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FOREWORD

The OECD/NEA Nuclear Science Committee has set up a Working Party on Physics of
Plutonium Recycling and Innovative Fuel Cycles. It deals with the status and trends of physics issues
related to plutonium and minor actinides recycling with respect to both the back-end of the fuel cycle
and the optimal utilisation of plutonium.

The results of the studies carried out have been consolidated in the series of reports entitled
“Physics of Plutonium Recycling”.

Several important recommendations were reached; among these the following:

e the calculational methods have to take into account cross section resonance shielding,
and should include mutual shielding, over the whole energy region for the fuel and cladding
nuclides and the major fission products,

e sufficient quality of basic nuclear data is needed, in particular for U and the plutonium
isotopes, but also for higher actinides and fission products,

o multiple recycling of plutonium with high burnup can have limitations due to considerations
such as the build-up of 33p,) and *“Pu or the existence of positive reactivity feedback effects
on complete coolant voiding at high plutonium contents or the increase of the build-up of
higher actinides.

22p.1 has been identified as one of the nuclides for which improved data is needed. While in
a first recycle MOX the content of **Pu is typically around 4%, it is about 20% in the fifth recycle
when operating a PWR in self-generation recycle mode. The improved data is required for innovative
fuel cycle studies.

The present report describes a contribution to an improved cross section data set for ““Pu.
It covers the range from the unresolved resonance region (10 keV) to the (n,2n) reaction threshold
(~6 MeV). The resolved resonance energy range is the subject of greatest interest for LWRs,
but unfortunately no new measurements have been carried out for almost 20 years. It is therefore not
possible to much improve data in that energy range by re-analysing available data from previous
experiments.

The higher energy part studied in this work is of importance for reactivity void effects because
the spectrum of the voided configuration is very hard. It is also important for fast reactor applications,
be they loaded with MOX, metal fuel or inert matrix. Particular effort has been devoted to improving
the fission cross section.

The JEF co-ordination group has approved the inclusion of this data into the JEFF-3 evaluated
nuclear data file.
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Abstract

This report presents the models and the procedures used for the calculation of the quantities
required by Files 3, 4 and 5 of ENDF-6 for Mp, These quantities are the integrated cross sections
for the total, fission, scattering and gamma-capture reactions and the angular and energy
distributions of the scattered neutrons for the incident neutron energies 0.01 =6 MeV.

The direct mechanism was treated with the coupled-channel method using a deformed optical
potential defined by a set of actinide region parameters established by the authors. For the compound
nucleus calculations, a new HRTW version of the statistical model extended to describe the fission
at subbarrier energies was used. To describe the continuous part of the transition states spectrum,
analytical expressions have been established. The energy distributions of the scattered neutrons have
been calculated with an authors’ version of the Los Alamos model.

The agreement of the calculations with the existing experimental data is good.

Introduction

This report describes the models, the procedures and the parameters used to calculate the neutron
cross sections (mn), (nn'), (nf), (n,y) of 22p in the energy range 0.01 - 6 MeV, as well as
the corresponding angular and energy distributions.

With the exception of the fission cross section, the experimental data for *Py in this energy
range are scarce: only one set of data for the total cross section between 0.7 + 20 MeV, some
experimental points for gamma capture up to 80 KeV and a few differential scattering cross sections.
This is the reason that we attempted to establish a theoretical framework which could be used for
the calculations of all the neutron cross sections.

The neutron interaction with 2Py in this energy range takes place through direct and compound
nucleus mechanisms.

For this heavy deformed nucleus, the elastic channel is strongly coupled with the other possible
channels in the process and the direct mechanism has to be treated with the coupled channel method.
For the direct calculations we used the code ECIS95 which provides the total cross section, the direct
scattering differential and integrated cross sections to the levels considered coupled and the neutron
transmission coefficients needed in compound nucleus calculations.

Concerning the compound nucleus mechanism, a statistical treatment was used for fission,
neutron elastic and inelastic scattering, and radiative capturé Cross sections calculations.
The (n,2n) decay channel is not open in this energy range (the threshold energy for this process
is about 6.336 MeV) and the second chance fission has not been taken into account, which could
determine a slight underestimation of the fission cross section at the upper limit of the energy range
considered. All of the compound nucleus calculations have been performed with our statistical code
which also includes the possibility of subbarrier fission calculations.

