
present evaluation are difference less than 7% with ENDF/B-6, JENDL-3/FY,
CENDL-FY(87), and JEF-2/FY, respectively, that means the most of present results
(88 percent in total) are in agreement with at least one of the main libraries within

the quoted error limits. For the rest, i.e. *Kr(F), ¥Br(F), *Br(H), *Br(H), '“Pd(F),
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"B Ag(F), 'Sn(F), and '™ Te(H), present results are different more than at least 9%
with other libraries, since these fission yields have only one or two experimental
data as shown in Table 1. The results are less reliable, in this case, if present results
are between the values of other libraries, they were recommended. ¥Kr(F), '“Pd(F),
and '"Te(H) are in the case, the others, i.e. “Br(F), *Br(H), ¥Br(H), '"Ag(F), and
'2'Sn(F) are obviously larger or smaller than those of all other libraries, so they are
not recommended and only for reference. The differences (present value minus other
library divided by present value) between present results and ENDF/B-6 are also
given in Table 2.

Table 2 Comparison of present evaluated fission yields for **U with the main libraries

Nuclide Libraries F H D(F) D(H)
¢Ni This work 3.9710E-06 +6.57
ENDF/B-6 3.7100E-06
JENDL-3/FY 1.7495E-08
CENDL-FY(87) 3.9118E-06
JEF-2/FY 4.0088E-06
“ICu This work 2.2980E-05 1.4838E-04 +6.44 +6.32
ENDF/B-6 2.1500E-05 1.3900E-04
JENDL-3/FY 6.0617E-08 1.3992E-04
CENDL-FY(87) 2.2573E-05 1.3818E-04
JEF-2/FY 7.0495E-06 1.4015E-04
2Zn This work 6.4770E-05 3.1795E-03 +6.59 +15.18
ENDF/B-6 6.0500E-05 2.6970E-03
JENDL-3/FY 9.3144E-06 3.0202E-03
CENDL-FY(87) 6.3678E-05 2.9719E-03
JEF-2/FY 6.5347E-05 2.9965E-03
8Kr This work 1.6600E-01 2.5290E-01 +10.48 +19.51
ENDF/B-6 1.4861E-01 2.0357E-01
JENDL-3/FY 1.4011E-01 1.8720E-01
CENDL-FY(87) 1.4888E-01 2.5149E-01
JEF-2/FY 1.9599E-01 2.2915E-01
BmKr This work 7.4250E-01 1.0820E+00 -0.05 +7.33
ENDF/B-6 7.4286E-01 1.0027E+00
JENDL-3/FY 6.5750E-01 8.7676E-01
CENDL-FY(87) 7.2019E-01 9.8375E-01
JEF-2/FY 9.1323E-01 1.0564E+00
$Br This work 7.4000E-01 -0.38
ENDF/B-6 7.4282E-01
JENDL-3/FY 6.5864E-01
CENDL-FY(87) 7.1224E-01
JEF-2/FY 9.1553E-01
8Kr This work 1.6030E+00 1.7325E+00 -1.40 +2.77
ENDF/B-6 1.6254E+00 1.6845E+00
JENDL-3/FY 1.5879E+00 1.6630E+00

CENDL-FY(87) 1.4542E+00 1.6621E+00




Table 2 Contin.

Nuclide Libraries F H D(F) D(H)

JEF-2/FY 1.5244E+00 1.8393E+00

¥Br This work 2.0200E+00 +23.90
ENDF/B-6 1.5372E+00
JENDL-3/FY 1.4766E+00
CENDL-FY(87)  1.3087E+00
JEF-2/FY 1.3836E+00

¥1Se This work *9.2788E-01 +5.60
ENDF/B-6 8.7596E-01
JENDL-3/FY 9.3769E-01
CENDL-FY(87)  1.0528E+00
JEF-2/FY 8.2763E-01

BKr This work 2.0180E+00 2.0253E+00 -0.40 —-6.68
ENDF/B-6 2.0260E+00 2.1605E+00
JENDL-3/FY 2.0838E+00 2.1978E+00
CENDL-FY(87) 2.2416E+00 2.2078E+00
JEF-2/FY 2.0820E+00 1.9896E+00

#Br This work 1.9000E+00 +21.76
ENDF/B-6 1.4865E+00
JENDL-3/FY 1.5258E+00
CENDL-FY(87) 1.4169E+00
JEF-2/FY 1.3923E+00

