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EDITORIAL NOTE

This is the 18th issue of Communication of Nuclear Data Progress (CNDP), in

which the achievements of nuclear data field for the last year in P. R. China are

carried. It includes the measurements of angular distributions and energy spectra for
58Ni(n,p)58Co reaction at 4.1 MeV, and activation cross sections for 159Tb(n,y) !60Tb and
I69Tb(n,y) 170Tb reactions at 0.4-4.0 MeV and 0.16-3.0 MeV, respectively; n+239Pu

coupled channel optical model and DWBA calculations, analysis of d+I6O and p+l8F

reactions, calculations of (n,p) reaction cross sections for Zinc isotopes and n+l76Hf;

evaluations of n+235U fission product data and study of the dependence of fission

yield data on neutron energy, decay data evaluation for radionuclide 7Be, evaluations

of 55Mn, 54Fe, 59Co, 62Ni, and 63Cu(n,a) reaction cross sections, evaluations and

calculations of 158159Tb(n,2n), (n,3n), (n,y) and (n,x) reaction cross sections below 20

MeV; the systematics research on (p,n) and (p,2n) reaction excitation functions; and

the sub-library of atomic masses and characteristic constants of nuclear ground

states (CENPL-MCC 2).

The editors hope that our readers and colleagues will not spare their comments,

in order to improve this publication.

Please write to Drs. Liu Tingjin and Zhuang Youxiang

Mailing Address: China Nuclear Data Center

China Institute of Atomic Energy

P.O.Box 275 (41), Beijing 102413

People's Republic of China

Telephone: 86-10-69357729 or 69357830

Telex: 222373 IAE CN

Facsimile: 86-10-6935 7008

E-mail: cndc @ mipsa.ciae.ac.cn
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I EXPERIMENTAL
MEASUREMENT

Tests of the GIC and Measurements of Angular
Distributions and Energy Spectra for 58Ni(n,p)58Co

Reaction at 4.1 MeV

Tang Guoyou Zhang Guohui Chen Jinxiang Shi Zhaomin
(Institute of Heavy Ion Physics, Peking University, Beijing 100871, China)

Yu. M. Gledenov M. Sedysheva G. Khuukhenkhuu
(Joint Institute for Nuclear Research, Dubna 141980, Russia)

Chen Zemin Liang Wei Zhang Xuemei
(Department of Physics, Tsinghua University, Beijing 100084, China)

Abstract

On the basis of measurements of double differential cross sections for (n,a)
reactions in 5 — 7 MeV neutron energy region using gridded ionization chamber
(GIC)[1~31, we constructed a new GIC which, compared with the old ones'41, can bear
higher pressure and makes it possible to measure (n,p) reactions up to 6 MeV and
(n,xa) reactions up to 20 MeV.

To test the new chamber, the saturation property for argon and krypton mixed
with a few percent CO2 was studied using 241Am and compound Pu a source and
tritium from 6Li(n,h,t)

4He, arid the two dimensional spectra for 241Am and
Pu a source, 6Li(n,h,t)

4He and H(n,p) reactions were measured. The measured energy
spectra and angular distributions for a and tritium are reasonable, and the derived
Y data for a, proton and tritium in argon and krypton from the measured spectra
data were compared with the calculated ones. They are in good agreement.

The angular distributions and energy spectra for 58Ni(n,p)58Co reaction at 4.1
MeV neutron energy were measured using the new chamber. The results were
compared with other data.



Introduction

Neutron induced charged particle emission reaction data are of great interest
since they not only can provide important information for the theoretical study of
reaction mechanism, but also are very important in reactor technology, particularly
in the estimation of nuclear heating, radiation damage and induced activity in
structural materials.

The gridded ionization chamber (GIC) has many advantages in charged particle
measurements, such as the high geometrical efficiency, the capability of energy-
angle determination and particle selection. In our previous GIC works, we have
measured 40Ca, 58Ni, 64Zn, 54Fe(n,a) reactions in 5 —7 MeV neutron region11"31.

In order to measure (n,p) reactions and higher energy region (n,xct) reactions,
we constructed a new twin GIC. It was made at the Frank Laboratory of Neutron
Physics, JINR, Dubna, Russia. Compared to the old ones'4', the new chamber can
bear higher gas pressure, so it is suitable for (n,p) and (n,xa) reaction measurements.
In addition, the volume of the new GIC is much smaller than the old ones and, with
a sample changer, five samples can be placed in it, thus saved a lot of counting gas.
As a result, it is affordable for us to use krypton instead of argon as working gas to
reduce the background.

1 Tests of the New Chamber

1.1 Working State Determination

(1) Saturation Property and Electrodes Voltage Determination
By measuring the anode pulse-height of a-particles from 241Am and Pu a source

(compound a source, including 238Pu, 239Pu, 234U and 244Cm), and tritium from
6Li(nth,t)

4He as a function of the reduced field strength between the cathode and the
grid at different pressures, we derived the saturation curves.

Fig.l shows the saturation curves for 241 Am a particles in argon with
CO2(3.78%). The saturation curves for tritium are similar to that for a particles. It
can be seen from the curves that the saturation of charge collection was reached after
the reduced field strength EJp higher than 200—250 V-cm'-atm1*. For krypton
+CO2(2.73%) the required reduced field strength is just a little higher (250—300
V-cm'atm"1). The voltage difference between cathode and grid can be decided from
this value.

* latm=0.101MPa
2
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To decide the needed voltage difference between anode and grid, we measured
the anode pulse-heights from Pu a source at different ratios of field strength between
anode and grid to that between cathode and grid (£ag/£cg). From the curve showed in
Fig.2, for our GIC, the value of EJEcg should be greater than 1.4 to avoid electron
capture by the grid. According to the structure of the grid (parallel wires 2 mm in
distance, 0.1 mm in diameter), this value is 1.372 in theory. We normally set this
value 1.6 — 2.0 during measurements.
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With our high voltage equipment (±5000 V), using krypton as working gas, we
can measure protons up to 6 MeV, and a-particles up to 20 MeV.

(2) Cathode-grid and Anode-grid Distances and Gas Pressure
To ensure the uniformity of the field, the distance from cathode to grid is set

4.35 cm, much shorter than the length of one side of the square electrodes 18.5 cm.
The distance between anode and grid is 1.75 cm. In this arrangement, the grid
inefficiency is about 0.011.

The gas pressure was determined by the range of the measured particles in the
working gas and the distance from cathode to grid. The pressure should be high
enough to ensure the particles to be stopped before reaching the grid. On the other
hand, the pressure shouldn't be too high. As the pressure increases, the angular
resolution becomes worse, as well as wasting more gas.

1.2 Measurements of 241Am and Pu a Source, 6Li(nA,t)4He and H(n,p)n Reactions

Two dimensional spectra of 241Am, Pu a source and 6Li(n,h,t)
4He, H(n,p)n

reactions were measured. Fig.3 is the typical anode spectrum of Pu a source. The
energy resolution is better than 2%. Fig.4 is the results of angular distributions of the
compound Pu a source. The results are reasonable.

400 600
Channel

Fig.3 Typical anode spectrum for the compound alpha source



0. 20 0. 40 Q. 60
cos(theta)

0. 80 1.00
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1.3 Measurement and Calculation of Y Data for a, Proton and Tritium in
Argon and Krypton

Y is the average distance from the centre of gravity of the electron-ion pair track
to the origin of the trace. In general it is a function of particle energy, mass and
charge. Y data are needed in the work of GIC measurement151. As far as we know,
there are no such data published, so it is important to study Y data experimentally
and theoretically.

According to reference'51, Y data for a-particle from a source or for tritium
from 6Li(n,h,t)

4He can be measured from the upper and lower edges of the cathode
spectrum of a or tritium, whose energy is known. As for protons, since it is difficult
to get mono-energy proton source, we used recoil protons from n-p reaction on a
polyethylene film.

We measured the Y data for a, proton, and tritium in argon and krypton. Then,
using the stopping power data calculated from program TRIM, we calculated the
range data and Y data for these particles in argon and krypton. The experiments and
the calculations are in good agreement. Fig.5 shows the result of proton in krypton.
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2 Measurement of 58Ni(n,p) Reaction at 4.1 MeV

2.1 Experiment

The experiment was performed at the Institute of Heavy Ion Physics, Peking
University. The neutron was produced through D(d,n)3He reaction on the 4.5 MV
Van de Graaff accelerator. The neutron flux was monitored by a fission chamber
with enriched 238U sample (99.997%), and a BF3 long counter.

The counting gas was krypton with CO2(2.73%), and the pressure was 4.0 atm.
The nickel sample was 3.57 cm in diameter, 1.04 mg/cm2 in thickness. The distance
from the neutron source to the nickel sample was 37.5 cm. We used a collimator
made from copper and iron with a thickness of 15.3 cm to reduce the background.

First, the forward events plus background and backward background were
measured at the same time, and then we turned the GIC 180° to measure the
backward events plus background and forward background. The measuring time for
each side was about 10 hours.

2.2 Results and Discussion

Figs.6 and 7 show the proton energy spectra in the forward and backward



directions. From the spectra we know that the emitted protons can be divided into
two groups, the lower energy group and the higher energy group. In Fig.8 is shown
the angular distribution of the total protons in the center of mass system, as well as
those of the two groups. The angular distribution for the lower energy group is a
little steeper than that of the higher energy group. The angular distribution for the
total protons and for the lower energy group is 90° symmetric, not isotropic, as
given in ENDF/B-VI library.
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Since the statistics are not good enough, the error bars are large. Further
experiments are needed. In the process of experiment, we found that in the forward
two dimensional spectra, there were recoil protons. To reduce this interference, only
35° —90° proton spectra were selected in Fig.6, since the higher energy recoil
protons are dominated mainly near 0° in the two dimensional spectrum. Because of
the interference of the recoil protons, the error of the measured reaction cross section
is larger.

The recoil protons may come from the hydrogen absorbed by electrode surfaces.
To solve this problem, more investigations should be done.

The authors are indebted to the crew of 4.5 MV accelerator, IHIP, Peking
University for their kind cooperation.
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Measurement of Activation Cross Sections for
159Tb(n,y)160Tb and 169Tm(n,y)170Tm Reactions

Chen Jinxiang Shi Zhaomin Tang Guoyou Zhang Guohui
(Institute of Heavy Ion Physics, Peking University)

Lu Hanlin Han Xiaogang Huang Xiaolong
(China Institute of Atomic Energy, Beijing)

Chang Yongfu Wang Jun Wang Wushang
(Northwest Institute of Nuclear Technology, Xian)

Introduction

Both I59Tb and l69Tm are rare-earth elements. Their activation cross sections are
a good indicator for nuclear science and technology applications. Precise values of
the neutron capture cross section of terbium and thulium also are of practical
importance in relation to reactor design since they are the fission product poisons.

For the l59Tb(n,y)160Tb reaction, capture cross sections were measured in neutron
energy range 0.4—4.0 MeV in four laboratories'1"41. In all these works were directly
measured the prompt gamma-ray for capture events. No measurement of
159Tb(n,y)l60Tb cross section using activation technique has been reported. The cross
sections for l69Tm(n,y)l70Tm were measured in the neutron energy range 0.16—3.0
MeV in four laboratories'5"81. The cross section measured by Jian Sousheng'81 using
activation method was lower than other one using the prompt gamma-ray method.
The cross section at 0.5 — 1.6 MeV is necessary to be measured with higher
resolution HPGe detector further so as to check the capture cross sections and obtain
more accurate data.

In this experiment, the neutron capture cross sections for 159Tb and 169Tm
relative to the 197Au(n,y)l98Au reaction were measured at neutron energies of 0.57,
1.10 and 1.60 MeV using the activation method.

1 Experimental Procedure

The experiments were carried out at the 4.5 MV Van de Graaff accelerator of
the Institute of Heavy Ion Physics, Peking University. The monoenergetic neutrons

9



with energies 0.57, 1.10 and 1.60 MeV were produced via the T(p,n)3He reaction on
a solid T-Ti target of 1.42 mg/cm2 in thickness.

The rare-earth samples were made from natural element oxides powder by
pressing into disks of 10 mm in diameter and about 0.5—0.8 mm thick (about 353.1,
325.1, 339.8 mg/cm2 for Tm, 500.5, 544.1, 615.2 mg/cm2 for Tb, respectively) and
being sealed in thin polyethylene foils. The purities were 86.88% for Tb and 87.56%
for Tm. Each sample was sandwiched between two gold disks. The purity 99.9%
gold disks each of 10 mm in diameter and 0.1 mm in thickness were used to measure
the neutron fluence on the sample. The sample groups were wrapped with cadmium
foils of 0.5 mm in thickness.

The irradiation was performed at 0° direction relative to the incident proton
beam. The distance between the sample and target was 1.5 cm. In order to reduce
wall-scattered and floor-scattered neutrons, the target for source neutrons was
located in a non-scattering environment about 5.5 m away from the wall and at a
distance of 1.8 m from the floor and under the target there was a underground
hollow of 3.0 m in diameter and 1.8 m deep. The proton beam currents were
generally 10—12 (iA and the duration of irradiation was 23 to 24 hours at each
energy. The fluctuation of neutron fluence rate was monitored with a BF3 long
counter at 0° at a distance of 315 cm from the neutron source. In order to record the
neutron fluence rate as a function of time during the irradiation, the integral count
rate of the long counter per 10 minutes was recorded continuously by
microcomputer multiscaler and stored on magnetic disk for calculating the
correction of non-uniform irradiation history.

