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Abstract

The Np-237 fission cross-sections up to 20 MeV incident neutron energy are* calculated
by means of the computer code STAPRE— a statistical model code with consideration of
preequilibrium decay. The higher chance fissions up to third compound nucleus are taken
into account, and the main input parameters in the treatment of fission under considera-
tion of a double-humped fission barrier are carefully adjusted, so that the curreht trend
of experimental data can be fitted within an apparent deviation of about 10% throughout
the entire energy range. Results are presented in the form of point-wise cross-section
values, and also in the form of graph to demonstrate the shape agreement.
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. Introduction

In the aspect of an increasing importan-
ce of aceurate neutron nuclear data during
the last decade, a great deal of effort has
been devoted also to the refinement of fi-
ssion cross-sections for a series of actinide
nuclei. In particular, the theoretical sche-
me to estimate fission cross-sections based
on elementary Hauser-Feshbach theory,
developed in a coherent manner with the
discovery of the double-humped fission
barrier, has been realized as a powerful
tool to provide a quantitative guidance for
the cross-section evaluation. The object of
this work has been to attempt such a mo-
del calculation to fit the experimental ne-
utron induced Np-237 fission cross-sections
in the energy range from threshold up to
20 MeV by use of the computer code STA-
PREY.

The Np-237 fission cross-section in the
MeV energy range, due to the smooth ex-
citation curve with incident neutron ener-
gy and the large cross-section values as
well as the fission ecross-section of U-238,
has been considered as a promising neutr-
on standard in neutron dosimetry connected
with recent developments in fast reactor
design, fast reactor safety and in fusion
reactor technology, and the monoisotopic
element of Np-237 is nowadays widely in
use for application.

The trend of fission cross-section deduc-
ed from measurements has been fairly
well established up to several MeV energy
range®»®. However, it appears thus far
that the status at the higher energy regi-
on is not quite apposite to the applicatio-
ns. For instance, a systematic discrepancy
of about 20% or rather more with increa-

sing energy above 9 MeV is observed be-
tween the earlier measurement of Pankra-
tov(1963) and the recent measurement of
Carlson and Patrik(1979), while the latter
data are in good: agreement in the entire
energy region of interest with the cross-
section values deduced from the accurate
measurement of the cross section ratio wi-
th respect to U-235 fission cross-sections
performed by Behrens et al. (1977), and
thus these two sets of experimental data
have been taken into account as a prefer-
red measure of the present calculation for
the higher energy range, in which the hi-
gher chance fission plays an essential role.

STAPRE is a statistical model code with
consideration of preequilibrium decay for
the emission of the first particle. The
model assumptions employed in the code
and the scheme of the parametrization for
the input data will be quite briefly intro-
duced in the following section (II). The
input data for the fission cross section ca-
lculations are presented in section III, and
at last the calculated results are compared

- with the existing experimental data(Secti-

on 1V). The shape agreement seems reas-
onably good and the pointwise fitting with
a discrepancy of 10% or less has been ap-
parently realized due to the stepwise adj-
ustment of the input parameters. To check
the consistency of the model assumptions
we additionally compared calculated (n,7)
and (»,2n) cross-sections with experime-
ntal data.

I. Model Assumptions and
Parametrizations

Detailed description of the STAPRE code
with its original design philosophy, unde-
rlying physics and the practical features
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for applications has been presented by Uhl
and Strohmaier?. From Ref. 1 the impor-
tant concept of the model assumptions re-
levant for our problem will be briefly
quoted in the following context with the
input data preparation.

The code STAPRE is designed to calcu-
late energy-averaged cross sections for
particle-induced nuclear reactions including
fission with several emitted particles(up
to six) and gamma-rays under the assum-
ption of sequential evaporation. Evaporat-
ion processes are treated within the fram-
ework of the statistical model with consi-
deration of angular momentum and parity
conservation. The equilibration of the co-
mposite system formed by incident particle
and target nucleus is treated in the frame
of the exciton model*~” which is consider-
ed as only one of the current:models ava-
ilable for this process. In the preequilibr-
ium stage of the reaction, particle emissi-
on is assumed to be the only decay mode;
preequilibrium photon emission and fission
are thus neglected.