$Br This work 1.1900E+00 -26.00
ENDF/B-6 1.4994E+00
JENDL-3/FY 1.4669E+00
CENDL-FY(87) 1.4164E+00
JEF-2/FY 1.2975E+00

oy This work 3.9594E+00 3.7723E+00 -2.02 -2.53
ENDF/B-6 4.0395E+00 3.8676E+00
JENDL-3/FY 4.0454E+00 3.7318E+00
CENDL-FY(87) 4.0577E+00 3.7190E+00
JEF-2/FY 4.1435E+00 3.7746E+00

91Sr This work 3.9231E+00 -2.97
ENDF/B-6 4.0395E+00
JENDL-3/FY 4.0554E+00
CENDL-FY(87)  3.9577E+00
JEF-2/FY 4.1434E+00

*IKr This work 3.3931E+00 +1.24
ENDF/B-6 3.3511E+00
JENDL-3/FY 3.7208E+00
CENDL-FY(87) 3.3184E+00
JEF-2/FY 3.2939E+00

By This work 5.0492E+00 +2.69
ENDF/B-6 4.9133E+00
JENDL-3/FY 5.0009E+00
CENDL-FY(87)  4.7232E+00
JEF-2/FY 5.1687E+00

SZr This work 5.1438E+00 4.9197E+00 +0.06 +0.57
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Table 2 Contin.

Nuclide Libraries F H D(F) D(H)

ENDF/B-6 5.1405E+00 4.8918E+00
JENDL-3/FY 5.1068E+00 4.9498E+00
CENDL-FY(87) 5.2337E+00 4.9230E+00
JEF-2/FY 5.1191E+00 4.6828E+00

Mo This work 6.1403E+00 5.6423E+00 -0.43 -1.12
ENDF/B-6 6.1682E+00 5.7054E+00
JENDL-3/FY 6.1957E+00 5.5985E+00
CENDL-FY(87) 6.2295E+00 5.6231E+00
JEF-2/FY 6.2318E+00 5.7858E+00

Mo This work 6.3298E+00 +1.91
ENDF/B-6 6.2090E+00
JENDL-3/FY 6.0822E+00
CENDL-FY(87) 6.3691E+00
JEF-2/FY 6.5230E+00

1%Rh This work 3.9059E+00 3.2895E+00 -3.72 +2.24
ENDF/B-6 4.0513E+00 3.2159E+00
JENDL-3/FY 3.9393E+00 3.2009E+00
CENDL-FY(87) 4.3175E+00 3.2965E+00
JEF-2/FY 3.7166E+00 3.1582E+00

19pd This work 1.5397E-01 ~-63.76
ENDF/B-6 2.5214E-01
JENDL-3/FY 2.6844E-01
CENDL-FY(87) 3.2655E-01
JEF-2/FY 1.1380E-01

MAg This work 6.9142E-02 1.0477E+00 -2.69 +5.57
ENDF/B-6 7.1003E-02 9.8930E-01
JENDL-3/FY 7.9966E-02 1.1058E+00
CENDL-FY(87) 7.8050E-02 1.0189E+00
JEF-2/FY 6.3913E-02 1.0629E+00

112pq This work 5.9151E-02 +5.49
ENDF/B-6 5.5901E-02
JENDL-3/FY 6.5039E-02
CENDL-FY(87) 5.5798E-02
JEF-2/FY 5.3244E~02

BAg This work 2.5000E~02 -66.00
ENDF/B-6 4.1500E-02
JENDL-3/FY 5.2668E-02
CENDL-FY(87) 5.8481E-02
JEF-2/FY 2.8421E-02

115mcd This work 2.5790E-03 6.7700E-02 -20.59 -4.78
ENDF/B-6 3.1100E-03 7.0933E-02
JENDL-3/FY 2.6874E-03 6.8003E-02
CENDL-FY(87) 2.6436E-03 7.0321E-02
JEF-2/FY 1.5665E-03 3.4807E-02

121Sn This work 2.5532E-02 -43.73
ENDF/B-6 3.6696E—-02
JENDL-3/FY 4.3056E-02
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Table 2 Contin.