After irradiation, the activities from residual nuclei were measured with a HPGe
y-detector (105 cm3). The efficiency of the detector was calibrated by using a set of
standard gamma ray sources in the energy range of 0.1 —1.5 MeV and the efficiency
curve was fitted with the least-square method. The y-detection efficiency for 160Tb
was obtained from this efficiency curve. For the decay of 170Tm, the dominant
gamma ray is only 84.25 keV. In order to calibrate the efficiency of the detector for
170Tm accurately, a standard gamma-ray source of 170Tm was prepared specially by
Institute of Atomic Energy and its activity was determined by the 47ip-y coincidence
counting. The activities of these samples were also measured comparatively by
gamma-ray spectroscope using a HPGe-N ORTEC model GX10185 and a HPGe-P
Canberra well detector in the Northwest Institute of Nuclear Technology. Their
measured results were in good agreement with our ones within the errors. The decay
data used in present work are taken from Ref.[9] and listed in Table 1.
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Table 1 Decay data of radioactive products

Resid. nucl.

160Tb

r)/2/d

72.3

128.6

2.696

£y/keV

1177.95

84.25

411.8

Iy I %

14.97

3.26

95.57

Some corrections have been made and are described as follows:

(1) Neutron Energy
On account of the sample near the target, the incident neutron energy was

calculated by

EB = %E(Q)A(Q)2n sin9d9/ £ ,4(9)271 sin 9 d0

where E(0) = the energy angular distribution of incident neutron;
A(0) = the angular distribution of incident neutron cross section;

a = the maximum angle subtended by the sample at the target.

(2) Gamma Ray Self-absorption in the Sample
The correction factor of gamma ray self-absorption in the sample is given by

fs =[l-exp(- Jux)]//«

where ju is the total-mass absorption coefficient in cm2/g;
x is the density thickness in g/cm2.

At first, the total-mass absorption coefficient was measured experimentally as
gamma-ray passed through a series of samples with different thickness. Because the
1173 keV gamma-ray of 60Co almost equals 1177.95 keV gamma-ray of 160Tb, the
total-mass absorption coefficient of Tb sample was measured by using 1173 keV y-
ray of 60Co instead of by using 1177.95 keV y-ray of 160Tb.

It is important for the correction factor of 84.25 keV gamma ray self-absorption
in the Tm2O3 sample. Its total-mass absorption coefficient was measured experimentally by
using 84.25 keV y-ray of 170Tm source.

The y-ray peak area measured was analyzed using the program H developed for
an IBM compatible computer. The counting rates under the concerned full-energy
peaks based on the measured y-spectrum were obtained. After the corrections for the
detector efficiency, cascade effect, y-intensity, fluctuation of neutron fluence rate
and y-ray self absorption in the samples, the activation cross sections of 159Tb and
l69Tm were calculated by using well-known activation equation.

2 Result and Discussion
n



The cross sections measured in present work and the 197Au(n,y)198Au cross
sections recommended by ENDF/B-6 are listed in Table 2. The principal contributions of
errors and their magnitudes are given in Table 3.

Table 2
£n/MeV

0.5710.03
1.1010.03
1.6010.04

Measured
l59Tb(n,Y)16

298.8115
179.0110
120.617.

results
•OTb

.5

.7

2

of cross sections
l69Tm(n,Y)l70Tm

160.3110.1
99.716.9
95.5 16.7

(in mb)
197Au(n,y)l9«Au

118.614.1
77.2 13.4
66.5 12.9

Table 3

Source of uncertainty

reference cross section

y-counting statistics for sample

y-counting statistics for i98Au

y-detection efficiency for sample

y-detection efficiency for '98Au

correction of self absorption for sample

correction of self absorption for 198Au

sample weight

i97Au foil weight

Principal sources of errors
Relative errors/( %)

'S9Tb(n,y)l6OTb

3.5-4.5

0.7-1.0

0.6-0.8

1.5

1.5

2.0

1.5

1.0

0.1

i69Tm(n,y)'70Tm
3.5-4.5

0.6-1.0

0.5-0.7

2.0

1.5

4.0

1.5

1.0

0.1

Fig. 1-2 show the capture cross sections of 159Tb and l69Tm as function of the
incident neutron energy in comparison with the results of other published measurements,
respectively.
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Tb: The uncertainty of our measurement is 5%-6%, while W.P.Poenitz1'1

7.5%-10%, J.Voignier'21 7%-8%, Mu Yunshan'31 11%-12% and J.S.Brzosko|4) no
error given. Our results obtained by the activation method are in good agreement with the
experimental data of other authors'1"4', which are obtained by the prompt gamma-ray
detection technique in the 0.4-3.0 MeV neutron energy range. From Fig.l, we can
find out that they all have a same decreasing trend with increasing incident neutron
energy. So we consider that the experimental data including our data are reasonable
and reliable. These experimental data were fitted to get the recommended data. The
recommended data in energy region 0.4-3.0 MeV are given in Table 4.

Tm: The uncertainty of the present experimental results is 6%-7%, while R.L.
Macklin151 about 5%, Xu Haishan'61 10%-12%, S.Joly'71 6.7%-18% and Jiang'81

6%-7.5%. For this reaction, we and Jiang'81 measured this capture cross section by
the same activation method. But, we measured the y-activity of l70Tm while Jiang
measured the P-activity of l70Tm. The other authors'5"71 all directly measured the
prompt gamma-ray for capture events. From Fig.2, we can find out that our results
are in good agreement with Jiang's experimental data but lower than the results of
other authors. In the energy range higher than 1.5 MeV, there is a serious
discrepancy between the experimental results of S.Joly and R.L.Macklin, obtained
by the same prompt gamma-ray detection technique. So we consider that our and
Jiang's experimental results are adequate. The recommended data in energy region
0.4-3.0 MeV for this reaction are given based on our and Jiang's results as well as

13



S.Joly's experimental data for energy higher than 1.5 MeV in Table 4.

Table 4 The recommended data for IS9Tb(n,y)160Tb and l69Tm(n,y)'70Tm reactions

neutron energy /MeV

0.40
0.50

0.60

0.70

0.80

0.90

1.00

1.20

1.40
1.60

1.80

2.00

2.20

2.40

2.60

2.80
100

cross

159Tb(n.Y>'6°Tb

347.6 ±20.8

306.9 ±15.3

273.6 ±13.6

246.2 ±12.3

224.1 ±11.2

206.1 ±10.3

191.2 ±9.5

166.1 ±8.3

144.3 ±8.6
124.8 ±7.5

107.9 ±6.5

93.1 ±6.5

80.2 ±5.6

69.1 ±4.8

59.8 ±4.2

51.9 ±3.6
45 4 ±3 2

section /mb

169Tm(n.Y)l70Tm

218.5 ±10.9

179.4 ±8.9

152.7 ±7.6

135.3 ±6.8

124.5 ±6.2

118.1 ±5.9

114.1 ±5.7

108.9 ±5.4

101.7 ±5.1
89.9 ±4.5

74.1 ±3.7

56.8 ±5.6

41.5 ±4.5

31.1 ±3.4

28.9 ±3.2

27.4 ±3.1
27 0-1:3 0
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Nuclear Level Density and Spin

Cut-off Parameters of Light Nuclei
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Abstract

Nuclear level densities, thermodynamic functions and spin cut-off factors have
been deduced for nuclei in the mass region 24 < A < 63 from a microscopic theory
which includes nuclear pairing interaction. Single particle levels for both Seeger and
Nilsson potentials were used in the calculations. Level densities extracted from the
theory are compared with their corresponding experimental values. It is found that
the nuclear level densities are very sensitive to the energy gap parameter A. The
reduction of energy gap results in an increase in the nuclear level density. The
effects of pairing interaction on the thermodynamic functions are illustrated and
discussed. The calculational procedure to account for an odd particle system
blocking, as well as the effect of such blocking are also discussed.

Introduction

In all statistical theories the nuclear level denstity is the most characteristic
quantity and plays an essential role in the study of nuclear structure. The Fermi gas
model or non-interacting model'1' has often been used in the study of statistical
treatment of nuclear properties, it is familiar and of convenient form.

However, computation of level density parameter 'a ' from neutron resonance
data using noninteracting model shows marked shell effects'2'. The use of single
particle levels obtained from the shell model calculation in the evaluations of
nuclear state densities has been discussed by various authors'3'4'

Furthermore, the superconductivity theory'5' predicts the existance of the
transition energy, below which the Fermi gas model is invalidated. In this
superconducting phase the energy temperature relation is much different from the
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one expected in the later model and the level density is much smaller than the one
expected by the extrapolation from normal phase. In this way the prediction of the
low energy behaviour of level densities has been much improved'61.

Since detailed and high resolution (n,y) and transfer reaction data became
available, the authors have considered it worth while applying the statistical
approach to examine the effects of BCS pairing interaction in order to see to which
extent the pairing interaction is needed to give agreement between measured and
calculated level densities. In addition we would like to find out the influence of the
discrete structure of single particle spectrum on the behavior of the thermodynamic
functions, and to see whether one set of single particle energies is better than another
for calculating level densities. In Section 1 the general theory will be discussed, in
Section 2 the actual calculational procedure will be presented, in Section 3 the
results obtained will be compared with their corresponding experimental values and
discussed.

1 Nuclear State and Level Density

We consider a system of nucleons interacting each other with the pairing force.
For a spherically symmetric nuclei, in addition to being characterized by energy fk,
the single fermion states are also characterized by the projection of the angular
momentum on the .z-axis, mk. In the superconducting theory, the nucleons having
angular momentum (m* ~md couple so as to form a quasi bound particle.

The state density of such an A nucleon system of energy E is related to the
grand partition function'71,

lnZ(*,0) = - £ ! > * - A - £ A ) + 2Xln[l + e x p ( - ^ ) ] - / ? — (1)
k k G

Where a and /? are two Lagrangian multipliers associated with the nucleon
number and energy. Ek = [(ek - X)1 + A2]112 [s the single fermion energy and A is
the gap parameter. X=a/fi is the chemical potential and G is the strength of pairing
interaction.

Eq. (1) is valid only if the quantities A, A and (5 satisfy the following gap
equation:

Z ^ ,2)
* Ek 2

The state density is the inverse Laplace transform of the grand partition
function,

^ 2 j j (3)
2m

The above contour integrals can be evaluated by the method outlined previously
16



18-'°!, the result is:

>
here the entropy S can be written as:

and 'D' is a 2X2 determinant with its elements given in terms of the second
derivations of the grand partition function.

In addition, we obtain the nucleon number N and the energy E given by

A = = > nk (6)
P dk T "
-dlnZ v A2

Where the occupation probability, nk is given by

The statistical properties of a nucleus is defined in terms of its neutron and
proton N and Z and the total energy E. Since the neutron-proton superfluids are
independent, their correlation can be neglected. We then extend the above derivation

to include a nuclear system. For a nucleus of N neutrons of energies e£n) with
magnetic quantum numbers mk

n) and Z protons of energies e(
k
p) with magnetic

qunatum numbers m f , the constants of motion are then neutron and proton
numbers given by Eq.(6) and the total energy E = Ep+En given by Eq.(7).

The total state density for a system of N neutrons and Z protons at an exitation
energy U= Un+Up is

~(2nf2D1'2

here S = Sa+Sp is the total entropy and '£)' is now a 3 X 3 determinant.
Finally, the total level density for a nuclear system at an excitation energy

(/=£-£groundisgivenby

p(N,Z,U) = xn(N,Z,U)/(2n(T2y'2 (10)

where o2 is the total spin cut-off parameter defined as:

with

(11)
2

and a similar relation for a p, where ek and mk are the single particle energies and
magnetic quantum numbers respectively.

17



2 Calculational Procedure

2.1 Energy Gap and Critical Temperature

In view of the importance of the pairing energy in nuclear level density, we have
calculated its dependence on nuclear temperature. For a nuclear system
characterized by its single particle energies f k and magnetic quantum numbers mk,
calculations are done in the following way. (i) At zero temperature Eqs.(2) and (6)
are solved for A(0) and the pairing strength G for known particle number A and gap
parameter A. The initial values of gap parameters were obtained from the latest mass
table of Audi et al1"1. (ii) The critical temperature Tc and the corresponding chemical
potential Xc are evaluated by setting A =0 and solving the same equations for
specified nucleon number A and pairing strength G. (iii) The quantities A(T) and A
(T) are then evaluated for a given value of T by solving Eqs.(2) and (6) with the
values of A and G from (i). These values of A(T) and A (7) are used to compute
other thermodynamic quantities which will be discussed in the next sections.

It is worth noting that the pairing interacting strength G depends on the number
of single particle levels which are included in the calculation. However, for a given
value of 4 the final results are not sensitive to the number of single particle levels
as long as sufficient levels are included so that the levels of largest "&' have very
small occupational probabilities. Temperature dependence of the energy gap
parameters for both the neutron and proton system for 60Ni nucleus are shown in
Fig. 1. It is seen from this figure that the energy gap parameter decreases rapidly with
increasing temperature and it vanishes altogether at the critical temperature.

4
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O
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0.8

0.6

0.4

0.2

0.0
0.0

• A' =0.86 MeV-
n

o A" =0.91 MeV.
p

0.2 0.4 0.6

Temperature T / M e V

1 0

Fig. 1 Temperature dependence of the neutrons and protons gap parameters for '"Ni
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2.2 Excitation Energy and Entropy

The excitation energy of the nuclear system with temperature T can be
evaluated as follows: (i) the intrinsic energy of the ground state £n(0) is obtained
from Eq.(7) for known values of A(0) and G obtained in section 2.1. In the same way,
the intrinsic energy En{T) is obtained from known values of A(T) and A (7) obtained
again in section 2.1. Thus, the excitation energy of the neutron system at
temperature T is given by Un = £n(7)-£n(0). The excitation energy of the proton
system is obtained in the same way, Uv = £p(7)-£P(0), thus the total excitation
energy at temperature Tis U= Un+UP.