A schematic diagram representing the
proceeding of the code is given in Fig. 1
as a guide for understanding the appiicat-
ion of these models and how the various
models are combined with each other.

The term “#** compound nucleus (CN)”
means the nucleus resulting from emission
of (i-1) of a specified sequence of emitted
particles (=, 72, #s,...). Hence, the system
formed by incoming particle 7, and target
nucleus T is called first CN even if not
Each CN is
assumed to be subject to fission. Thus,

yvet in the equilibrium stage.

higher chance fissions are treated as pro-
cesses following the sequential particle ev-
aporation steps.

The Hauser-Feshbach (HF) denominator

N(U,J,IT) is defined as the sum of trans-
mission coefficients T for all open chann-
els ¢,

N(U,J, ) =§TC=NP‘“(U, J, )
+N7(U,J,I)+N" (U, J,II) (1)

and consists of contributions resulting fr-
om particle, gamma-ray and fission decay.
The notation U,J and II stands for the
excitation energy, total angular momentum
and parity, respectively. The program at
first generates for each CN a table of the
HF denominator N,(U, J, II) and the fission
probability R/ (U, J, II) corresponding to 7**
CN for all excitation energies U (defined
in steps by a grid of binsize DU) and all
values of angular momentum J and parity
II, which are required for the subsequent
evaporation calculation. The symbol WB,;©®
(U, J,II) represents the level population
for ¢ CN resulting from the primary ga-
mma-ray emission for ;=1 and particle
emission from the(7—1)* CN for 7>2, and
WB,(U,J, IT) gives the cumulative populat-
ion due to the result of all possible gam-
ma-ray cascades. For the equilibrium por-
tion of first chance emission of particles
and photons as well as for the first chance
fission, the width fluctuation corrected HF
formula is applied. For entrance channel
¢, exit channel ¢/, a total angular mome-
ntum J and parity 7 the formula in well-

. known notation is given by

(HF)yJI _ TcTe. s

Ccer —ng"mﬁ)— cC/y (2)
where S, is the correction factor for the

partial width fluctuation®. For the first
chance fission cross-section one has to sum
over all fission channels ¢* and assign the
important factor,”® which is calculated in
the framework of the exciton model and
defnes ithefractional amount of the initial
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Fig.1. A Schematic Representation of the Proceeding of the Code STAPRE.

population surviving preequilibrium emiss-
ion:

’ 7
O r=q"* 2, 2 a'Go) "
Jrs o (3)

The fraction ¢ and the preequilibrium
contribution to the differential cross-secti-
on with energy of relative motion (¢) are
required for the further calculations as
shown in Fig. 1. The higher chance cont-
ribution of the s** CN to the total fission
cross-section is calculated from the fission
probability
R/ (U, J, IT) and the cumulative population

WB,; to take into account all processes wi-
th particle emission and gamma-ray casc-
ades followed by fission;

U

a.,,,.,...,,f_,,f=JZH} 65' dU WB; (U, J,IHR/ (U,
J, ). (4)
Next, by referring to the original vers-
ions of STAPRE"® a certain extent of
the fission model together with the para-
metrization of a double-humped fission ba-

rrier will be described.

i. Fission channels and fission cross-
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sections

The excited states of residual nuclei as
well as the transition states at saddle-poi-
nt deformation which both enter into the
definition of the various channels are des-
cribed by a level density p(U,J, ). At
low excitation energy where the complete
information to specify the discrete Ilevels
(E;, I;, I1;) is available the  level density
can be simply expressed as

p(U,f,H)=§: 5(U—‘Ej)51n5m, (5)

while in the continuum the level density
has to be calculated by means of a model.