Nuclide Libraries F H D(F) D(H)

CENDL-FY(87) 3.9273E-02
JEF-2/FY 2.8086E-02

1233h This work 4.9220E-02 1.2771E+00 +1.41 +6.33
ENDF/B-6 4.8524E-02 1.1963E+00
JENDL-3/FY 5.2542E-02 1.2277E+00
CENDL-FY(87) 6.5760E-02 1.2172E+00
JEF-2/FY 9.6698E-02 1.2785E+00

125Sh This work 2.5000E-01 +23.54
ENDF/B-6 1.9115E-01
JENDL-3/FY 2.3244E-01
CENDL-FY(87) 1.9571E-01
JEF-2/FY 1.9161E-01

1275h This work 1.5761E-01 +13.55
ENDF/B-6 1.3625E-01
JENDL-3/FY 1.2606E-01
CENDL-FY(87) 1.4443E-01
JEF-2/FY 1.5850E~01

13imTe This work 4.7724E-01 +11.92
ENDF/B-6 4.2036E-01
JENDL-3/FY 6.7930E-01
CENDL-FY(87) 4.3177E-01
JEF-2/FY 2.6066E-01

151 This work 3.2193E+00 3.8538E+00 -2.22 -3.60

ENDF/B-6 3.2908E+00 3.9925E+00
JENDL-3/FY 3.2386E+00 4.0449E+00
CENDL-FY(87) 3.1668E+00 3.7999E+00
JEF-2/FY 3.3045E+00 3.8261E+00

155%e This work 6.5664E+00 6.0094E+00 -3.0 -0.13
ENDEF/B-6 6.7610E+00 6.0172E+00
JENDL-3/FY 6.6062E+00 6.1449E+00
CENDL-FY(87) 6.5778E+00 6.8114E+00
JEF-2/FY 6.7252E+00 5.7441E+00

3Xe This work 7.5977E+00 6.4616E+00 -0.16 +0.13
ENDF/B-6 7.6095E+00 6.4531E+00
JENDL-3/FY 7.7456E+00 6.5541E+00
CENDL-FY(87) 7.6589E+00 6.5986E+00
JEF-2/FY 7.5447E+00 6.1386E+00

Pimye This work *1.0780E+00 +3.90
ENDF/B-6 1.0360E+00
JENDL-3/FY 1.1445E+00
CENDL-FY(87) 8.5812E-01
JEF-2/FY 1.0278E+00

137 This work 6.0000E+00 3.2800E+00 +14.58 +4.84

ENDEF/B-6 5.1250E+00 3.1214E+00
JENDL-3/FY 5.3138E+00 3.3321E+00
CENDL-FY(87) 4.3613E+00 3.1512E+00
JEF-2/FY 5.5738E+00 4.8864E+00
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Table 2 Contin.

Nuclide Libraries F H D(F) D(H)
H0Xe This work 2.8412E+00 +3.67
ENDEF/B-6 2.7368E+00
JENDL-3/FY 2.8824E+00
CENDL-FY(87) 2.8490E+00
JEF-2/FY 3.6994E+00
Hixe This work 3.0952E+00 1.2963E+00 -3.09 -4.84
ENDF/B-6 3.1908E+00 1.3591E+00
JENDL-3/FY 3.2888E+00 1.4080E+00
CENDL-FY(87) 3.1518E+00 1.3322E+00
JEF-2/FY 4.0743E+00 2.0750E+00
WXe This work 3.9900E-01 +44.06
ENDF/B-6 2.2321E-01
JENDL-3/FY 1.0806E-01
CENDL-FY(87) 4.0221E-01
JEF-2/FY 8.1221E-01
HXe This work 1.2734E-01 +3.68
ENDF/B-6 1.2265E-01
JENDL-3/FY 1.2705E-01
CENDL-FY(87) 1.2477E-01
JEF-2/FY 1.8174E-01
HCe This work 4.5493E+00 3.7165E+00 +0.03 -0.17
ENDF/B-6 4.5480E+00 3.7228E+00
JENDL-3/FY 4.5372E+00 3.6402E+00
CENDL-FY(87) 4.5835E+00 3.7167E+00
JEF-2/FY 4.3996E+00 3.6397E+00
“Nd This work 2.5867E+00 2.0878E+00 -0.23 -0.16
ENDF/B-6 2.5927E+00 2.0911E+00
JENDL-3/FY 2.5298E+00 2.0970E+00
CENDL-FY(87) 2.6027E+00 2.0835E+00
JEF-2/FY 2.6632E+00 2.1715E+00
18Nd This work 2.1015E+00 1.6000E+00 -0.52 -8.16
ENDF/B-6 2.1125E+00 1.7305E+00
JENDL-3/FY 2.0816E+00 1.7457E+00
CENDL-FY(87) 2.0944E+00 1.7628E+00
JEF-2/FY 2.2791E+00 1.6543E+00
BSEy This work 6.7100E-02 1.0900E-01 -13.31 -4.93
ENDF/B-6 7.6030E-02 1.1437E-01
JENDL-3/FY 6.7480E-02 1.0798E-01
CENDL-FY(87) 7.5270E-02 1.1259E-01
JEF-2/FY 6.3160E~02 1.1232E-01
S"Eu This work 8.4144E-02 +4.51
ENDF/B-6 8.0347E-02
JENDL-3/FY 8.3791E-02
CENDL-FY(87) 8.3724E-02
JEF-2/FY 6.6064E-02
¥1Th This work 1.1436E-03 8.2450E-03 -6.24 -2.72
ENDF/B-6 1.2150E-03 8.4690E-03
JENDL-3/FY 1.2798E-03 8.4900E-03
CENDL-FY(87) 1.1880E--03 8.7347E-03
JEF-2/FY 1.1560E--03 7.8741E-03
This work—ENDF/B-6
—_— (%)
This work
Reference