The excitation energy for neutron and proton system for 60Ni nucleus are plotted
as a function of tempeature in Fig. 2. The arrows indicate the energies of the phase
transition from the superconducitng state to the normal state. We see from the
examination of this figure that the functional relationship of the excitation energy
and temperature is quite different above and below the critical temperature.

The entropy of the neutron and proton system is evaluated from Eq.(5) at
temperature T from the values of MJ) and A (7) obtained in section 2.1. From the
additivity property of entropy, the total entropy is obtained as S=Sn+Sp. The entropies
are plotted as a function of temperature in Fig. 3 for 60Ni nucleus. Again the arrows
indicate the phase transition from superconducting state to the normal state.

20

D
C

HI

15
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"Ni

-Seeger Levels
- Nilsson Levels

0.0 0.5 1.0 1.5

Temperature 77 MeV
Fig. 2 Intrinsic excitation energy for 6"Ni

Seeger Levels
Nilsson Levels

1.5 2.0

Temperature T AMeV

Fig. 3 Relation between the entropy and nuclear
temperature, for H>Ni
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The calculational procedure just outlined is for even particle systems where the
index '£' sums over doubly degenerate levels.

2.3 Odd Particle System

For an odd particle system, blocking is important and must be included. When a
level near the Fermi surface is occupied by an odd particle, the effect of the pairing
correlation is reduced. The reduction necessarily depends on which level is occupied.
The change in A between the even and odd case due to the blocking of one level
by the odd particle is estimated as [10],

where k' indicates a state occupied by the odd particle. The actual calculation, in
which the blocking effect has been included exactly indicates a difference in A
between even and odd system in the order of 20%. These results are roughly in
agreement with Eq.(12).

We have investigated the blocking effect by two different methods, (i) Reducing
the strength of pairing parameter A. The change in A leads to a change in the
particle occupational probabilities. After a proper reduction in A, the odd particle
system is treated in a way analogous to the even particle system, (ii) Adjusting the
ground state for nuclear pairing. The statistical functions were calculated from the
adjacent doubly even nucleus and then the energy scale was shifted by an energy
equivalent to that required to produce one quasi-particle. It turns out that the results
of both procedures give generally identical level densities especially at higher
excitation energies. This will be shown in the next section.

2.4 Nuclear State and Level Density

In performing calculations of state and level density the energies and spins of
the single particle levels were first calculated with a program and parameters of
Nilsson et al1121. The quantities % a nd M which enter the Nilsson potential were taken
from reference'121. The relative energies and spins obtained from Nilsson program for
two of the nuclei 56Fe and 60Ni for twenty eight doubly degenerate levels are given in
Table 1 and for 6<>Ni they are displayed in Fig. 4. Note that the Fermi energies are
indicated for neutron and proton components. In actual calculation, however, many
more single-particle levels were introduced.

20



50

40

20

10

19?
so

S8

• • "

£ • - • —— 5/2

£ — - = ^

8
£
"to

w
ai

I -

Neutron
S P. Levels

Proton
S. P. Levels

30

Fig.4

5 10 15 20 25

Excitation Energy JMeV

Energies of Nilsson single particle levels Fig. 5 The logarithm of the state density for 60Ni

Next the values of En. Sn and oy(N,Un) were calculated from (7), (5) and (4)
using the values of MX) and A (7) obtained in Section 2.1. The spin cut-off factor
62

n is calculated using Eqs.(ll) from the known values of eigenvalues f ^n'and their
corresponding magnetic quantum numbers m<n). Then the calculations are repeated
for proton component. Finally, the qunatities cr, a(N,Z,U) are calculated with
Eqs.(ll), (9) and (10). In Fig. 5 the logarithm of the state density is plotted as a
function of excitation energy for 60Ni nucleus. Again the effect of pairing energy and
shell effect is quite apparent at lower energies.

2.5 Spin Cut-off Factor

The spin cut-off factor has been calculated with the microscopic theory from the
known values of the single fermion energies ek and their corresponding magnetic
quantum number mk. This is done by using1131
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* I k I

which is made up of the sum of the neutron and proton components.
We have compared the results with that obtained on the basis of the

macroscopic theory given by[U1

<?=§.W>%%atA™ (14)
where the nuclear temperature t is related to excitation energy through Eq. (15),

U=a?-t (15)

Table 1 Relative Energies of Single Particle Level of Nilsson for "Fe and'

K

1
2
3
4

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

State

ls,«
'P3/2

' P i / 2

idw

ld3 / 2

2s,,2

lfw

2f5/,

2P3/2

2Pl/2

igOT

•g7,2

56Fe

Neutron

Energy

0.00

10.27

10.27

12.37

20.15

20.15

20.15

23.66

23.66

23.89

29.64

29.64

29.64

29.64

34.55

34.55

34.55

34.94

34.94

37.05

38.74

38.74

38.74

38.74

38.74

45.06

45.06

45.06

State

IS 1/2

lP3/2

'Pi/2

l d 5 / 2

Id5,2

2s,,2

2P:,2

2Pl/2

•g9/2

lg?/2

Proton
Energy

0.00
10.18
10.18
12.55
19.94
19.94
19.94
23.89
23.89
24.04
29.28
29.28
29.28
29.28
34.81
34.81
34.81
35.07
35.07
37.44
38.20
38.20
38.20
38.20
38.20
45.32
45.32
45.32

State

l S , / 2

•Pj/2

'P i /2

ld j /2

2s,,2

I d . ,

If7,2

2pN

2fV2

2Pl/2

lg9/2

2d5/2

6"Ni
Neutron
energy
0.00
7.89
7.89
11.93
16.01
16.01
16.01
20.13
21.35
21.35
24.19
24.19
24.19
24.19
28.76
28.76
30.50
30.50
30.50
31.47
32.36
32.36
32.36
32.36
32.36
37.34
37.34
37.34

State

lS,,2

lP 3 /2

lPl/2

ld5/2

Id,,,

2s l /2

If},:

2P3/2

lg9/2

2P,Z2

lg7/2

Proton
Energy

0.00
7.35
7.35
10.50
14.64
14.64
14.64
18.80
18.80
19.39
21.81
21.81
21.81
21.81
26.72
26.72
26.72
27.56
27.56
28.89
28.89
28.89
28.89
28.89
29.68
34.41
34.41
34.41

Here, 'a' is the level density parameter. The value of o-A/8 is used in the
present calculation. In Fig. 6 we show the variation of o2

n,a
2

p and a2 with
excitation energy determined from the microscopic theory for the case of 60Ni



nucleus. The results from the macroscopic theory is also shown for comparison. We
see the role of the nuclear structure effect is quite apparent and will be discussed in
the following section.
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Fig. 6 The spin cut-off factor for 60Ni

3 Result and Discussion

In this section, we present comparisons of the level densities and spin cut-off
factors from the microscopic theory and experiments for ^Mg, ]\M, ]*A\, ftsi. ft Si,
i6s. i6S 'uAr» 2oCa-26Fe, 27C0, jgNi and ^Cu. The results of the comparison are

shown in Figs. 7-9. Two different sets of single particle levels are used in the
theoretical calculations, one set is due to Seeger and Parisho"51 and the other to
Nilsson and coworkers'121.

The initial values of A n and Ap for the even-even nuclei were taken from the
literature'1" and then adjusted to improve the fit to the data. The final values of the
pairing parameters for doubly even nuclei given in Table 2 were used for both the
Seeger and Nilsson single particle levels.
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Table2 Proton and Neutron Pairing Parameters Used in the Level Density Calculation
Nucleus

" Mg

;;s

2Fe

zlp/MeV

2.35
2.28
2.50
2.06
1.45
0.91

4 n /MeV
2.15
2.18
2.39
2.20
1.08
0.86

The level density of the odd A nuclei as obtained using the procedure outlined in
section 2.3. For example the level density of 33S was obtained from the level density
of 32S by shifting the energy scale by An= 2.39 MeV. A similar level density was
obtained by calculating ^(0) from Eq.(l 1) and doing the calculation for 33S.

As can be seen from Figs. 7—19, the overall agreement between the
experimental level densities and the microscopic theory with pairing is very good for
both the Seeger and the Nilsson single fermion levels. The agreement for most
nuclei is slightly better for the Nilsson single particle levels, whereas in a few cases
the agreement is better with the Seeger single particle levels. The role of the nuclear
structure effects is not directly apparent in the level density plots in Figs. 7—19, for
example the contributions of the neutrons and protons to the total level density are
comparable for 56Fe, whereas the neutrons make much larger contribution for 60Ni.
The reason for this is associated with the strong participation of the highly
degenerate \g92 single particle levels in the case of 6t>Ni.
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Fig.8 Comparison of the experimental
level density with a microscopic theory for 26Al
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The calculated and measured values of the spin cut-off factor a2 are plotted in
Fig. 20 for 56Fe. The importance of the single particle shell structure is shown in this
figure by the independent contributions of a\ and a\ • It is interesting to note the
proton contribution cr2

p dominates for 56Fe, whereas the situation reverses for 60Ni
where the neutron contribution o\ dominates (see Fig. 6). The result that a\ is
larger than a\ for 56Fe is explained by the occupational probabilities for the various
single particle levels. The enhancement in <yj; is mainly due to the large
contribution from the \fia proton single particle levels. The addition of a few
neutrons and protons in going from 56Fe to 60Ni completely reverses the importance
of the roles of neutrons and protons. Now the l/7/2 proton and neutron single particle
levels are both nearly fully occupied and make only a minor contribution to cr. For
6aNi, the \gV2 single particle levels have a sizable occupation for neutrons. Hence
this level makes a major contribution to a2

n resulting in a value of <j2
n for 60Ni

which is much higher than a2. The contribution of the higher angular momentum
\g92 single particle levels is evident also in the 62 values for 60Ni.

In summary, good agreement is obtained between expected and theoretical level
densities and spin cut-off factors for several nuclei under investigation. The single
particle levels of Seeger and Parisho and Nilsson et al were used in the microscopic
theory which includes the nuclear pairing interaction.
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39Pu Coupled Channel Optical Model and

DWBA Calculations

Wang Shunuan CN9800584

(China Institute of Atomic Energy, P.O. Box 275-41, Beijing 102413)

Abstract

n+239Pu coupled channel optical model and DWBA calculations are performed
by using ECIS95 and PRECIS"1 codes. The calculated results of total cross section,
reaction cross section, shape elastic and direct inelastic scattering cross sections and
angular distributions getting from different methods are analyzed and compared. The
different calculated methods used are reviewed.

It is now well known that the shape elastic and direct inelastic scattering cross
sections and their angular distributions are one of the most important data in the
evaluated data files for neutron induced reactions in the energy range between
1 M eV and 20 MeV in the fields of nuclear science and technology. For the
theoretical calculations of neutron with incident energy in the range of 1-20 MeV on
nuclei that are strongly deformed such as rare earths and actinides, the coupled
channel optical model is usually used. As a whole, there are two methods to perform
such coupled channel optical model calculations from the physics and mathematics
point of view, one is the conventional matrix method called standard coupled
channel (SCC) method, the other is ECIS (sequential iteration of coupled equations)
method'2' which provides an alternative to the former. The distorted-wave Born
approximation (DWBA) method calculations can be understood as a simple iterative
expansion of the Lippmann-Schwinger equation in powers of the potential. It is thus
a good approximation only when the coupling is weak.
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In this work, taking n+239Pu (£n=l-20 MeV) as an example, mentioned above
three methods (SCC, ECIS and DWBA) in two codes (ECIS95 and PRECIS) are
used to calculate total cross section crt, reaction cross section aR, shape elastic
scattering cross section ax, direct inelastic scattering cross section crin, shape elastic
scattering angular distribution <rse(#), direct inelastic scattering angular distribution
crin(&) of each coupled isolated levels, respectively. The calculated results are
analyzed and compared, and the methods used in each of the calculations are
reviewed. In the whole calculations the compound nuclear contributions are not
taken into account. The optical model parameters are chosen from the parametres of
Madland131 for actinides provided in code PRECIS.

The 239Pu level (coupled each other) scheme'41 adopted is shown in Table 1.

Table 1 The 239Pu levels (coupled each other) scheme

Energy / MeV
0.00000
0.00786
0.05728
0.07571
0.16376
0.19400

Spin Parity
1/2"
3/2"
5/2"
7/2"
9/2"
11/2"

The rotational model is used in the calculations. The deformed parameters /?>
with the static deformation of multipolarity A=2 and 4 are considered and used as
/?2=0.216,^=0.06.

From the comparison of the calculated results it can be concluded that for the
whole neutron incident energies between 1 MeV and 20 MeV, the calculated crt, aR,
crse, o;n for the first a few levels coupled by using SCC and ECIS methods are in
good agreement with each other. The calculated o;, crR, ase, and am of levels 3/2\
5/2*, 7/2*, 9/2*, 11/2" for n+239Pu at £n=20 MeV and 5 MeV by using three different
methods are shown in Table 2.