The concept of fission transmission coe-
fficients is based on the original statistic-
al theory proposed by Bohr and Wheeler'?
together with the quantum-mechanical ca-
lculation of the tunnel penetrability for a
parabolic barrier'? characterized by the
height E and the curvature %zo. Then, the
penetrability P(U) is given by the well-
known Hill-Wheeler formula;

1
P(U)=
1rexp(-Z (E-0)]  (6)

Under the assumption of a single-hump-
ed barrier one obtains for the transmission
coefficient T/ (U, J, II) for fission decay of
compound nucleus states with (U, J, II) via
channel ¢

TS (U,J, IT) =8, IcncPc(U) =0sm, 1gmg
: )
7

T (Ee-U)) (

+exp[

where (E..I;. II;) are the excitation ener-
gy, spin and parity of the transition state
specifying the channel ¢. Hence, the fissi-
on contribution N’ (U, J,II) to the HF den-
ominator becomes

N/(U, T, 1)

=ZTe/ (U, ], ) =s°£gE'pf<E'. J.m-

1
1+exp[%(Eo+E’—-U)] @)

where o;(&’, ], 1) is the level density of
the transition states and E, is the energy
of the lowest tramsition state; E’ is the
excitation energy of the transition states
relative to E,. The fission probability R/
(U, ], 1I) is the branching ratio for fission
decay and thus given by
f

It has been indicated by recent studies
that the actinide nuclei have so called do-
uble-humped fission barriers!*-'®. Therefo-
re, this barrier shape and its consequences
as intermediate class II structure and vib-

rational resonances should be taken into

account in fission cross-section calculatio-
ns.

The various Np isotopes relevant to our
problem are either odd or odd mass nuclei.
The experimental Np-237 fission cross-sec-
tion shows no clear structure due to vibr-
ational resonances. Hence, we assumed
complete damping of the fission mode in
the secondary well. In the complete dam-
ping situation the inner barrier (barrier A)
and the outer barrier (barrier B) act ind-
ependently of each other¥. When averag-
ed with respect to intermediate class II
structure the fission contribution to the
HF denominator is given by

N, J, Ty = - N4 (U, L )N/ (U, ], IT)

N/ U, T, I +N7 (U, J, 1Ty
(10)
In this expression, N, (U,J, 1) and Ny
(U,J, ) are calculated according to eq.
(8) for the inner and the outer barrier
which are characterized by the heights
(E4, Ep) and curvatures (%w,, hws) as shown
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Fig. 2. Schematic Diagram for Parametrization of
Double-humped Fission Barrier.

in the schematic diagram (Fig.2). As the
specification of discrete transition states
is important mainly for even nuclei, we
described the complete spectrum for both
barriers by a continuous level density fo-
rmula (see section II. ii).

The fission probability R/ (U, J,II) ente-
ring in eq. (4) for the higher chance cro-
ss-sections has to be averaged over inter-
mediate class II structure. This is done in
the frame of the model of equidistant cla-
ss II states with constant width proposed
by Back et al.'® One obtains in terms of
the quantities N/(U,J, II), defined in eq.
(10), and N’(U,J, II)=Nr=t(U, J, IT) +N7(U,
J, ):

N’ ow(U, J, )
NU, J,I)+N (U, J, I
(11. 1)

RI(U,J I =

Nfeff(U: VA H)=

N\t N N7+ Ny

. 1+\/ 1+ (Wf“) +2-57-coth (——2————)
N N7+ N

y~+2coth (T)

N7

(11.2)

The effective fission contribution N’

(U,J,1II) to the HF denominator is used as
transmission coefficient of a group chann-
el in the width fluctuation corrected HF
formula (eqs. (2) and (3)).
the first chance cross-sections are approx-
imately averaged with respect to intermed-
iate class II structure.

In this way

ii. Level densities

Following the systematic study of Lynn'®
on the calculation of fission cross-sections
of the actinide nuclei we used for the level
densities at equilibrium and at the barrier
deformations a combination of constant
temperature and conventionally shifted
Ferim-gas forms'?.