[1] Liu Tingjin, CNDP, 19, 103 (1998)
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IV DATA PROCESSING

A Method and Program CABEI for Adjusting Consistency
between the Cross Section Data of Natural Element
and Its Isotopes

Liu Tingjin Sun Zhengjun
(China Nuclear Data Center, CIAE)

Introduction

To meet the requirement of nuclear engineering, especially nuclear fusion
research, now the dada in the major evaluated libraries, such as ENDF/B-6, JENDL-
3.2, JEF-2.2, BROND-2.1 and CENDL-2.1, are given not only for natural elements,
but also their isotopes. It is clear that these data must be consistent in physics.
Unfortunately, it is not the case, the data in the libraries usually do not satisfy the
consistent relationship. Inconsistency between element and its isotopes data is one
major problems in present evaluated neutron libraries'!. So far, the data in the
libraries are given, in most cases, only for natural elements or isotopes, not for both,
to avoid this problem.

As well known, the complete data must be consistent for each nuclide itself,
such as total cross section equals the sum of elastic and noelastic cross section,
nonelastic cross section equals the sum of all partial cross section except elastic
cross section, and total inelastic cross section equals the sum of the cross sections of
inelastic scattering to discrete and continuous states etc. The consistence between
natural element and its isotopes makes the data must satisfy two kinds of consistent
relationships at the same time, this is the key point and main difficulty for this kind
adjustment.

1 Adjust Method and Formulas

Let o express the cross section of j-th reaction for i-th isotope, o;,express
the 'total' cross sections for i-th isotope, o, express the cross section of j-th
reaction for natural element, and o, is the 'total’ cross section of natural element.

Suppose o' is the cross section to be adjusted, and o is one adjusted, so that
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ooy =2 4oy (1)
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where w;(i=0,1---,1; j=0,1,2---,J) is the assigned weight of the corresponding
cross section for adjusting.

Substitute equations (1) ~ (3) into equation (4), then

2
2 =YY wloy—op) +Zw,-oKZ%}-0£o}
Jj=1

i=l j=1 i=1

2 2
+ZWOJKZAIGU}_061} +Wool:[ZZAiO'U}—O'60}
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Take the partial differential to variable o, and let them equal zero
oy’
ooy

)

=0

under this conditions, the linear equation group is obtained

WO + wko(zakj) T Wy (Z A Aioy) + Woo(ZZAiAko'ij) ©)
‘ j=1, i:,I , i=l j=1
= WOy + WigO o + Woo Ay g + Woo A, 0749
where i=1, 2, -+, Tand j=1,2 -+, J, there are /xJ equations, so the optimum values
of IxJ variables can be solved out. And the 'total’ cross sections of each isotopes and
natural element can be calculated from Eqgs. (1) ~ (3).

2 Code and Test

According to the equation group (6), the program CABEI was developed, which
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includes codes EPOIN, INTER, DIFFE, ADJUS and RECOV.

Code EPOIN is used for selecting and arranging energy in order. The adjusting
is going on at same energy point one by one for all reactions of natural element and
its isotopes, but the energy meshes of them are not the same. The energy points of
each reaction are taken, and collect all of them together and then put them in order
from small to large by the code.