Table 2
for n+239Pu (£_

Cross Section (mb)
£„ / MeV

Ok

^(3/2+)
o--(5/2+)
Oi»(7/2+)
0i,(9/2+)

Oin(ll/2+)

The comparison between calculated at, aR, aK, and am

=20 MeV and 5 MeV) by using DWBA, EOS, SCC methods
DWBA

20
6334.17
2444.52
3889.65
321.49
482.26
31.67
39.55
2.62

5
7981.16
2900.89
5080.27
545.84
817.04
50.16
65.56
2.90

ECIS

20
6173.68
2776.77
3396.91
152.11
228.15
29.35
44.78
7.37

5
7234.64
3413.42
3812.22
138.95
212.15
35.61
77.68
15.01

SCC

20
6167.74
2771.25
3396.49
151.30
227.14
33.75
47.00
67.89

5
7236.04
3405.30
3830.74
138.44
212.16
36.40
79.05
30.06
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From Table 2 it can be discussed as the following: 1. In general, for at, <jR, crse

calculated by SCC and ECIS methods, there are almost the same with high accuracy,
but there are about 10% difference compared with those calculated by DWBA
method, and the results calculated by DWBA method are always higher than the
other two. So much differences between DWBA method and other two methods are
actually due to the difference between the spherical optical model and the deformed
optical model in <xt, crR, cr^ calculations. In DWBA the distorted wave is calculated
by using the spherical optical potential, and in inelastic scattering calculations the
coupling between elastic and inelastic channels is taken into account by the first
Born approximation, but in elastic scattering calculation, the coupling from inelastic
channels is not taken into account. 2. For o]n(3/2+, 5/2+) calculated by SCC and ECIS
methods are almost the same also with high accuracy, but for the results calculated
by DWBA are almost twice for £n=20 MeV and four times for £n=5 MeV of the one
calculated by SCC and ECIS methods. 3. For a;n(ll/2

+) calculated by DWBA and
ECIS methods at En=20 MeV are smaller than the one calculated by SCC method by
a magnitude of order. From the above analysis it occurred to us that it was safe to
use ECIS to calculate ax, aR, ase and <r-n for the first a few excited levels only for rare
earths and actinides nuclei calculations in the incident neutron energies range of 1 —
20 MeV. Generally speaking, DWBA method presents much higher results for the
first several levels, then it presents much lower results for the last one.

100000

10000

60 80 100 U 0 140 160 ISO

L-Sysiem Deg.

Fig.l Elastic Scattering Angular
Distribution n+239Pu (£n=20 MeV) (l/2+)

1 •

0 20 40 60 80 100 120 140 160 180

[-•System DCR.

Fig.2 Scattering Angular Distribution
n+239Pu (E=20 MeV) (3/2+ and 5/2+)
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We take the calculated results at £n=20 MeV as an example to analyze the
angular distributions as follows. The <xse(0) calculated is shown in Fig.l. The crin(0)
calculated for 3/2+, 5/2\ 7/2+, 9/2+, 11/2" are shown in Fig.2-4, respectively. In
those Figs., the solid, dashed, and the dotted lines stand for the ECIS , SCC and
DWBA methods calculations, respectively. The Fig.l shows clearly that the crse(<?)
calculated by ECIS and SCC methods are almost the same in the whole angular
range, but the dotted line calculated by DWBA method is quite different from the
other two at 20°-180°. It is much higher than the others. In Fig.2 is shown that
aJ9) at 3/2+ and 5/2* states almost presents the same behavior and same magnitude
contributions. The calculated results by using DWBA method are still much higher
than the other two. The o;n(6>) for 7/2* and 9/2+ (seeing from Fig.3) presents same
behavior and same magnitude contributions for three different methods. The (Tin(ff)
for 11/2* state shown in Fig.4 point out that even the absolute values of am{9) are
much lower, but they are quite different from each other, the solid line and dotted
line are much lower than the dashed line. The calculated ase(0) and <rm(0) for 3/2*,
5/2% 7/2*, 9/2\ 11/2* at En=5 MeV have almost the same behavior analysis. The
above analysis reminds us that if one needs to calculate the higher excitation states
direct inelastic scattering angular distributions, it is better to use the SCC method to
keep the correctness although the calculations need much more computer time and

cost a lot.

9/2 +

0 20 40 60 80 )00 120 140 160 ISO

I.-System Deg.

Fig.3 Scattering Angular Distribution
n+239Pu (Eu=20 MeV) (7/2" and 9/21
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In the last comparison it could be point out in generally as the following. First
of all, the DWBA method could not give reasonably various cross sections and
angular distributions calculations in the incident neutron energies range of 1—20
MeV for rare earths and actinides nuclei which are strongly deformed and the
coupling among the levels is not so weak. In addition, due to the direct inelastic
scattering influence on the shape elastic scattering by using DWBA method is not
taken into account, thus crx, crR, <rx calculated by DWBA method have several
hundreds mb differences from that of the other two methods (seeing from Table 1).
Second, it stands to reason that using ECIS method to calculate various cross
sections and angular distributions for the first a few excited levels for rare earths and
actinides nuclei in the incident neutron energies range of 1 —20 MeV, the reasonable
results could be obtained, and the computer time is very much shorter than the one
spent in the calculation by using SCC method. If the direct inelastic scattering
contributions of the higher excited levels need to be calculated it is safe to use SCC
method.
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Abstract
The nuclear data of d+16O reaction at incident energies spanning 0.1 to 35.0

MeV were obtained by calculation with optical model, distorted wave Bom
approximation, preequilibrium nuclear reaction and Hauser-Feshbach theory. The
cross sections of d+'7F and p+17F reaction were predicted.

Introduction

The production and use of unstable radioactive nuclear ion beams are of
considerable interest for astrophysical, nuclear physics studies and some nuclear
engineering designs. Many laboratories have made efforts in producing the
secondary radioactive beams for nuclear physical research1''61. The theoretical
predictions of the nuclear data for secondary reactions have important reference
value to experimental scientists.

According to the calculations and analyses of cross sections of d+'6O and p+l9F
reactions, the cross sections of d+l7F and p+'7F reactions are predicted in this paper.

1 Calculation of the reaction d+16O

The reaction d+l6O in the incident deuteron energy region of 0.1 —35 MeV was
calculated with optical model, Hauser-Feshbach theory, exiton model of preequili-
brium nuclear reaction and distorted wave Bom approximation. The charged particle
induced reaction code CUNF'71, the searching optimal charged particle optical
potential parameter code APCOM[8) and the distorted wave Bom approximation
code DWUCK[9) were used in our calculation.

Based on the experimental reaction cross sections of d+12C and elastic scattering
angular distributions of d+12C, d+'4N and d+16O reactions'10"131, a set of optimum
deuteron optical potential parameters up to 35 MeV was obtained with code
APCOM as follows:
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V = 122.8750 - 0.01244£ - 0.04392£2 + 24.0(W -Z)/A + 0.006295Z/^1/3

W% = max{0,5.2214 - 0.008095£}

U~ = ™
rr = 0.9046, rs =1.5435, rso =1.64, rc - 1.6338

ar = 0.8549, as = 0.7854, aso = 0.81

The calculated reaction cross sections of d+12C reaction and elastic scattering
angular distributions of d+12C, d+14N and d+16O reactions with this set of optical
potential parameters are shown in Figs.l and 2, which fit the experimental data.
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The 16O(d,n)'7F reaction is shown in Fig.3. The calculated results are agreement
with experimental data for £ d^4.0 MeV, while for £d<4.0 MeV, the calculated
values are smaller than the experimental data. The theoretical calculated results are
reasonable. The calculated discrete level (d,p0), (d,p,) and (d,p2) angular distributions
of d+l6O reactions at different energy are given in Fig.4. The calculated values are in
agreement with experimental data, except at back angles. The experimental data of
Figs.3 and 4 were taken from EXFOR.
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Fig.4 The discrete level angular distributions of 16O(d,p)'7O reaction
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Besides above results, the cross sections for which there is no experimental data
are predicted for d+l6O reactions. The calculated values are shown in Fig.5. The 17F
radioactive beams were produced through 16O(d,n)I7F reaction. Because the cross
section of l6O(d,n)l7F reaction is large and reaction channel is open at incident
energy 1.5 MeV, this reaction is feasible to get the I7F radioactive beam.
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The measurement of the secondary reaction induced by the radioactive 17F is
important. The cross sections of the reaction d+l7F in the incident deuteron energy
region 0.5 — 30 MeV were calculated (Fig.6). When the incident deuteron energy is
less than 1.5 MeV, the (d,p), (d,2p), (d,a) and (d,n) channels are open. The ions I5O,
17O, I8F and l8Ne may be detected.

2 Prediction of the Cross Sections of Reaction p+17F

Based on the experimental reaction cross sections of p+19F, a set of optimum
proton optical potential parameters up to 38 MeV was obtained. The theoretical
calculated results with this set of optical potential parameters are shown in Fig. 1,
which fit the experimental data'141. With this set of parameters, the cross sections of
reaction p+'7F were predicted. The calculated results were shown in Fig.7. When the
incident proton energy is less than 10 MeV, the (p,p'), (p,a) and (p,2p) channels are
open only. The cross sections of the other channels are less than 20 mb for energy Ep

<30 MeV. The angular distributions of all reaction channels of p+l7F reactions are
calculated in this work.

0. 001

Fig.7 Cross sections of d+l7F reaction

3 Summary

The various nuclear data of the reactions d+ O and p+ F in the incident
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particle energy region 0.1—35 MeV were obtained with optical model, Hauser-
Feshbach theory, exiton model of preequilibrium nuclear reaction and distorted wave
Born approximation. The calculated results agree with the experimental data. The
nuclear data for d+17F and p+17F reactions at some incident energies, for which there
is no experimental data, were also reasonably predicted. The calculated results show
that the experimental measurement for d+l7F reaction is more feasible than for p+17F
reaction. These results have important reference value to experimental scientists.
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Calculation of the (n,p) Reaction Cross Sections for Zinc Isotopes

Huang Xiaolong Lu Hanlin Zhao Wenrong
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Abstract

A model calculation of (n,p) reaction cross sections for Zinc isotopes in the
neutron energy range below 20 MeV is carried out with UNF code. The theoretical
models are briefly described and a new set of the neutron optical model potential
parameters for natural Zinc is given. The results of the calculation are compared
with the experimental data and a good agreement is obtained.

Introduction

Zinc is a useful nuclear material and has five isotopes with mass numbers of 64,
66, 67, 68 and 70 in its natural element. The (n,p) reaction cross sections for Zinc
are very useful in fission and fusion reactors, especially the 64Zn(n,p)64Cu reaction.
To do this calculation, a new set of optical parameters for neutron based on the total
cross sections, nonelastic cross sections and elastic scattering angular distributions
for natural Zn was studied firstly. Then this set of parameters was used to calculate
the cross sections for the (n,p) reaction.

In the following sections we outlined the theoretical models and the global
optical model calculation, and we also presented our results.

1 Codes and Parameters

The UNF code1'1, which is based on the semi-classical theory of multi-step
reaction processes, was employed in this work. It can be used to calculate the
complete set of neutron nuclear data including reaction cross sections, neutron
energy spectra and angular distributions, etc. and the output is in ENDF/B-6 format.

For the optical model potentials of neutron, a new set of parameters has been
used. This new set of parameters have been obtained by using program APOM94'21,
in which the optical potential parameters can be searched automatically.
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The total cross sections, nonelastic cross sections and elastic scattering angular
distributions for natural Zinc were adopted in the APOM94 calculation because
these iata for Zinc isotopes are very scarce. All of the measured data on the total
cross sections and nonelastic cross sections in neutron energy range from 0.1 MeV
to 20 MeV were collected and analysed. The elastic scattering angular distributions
were adopted for some energy points too.

Based on the evaluated total cross sections, nonelastic cross sections and some
elastic scattering angular distributions, a set of neutron optical potential parameters
in neutron energy range from 0.1 MeV to 20 MeV was obtained and listed in Table 1.

Table 1 Neutron optical model parameters for Zn isotopes

Optical Potential (MeV)

I'""' - 54.0230 + 0.3004£ - 0.0165£2 - 24 (lV ~ 2 >

W'j™* = max{0r -2.6187 + 0.1162£-0.0013£2 |

);_O=6.2

^suT = tnax{0.10.9778- 0.0445£ - 1 2 ( A " Z ) )
A

r/fm

1.1362

1.1870

1.1362

1.3295

a 1 fm

0.7392

0.4424

0.7392

0.4178

With this set of parameters obtained above, the total cross sections and
nonelastic cross sections of natural zinc were calculated, which are shown in Fig. 1
and Fig.2, respectively. The calculated results are in good agreement with the
experimental data. It means that this set of neutron optical potential parameters is
reliable and can be used to calculate various reaction cross sections for zinc isotopes.
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2 Results and Discussions

The theoretical calculation of (n,p) reaction cross sections for Zn isotopes has
been done with the new set of neutron optical model potentials obtained above. The
comparison between calculation and experiment were made for the reaction cross
sections which have been measured, and shown in figs. 3 to 5, respectively. The
solid line in each figure represents the result of the present calculation.

(1) "Znfop^Cu Reaction
It is well known that the effects of low energy neutrons in D(d,n) or T(d,n)

neutron sources are very obvious and must be treated carefully in neutron activation
measurement. If the reaction has a low threshold, the effects may be very serious,
especially in 6 to 12 MeV range due to the influence of breakup neutrons, D-d
neutrons and some other neutrons and above 15 MeV neutron energy region mainly
owing to the influence of D-d neutrons.