The input data required in the actual calculations were determined starting either from
experimental data (e.g. the level distance at the neutron binding energy), or from procedures proved
in our previous calculations to be valid for many actinides (the case of the parameters defining
the optical potential or the level densities). Whenever possible, we tried to use the general procedures
which are valid for more than one nucleus.



Direct model

Through analysing the deformed neutron optical potential, both phenomenological
and microscopic [Ta65], [Sa86], [Je77], [La82], [La83), [La86], [Yo86] it was discovered that
the microscopic models respond better to almost all the physical constraints. In order to avoid
the inherent difficulties of microscopic model calculations, we established a general procedure
to obtain an equivalent phenomenological optical potential. This procedure [Tu94], [V196], valid in
the actinide region, was used to obtain the parameters of the following potential:

1

2
Vips = =VF(r,Ry,a,) +4dia, W, 4 f(r,Ry.a,)+ A 251V, 1d f(r,R,,a,)
P dr 2 rdr

T

in which (using standard notations) the form factor is of Woods-Saxon type and the angular
dependence of R, R,, and R, is taken of the same form according to the collective nature of the target
nucleus considered rotational:

R, =Rok(1+ﬁzyzo(9)+ﬂ4Y40(9)) Ry =, A" @
withk =0, D, sl.

The only parameters entering in (1) which have to be established for each nucleus are
the deformation parameters B, B,

Applying this procedure in the particular case of **Pu, we obtained for the parameters defining
(1) the relations:

V =45.965970 - 0.57E + 0.020E> 3
Wy, =2.367984 + 0.40E + 0.001E2
V, =60

rn =1256  a, =062 “4)

»=1260 a, =058
r,=1120  a, =050

where E is the incident neutron energy in the laboratory system expressed in MeV, and the reduced
radii and the diffusivities are expressed in fermi.

Combining the structure models results [Hod81], [Go72], [Mo095] and the constraints imposed
by the agreement of the calculations with the experimental data we found the following values for
the deformation parameters:

B, =0218 B, =0046 5)

The levels which have been considered coupled in the present calculations are the first five
levels of the fundamental rotational band (0°,2%,4°, 6", 8.

The direct model calculations have been done with ECIS95 [Ra9%5], [Ra%94] in a version adapted
by us to run on PC.



Compound nucleus model

The cross sections for the reactions which occur through the compound nucleus mechanism are:

o¥(E)="Y, 04 (E.JIHP,(E,JI) (©)
Jii

In this relation © ZC (E, JTT) represents the compound nucleus cross section for a specific spin J

and parity IT of the compound nucleus:

o N (E,JTT) =kl ga 3 Ty (E. D) @

Ul

In our case, T, are the neutron transmission coefficients provided by ECIS. The reduced wave
length for the entry channel A, used in the statistical code and also in ECIS has the expression:

M Jm
1k, —o0218m302—-Y—"AE
K M, +m,
with M, m, representing the target respective neutron mass in atomic mass units (Table 1).

The statistical factor g ;1' in this particular case is expressed as:

;. 2J+1
8« =501, +1)

where [ is the target spin. P_(E,JII) represents the probability of a specific neutron induced reaction
namely fission, neutron emission or radiative transitions.

The usual statistical model formalism for average neutron Cross sections does not take into
account any effects of intermediate structure. This will be quite correct for superbarrier energies.
However, for this nucleus, at excitation energies below or close to the barrier top, the existence
of intermediate structure due to class Il states, may considerably change the average neutron
cross sections with respect to the predictions of the simple statistical model.