Code INTER is for interpolation of the cross section data according to
interpolation mode given in the data heading of corresponding section. As
mentioned above, adjusting is going on at the energy points of all reactions, the
cross section may not be given at some energy points for some reactions, in this case
they are calculated by the code using the given interpolation mode.

Code DIFFE is used to calculate the difference between the data of natural
element and sum of its isotopes taken their abundance as weight. This is a
quantitative measurement of the inconsistency.

Code ADJUS is used for solving the linear equation group (6) and adjusting the
data.

Code RECOV is used to select the energy points for outputting, in usual case,
recover the original energy meshes, and output the data in ENDF/B-6 format.

Taken as an example, the data of Fe from CENDL-2.1 (the data are not

consistent, the authors are different for ***"**"*Fe and *Fe) were adjusted to test the
program. The results are as follows.
(1) As desired, the difference between the data of natural element and the sum of
its isotopes became zero, no matter how much the difference is before adjusted. It
means that the data become consistent. Some examples are given in Figs. 1 and 2 for
total and nonelastic cross sections.

1.5 j
— Adjusted 4

T

0.0 Jlik AL SN Rtvll WAL (n 1 o

-—— original

a/b

2.0 2.5 3.0 3.5 4.0 4.5 5.0
En/Me¥

Fig. 1 The difference of total CS between °Fe and sum of its isotopes
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Fig. 2 The difference of nonelastic CS between °Fe and sum of its isotopes

(2) If the consistence is better before adjusted, the data keep unchanged basically;
if it is worse, the data are changed larger; the worse, the larger. Some examples are
given in Figs. 3 and 4 for the former and in Figs. 5 and 6 for the later. Also it can be
seen from Figs. 5 and 6 that the changed directions are reasonable, it is clear that the
original cross section curve of (n,o) is 'fat' for natural element, but thin for *Fe; after
adjusted it becomes 'thinner' for natural element, and becomes 'fatter’ for **Fe.
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Fig. 3.1 The ratios of adjusted to original for **Fe total cross section
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Fig. 3.2 The ratios of adjusted to original for *Fe total cross section
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Fig. 4.1 The ratios of adjusted to original for °Fe total cross section
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Fig. 6 Adjusting of ™Fe(n,a) cross section

(3) If the original curve is smooth, it still keep smooth after adjusted. If there are
some structures for original data, there remain small structures for adjusted data (Fig.
7.
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Fig. 7 Adjusting of **Fe total cross section
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(4) In adjusting, the change is smaller for the isotopes having small abundance for
they have small contribution to the cross section of natural element, and larger for

isotopes having larger abundance for they have larger contribution. An example is
given in Fig. 8.
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Fig. 8.1 Adjusting of **Fe nonelastic cross section
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Fig. 8.2 Adjusting of **Fe nonelastic cross section
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Fig. 8.3 Adjusting of *’Fe nonelastic cross section

It is concluded from above that the program works well as desired in physics;
and in adjusting, the data change, including its direction and magnitude, is
reasonable.

3 The Matter in Practical Adjusting

How to use the program, how to practically adjust a complete data, following is
the matter in practical adjusting, to which should attention be paid.

3.1 Weight

In principle, the weight w; for adjusting can be taken arbitrarily. It can be

taken as larger for some cross sections, for which there are more experimental
measurements and the errors are smaller and you want them changed smaller, and
otherwise, it should be taken as smaller. For example, if you want the total cross
section remain unchanged basically in the adjusting, the weight w,, should be taken
very larger. Also if you want some cross sections, whose absolute values are very

low, change smaller to avoid the relative value change too large, the corresponding

w;; can be taken larger, for example, as
I3
o,
_Yi0 .0
Wy =—=w; @)
o

118



To treat conveniently, sometime the weight can be taken as

S——— ®)

That is the partial weights are taken as the same for the cross sections of same
isotope and same reaction. In this case, the number of input weight parameter is
reduced to (/+J) from (I x J).
If the error of the cross section itself should be taken into account, then the
weight can be taken as
Wy, = ww; X I/AO','-j2 )
3.2 Adjustment of Complete Data

For a set complete data, except the consistence between the data of natural
element and its isotopes, they also must be consistent between total, noelastic,
inelastic cross section and their corresponding partial cross sections for each
isotopes. In this case, the adjusting can be done via, for example, the following
steps:

(1) Total CS=elastic CS + nonelastic CS ( CS= Cross Section)
MT1=2+3)
(2) Nonelastic CS = sum of all corresponding partial CSs
MT 3=4+16 +107)

Taken larger weight for nonelastic CS, to keep it unchanged during the
adjusting.