MZn has the maximum proton production cross sections among Zn isotopes
because it is the nucleus with the fewest neutrons. Fig.3 shows the calculated cross
sections for the 64Zn(n,p)64Cu reaction, together with the relevant experimental data.
The Lu Hanlin et al.'s1201 data from 4 to 11.4 MeV, Ikeda et al.'s1211 from 2 to 15
MeV, King et al.'s1221 from 2 to 5 MeV and Nemilov1231 from 7 to 9 MeV agree fairly
well with the calculated cross sections. Meanwhile the Santry et al.'s1241 measurement
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shows about 5%—15% higher values. Their data were determined through detecting
the P activities below 5 MeV and via counting 511 keV y ray by Nal(Tl) spectroscopy
above 5 MeV. It is possible that there exist some interfere reactions, such as
67Zn(n,p)67Cu and 68Zn(n,y)69mZn in their measurements, which made their data
higher. Smith et al.'s[251 data in low energy are in good agreement with calculated
ones, but in high energy are very low. Bormann et al.'s1261 high-energy data are very
high, and Ghorai et al.'s1271 new measurement also shows higher values. The large
discrepancy among the measurements may be due to the effects of the low energy
neutrons in D(d,n) or T(d,n) neutron source. Because the 64Zn(n,p)64Cu reaction has
a low threshold, this effect increases as the neutron energy increases.
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64Zn(n,p)64Cu reaction cross section

(2) 66Zn(n,p)66Cu Reaction
The same situation can be seen in the 66Zn(n,p)66Cu reaction, which is shown in

Fig.4. Smith et al.'s measurements agree with the calculation below 5 MeV. Above 5
MeV, however, their data are much lower than the calculation. Besides, in 14 MeV
region, Viennot et al.'s|28) measurement is in agreement with the calculation too. In
neutron energy range from 15 to 20 MeV, Bormann et al. and Ghorai et al.'s1291

measurements show higher values. Generally the measured cross sections of 66Zn(n,p)66Cu
reaction are obtained by measuring the product of 66Cu. Above 15 MeV, the
contributions of 67Zn(n,np)66Cu and 67Zn(n,d)66Cu reactions are included and this
might cause the measured data higher, although the abundance of 67Zn is low (about
4.1%).
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(3) 67Zn(n,p)67Cu Reaction
The cross sections for 67Zn(n,p)67Cu reaction should be smaller than those of

64Zn(n,p)64Cu and 66Zn(n,p)66Cu reactions because of its nucleus with more neutrons.
The calculation is shown in Fig.5. One can see that only Ikeda et al.'s data agree
well with the calculation and Zhao Wenrong et al.'s'301 measurement shows higher
values except 12.82 MeV, which agrees with the calculation. Above 15 MeV the
calculation is lower, and some measurements, such as Ghorai et al.'s and Viennot et
al.'s data show higher values. In experiment the 6 Zn(n.p)6 Cu reaction cross sections
are determined by measuring activities of 67Cu. Usually the contributions of 68Zn(n,
np)6 Cu and 68Zn(n,d)67Cu reactions are included and their effects are larger with the
increase of neutron energy. That is why the measured results are considerable higher
than the calculated.

Neutron Energy/MeV

Fig.5 67Zn(n,p)67Cu reaction cross section
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3 Conclusions

Neutron activation cross sections for (n,p) reactions of Zinc isotopes have been
calculated with UNF code in present work. The calculations were compared with the
existing experimental data. Most of the calculated results are in good agreement
with the relevant experimental data.

From Fig.3 to Fig.5, one can easily find that there are a few measurements for
some (n,p) reactions and the existing data are still in large discrepancies. For
example in neutron energy range from 5 to 12 MeV and 15 to 20 MeV, the existing
data have a large amounts of discrepancies. Further experiments should be focused
on these energy regions and more accurate measured data are necessary.

Since the pick-up mechanism in the preequilibrium reaction processes was
introduced and the data for the low-lying discrete levels were considered in UNF
code as well as a new set of neutron optical model potential parameters was used in
this work, present calculation might be very successful. On the other hand, as it is
very difficult to measure the activation cross sections for the (n,p) reactions above
15 MeV precisely because of their high sensitivities to neutrons with lower energy,
the present calculation is very useful and may be used as the evaluated values.
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CN9800587

Theoretical Calculation of Neutron Cross Sections for 176Hf

Huang Xiaolong Lu Hanlin

(China Institute of Atomic Energy, Beijing)

Abstract

Neutron activation cross sections calculation for 176Hf in the neutron energy
below 20 MeV is carried out with UNF code. The calculated cross sections for (n,y),
(n,p), (n,a), (n,d), (n,t), (n,2n) and (n,3n) reaction are given. The results of the
calculation are compared with the available experimental data and a good agreement
is obtained. The calculation is also compared with the relevant evaluation data.

Introduction

Hafnium is an important material and its neutron activation cross sections are
very useful in fission and fusion reactors. Cross section measurements for n+l76Hf
have been made in several laboratories. But there are only a few measurements for
(n,y), (n,2n) reactions. Among these existing experimental data there are still large
discrepancies, so the model calculation is needed.
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To make this calculation, the UNF code which has been developed and
documented in Ref.[l] was employed. The program can be easily used to calculate
cross sections.

In the following discussions we outlined the theoretical models and also
presented our results.

1 The Codes and Parameters

The UNF code based on the semi-classical theory of multi-step reaction
processes was employed in present work. It can be used to calculate cross sections,
double differential cross sections and output the data in ENDF/B-6 format.

The optical model potentials for n+!76Hf are taken from Ref.[2] and are given as
follows:

V= 51.442860+0.154564£-0.020596£2-24.0(Af-Z)//i
JFs=max{0,9.100151-0.350662£-12.0(TV-Z)A4}
0V=max{O,-1.2155O2+O.194OO2£+O.O16O19£2}
F5O=6.2
r,=l.190571, r,= l.320246, rv=1.588077, rM=l.190571
at =0.578930, as=0.668705, av=0.361523, aso=0.578930

The cross sections for (n,y), (n,p), (n,a), (n,d), (n,t), (n,2n) and (n,3n) reaction
were calculated and the results are compared with the available experimental data
and the evaluation data.

2 Results and Discussions

Comparisons between calculation and experiment were made for those reactions
which have been measured. The reactions which have not been measured were also
compared with the available evaluated data. Owing to the cross section for (n,3He)
reaction is very small (less than 0.1mb), it was not included in the present work. The
comparison of calculation with experiment and/or evaluation for (n,y), (n,p), (n,a),
(n,d), (n,t), (n,2n) and (n,3n) reaction is shown in Figs. 1 —6, respectively. The line
that is drawn in each of these figures represents the result of the present calculation.
The results of these comparisons and discussions were given in the following.

(1) (n,y) Reaction
For (n,y) reaction, there is only one set of measurements which measured by

H.Beer et al.[31 in neutron energy from 3.5 to 650 keV. The calculation is compared
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with this experiment and also the ENDF/B-6, JEF-2 and JENDL-3 evaluated data,
which is shown in Fig.l. From Fig.l one can notice that the present calculation is
consistent with the measurements but higher than the data of ENDF/B-6 in low

energy region.
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Fig. 1 (n,y) cross section for 176Hf

(2) (n,p), (n,a), (n,d) and (n,t) Reaction
There are no experimental data for these reactions presently. And the evaluation data

are available only for (n,p) and (n,a) reactions. So the comparison is carried out with
the existing evaluation data for (n,p) and (n,oc) reactions, which is shown in Figs.2
and 3, respectively. We also give the results of the present calculation for (n,d) and
(n,t) reactions, which is shown in Fig. 4.
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Fig.3 (n,a) cross section for 176Hf
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(3) (n,2n) Reaction
Fig. 5 shows the calculated (n,2n) reaction cross section, together with the

measurement and evaluation data The calculation agrees very well with the measurements
by S.M.Qaim et al.[5] and Lakchmann et al'1".

An experiment was performed recently'7' to determine the cross sections for
176Hf(n,2n)175Hf reaction in low and high energy region. These measurements provide
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a useful check to the present calculations. The results shows that the calculation is very
consistent with these measurements. It means that the present calculation is reliable.
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(4) (n3n) Reaction
For (n,3n) reaction, there is no available experimental data. So we only

compared the calculation with the relevant evaluated data, which is shown in Fig. 6.
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3 Conclusions

Neutron activation cross sections for 176Hf have been calculated with UNF code
in the present work. The calculations were compared with the existing experimental
data and/or evaluated data for each reaction. Most of the calculated results are in
agreement with the relevant experimental data or evaluated data.

From Figs. 1—6, one can easily find that there are a few measurements and
there are large discrepancies in the existing data. Further experiments should be
focused on these reactions and more accurate measured data are necessary

Since the data for the low-lying discrete levels were considered and the pick-up
mechanism in the preequilibrium reaction processes was introduced in UNF code,
the consistent cross sections of calculation are easily obtained. It is easy to conclude
that present calculation can be very successful and may be used as the evaluated
values.
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DATA EVALUATION

Evaluation of 235U Fission Product Yield Data and Study
of the Dependence of Fission Yield Data on Neutron Energy

Liu Tingjin

(CNDC, CIAE, Beijing, China)

The 235U(n,f) fission product yield data were evaluated for some important
product nuclides 95Zr, "Mo, U4Ce and l47Nd. The dependence of fission yield data on
incident neutron energy was studied.

1 Data Collection

At first, the experimental data for these product nuclides were retrieved from
master EXFOR data library by using EXFOR management system and some
supplementary codes, as described in Fig.l. Then the data were taken from the
EXFOR file, where the fission yield data measured in China were compiled and
haven't been sent to the EXFOR master library. The data were also collected from
some publications.

FYRETl

Fig. 1 The flow chart of FY EXFOR data retrieval
1 Less than or equil to 6 column; 2 More than 6 column.
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All together 83 EXFOR entries and papers were collected, they are listed in
Table 1.

In general, the fission yield data can be retrieved according to the target,
incident neutron energy, products by using EXFOR retrieval system. But when a
product is given under the heading "ELEM/MASS", it could not be found. To solve
this problem, the following programs were developed, and they can be used
following the retrieving with EXFOR management system "RETREV", "COFFEE-
CS" in the option "P" and default to the reaction field 4 (reaction product):

1) FORM Exchange the column position and make the data table standar-
dization. Also change all the "DATA-ERR" into absolute error.

2) FYRET Extract the data table from EXFOR file.
3) FYRET1 Retrieve fission yield data according to the special Z and A, and

read the reaction quantity, neutron energy, EXFOR entry number from the index file
and write into the file.

If the quantities under the "HEADING" are over 6 (occupy two rows), instead
of above, the corresponding programs FYRETD, FYEXC, FYRET1D can be used.

2 Evaluation of Experimental Data

The EXFOR BIB information and papers concerned were read carefully and
were analysed in physics. The data were decided to be taken or abandoned according
to the measurement date, method, facility, detector, monitor and discrepancy
situation with others. In general, the following data were abandoned (marked by (X)
in Table 1):

1) The quantity measured is not required;
2) Measured in 50's or earlier;
3) Large discrepancy with others and measured method is not reliable or no

information in detail;
4) Incident neutron energy or other important quantities are not able or difficult

to be known;
5) Something is wrong in the measurements or data processing.

The necessary corrections were made for the acceptable data:
1) Renormalization using new standards for decay data, standard fission yield,

and fission cross section. The new standard data were taken from the Zhou's
evaluation at CNDC[2] for decay data, the present evaluation for standard yield or
Wang's evaluation (if there is no evaluation in this work) for thermal standard
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yield'31, and ENDF/B for fission cross section.
2) Make the neutron energy standardization: 1.95 MeV for 235U fission spectrum,

2.13 MeV for 252Cf spontaneous fission spectrum. Some fast reactor spectra were
also changed if they are considerably unreasonable.

3) Enlarge errors, if they were too small given by authors or the corresponding
data are discrepant with those of others or even themelves and could not find the
reason.

3 Data Processing

In general, the data were processed with the following codes:
1) AVERAG arithmetical average and weighted average and calculating the

corresponding error for measured data more than two sets at same energy point, for
example, thermal energy, 14.7 MeV, etc.

2) ZOTT developed by D.Muir'11, transplanted and modified. Used for
simultaneously evaluating fission yield data at different energy points or for
different products and their ratios. The covariance matrix can be calculated for the
evaluated data. Concretely, the data were treated as follows:

a. Nuclides Zr, Mo, Ce, thermal yield: Only the absolute measured data were
taken, averaging for each and their ratios. Simultaneous evaluation for fission yield
and ratio.

b. Nuclide Zr: Averaging for data at fission spectrum, 14.8 MeV, 8.0 MeV.
Simultaneous evaluation at thermal energy points, fission spectrum, 8.0 MeV.

c. Nuclide Mo: Averaging for fission yield at fission spectrum, 14.8 MeV, 0.5
MeV. Simultaneous evaluation at thermal energy, fission spectrum, 252Cf fission
spectrum.

d. Nuclide Ce: Averaging for fission yield at fission spectrum, 14.8 MeV, 0.5
MeV; Simultaneous evaluation at thermal energy, 14.8 MeV.

e. Nuclide Nd: Averaging for fission yield at thermal energy, fission spectrum,
14.8 MeV. Simultaneous evaluation at thermal energy, 8.0 MeV, 14.8 MeV.