After the absorption of the neutron by the target, the compound nucleus is populated in class I
states. From these states it can decay by neutron emission, gamma transition, direct fission, or can
suffer a shape change by a transition to a class I state (absorption in the isomeric well). The fraction
absorbed in the isomeric well can decay by fission (penetrating the outer barrier), by radiative
transition to the isomeric state (which in this paper is neglected) or by another change of shape
(returning to a class [ state after penetrating the inner barrier). The fraction returned in the class 1
state is divided again and the process continues indefinitely. The probability of each of the above
processes represents the sum of an infinite series [Bj80]. Considering the effect of coupling between



the states of the two wells and averaging over a class I resonance [Ba74], the probabilities for each
process are [V194]:

Ty, (E*, JIT) (8)
Ty (E*,JI) + T, (E, JTI) + T, (E*, JTI)
. T, (E,JT1) + T, (E*, JTI) 1
Ty (E*,JT) + T,,,,,(E,JTI) + T, (E*, JTI) a

part

P, (E,JII) =

3T, . (E,JI) 9
P, (E,JT) = " 1——)
' Ty (E*,JI)+T . (E,JI) + T(ExJIH\
T (E*,JT1 (10)
P, (E,JI) = r : (l—l)
T;iir(E*"IH)+Tpart(E’m)+T;'(E*rm) a
with:
* * 172
o145 e LE )
[7;,,., (E*,JI) +T,,, (E,JI)+T,(E*, Jn)] [T, (E*,JI1) + T, (E*, JI)] (1)
b=

T,y (E*, JTI) T, (E*, JTI)
and the excitation energy in the compound nucleus E*:

1
E*=B"+EJL (12)
My +m,

At excitation energies close to the top of the barrier the vibrational component of the class II
states becomes completely damped and practically the whole flux transmitted through the inner
barrier is absorbed in the second well and re-emitted in the fission channel by transmission through
the outer barrier. In this case T,,— 0, T,— T, and the fission probability has the more usual form
[Ba74a]:

P (E,JTT) =i=(1+b2 +2b cth(

T, (E*, JTT) + TB(E*,JHD—W (13)
a

2

with:

e [T, (E.JTT) + T, (E*,JI)| [T, (E*,JT) + T, (E*, JI)]
T,(E*,JT) T,(E*, JTI)

The scattering (9) and gamma-decay (10) probabilities are modified correspondingly.

10



For superbarrier excitation energies the class II widths exceed the distance between them and
cth((T,+T,)/2) —1; in this case one obtains the usual form in the statistical models for the decay
probabilities and the corresponding cross sections:

P (EJT == — = AL
A a 1+b Tpm(E,Jl"I)+T7(E*,JH)+Tf(E*,JH)
(14
T, (E*,JII) = T, (E*,JTD) Ty (E*, JTD
AN T (E*,JIT) + T (E*, JID)
ST, 0 (Ein T (15)
P, (E,JIT) = -
T o (E, JTD) + T, (E*, JTD) + T (E*,JTD
P (BT} = T, (E*, JTT) (16)
ST (B + T, (E*, JT) + T, (E*,JID)

The transmission coefficients entering the above equations are briefly described in the next
sections.

Introducing the relations (14) + (16) for the decay probabilities in (6), one obtains the
cross sections calculated in the well-known Hauser-Feshbach formalism [Ha52}.

In the HRTW model [Ho75], [Ho80] the relation (6) becomes:

oM (E) =Y o b9 (E,JP] (E,JT) (17)
g

The compound nucleus cross section o ¥ (E,JIT) and the probabilities Paﬂ(E,JH) have similar

o
significance as in (6); the only difference is the replacement in the above equations of the neutron
transmission coefficients T,,i,j(E,-,Jl'[) by the quantities Vni,j(Ei,Jl'I) and in the expression (15)

the sum 27',,“,7(&,.11'1) at the numerator passes in ZVW',.}..(E,.,JH)[1+ (A 1)]
rj I
For the m-th iteration V, .. (E;, JIT) have the expression:

T, (E;,JID) (18)
Vn(.-;;l) (E;,JID) = (m-1) S (m-1)
_,_&L_(E_‘,JL 1 ! G . -1
TN AR T T (Gus =)
Y 3 part 4

where Gn,zj is calculated as in [Ho75] and V. (EJIT) is defined by a relation similar to (20) from

part

the next section.