The following relation between the level
density p(U,J,II) and the state density o
(U) holds:

1 1.1 1,
e(U, J, H)—TP(U’j)"——Z—',/sT ()

1 2
w(U) (2]+1)exp[— (f +7) ] (12)

20%(U)

Up to three regions with differena ener-
gy dependence of the state density o(U)
and the spin cut-off parameter ¢(U) can
be specified by the following forms:

OsULUY . w(U)=Clexp[_§,]1_],
o(U)=0. (13.1)
¢ ‘. U
U/sU<Uy : w(U):Czexp[_T.z..] ,
o(U)=0: (13.2)

Us<U : o(U) = JIZT . 6)2?/22. {g(_U;—') 47

o*(U) =56 eff, | U;A

(13.3)

The level parameters used in the model
are the level density parameter a, the ef-
fective moment of inertia Oeff, the pairing
correction 4, the constant factors C;, the
constant temperatnres T; and the spin cu-
t-off parameters o;.
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1. Summary of Input Data

The compound nuclei formed in sequence
up to the fourth CN have to be specified
in order to cover an energy range of 20
MeV. The control parameters concerned
and the main input data considered as
most essential to have influence upon the
fitting calculation are itemized in the foll-
owing:

i. Control parameters and energy binsize

In order to save computation time, the
calculation of gamma-ray cascades can be
suppressed for several CN. For the total
number (N) of CN for a particular reacti-
on the gamma-ray cascades can be option-
ally neglected for the CN with numbers
1,2,...,N, <N, In such cases the cumulat-
ive population WB; is replaced by WB;",
At higher incident energies gamma-ray
cascades for the first CN will be neglected
by choosing N,=1.

As was shortly mentioned in section 1I,
an energy grid with a binsized of DU is
introduced for the approximate integratio-
ns for the continuum region. The binsize
DU=0.25MeV has been assigned througho-
ut the energy region from considerations
of the numerical accuracy and the central
memory as well as the computation time
requirements. Since the HF denominator
for each CN is stored binwise, the energy
steps for the excitation function have to
be chosen as integer multiples of DU. The
energy step has been chosen as twice the
binsize; i.e. 0.5MeV.

For the preequilibrium decay the param-
eter FM, which defines the magnitude of
the matrix element for the internal trans-
ition rates, and the initial numbers of pa-
rticles and holes have to be specified. The
absolute square of the average effective

matrix element of residual interactions is
estimated in terms of the mass number A
and the excitation energy U by the follo-
wing expression proposed by Kalbach-Cli-
ne;

IM|2=FMxA—*U"! (14)

The value 263(MeV?) for FM has been
selected from the test runs by using a
range of values 220-320 together with the
initial particle-hole numbers (2p, 1h). In
addition, this value of FM reproduces at
an excitation energy of 20MeV the intern-
al transition rate for the (2p,1h) config-
uration given by Gadioli et al.?®

ii. Neutron optical potential

For the actinide region, a neutron-nucle-
us potential has been presented by Madl-
and and Young??. This potential, however,
is recommended only up to 20MeV. The
real part of the potential as well as the
imaginary part depends on energy rather
strongly, and as for Np-237 there are no
experimental data available at energies
above 10MeV to verify the optical model
parameters, this potential is not preferab-
le for the present application.

Another potential has been derived by
Lagrange?® by means of optical model fits
to the total neutron cross section and dif-
ferential scattering cross-sections of U-
238. This potential is recommended up to
20 MeV. We made use of this potential
employing slight modifications described
below.

The transmission coefficients for the st-
atistical model input were generated by
means of coupled channels calculations us-
ing a modified version of the Karlsruhe
IUPITOR1 code®**?®, The underlying phys-
ics are described in the earlier work of
Tamura®’. Real coupling was used. A Le-
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gendre expansion of the nonspherical pot-
ential was performed. We coupled only
three states of the ground state rotational
band: the 5/2* ground state, the 7/2+ state
at 33.2keV and the 9/2* state at 75.8keV.
For the calculations, coupling terms up to
the order of 1=8 were included(for notat-
ion, see eq. (16) of Ref. 26). In the Lege-
ndre expansion of the potential a quadru-
pole and a hexadecupole deformation were
taken into account, and characterized by
the deformation parameters §,==0.240 and
B:=0.067. These values differ from the
deformation parameters given by Lagran-
ge?®, for they were adjusted so as to rep-
roduce the most recent experimental valu-
es?” for the s-wave strength function for
Np-237. Also, the constancy of the imagi-
nary part for neutron energies above 10

MeV as prescribed by Lagrange® was
changed into an increase like
6.7+0.1X[E.(MeV)—10] (15)

in order to avoid a too strong decrease in
the absorption cross-section above 10 MeV

incident energy.
iii. Data required for the creation of

gamma-ray transmission coefficients

Regarding gamma-decay the code is so
designed that the maximum multipolarity
of electric and magnetic radiation can be
chosen less or equal three.