4 Data Fitting and Dependence on Neutron Energy

After treating above, the data, including averaged and simultaneously evaluated
ones instead of original measured data, were first fitted with linear fit program
LIFIT, which is based on least square method, with a option for Y=aE+b or
\n(Y)=aE+b, and the reduced chi-square is calculated. If the £ is larger than about
1.5 (it means that the data could not be fitted with linear function), then the data
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were fitted with general spline fit program SPF[2], which is with knot optimization
and spline order selection and for multi-sets of data of any shape curve, depending
on the knots and order selection.
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The results show that the dependencies of fission yield on incident neutron
energy are simply linear for product nuclides Zr, Ce(Figs.2,3), but are quite
complicated for Mo(Figs.4,5) and Nd(Fig.6), especially in the keV resonance region
and for Mo. They could not be described by a straight line (in this case, y;=6.\9 for
Mo(Fig.7), and 2.07 for Nd). The deviation from linear line is over the experiment
error and shown by several sets of data.

It should be pointed out that the fit values were obtained at the "optimum"
condition, it's true in whole, but it's not true for some special energy points, for
example, for thermal or 14.8 MeV points. Therefore, the recommended fission yield
for some special data points, where there are more measured data are the data got
through averaging or simultaneous evaluation instead of fit one.

5 Discussion

Dependence of fission yield on energy is a quite complicated problem, due to
the complicated fission mechanism. So far it is not very clear but some trends can be
seen from the available experimental data.

For studying the dependence of fission yield on incident energy, the measurement with
monoenergetic neutron, like using Van de Graaff, Cockcroft-Walton, Tandem accelerator,
is more valuable. The typical, important measurements at monoenergetic points
were made by G.P.Ford et al. (Los Alamos Scientific Lab.)1'1, L.E.Glendenin et al.
(Argone National Lab.)'4', and T. C. Chapman et al. (Lawrence Livermore Lab.)151.

Analyzing these data, the following trends have been found.
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For symmetric fission, the yield increases with incident neutron energy in two
steps. First, exponentially increase in the energy region up to about 5.5 MeV, then
first step, a drop comparing the exponential increasing, from about 5.5 to 8.0 MeV,
then again exponentially increase up to about 14.0 MeV, then second step from
about 14.0 MeV to 15.5 MeV, at last, again exponentially increase up to 20.0 MeV.
The two steps are approximately corresponding to the onsets of (n,n'f) and (n,2n'f)
respectively, which make the excitation energy lower for the corresponding
compound nucleus. These features are shown for fission products .4=109—125, and
some typical examples are given in Figs.8, 9.

For asymmetric fission, it is certain that the yield decreases slowly with
increasing neutron energy, and roughly linearly (not exponentially). However if the
dependence is studied carefully, it was found that the linear relation on energy is true
for some products, for example for 95Zr, 144Ce. but not for others, for example for
"Mo.

The dependence of fission yield on energy should be studied further in
experimental measurement and theory investigation.
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Table 1 Collected experimental FY data
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Decay Data Evaluation for Radionuclide 7Be

Zhou Chunmei Huang Xiaolong

(China Institute of Atomic Energy, CIAE)

7Be is a radionuclide of £ decay. It can be useful as standard source of gamma-
ray detector calibration. Therefore, its half-live and gamma-ray emission probability
need to be known with good accuracy. The decay data were evaluated1'1 in 1988. It is
important for us to update them. The cutoff date of references retrieved from
Nuclear Science References File (NSRF) is November, 1996.

1 Half-live

The measured half-lives are listed in Table 1. In this evaluation it is noted that
variation of half-live with chemical environment ranges up to 0.2% and a proposal
to the nuclear structure and decay data evaluator network—a limitation of relative
statistical weights is adopted. Weighted mean value 53.26±0.05 days is recommended.

Table 1 Measured half-live for 7Be
Value (in days)

53.12 + 0.07
53.29 + 0.02*
53.17 + 0.07
53.52 ±0.10
53.61 ±0.17
53.50 ±0.20
52.93 ± 0.20
53.00 ±0.40
53.1O±O.3O
53.0010.30
53.22 + 0.08
53.26 ±0.05

Reference
Jeageret al.(1996)'21

Merrittetal.(1974)131

Lagoutiue et al.(1975)|J|

Johlige et al.(1970)l?l

Kraushaaretal.(1953)161

Wright etal.(l 957)1?1

Segreetal.(1951)181

Bouchezetal.(1956) |g|

England et al.(1965)"CJ|

Cressyetal.(1974) |n |

unweighted mean
weighted mean

Notes to Table:
&: This value is the latest one for authors. The uncertainty was increased to 0.04 to ensure that this value

did not contribute a weighting of greater than 50% in weighted mean calculation.

2 Emission Probability of Gamma-ray

7Be is 8 decay to ground state and the first excited state (477.62097 keV) of 7Li.
Only 477.6035 keV gamma-ray can be emitted. The measured gamma-ray emision
probability is listed in the Table 2. P,=10.45± 0.05 is recommended.
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Table 2 Measured 477.6 keV gamma-ray emission probability
Value5, %

10.32 ±0.16
10.42 + 0.18
10.35 ±0.08
10.10± 0.45

10.61 ±0.23
10.60 ±0.50
10.61 ±0.17
10.70 ±0.20
9.80 ±0.50
10.90 ±0.50
10.40 ±0.70
10.49 ±0.07
10.440 + 0.083
10.450 ±0.044

Reference
Tayoretal.(l962)1121

Poentizetal.(1973)"31

Goodieretal.(1974)1141

Balamuthetal.(1983)"51

Davids etal.( 1983) "6 |

Donoghueetal.(1983)"71

Fisher etal.(l984) | la |

Methevvsetal.(1983)"91

Norman et al.( 1983) |2I)|

Donald etal.(1983)12"

Evans et al.(1984) |2:|

Skeltenetal.(1984)1231

unweighted mean
weighted mean

Notes to Table:
$: Absolute emission probability for 477.6 keV gamma-ray per 100 parent decays.

3 Decay Scheme

decay 100. 00 %

%-53. 26 D

IBe
0,-661. 6

1/2" 477.8

3 /2" 0.0

(384.2) 10.45 3. b

(861.6) 89.55
51-i

3.3
log/.

Fig. 1 Decay scheme of 7Be

The decay scheme for 7Be radionuclide is shown in the Fig.l. The decay
energy 0(EC)=861.82±O.O2 keV'241. The EC branching ratios Pe(to ground state of
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7Li)=89.55±0.05 and PB(to 477.6 keV state of 7Li)=10.45±0.05 are deduced from
%EC=100 for 7Be and />y(477.6 keV gamma-ray)=10.45±0.05. The logft values are
calculated by LOGFT code. The level energy £,=477.62095±0.00020 keV is
calculated by using least-squares fitting to Ey and nuclear recoil correction. Our
recommended decay data for 7Be are listed in Table 3.

Table 3

Decay type/ray
EC 1

EC 2

Y 1

Recommended decay
energy, keV

477.6035±0.0002

data for 7Be

Intensity"

10.4510.05
89.55±0.05
10.45±0.05

Notes to Table:

%: Absolute intensity per 100 parent decays.

4 Comparison with other Evaluations

The evaluated half-live comparison is listed in Table 4.

Table 4 Evaluated

T1/2. days
53.26±0.05
53.29±O.O7
53.23+0.06
53.29±0.07

53.3±O.l

half-live comparison for Be

Reference
this work
Ajzenberg-selove( 1988)1"
Horiguchietal.(1992)'!"
Firestone etal.(l 996)|261

Ledereretal(1978)|:71

The comparison of evaluated emission probability of gamma-ray is listed in
Table 5.

Table 5 Comparison of evaluated gamma-ray absolute intensity for 7Be

p*.%
10.45±O.O5
10.60±0.20
10.52±0.06
10.52±0.06

Reference
this work
Huriguchietal.(1992)1251

Firestontet al.(1996)126'
Ajzenberg-selove( 1988)"'

Notes to Table:
U: Absolute emission probability for 477.6 KeV gamma-ray per 100 parent decays
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CN9800590

Evaluation of Neutron Induced Helium Production
and Activation Cross Sections for Some Nuclei

Yu Baosheng

(China Nuclear Data Center, CIAE)

The activation characters of chosen fusion materials are important in
determining proper reactor technologies. In order to meet these requirements for
fusion design studies, not only all activation cross sections for the fusion materials
themselves have to be know, but also those for all possible impurities require to be
considered if they lead to long-lived activities.

The helium production cross sections are extremely useful in the research of
radiation damage caused by helium yield in materials, having experienced large fast-
neutron doses, for they can induces nuclear transmutation and lattice deficiency. In
some cases the activation cross sections of the production of long-lived associated
with the (n,a) reactions are also extremely important for the radiation safety,
maintenance and disposal of waste. Comparison of measured and evaluated data has
indicated large discrepancies for several reactions. In order to meet the requirements
from both viewpoint of the helium production and activation data, the cross sections
of (n,a) reaction for "Mn, 54Fe, 39Co, 62Ni and 63Cu were further evaluated based on
new measured data and theoretical calculation. The cross sections for (n,a) reaction
with long lived radio nuclides directly or residual nuclei lead to long-lived one via
neutron capture, (n,2n), (n,t) reactions, etc., were investigated and evaluated for
some nuclei based on newly information available.

1 55Mn (n,a) 52V Reaction

There are some difficulties measuring 55Mn(n,a)52V reaction cross section exist
using activation method because the half-life of the residual nucleus 52V is very short
(^3.7 minutes). Previous measured cross sections for 55Mn(n,a)52V reaction have
not only large fluctuation but also big errors. After 1980's the measured cross
sections were improved, they can cover the energy region from threshold to 18 MeV.

In order to recommend properly the cross sections for 55Mn(n,cc)52V reaction,
the measured data around 14 MeV were evaluated. These data were adjusted to
equivalent 14.7 MeV cross section, also adjusted properly for nuclear decay schemes,
half-life and standard cross section. The weighted factor was used in the evaluation,
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which was based on the errors given by authors and quoted errors by us. Present
evaluated value at 14.7 MeV is 25.4±2.7 mb.

The multiple sets of data were provided by F.Gabbard1'1 in energy region 12 to
18 MeV, by M. Bormann121 from 13 to 19 MeV, by E.Zupranska131 from 13 to 18
MeV, respectively. Among these three group data, the data measured by F.Gabbard111

were scattering, especially in energy region 13 to 14 MeV. But the shape of the data
measured by M.Bormann121 were in agreement very well with ones of E.Zuoranska'3'.
Therefore, after the two group data were normalized to the evaluated value at 14.7
MeV, the complete cross sections measured in the energy region from 12 to 19 MeV
can be obtained.

Recently the measurement was carried out by M.Bostan'41 in energy region
from nearly threshold to 12 MeV at Julish laboratory in 1994. The measured data
were corrected for other interfering decay and the back-ground neutrons (target invs-
out) and breakup neutron.

These data can provide a complete shape of excitation function for '5Mn
(n,a)52V reaction. Meanwhile, the evaluated data for 55Mn were calculated with
EGNASH Code by the author for JENDL-3 fusion file and CENDL-2 Rev.l. At
present work, the evaluated data were performed based on the measured data by
M.Bormann'21, E.Zuoransky'31, M.Bostan141 and referring other measured data as well
as theoretically calculated results. The recommended data were compared with other
evaluated data from ENDF/B-VI, JENDL-3 and ADL-3I and shown in Fig. 1.
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2 54Fe (n,ct)51Cr Reaction

The many experimental data sets for 54Fe(n,a)5lCr reaction were measured by
different laboratories below 20 MeV and could describe sufficiently the trend for the
reaction. Based on the experimental data mentioned above the evaluation was done
in the previous work. The measured data of S.K.Saraf151 are important to improve the
evaluation near reaction threshold energy where the measured data did not exist until
1991.

Recently, the relation of the threshold value and shape of standard cross section
to the effects of neutron back-ground has been carefully investigated by Lu Hanlin[6'
in CIAE. The cross sections near threshold energy were accurately measured by him.
Therefore, the new and accurate data measured supplemented the experimental data
and updated the previous evaluated work. The present evaluated data based on new
measured cross sections are lower ~2%— 17 % than previous work in energy region
5 to 10 MeV. The present evaluation is compared with ones from ENDF/B-VI,
JENDL-3 and BROND-2 and shown in Fig. 2.
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59/Co(n,a)56Mn Reaction

Lot of the experimental data for 59Co(n,ct)56Mn reaction exist from threshold to
20 MeV. Our evaluated value at 14.7 MeV is 31.15±0.65 mb, which was used to
normalize corresponding measured data above 13 MeV.

Recently, A.A.Filatenkov171 has measured the cross sections from 13 to 15 MeV.
In order to increase the reliability, two reference reactions of 27Al(n,a)24Na and
93Nb(n,2n)92mNb were used simultaneously, so as to determin the accurate neutron
fluence. The back-ground from scattered neutron contribution was minimized using
the thin-wall constructions and air cooling target. The measured value
A.A.Filatenkov171 is 31.80±0.78 at 14.7 MeV, which is consistent with our evaluated
value within errors.

The data below 13 MeV were accurate measured by W.Mannhart181. In this
measurement, the effects of back-ground were subtracted via measuring the "gas-
out" target. The evaluated data were obtained based on the measured data and
calculated results. The evaluated data are compared with other evaluated data from
JENDL-3, ENDF/B-VI and ADL-3I and shown in Fig. 3.
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4 62Ni(n,a)59Fe Reaction

The measured data were mainly performed around 14 MeV in some laboratories,
especially the recent measured values by K.Fukuda191, Wang Yongchang1101 and Li
Tingyan1"1 were consistent with each other. In order to recommend properly the
cross section for 62Ni(n,oc)59Fe reaction, the measured data around 14 MeV were
evaluated. The weighted factor was used in the evaluation, which was based on the
given errors by authors and quoted errors by us. Present evaluated value of 14.7
MeV is 23.4±1.7 mb.