A generalisation of HRTW model is obtained by replacing in (8) + (10) the neutron transmission
coefficients T, (E,,JTT) by V, ;(E;,JIT).

11



Our code GIGFG (used in [De94]) in its new version [VI96a] calculates all the compound
nucleus cross section in the frame of this generalised HRTW model. In function of excitation energy,
the code adopts automatically the appropriate form of the decay probabilities allowing a smooth
passage from the deep subbarrier excitation energies up to superbarrier energies.

Neutron transmission coefficients

The transmission coefficients for neutron emission T, (E,JTI) are subdivided into two parts:

Lo (E,JTT) = Tyl (E, JIT) + T (E, JTT) (19)

part

The first term describes the emission of neutrons to discrete low-lying states i of the target
nucleus:

Ty (EJD) = 30 3T, (E,, JIDS(IIL,  (-1)') .
i ]
with:
E—p_e Mrtm, b
M,

where ¢ is the excitation energy of the final state and the factor &II,(-1)) serves for parity
conservation. We have considered 19 discrete levels upto E = 1.152 MeV presented in Table 1.

To describe the continuous level spectrum situated above the last discrete level a level density
function must be used. The second term of (19) is then given by:

E-Mr (22)

J+j  Mp+m,

: M, +m,
T (M= % 2T,y (E —e—L T JTT) p(e, T1,)6(TI, ,(~1)')de
ij

1=|y-j| £ T

cont

We tested many level density formulae in order to find the one most appropriate for the heavy,
deformed nuclei.

For example, we tested the different Ignatyuk formulae [Ig73], [1g75], [1g85] in which
the dependence of the shell effects on the excitation energy, the contribution of the collective motions
in the nucleus and residual correlation interactions are included. However neither of these versions
gave better results at equilibrium deformation for the energy range of interest in this evaluation than
the well known Gilbert-Cameron formula [Gi65] which was finally adopted:

P (E, IMI) = p(E) p(ITT) (23)



E-E, ) (24)

fﬂm=%a{ -

p(E) = iy - exp(2 «(E-D)) -
p - 12\/_2-a1/4(E—A)5’40' ="m
21 +1 (I1+1/2)° (25)
N

Starting from the average level spacings for s-wave resonance DHP(B",IH) [An89] and using
the relation:

p(B,, 1) =

D, (B,,MM)

exp

we extracted the level density parameter a. Using this parameter, the pairing energy A [Gi65] and
the following relation for the matching energy:

E, _25+2% 14 (26)
M

T

the other parameters for Gilbert Cameron level density formula have been determined using

the relations:
1 [a___ 3 @n
T E,—-A 2(E,, —A)

o2 = 0.0888A2° Ja(E - A) (28)

E,=E, -TIn(Tp™ (E,)) (29)

All these parameters are given in Table 1.

Gamma-decay transmission coefficients

For the calculation of the total radiative width, all of the states in the compound nucleus have
been included in the continuum contribution described by a Gilbert-Cameron function (23) + (25).
As usual, only electric dipole transitions were taken into account (! = 1). Hence the total transmission
coefficient for radiative capture is written as:

p (E (30)
T (E%JI)= Y, Uf(e)p“(E*—e,Jk,nk)a(an,—l) dg]

Li=l7-1\ o

13



The spectral factor f{e) was calculated in the formalism of the giant resonance model with only
one resonance (the results obtained by our introducing two resonances are not significantly different):

4
E 31
&=C
re=¢ (E; —€%)* +T2e?
where:

85 32

, = (MeV) .

ANC

and T, is taken from empirical data. The constant C, is deduced from the normalisation:

Fexp (Bn ’ m)
L(B,,JI)=2p-22_ 1" 7
D,,,(B,,JII)
The value of I, ,(B,JII) was determined from the normalisation of the calculated gamma-decay
cross section to the experimental data at 50 KeV neutron incident energy while D, (B,JIT) was taken
from [An89]. All the parameters needed for gamma-decay calculations are given in Table 2.