(3) Inelastic CS = sum of CSs of inelastic scattering to continuous state and
concrete levels

(MT 4=51+52+91)

Taken larger weight for inelastic CS, to keep it unchanged during the adjusting.
Only do the adjusting for the consistence of each nuclide itself, not for natural
element and its isotopes for there is no relationship between the CSs of inelastic
scattering to concrete levels. In this case, the equation group (6) becomes

w,o; + wo(z o;)=w0o, + W0 g (10)
j=1
which is also included in the program.

The values of cross sections for different reactions and nuclides could be large

different, which could lead difficulty for adjusting. To avoid this difficulty, let
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Aij=—, (11)

as new variables in the equation group, the ratios of adjusted to original cross
sections in physics, and then the adjusted cross sections

o, = Zija,fj (12)
If it is necessary, program CRECTIJS5 can be used for each nuclide itself to make
the energy meshes satisfy the rule requirement of ENDF/B-6 format.

3.3 The Treatment of Different Energy Region

The low energy bounds of different reactions and nuclides are different for
smooth cross section (file 3), but the adjusting only can be done for file 3 and must
be done in the same energy region. For this, they must be treated.

(1) If the low bounds are determined by the resonance upper bounds, the
highest one is taken as low limit for all reactions of all nuclides, only in this region
can be adjusted.

(2) For cross sections of continuous inelastic scattering, the highest threshold
is taken as low limit for all nuclides, only in this region can be adjusted.

(3) For other threshold reactions, the lowest one is taken as low limit, the
cross sections are taken as zero below the threshold for other reactions.

3.4 The Treatment of Different Reaction Channel

For some reactions, the cross sections may not be given for all nuclides, for
there are no data for it for some nuclides. In this case, it can be treated according to
the different situations.

(1) If the reaction is not open (the threshold is higher than 20 MeV) for a
nuclide, or although it is open, the cross section is small enough to be neglected, this
nuclide is not included in the adjusting (take the cross section of this nuclide as
ZETO0).

(2) If the cross section is not small enough to be neglected, but is not given in
the file, this isotope is not included in the adjusting, but make the abundance of main
isotope plus its abundance.

3.5 Energy Point for Output and Iteration

As mentioned above, the adjusting is going on at all energy points of all

reactions of all nuclides, and the cross sections are interpolated for the energy points,
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at which they are not given in the file. If all energy points are taken for outputting,
there are too many points, and make the file too large, so the energy points must be
selected for outputting, usually the original energy meshes are recovered. But in this
case, the inconsistency of the new adjusted data may be appeared due to the
interpolation.

To solve the problem, the iteration method is used, that is the new adjusted data
can be as the input data for the next adjusting until the data is completely consistent
at selected output energy meshes. To show the effecting of the iteration, some
examples are given in Figs. 9 and 10 for the total and noelastic cross sections of *Fe
respectively. It can be seen that the change is quite large in the first adjusting, only
small but certainly existing corrections are made in following iterations.
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Fig. 9 An example of iteration effect on adjusted result: **Fe total cross section
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Fig. 10 An example of iteration effect on adjusted result: **Fe nonelastic cross section
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4 Conclusion

The method and program CABEI have been developed to make the complete
data of natural element and its isotopes satisfy at the same time the two kinds of
consistent relationships, one is for each nuclides itself, and another is between the
natural element and its isotopes. The method and program have been tested, and the
matter in practical adjusting, including weight taking, complete data adjusting,
treatment of different energy region and reaction channel, output energy point
selection and iteration, have been studied.

As an example, the method and program were successfully used to adjust the
data of ™Fe and *’**”*Fe of CENDL-2.1. It works well. As a result, the adjusted
data are consistent between “Fe and its isotopes *****"**Fe, and at the same time
keep the consistence for each nuclide itself.

The method and program were also successfully used to adjust the data of ™Ni
and its isotopes ****"Ni.