Recently, the accurate data were measured by Lu Hanlin'6' below 12 MeV
energy region where the measured data are very scarce. In this measurement in order
to subtracted the effects of neutron back-ground from "gas-out"' and backup neutron
from D(d,n) neutron source, the threshold value and shape of standard cross section
were carefully investigated and selected. Therefore, these experimental data cover
the energy region from threshold to 15 MeV. The evaluated data were obtained
based on the evaluated measured data and theoretically calculated tend. The
recommended data were compared with the other evaluations from ENDF/B-VI,
JENDL-3 and BROND-2 and shown in Fig. 4.
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5 wCu(n,arCo Reaction

The available measured cross sections for 63Cu(n,a)60Co reaction were collected
and analyzed, most of the experimental data up to year 1996 have been included,
especially the new accurate measured data by Lu Hanlin161 in energy region 6 to 12
MeV. Because the carefully selected standard cross section was used so that the
effects of back-ground and breakup neutron were reduced and subtracted. The new
measured data by Lu Hanlin161 in 6 to 12 MeV have superseded and supplemented
the scarce data in the energy region, and modified the previous evaluation.

All collected cross sections around 14 MeV were adjusted to energy 14.6 MeV
cross section and re-normalized for the standard cross section used. The characters
of gamma ray of 60Co have not any significant change. The half-life of 5.271 a and
the branching ratio 99.89% for 1173 keV characteristic gamma of 60Co in this
evaluation were unnecessary to revise. The evaluated data was obtained at 14.6 MeV
and used to normalize the measured data above 13 MeV.

The cross sections for 6JCu(n,a)60Co reaction were evaluated based on the
experimental data and theoretically calculated values. It was shown that our
evaluated data could reproduce experimental data very well. The present results for
53Cu(n,oc) 60Co reaction were compared with other evaluated data from ENDF/B-VI
and JENDL-3 and shown in Fig. 5.
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Evaluation and Calculation of Activation Cross
Sections for 158159Tb(n,2n), (n,3n), (n,y) and

(n,x) Reactions Below 20 MeV

Yu Baosheng Han Yinlu Gao Lan
(China Nuclear Data Center, CIAE)

Shi Zhaomin Tang Guoyou
(Institute of Heavy Ion Physics, Peking University)

Introduction

l59Tb is a rare-earth element. Its activation cross section is a good indicator for
nuclear science and technology applications. However, the evaluated data are very
scarce in several nuclear data libraries. The cross section for l59Tb(n,2n)l58Tb
reaction was one of the Coordinate Research Program of IAEA on activation cross
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sections for the generation of long-lived radionuclides of importance in fusion
reactor technology. However, the results of all the theoretical calculations are larger
than the experimental data for l59Tb(n,2n)158Tb reaction below neutron energy 11
MeV measured by Julich-Debrecen collaboration. The measurements for 159Tb(n,2n)
158Tb reaction by CIAE and Lanzhou University (LNZ) and for 159Tb(n, y)160Tb
reaction by CIAE and Peking University (BJG) were used in this work. The
evaluation and calculation of the activation cross sections for l59Tb(n,2n), (n,3n), (n,y)
and some charged particle emission reactions (n,x) below 20 MeV were performed
based on experimental and theoretical data so as to meet the nuclear science and
technology applications. The present results are compared with the values of
averaged theoretical calculation and the experimental data.

1 Evaluation and Analysis of Experimental Data

1.1 159Tb(n,2n) Reaction

The investigation of the cross section for l59Tb(n,2n)158Tb reaction is very useful
for activation indicator application and waste disposal assessment of fusion reactor
materials due to the half-lived of reaction product 158Tb having 1.8 a. At present
evaluation, the much emphasis are to recommend accurate activation cross sections
based on the newest measured and theoretically calculated data below 20 MeV. The
new measured data were performed in CIAE and LNZ in 1996 and all of the
collected data1'"71 are listed in Table 1.

Table 1 Collected Data and Relevant Information for 159Tb(n, 2n )158Tb Reaction
Year
1974

1984
1995
1995
1996

1996
1996

Author
S.M.Qaim

R.J.Prestwood
J.W. Meadows
Y.Ikeda
S.M.Qaim

Lu Hanlin
Yu weixiang

£„ / MeV
14.7

14.8
14.7
14.1 - 14.9
9.18,9.6,
10.1,10.83
13.7- 14.8
9.5,9.9

n flux
"AKn.cO^Na
"As(n ,2n)74As
l69Tm(n,2n)168Tm
58Ni(n, p)58Co
'3Nb(n,2n)92mNb
27Al(n, a)2 4Na

19 'Au(n)2n) l96Au
"7Au(n,2n)196Au

r l /2("8Tb)Y

180

180
180
150
180

180
180

£y, / keV
944

80- 1187
944
944.2
944

944
944

P.r 1 %
43.9

43.9
43.9
43.0
43.9

43
43

The existing measured cross section of (n,2n) reaction for 159Tb is around 14
MeV and below 11 MeV. Most measurements for (n,2n) reaction have been
performed around 14 MeV because of the availability of intense source of mono-
energietic neutron of this energy from Cockcroft-Walton accelerator. Below 11
MeV, there are only 6 energy points for this reaction. In order to recommend the
accurate cross sections around 14 MeV and below 11 MeV, the experimental
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measurements were performed by using the neutron source from T(d,n)4He,
D(d,n)3He reactions in neutron energy regions —14 MeV, 9—10 MeV. With
Cockcroft-Walton and Tandem accelerator (CIAE).

The measured data for (n,2n) reaction around 14 MeV were collected and
selected and renormalized to a common set of decay data and reference cross
sections. The cross section evaluated from the renormalized selected data at 14.5
MeV is 1924±53 mb and consists with the evaluated value by H.Vonach'8'.

In CIAE measurement for product activity below 11 MeV, the effects of low
energy neutrons were considered. When the neutron of 9.5 and 9.9 MeV were
produced by the D(d,n)3He reaction using a gas target, several kind of low energy
neutrons in the main spectrum were also produced from the breakup neutron of
deuteron, the multi-scattering of the main neutron, target structure materials. The
difference of 130% at 9.5 MeV and 80% at 9.9 MeV were found for the neutron
fluence measured using the monitor with different threshold of 58Ni(n,p)58Co and
197Au(n,2n)196Au reactions'7', respectively. For activation cross section measurement
of long-lived radionuclides, the monitor reaction selected must be nearly the same in
threshold and be of very similar shape in excitation function with the investigated
reaction. In this way, the effect of low energy neutron can be suppressed largely.
Now the measured data for l59Tb(n,2n)158Tb reaction was derived from the neutron
fluence of the 197Au(n,2n)197Au monitor reaction because they have a similar
threshold and similar shape of excitation function. The recommended decay
parameters for the half-lived, gamma-ray energy and its probability consist each
other.

Recently, the data were investigated by S.M.Qaim'5' at Julich/Debrecen
laboratories again. Since the primary deuteron energies at the compact cyclotron CV
28 were recently redetermined, the old data were recalculated and revised.

Therefore, the evaluation for experimental data of (n,2n) reaction could be used
to guide theoretical calculation at 14.5 MeV and below 11 MeV.

1.2 15*rb(n,Y)16(Tb Reaction

For the l59Tb(n,y)160Tb reaction, there are experimental data at thermal energy
and in the energy region of 0.00013 eV —4.0 MeV as well as around 14 MeV,
these experimental data'9"141 are shown in Table 2.
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Year

1961
1961
1967

1970

1970

1971

1971
1974

1974
1982
1986
1988
1996
1997

Table 2 Collected Data and Relevant Information for
Author

J.H.Gibbons
R.C.Block
G.Peto

K.Knorr

S.S.Malik

F.Rigaud

J.S.Brzosko
T.B.Ryves

K. Siddappa
W.P.Poenitz
J.Voignier
Mu Yunshan
M.V.Bokhovko
Shi Zhaomin

11 - 170keV
0.2 - 9.4 keV
3.0 MeV

0.00013 to
0.0032 eV
0.0253 eV
0.033 - 0.29 eV
14 MeV

0.4 MeV
0.0253 eV

23keV
0.5 - 4.0 MeV
0.5 - 2.5 MeV
0.7- 1.6 MeV
5 - 400 keV
0.5- 1.6 MeV

Detector

STANK
STANK
GEMUC

Moxon-Rae

Nal(TI)

STANK
FISCH

Nal(Tl)
STANK
Nal
STANK
Nal(TI)
HPGe(Li)

1S9Tb(n,Y) Reaction
n flux

In(n.y)

BF,

l97Au(n,y)

Absolute

'"Au(n,r)
MMn(n.y)
l:7I(n.Y)l2BI
"7Au(n,Y)
BF3

""Au(n.y)
Absolute
mAu(n, y )

Comment

Activation
Method
Transmission
Measurement

Associated
Particle

Activation

6Li-Glass
Activation
Method

STANK ( Liquid scientillator Tank )
FISCH ( Fission chamber and a Boron-Coated ionization chamber)
GEMUC ( Mica End-Window Geiger muller counter)

Previous experimental data were measured by R.C.Block1'01 in energy region of
0.2-9.4 keV, J.H.Gibbons|9) in energy region of 11 - 170 keV and S.S.Malk in
energy region of 0.033 —0.29 eV, the liquid scintillation tanks were used to measure
the prompt y ray for capture events.

During 1960—1970 s the measurements at 0.023, 0.4, 3.0, 14 MeV were
performed by K.Siddappa1'71, J.S.Brzosko|151,G.Peto|n) and F.Rigang1'41. In order to
check the measured data in 0.5 — 4.0 MeV, after the 1980s some measurements were
made by W.Poenitz"81, J.Voignier1191, Mu Yunshan1201.

The newly measurements in energy region of 5—400 keV were carried out by
M.V.Bokhovko12'1 with Nal(Tl) spectrometer at FEI laboratory in 1996. The
measured data indicate that the old data measured by R.C.Blocl1'01 and J.H.Gibbons'9'
systematically higher than the new one.

To check these capture cross sections measured in energy region 0.1—4.0 MeV,
which were measured by some laboratories with liquid scintillation tank to measure
the prompt y ray for capture events, Shi Zhaomin et al.(22] measured cross sections at
0.57, 1.10 and 1.6 MeV using 4.5 MV Van de Graaff accelerator with the T(p,n)3He
reaction on a solid T-Ti target. The sample was made of powder terbium oxide,
which was pressed into tablets and packed by nylon film. Each sample was
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sandwiched between two gold disks. The sample groups were wrapped with
cadmium foils to prevent thermal neutron effects. The activity of the nuclide I60Tb
was measured in two Laboratories (CIAE, PU) and same standard y-source was used
to calibrate the efficiencies of HPGe(Li) spectrometers. At present work, the
standards cross sections for 197Au(n,y)198Au reaction were taken from ENDF/B-VI.
The early measured data using liquid scintillation tank are consistent with new
measured data within their errors. Therefore, these cross sections'261 based on the
measured data mentioned above are reliable.

The thermal cross sections were measured by S.S.Malik1131 and T.B.Ryves'161.
They are in agreement within errors. But the thermal cross section from S.S.Malik1131

was deduced indirectly. The measured value by T.B.Ryves1161 was adopted due to its
small errors.

The capture cross sections for l59Tb(n,y)l60Tb reaction, measured by
T.B.Ryves1161. W.Poenitz"81, Mu Yunshan'201, J.Voignier1191, M.V.Bokhovko12'1 and
Shi Zhaomin'22' were adopted and previous measured data were also referred in
theoretical calculation in the energy region where experimental data are scarce.

Some previous measured data were examined and corrected based on the
accurate data measured from CIAE, PU and FFI. The evaluated data were obtained
between 0.00013 eV-4.0 MeV.

1.3 159Tb(n,p) and (n,a) reactions

For 1"9Tb(n.p)"9Eu reaction, experimental data are only available around 14.7
MeV measured by 5 laboratories. The measured data of E.T.Bramlitt'231 and
P.R.Prasad'24' were lower and higher than other values, respectively. The value
measured by Havlik'25' was corrected using new reference cross section, the revised
value is consistent with the recently measured value of A.Barn'271. The values with
large errors measured by S.M.Qaim1261 are consistent with those of E.Havlik'25' and
A.barn1271. At present work, the measured values of E.Havlik'251 and A.Bari'27' were
taken as references for theoretical calculation.

For 159Tb(n,a)'56Ho reaction, there are only 3 sets of experimental data at 14.8
MeV measured by E.Havlik'251, P.Kulisic128' and S.M.Qaim'291. The cross sections
measured by S.M.Qaim1291 and P.Kulisic1251 are consistent with each other within
their errors. The old measured data of E.Havlik1231 are very high since it was a
maximum value estimated. The measurement was performed by P.Kulisic1281 using a
multi-channel analyzer with particle discrimination character. The values measured
by P.Kulisic1281 are consistent with the one by S.M.Qaim1291 using activation method.
Then, the measured values of P.Kulisic'281 and S.M.Qaim1291 were recommended.
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Except existing measured data for 159Tb(n,a)156Ho and 159Tb(n,p)159Eu reactions,
there are no other experimental data. Therefore, the cross sections of emission
charged particle for 159Tb(n,x) reactions must be calculated theoretically.