The relation (30), representing the total transmission coefficient for gamma-decay, is valid when
the emission of subsequent gamma rays is the only way to release the residual compound nucleus
excitation energy after the first ¥-Quantum is emitted. In fact, after the first emission of y-rays,
the nucleus excitation energy may also be released through neutron emission (n,m’) or fission (n,m’).
The (n,m’) process is possible only if the excitation energies of the compound states populated
by primary gamma-rays are larger than the neutron binding energy. The (n,¥) reaction occurs
practically for that part of the Y-ray spectrum which populates the compound nucleus in states lying
above the corresponding fission barrier. Therefore, when calculating the neutron capture cross
section, it is necessary to take into account the competitive processes (n, '), (n, ¥, (n,yy) [VI86)].

Because the average energy of the first emitted y-rays is about 1 MeV, and in our case,
V.- B, ~ I MeV, the effect of (n,¥) and (n, ;') reactions occurs for incident neutron energies higher
than 1 MeV. But at these energies, the neutron capture cross section G,, calculated with (30) is rather
small against fission and inelastic cross sections and consequently the contribution of (n, ), (n,m’)
processes is small relative to the corresponding cross sections. The important effect in this case is
the drastic decrease of the neutron capture cross section. For instance, at 3 MeV neutron incident
energy, the increase of the inelastic cross section due to (n,m’) reaction is of 5%, the increase
of fission cross section due to (n,¥) reaction is of 1.7%, and the corresponding decrease of neutron
capture cross section is of 72.4%.

In conclusion, for the present case the competing processes through gamma-decay cascades are
important mainly for the calculation of neutron capture cross section.

14



Transmission coefficients for fission
Fission barriers
The fundamental fission barrier is described in the present calculation by a complex potential.

The real part, V(g), consists of three parabolas smoothly joined to represent a double-humped
fission barrier along a one-dimensional static fission path in the deformation space:

1 33
Vig) =V, i-z-uwi(q—qf)2 G

where the plus sign applies for f = 2 (isomeric well) and the minus sign for f = 1,3 (inner (A),
respectively outer (B) barrier). The mass parameter U is assumed to be independent of the value of g
and has the dimension of the moment of inertia while g, the deformation parameter is dimensionless;
ho ; represents the curvature parameters and g, the locations of the extremes on the deformations

axis. The potential V(g) is taken to be zero at ¢ = 0. In the above equation V, represents the maxima
(V, Vyforf= 1,3) respectively minima (V, for f=2) of the potential associated with the fundamental
state. The parameters of the fundamental barrier considered in this paper to be the most appropriate
are given in Table 3.

The imaginary part of the potential, W(q,E), 1s introduced in the region of the isomeric well
to take into account the damping of the vibrational states. For the present calculations we chose
a parabolic shape with respect to the deformation parameter g and a magnitude increasing with
the energy:

W(q,E) = -w(E) (E-V(®) (34)

The parameter w(E), chosen to fit the width of the resonances and to be consistent with physical
values for the transmission coefficients at higher energies, has the following energy dependence:

exp(60E —15) E <007015MeV (35)
w =
0032E +0035 E 2007015MeV

Above the fundamental fission barrier there are other barriers characterised by the quantum
numbers K, J,IT, these are the transitional states which represent the fission channels. For the nucleus

2py they represent rotational states built on vibrational or intrinsic states having the energies:

2

h (36)
E, (KJ)=V, +¢&,(KID) +(2—3) (J(J+D - K(K+D)
f

where €(KII) are the energies of the rotational band-head above the fundamental state V, and

(h* 129) ; are the inertial parameters. Their values are given in Table 3. This relation was also used

for K = 1/2 neglecting the coupling term.
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With each of these fission channels a complex potential similar to that for the fundamental state
is associated. The imaginary part (34) remains the same, but in V(g) from (33) the energies of
the fundamental state V. are replaced with the energies of the transitional states E(KJIT) given
by (36).

The double-humped fission barriers described above (associated each to a fission channel)
preserve their individuality up to certain excitation energies E .~ (dynamically chosen as the energy
of the higher rotational level). For energies higher than E, the transition states are described by
density functions.

Density functions at the saddle points

As direct experimental information does not exist for the densities which describe the
transitional states above E » theoretical models should be used.