The method and program can be spread to used for making the data satisfy two
kinds of consistent relationships in the evaluation and evaluated libraries in
ENDEF/B-6 format. It can become a powerful and convenient tool for making the
consistence between the data of natural element and its isotopes. Of course, it is only
a mathematical method hence, even to make it optimum in mathematics, could not
replace the analysing and adjusting in physics, in other words, the analysing and
adjusting in physics should be done at first before using the code.

Reference
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V INTEGRAL TEST

Testing of the Tritium Production for the °Li and "Li

Rong Jian
(China Nuclear Data Center, CIAE)

The tritium production cross section of the lithium, PL' is a very important
factor of the fusion system. Several experiments have been made to measure it. In
1954, the tritium production of ™LiD was measured by M. E. Wyman for the first
time in Los Alamos!”. The P?, the tritium production of °Li, was measured with a
°LiD sphere by Hemmendinger et al.””! in 1978, the radius of the sphere is 30 cm. A
similar experiment was also done to measure the P{ in China® , the 14 MeV
neutron source was used in the experiments.

Several calculations”! for Chen's experiments have been done which based on
the CENDL-2.1 and ENDF/B-6, respectively. The calculated results of the PF
based on the CENDL-2.1 were lower than the experimental results in the Ref. [4].
So it was thought that the evaluated data of the °Li and 'Li in the ENDF/B-6 are
better than those data in the CENDL-2.1 in Ref. [4]. In order to make sure whether
the evaluated data of the °Li and 'Li in the CENDL-2.1 are good or not, the further
calculation is necessary.

In our calculation the Monte Carlo method was applied and the data of the
CENDI-2.1 and ENDF/B-6 were used. The comparison between the calculated and
experimental results were also made. The experiment facilities are given in Table 1.

The formula to calculate the tritium production of the lithium is:

PH=N;/4 (D

where the N; is the total number of the tritium production reaction in the experiment
facility, and the 4 is the intensity of the neutron source.

In these experiments, the N; can not be measured directly. Instead, the
distribution of the tritium production reaction ratios f{r) were measured, then N;
were calculated:

n R
Ny =2m1p [ [r? f(r)sin@ d6 dr (2)
00
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where p is the density of the experiment material, R is the equivalent radius of the
experiment facility.

The program NJOY was used to generate the ACE file from the ENDF file,
which was used in the Monte Carlo code for our calculation. The calculated results
are summarized in Table 2.

Table 1 The experiment facilities

experiment radius / cm compositions / % density / g/cm®
o1 ¢ . 0~4 vacuum 0
LiD sphere (China) 431 SLiD 0.792
0~2.22 vacuum 0
2.22~5.0 ’LiD (95.59) 0.753
LiD (4.41)
5.0~5.1 vacuum 0
5.1~7.615 °LiD (95.59) 0.753
LiD (4.41)
7.615~7.715 vacuum 0
Hemmendinger 7.715~12.6 °LiD (95.59) 0.753
LiD (4.41)
12.6~12.7 vacuum 0
12.7~20.0 ®LiD (95.68) 0.751
'LiD (4.32)
20.0~20.1 vacuum 0
20.1~30.0 *LiD (95.68) 0.751
LiD (4.32)
Wyman 0~4 vacuum 0
4~30 NatLiD 0.8154

Table 2 The comparison between the calculations and the experiments

reaction ratios experiments ENDEF/B-6 CENDL-2.1
SLiD sphere Pf 0.79 % 0.07(*) 0.7614 0.7708
0.75 £ 0.04(**)
Hemmendinger P? 0.853 0.7913(#) 0.7984(#)
0.8163(##) 0.8234(##)
Wyman PT7 0.43 £ 0.004 0.4196 0.4200
where: *  measured by the proportional counter,; # notincluding P/
** measured by the scintiflation detector; ##  including P.r7 N

In Table 2 it can be found that the calculated results for the P’ of the two
libraries are very close. The results of the CNEDL-2.1 is slightly larger and more
close to the experimental results than ENDF/B-6. The facility in the Hemmendinger
experiment was composed of a series of sphere shells. The experimental condition is

not as good as the °LiD sphere experiment used in China. So the results of the °LiD
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sphere experiment of China are more reliable than the results of the Hemmendinger
experiment. At the same time a little 'Li was contained in the facility of the
Hemmendinger experiment and its effect can not be neglected. It can be seen that the
calculated results including P, are more close to the experimental results than
those not including P/ .