2 Theoretical Calculation and Recommendation

2.1 For IS*Tb

In order to recommend the cross sections for l59Tb(n,2n), (n,3n), (n,y) and (n,x)
reactions, the theoretical calculation was performed with UNF code. A set of
neutron optical potential parameters for l59Tb was obtained, which are based on the
available total, nonelastic cross sections and elastic scattering angular distributions.
Adjusting this set of neutron optical potential parameters and the relevant level
density and giant dipole resonance parameters, the cross sections of (n,2n),
(n,3n),(n,y) and (n,x) reactions were calculated using the UNF Code130' and the
neutron radiation capture cross sections of l59Tb were also calculated using other
Code13'1. The comparison of experimental data with the theoretically calculated
results was made. The calculated data can reproduce the measured data very well.

The recommended cross sections for (n,y) were given based on measured and
calculated theoretically data, the cross sections in resonance energy region were
from JFE-2 and in 0.1—4 MeV from fitting values of evaluated experimental data.
The recommended activation cross sections for 159Tb (n,2n), (n,y) reactions are based
on evaluated and calculated results and shown Figs. 1—3.
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The threshold energies of (n,x) reactions are above 8 MeV. The calculation
gives cross sections with the order of a few ten mb or less, generally much less. The
calculated results were in agreements with existing experimental data. For the (n,a)
and (n,p) reactions, the calculated curve could pass the evaluated data measured
around 14 MeV. The calculated results for (n,x) reactions are recommended and
shown Figs. 4 — 5.
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Then the cross sections of all reactions by neutron induced on
recommended and shown in Fig. 6.

159Tb are
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2.2 ForI58Tb

Because the 158Tb is a radionuclide, there are no measured data available. In
order to recommend the cross sections for 1S8Tb(n,2n), (n,3n), (n,y) and (n,x)
reactions, the theoretical calculation was performed with UNF code1301. A set of
neutron optical potential parameters of 159Tb and the relevant level density and giant
dipole resonance parameters of 158Tb were used. The activation cross sections of
158Tb(n,2n), (n,y) and (n,x) reactions are recommended on the basis of calculated
results and shown in Fig. 7
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3 Summary

The evaluated cross sections for 159Tb (n,2n)H8Tb reaction are compared with
other evaluated ones and consistent with experimental data, which were better than
the evaluated data from other nuclear libraries.

The cross sections for l59Tb(n,y)160Tb reaction were measured from thermal to
4.0 MeV and 14 MeV in several laboratories. At present work, the recommended
data were given based on the accurate measured and calculated data. The cross
section measured by Shi Zhaomin1221 in 0.5-1.6 MeV are used to check the cross
sections in the energy region. The recommended cross sections are reliable.
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IV SYSTEMATICS RESEARCH
The Systematics Research on (p,n) and (p,2n)

Reaction Excitation Functions

Ma Yinqun Zhuang Youxiang

(China Nuclear Data Center, CIAE, Beijing 102413)

Abstract

On the basis of Planck formula of black body radiation and experimental
excitation functions of (p,n) and (p,2n) reactions, an empirical systematics formula
with two parameters is presented, which can describe experimental data of (p,n) and
(p.2n) reactions well for incident proton energies from threshold to 150 MeV, target
masses from 30 to 243.

Introduction

With the development of nuclear science and technology, charged particle
nuclear data are used in a wide range, such as spallation neutron sources, radiation
damage, radioisotope production for medical application and so on. The existing
charged particle nuclear data can not meet the requirements mentioned-above.

It is necessary for these purposes to do systematics research. There are two
ways: one is from simplified theory formula, and the other from empirical one. Up
to now, there is a few systematics research on charged particle nuclear data,
especially (p,n) reaction excitation functions; Letaw et al.(l983)1'1, Pearlstein
(1989)'2' and Shen (1991)m have searched the systematics of nonelastic cross
sections in intermediate energy for proton.

The present work takes the second way. Due to the enlightenment of Planck
black radiation formula, based on survey and analysis of many experimental data,
we have found that the curves of (p,n) reaction excitation functions are very similar
to the ones of black body radiation. The reaction channels of different outgoing
neutrons for charged particle q incident on target nucleus A are corresponding to the
black body radiation in different temperatures one by one.
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The intensity with different photon energy hv of black body radiation in certain
temperature is described by Planck formula, thus the cross section of nuclear
reaction at an incident energy can be obtained by means of a revised Planck formula.

1 Establishment of Empirical Formula

1.1 Preliminary Formula

The Planck radiation formula of black body is as follows:

^ (1)
1eC|

Where Miy) is the intensity of black radiation at temperature T in a unit of time
and a unit of surface area, v is the radiation photon frequency, T is the absolute
temperature of black body, Co and C, are the two constants. Accoding to the
mentioned-above analogy, we have:

(reaction cross section)
(incident energy)
(a parameter related to a reaction channel)
(a parameter awaiting determination)

Thus a preliminary formula of reaction cross section is obtained:

M(v)
V

C,/T

Co

<=>
'<=>

o

<=>

a(£)
£

Q

Because there exits a threshold £th for a certain reaction, <7(£)=0, when
we replace E with (£-£,1,) in formula (2)

r (F - F V1

It can describe the curves of (p,xn) reaction excitation functions roughly, at
£<30 MeV.

1.2 Improved Formula Function

In order to raise the values of curves at £>30 MeV, we put some P5 functions into
formula (3). For (p,n) reaction, we have:

r (F- E V 6

»M-%S ffl (4)
where,

P o = E'C>

84



" • •

For(p

cA

c7
For(p

,n) reaction, we

- •

= 0.

= 0.

,2n)

have:

f0.3669/^"12 A

\ 0.2644 A

7683

06811

reaction we have:

P6 =

>51
<51

cs

e("/;

= 0.

= 1

.00008299

.6772
Q

c9

0.08907

= 0.6985

= 7.5

p A (5)

where,

!

C, = 0.3669, C4 =0.000001, C5=35MeV,

C6=1.5, C 7 =C g =25MeV

and C2 is independent on £ and A of the target.

where Co, C2 for (p,n) and Co, C3 for (p,2n) are adjustable parameters (also the
socalled local parameters).
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2 Systematics of Parameters Co, C2 and C3

2.1 Collection of Experimental Data

The experimental data of 25 targets from "B to 238U for (p,n) reaction and of
22 targets from 43Sc to 24lAm for (p,2n) reaction were collected from EXFOR
experimental data library, respectively. These data were evaluatied roughly.

2.2 Determination of Local Parameters Co, C2 and C3

In order to get the optimum values of Ca, C\ and C3, we define
"> 1

5C" = —

where <rc is the calculated value of cross section, cr,. is the experimental value of
cross section. A av expresses the experimental error, and N denotes the sum of all
chosen energies. The parameters Co, C\ and C, can be obtained in search of the
minimum deviation between the calculated results and experimental data by
computer automatically. After careful researching, the parameters Co. C, and C,.
have been acquired, see Table 1 and 2.

Tablcl Local Parameters Co and C2 from (p,n) experimental data
Taruct
:|B
i;C
MN

ihl:c
":Ki
" 5Cu
" 5Cu
wZn
"Zn
75 A s
77Su
7"Br
s7Sr
»"Y
'"Mo
l07Ag
"'Cd
123Te
127,

l8lTa
209Bi

2n\J

(S-ZVA
0.09091
0.76920
0.06667
0.06667
0.09803
0.07692
0.07143
0.09677
0.07937
0.10770
0.09091
0.10450
0.12000
0.11690
0.11390
0.12640
0.12360
0.12500
0.12150
0.13510
0.15450
0.16540
0.19340
0.20570
0.22690

E,h : M e V
3.0175
302355
3.7702
2.9080
1.5654
5.5990
5.4443
4.8060
4.2156
2.1668
6.0460
1.8100
1.6680
2.1740
2.4370
2.6730
3.6550
3.7950
2.2200
1.6630
2.0310
1.4560
0.9760
2.6878
0.9316

C. McV
0.002491
0.001377
0.001450
0003546
0.006877
0.006877
0.002687
0.005753
0.003867
0.007077
0.004882
0.008908
0.008899
0.008540
0.009336
0.012990
0.010980
0.011210
0.012420
0.012872
0.014200
0.014630
0.016980
0.029980
0.026980

C\ M c V
0.000
0.000
(1.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
2.500
4.850
4.390
4.391
6.190
6.450
3.450
8.450
8.845
10.85
22.84
32.85
36.85
125.9
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Table2 Local Parameters Co and C3 from (p,2n) experimental data
Target

45Sc
52Cr
36Fe
"Fc
63Cu
68Zn
6"Ga
76Se
71iSe
88Sr

"3Nb
%Mo
"NAg
" ' C d
" 2 Cd
l24Te

""Ta
'"7Au
-0('Pb
: o 7Pb
2""Bi

! 4 lAra

(X-Z)/A
0.06667
0.07692
0.07143
0.08772
0.07936
0.11760
0.10140
0.10530
0.12820
0.13640
O.1I83O
0.12500
0.13760
0.13510
0.14290
0.16130
0.19340
0.19790
0.20390
0.20770
0.20570
0.21160

E,h. MeV
12.65
16.74
15.72
13.22
13.50
12.16
11.66
15.15
12.81
13.95
9.354
11.76
8.358
11.81
11.11
11.51
7.700
8.200
11.62
11.23
9.690
10.12

Cu 1 MeV
0.001599
0.004954
0.002001
0.009589
0.004259
0.034530
0.023520
0.016590
0.031980
0.041390
0.045000
0.042000
0.048500
0.041050
0.043840
0.050480
0.129800
0.167300 .
0.082790
0.067680
0.049890
0.001299

c,
1.6197
1.1619
1.4576
0.9589
0.9698
0.8500
0.7859
0.5786
0.7123
0.5879
0.6850
0.6000
0,6850
0.5850
0.7735
0.9695
0.9775
1.5600
1.7610
0.3592
2.8668
0.8855

2.3 Systematics of Local parameters C(l, C2 and C3

Are there systematics behaviour of parameters C\r Cz and C,? The answer is
certainly yes.

Using the minimum deviation, the systematic formulas of parameters C'o. C-,
and C\ are as follows:

For (p.n) reaction we have:

N—7 -1800(-~--0.185)-'
Co = (-0.009556 + 0.1665 )(1 - 0.3e A

A

C-, —
0.000412A + (A/\50)61 +(A/200)24

(7)

(8)

For (p,2n) reaction, we have:

^ o "~ 0.002635e

12.476935-1 \JX

X < 0.19796

X> 0.019796
(9)

0.6057e(3'5i-v-01323i+132|A'-01323|l899) X < 0.2055

) X> 0.2055

(260.7769-1253.8^)
5 .65^

(10)

O.OOOOOOle l o o o o o O ( O 2 O 7 7 5 - V )
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where X-
N-Z

The values of Co, C2 and C3 extracted from the above systematics are called
regional parameters .The comparison between local and regional parameters is
given in Figs. 1—4.
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Fig.3 For(p,n) reaction Fig.4 For(p,n) reaction

It can be seen that the fit curves for parameters Co, C2 and C3 are in agreement
with those from experimental data.

3 Conclusions and Discussion

Using the regional parameters Co, C2, the excitation function of the (p,n)
reaction can be predicted. When 50<^<120, the comparison with the existing
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measured excitation functions shows that the agreements between the predicted
and measured curves are good (see Figs.5, 6); while for A<5\ and A>\20 nuclei,
agreement between the excitation function predicted by the systematics and the
existing measured excitation functions is not satisfactory. For (p,2n) reaction,
agreement between the excitation function predicted by the systematics and the
existing measured excitation functions is very satisfactory (see Figs.7, 8).
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Fig.6 mCd(p,n) reaction
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Fig.7 mV(p,2n) reaction Fig.8 206Pb(p,2n) reaction

It would be of interest to note that the equation (5) could be applied to (q,xn)
(where q=p, d, t, 3He, a; x= 1,2,3,4,5.) reactions as well.
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V DATA AND PARAMETER
LIBRARIES

The Sub-Library of Atomic Masses and Characteristic Constants
of Nuclear Ground States (CENPL-MCC 2) (IV)*

Su Zongdi Sun Zhenjun
(China Institute of Atomic Energy, P.O.BOX 275, Beijing)

Zheng Chunkai
(Department of Technical Physics, Peking University, Beijing)

The MCC 2 (the Second Version) is an updated edition of the sub-library of
atomic masses and characteristic constants of nuclear ground states (MCC) of the
Chinese Evaluated Nuclear Parameter Library (CENPL). It contains data files:
"MCC2-1.DAT" and "MCC2-2.DAT".

1 "MCC2-1.DAT" File

The "MCC2-1.DAT" file contains the most recent measured1'1, systematics1'1

and calculated121 mass excesses, total binding energy'11, deformations'21 for nuclei
between the proton and neutron drip lines and superheavy nuclei. There are
altogether 9066 nuclei ranging from Z=0, A=\ to Z=136, A=339. The mass excesses
of this file are from the experimental and systematics data compiled by G.Audi and
A.H.Wapstra in 19951'1, and the calculated ones of P.Moller, J.R.Nix, W.D.Myers
and W.J.Swiatecki in 1994'21 by using a nuclear mass formula with a finite-range
droplet macroscopic model and the Folded-Yukawa single-particle microscopic
model (FPvDM). An appended "s" denotes that the value is of systematics, and "t"
denotes calculated one.

2 "MCC2-2.DAT" File

The "MCC2-2.DAT" file contains the abundance'3', magnetic and quadrupole
moments'41 of nuclear ground state for neutron and 286 stable nuclei ranging from
Z=l,A=ltoZ=92,A=23S.
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