The gamma-ray transmission coefficient
for transition energy ¢ and multipole type
XL is related to the gamma-ray strength

function f,%(¢)
fAL(e) =2ae?* fI, (e). (16)

For the E1 strength function the Brink-
Axel model with global parameters for the
giant E1 resonance®® is used. The streng-

th functions for M1, E2, M2, E3 and M3 ra-
diation are chosen according to the Weiss-
kopf model and normalized to fZ, by me-
ans of Weisskopf’s estimate?®. The final
normalization of all gamma-ray transmis-
sion coefficients is carried out by fitting
the average s-wave neutron radiation wid-
th ;. The experimental values are compi-
led in the report BNL-325%,
also refer to the more recent measurement
of Mewissen et al.?” and of Paya®". The

and one can

experimental values of the s-wave neutron
radiation width for Np-238 are scattered
within the region roughly between 35 and
70 meV. The data required to be specified
are the neutron separation energy S, spi-
ns of s-wave neutron resonances(s,,s;) and
the average total radiation width I, at
the neutron binding energy. The data used
as the input for each CN are tabulated in
Table 1.

Table 1. Input Data Used for the Creation of
Gamma-ray Transmission Coefficients.:

(*: Ref. 16)
Sn T E3 F T
CN | Mev) si sz (meV)
Np-238 | 5.486 o 3+ 38
Np-287 | 6.501 | 11/2- | 13/ | e2*
Np-236 | 5.691 2+ 3+ 60*
Np-235 | 6.992 1/2* 65

iv. Barrier parameters and level
densities

Input data for fission have to be arran-
ged for all CN. As the symmetry proper-
ties of the saddle-point shapes are differe-
nt at the two barriers, the spectrum of
transition states has to be specified sepa-
rately for the inner and the outer barrier.

According to the equations (2), (3), (4),
(7), (8), (11.1) and (11.2) to calculate the
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fission cross sections, the barrier parame-
ters(E 4, hwa, Bp, hws) as well as the level
densities appear as the quantities having
most influence on the result. In practice,
the barrier parameters, especially the ba-
rrier heights, have been carefully adjusted
within the frame of the systematics. As
was expected from the Hill-Wheeler form-
ula(eq.(6)), the adjustment of the curvat-
ures presents a certain extent of fine con-
trol to fit the steepness of the excitation
curve following on each threshold. The
final sets of the barrier parameters are
tabulated together with the values recom-

mended by different authors in Table 2.

Table 2, Barrier Parameters Used for the Present

Calculation (top in each row), and Those
Introduced by Different Authors.

Unit: MeV
CN EA hoa Ep ha)a Ref.
5.94 0.52 5. 80 0.40

6.00+0.30, 0.6 [6.00£0.30 0.42 | (15)
6.19 0.65 5.99 0.45| (16)
6.10 0.65 5.82 0.32 | (32)

Np-238

5.99 0.85 5.82 0.65
Np-237 [5.70+0.30] 0.8 [5.50%0.30, 0.55 | (15)
5.9 0.8 5.6 0.5 (16)

6.05 0.60 6.03 0.40
Np-236 [5.70+0.30( 0.6 5.2+0.30 0.42 | (15)
5.95 0.65 5.65 0.45 | (16)

5.75 0.80 5.45 0.52
Np-235 5.60+0.30| 0.80 [5.20+0.30] 0.55 | (15)
5.75 0.80 5.45 0.52 | (16)

As already mentioned in the foregoing se-
ction (II. ii), all transition states including
the discrete part of the spectrum have
been treated as continuum. The level den-
sity of transition states can be calculated
by using the equations (12), (13.)-(13.3)
in the same way as level densities for the

continuum at equilibrium deformation. Le-
vel density parameters (see section II. ii)
for the calculation of fission cross-sections
incident
energy of sMeV have been recommended
by Lynni¢—®.