For P, , the calculated results of the two libraries are very similar and are all
close to the experimental results. It means that the evaluated data of the tritium
production cross section of the 'Li in the two libraries are all reliable. There is a
reaction type of the 'Li, whose MT number is 205, in CENDL-2.1, the total tritium
production. But there is no total tritium production of the 'Li in the ENDF/B-6, so it
has to sum all of the data from the MT=52 to the MT=82 in the file 3 to get it.

According to our calculation, it is believed that the conclusions in the Ref. [4]
are not correct. The evaluated data of the °Li and 'Li in CENDL-2.1 are all reliable.
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Nuclide Quantity Lab Type Author, Comments
Min Max Ref Vol  Page Date

‘Be Calculation 1.0+3 2.0+7 AEP | Theo | Jour CNDP | 20 5 Dec 98  [Zhang Jingshang+, MDL CALC, SIG, DA, DA/DE
2C Calculation 1.0+3 2.0+7 AEP | Theo | Jour CNDP | 20 17 Dec 98  |Zhang Jingshang+, MDL CALC, SIG, DA, DA/DE
Sy (Y,X) 1.0+3 3.0+7 AEP Eval | Jour CNDP | 20 95 Dec 98 Yu Baosheng+, MDL CALC, SIG, DA, DE, EVAL
8Cu (n,&) Thrsh 2.0+7 SIU Eval | Jour CNDP { 20 90 Dec 98 Ma Gonggui+, SIG

(n,n'a) Thrsh 2.0+7 SIU Eval | Jour CNDP | 20 90 Dec 98 Ma Gonggui+, SIG
#Cu (n,a) Thrsh 2.0+7 SIU Eval | Jour CNDP | 20 90 Dec 98  [Ma Gonggui+, SIG

(n,n'e) Thrsh 2.0+7 SIU Eval | Jour CNDP | 20 90 Dec 98  |Ma Gonggui+, SIG
NaCy (n,) Thrsh 2.0+7 SIU Eval Jour CNDP | 20 90 Dec 98 Ma Gonggui+, SIG

(n,n'a) Thrsh 2.0+7 SIU Eval Jour CNDP | 20 90 Dec 98 Ma Gonggui+, SIG
¥Rb Calculation 1.0+3 2.0+7 NKU | Theo | Jour CNDP | 20 70 Dec 98  |Cai Chonghai+, MDL CALC, SIG, DA, DE
*Rb Calculation 1.0+3 2.0+7 NKU | Theo | Jour CNDP | 20 70 Dec 98 Cai Chonghai+, MDL CALC, SIG, DA, DE
#Sr Calculation 1.0+3 2.0+7 NKU | Theo { Jour CNDP | 20 47 Dec 98 Cai Chonghai+, MDL CALC, SIG, DA, DE,
*Sr Calculation 1.0+3 2.0+7 NKU | Theo | Jour CNDP | 20 47 Dec 98  |Cai Chonghai+, MDL CALC, SIG, DA, DE
“Sr Calculation 1.0+3 2.0+7 NKU | Theo { Jour CNDP | 20 47 Dec 98 |Cai Chonghai+, MDL CALC, SIG, DA, DE
8y Calculation 1.0+3 2.0+7 NKU | Theo | Jour CNDP | 20 39 Dec 98 Cai Chonghai+, MDL CALC, SIG, DA, DE
Mo (n.p) 5.0+6 1.0+7 AEP | Expt | Jour CNDP | 20 I Dec 98  |Zhao Wenrong+, ACTIV, Ge(Li), SIG
8Cd Calculation 1.0+3 2.0+7 UNW | Theo | Jour CNDP | 20 77 Dec 98  {Sun Xiuquan+, MDL CALC, SIG, DA, DE
"n Calculation 1.0+3 2.0+7 UNW | Theo | Jour CNDP | 20 64 Dec 98  |Zhang Zhengjun+, MDL CALC, SIG, DA, DE
121Sh Calculation 1.0+3 2.0+7 UNW | Theo | Jour CNDP | 20 82 Dec 98 |Zhang Zhengjun+, MDL CALC, SIG, DA, DE
138h Calculation 1.0+3 2.0+7 UNW | Theo { Jour CNDP | 20 82 Dec 98  |Zhang Zhengjun+, MDL CALC, SIG, DA, DE
WY (v.X) 1.0+3 2.0+7 AEP Theo | Jour CNDP | 20 87 Dec 98 Han Yinlu+, MDL CALC, SIG, DA, DE
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