for the actinide nuclei up to an

For the level densities at
equilibrium deformation in general we used
Lynn’s parameters. The only exception is
Np-236 for which C; was decreased to one
third of its original value in order to red-
uce the neutron emission probability from
the second CN. As for the discrete part of
the spectrum at equilibrium deformation,
the data on the level scheme for each CN
have been supplied from the Tables of Is-
otopes®®. For the calculation of the barrier
level densities, the values of the tempera-
tures (7..7:) and the spin-cutoff paramet-
ers(o1,0,) are taken from the presentation
of Lynn'®. The parameters C; and C. have
been adjusted together with the barrier
heights to fit the experimental data possi-
bly within an apparent deviation of about
109%. As Lynn’s parameters for the trans-
ition state densities do not cover the ene-
rgy range required for our calculations,
we continuously joined a conventionally
shifted Fermi gas formula at the upper
end of the constant temperature region.
The input level density parameters for the
inner and the outer barriers of each €N
are tabulated together with those for equ-
ilibrium deformation in Table 3. The pai-
ring corrections (4) for the CN with even
neutron number are taken from the tabu-
lation presented by Gilbert and Cameron!?.
The notation €rig stands for the rigid bo-
dy moment of inertia.

V. Results and Discussion

The final result of the Np-237 fission
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Table 3. Level Density Parameters for the Equilibrium and the Transition State Deformations.
Values given at top for each compound nucleus correspond to the equilibrium
deformation, and the next two rows are those for the barriers A and B, respectively.

CN a Oeff/ 4 U]t C1 T1 a Uz‘ Cz . Tz .
(MeV-Y)| 6rig | (MeV) | MeV) |(MeV-1)] (MeV) t MeV) [(MeV-1)| (MeV) 2
28.00 0.842 0. 00 2.92, 4267. 0.518, 6. 10
Np-238 31.94 0.691 0. 00 2.00, 9068. 0. 360 6. 40 6.00 42975. 0. 500 6.40
30.33 0.673 0. 00 2.00 4534. 0. 360, 6. 40 6.00] 21488. 0.500 6. 40
27.37] 0.814 0. 49 3.59] 1203. 0. 500; 6.10
Np-237 30.06| 0.925 0. 49 3.69, 2234. 0.480 6.40
27.92) 0.891 0. 49 3.69] 1117. 0.480 6.40
26.51 0.973 0. 00 2.15 1422. 0.518 6. 10
Np-236 31.94 0.701 0. 00 2. 00’ 9068. 0. 360, 6. 40, 6.00] 42975. 0.500 6. 40
30.33] 0.683 0. 00 2.00] 4534. 0. 360, 6. 40 6.000 21488. 0.500 6. 40
27.37| 0.827| 0.57 3.67  1024. 0.500 6.10 ‘
Np-235 32.33, 0.940 0.57 4.00 4469.| 0.480 6.40
30.18/ 0.908 0.57 4,000 2234. 0.480 6. 40,
et a 1.°®, Jiacoletti et al.*® and Behrens et
- X PRESENT CALCULATION, al.*? only some of the numerous points are
O LINDNER ET AL.(76) i . . .
! r%q};* e - plotted in the first threshold region.
5% ¥ + The calculated cross-section closely foll-
0 © i . .
£ %8, 1 ows the experimental data in the threshold
o0 + . . .
9; . o region up to~0.65MeV. Comparing with
-~ Ol e e . .
&k f , B the main trend of the experimental data
IS x 7 .
N o i f ] at the first plateau, the calculated value
x -
i x at 1MeV seems about 8% lower, while the
L , , x values for3—4MeV stand somewhat higher,
[ 2 3 2

En (MGV)
Fig. 4. Comparison of the Calculated Np-237

Capture Cross-sections with Measurements.
cross-section calculation is shown graphic-
ally in Fig.3 and also tabulated in Table 4.
The recent data measured by different
authors®—*® are plotted in the same figure
to demonstrate the overall features of the
shape agreement. Each set of cross section
ratios o,y (Np-237)/0,s (U-235) measured
by Behrens et al.®® and Stein et al.*¥ are
normalized by using the evaluated U-235
fission cross-sections of ENDF/B-V (78).
For each data set measured by Plattard

nevertheless the agreement with the mea-
surements of Kobayashi et al., White and
Warner, Stein et al. and Pankratov is fa-
irly good. As an additional check of the
model parameters in this energy range,
the capturecross-sections calculated with
the same input data are compared with the
measurements of Lindner et al.*® in Fig.4.
The agreement seems quite reasonable.
For the higher energy region above~8
MeV, we attempted to reproduce the mea-
surements of Carlson and Patrik*®. These
data were measured relative to the well

determined hydrogen scattering cross-sect-
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Table 4. Calculated Fission Cross-sections from ¢

to 20MeV.

Bombarding energy Fission cross section
MeV) (barns)
20, 06 2.148
19.54 2.143
19.03 2,145
18.51 2.149
17.99 2.150
17.48 2.148
16. 96 2.141
16. 44 2.126
15.93 2.101
15. 41 2.062
14. 89 2.008
14.38 1.943
13.86 1. 881
13.34 1.848
12.83 1. 852
12.31 1.873
11.79 1. 899
11.28 1.930
10.76 1. 962
10. 24 1.993
9.728 2.024
9.211 2.061
8. 695 2.116
8.178 2.184
7.662 2.217
7.145 2.112
6. 629 1. 805
6.112 1. 466
5. 596 1.392
5.079 1.451
4.563 1.528
4. 046 1.637
3.529 1. 669
3.027 1.705
2.525 1. 690
2.022 1.603
1.520 1. 555
1.018 1.277
0.516 0.637
0.014 0.020

jons with an annular proton telescope and
extend from 1-20MeV with and error limit
of 2—39% throughout the energy region.

The data are plotted in Fig. 3 as read off
the graphic representation (Fig.10 of Ref.
40) and found to be in good agreement
with the cross-section values deduced from
the precise fission ratio measurements of
Behrens et al.?®. The results fitted to the
above data sets seems still in agreement
with Pankratov's data up to 8MeV. The
calculations show a more pronounced third
plateau than the data of Carlson and Pat-
rik'® and of Behrens et al.’® do although
the barrier heights for the third CN have
been remarkably increased to suppress the
third chance fission. On the other hand,
it has been inevitable to meet with a cer-
tain increase of the competitive cross-secti-
on g,,.,, The calculated cross-sections for
the reaction Np-237(»,2#) Np-236 are co-
mpared with the existing experimental
data*’-*® in Fig.5. The calculation exceeds

|
o9r (n,2n) MEASUREMENTS |
(x) PERKIN et al. (61
(CORRECTED) t
(0) LANDRUM et al.(73)
() NISHI et al.{75)
(2) LINDEKE et al.{75)

o8f

o6t

04r

On, xn (barns)

0.2

00L .

En (MeV)

Fig. 5. Calculated Np-237 (n, xn) Cross-sections.
----Caner et al. (77) (Ref. 54)

by at least 0.4 barns the quoted measur-
ements or the evaluation of Caner et al.sV
in the 14 MeV region. Most of the (#,2#)
measurements reter to the 22.5% activity
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but not to the long-lived activity (1.3x10°
a). The deduced total (»,2x) cross-sections
rely on the production cross-section ratio
of long-lived to short-lived activity. Only
one measurement of the production of the
long-ived activity has been performed usi-
ng the intense thermonuclear neutron flux
of a nuclear device as described in Ref
48. Therefore the quoted measurements
hardly provide a base to disprove the cal-
culation. Of course, there remains the qu-
estion whose measurements of the fission
cross-section at higher energies are more
reliable. A calculation which reproduces
Pankratov’s fission cross-section would res-
ult in (»,2#) cross-sections in much better
47-50.
As a most recent 14MeV fission cross-sec-

agreement with the data of Refs.

tion, the absolute measurement of Arlt et
al.*¥ presented the value of (2.226+0.024)
barns at 14.70 MeV which lies nearly at
the middle between the data of Pankratov
and those of Carlson et al.
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