It is known that, at least at low excitation energies (several MeV), the nuclear shape has a very
important influence on the level densities of the nucleus. The single particle spectrum obtained from
microscopic calculations depends on the nucleus deformation. The collective excitations built on
these single particle states, considered as band-heads, depend on the degree of symmetry in
the nuclear system. Hence the transitional state densities depend on the nucleus deformation.

Calculations of the deformation potential energy, using the Strutinsky theory, indicate that at
the outer barrier, axial symmetry without R symmetry shapes are energetically favoured. In this case,

a level density enhanced with a factor 20'12 at each excitation energy with respect to the level density
of the spherical symmetry shape is expected (o . is the spin dependence parameter related to
the perpendicular moment of inertia of the nucleus).

For the inner barrier, the Strutinsky calculation generally indicates that axial symmetry is lost
but reflection symmetry is retained. In this case the nucleus can rotate about the three principal axes
of the ellipsoidal shape. Considering only time reversal symmetry and parity invariance,
the enhancement factor with respect to the level density of spherical symmetry shape is expected to
be ( TVZ)'/ZO'”of at each excitation energy (0, is the spin dependence parameter related to the parallel
moment of inertia of the nucleus).

Studying the trends of the energy dependence of the level densities at the saddle points

in the range 1 + 10 MeV existing in literature for different actinide nuclei, it is discovered that they
can be approximated by a constant temperature function:

: - (37)
Pas(&JI) =C, z(e)2J +1) exp(— 2J+1) Jexp[e Eoap) J

2
m(A,B) A.B

The temperatures T, , can be either inferred from microscopic calculations or considered as input
parameters. Choosing the last option we determined the values given in Table 3.

16



The factors C, ,(€) — which take into account the difference in single particle densities and
in collective enhancements due to different shape symmetries — have the following expressions:

C, 5(&) = C, 5(1-001€) (38)

T O 1
C, = |[——m C. =
A \}24TA03,, 22T,

where ¢, and ©,,, are the spin cut-off factors at the matching energy, corresponding to
the equilibrium deformation and to the saddle points deformations respectively.

Using the level density parameter 4, the temperatures corresponding to the saddle points T, , and
applying the relations (27) + (29) the parameters entering the relations (37) and (38) are calculated.

The density defined by (37) describes the transitional states for excitation energies higher than
about 1 MeV. It should be mentioned that in the energy range from O to about 1 MeV, C, (€) has
a strong dependence on energy, from relatively high values decreasing asymptotically to the values
given by (38). In our particular case, it was not necessary to take into account this dependence
because discrete transitional states have been used up to about 1 MeV.

Transmission coefficients for fission

According to the last sub-sections, the total transmission coefficients through the inner and outer
barriers, respectively, consist of the contributions of the discrete and the continuous parts of
the fission channels spectrum:

T g, JIT)de (39)
TA~B(E*JH)=2TA,B(E*,KJH)+ j p;,s( )
K<J E.a) 1+exp( ¥4 (E *—VAYB 3 8))
h A,B

The direct fission appears only for subbarrier excitation energies, occurring only through discrete
channels:

T, (E*,JID) = Y T, (E*, KJTI) (40)

K<J

The absorption in the isomeric well occurs through all fission channels. In full K-mixing model
all the discrete channels with the same JIT contribute irrespective of their K value to the total
absorption coefficient. The continuum fission channels contribute at higher excitation energies
where the class II vibrational states are completely damped and consequently the direct fission
disappears and the whole flux which penetrates the inner barrier is absorbed in the second well.
Hence the absorption coefficient has the expression:

[ @1
T (E*,JI1) = zTabs(E*,KJH) + J pAz(;’m)dE
K<J Eal+ CXP(— (E *—VA _ 8)}
hw ,

The coefficients T, j(E* KJI), T, (E*KJII) and T, (E* KJII) were calculated as in [V194].
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Results for integrated cross sections and angular neutron distributions

The parameters of the optical potential used in ECIS have been computed applying the same
procedure which was proved to be appropriate for other actinide nuclei of different types (even-even,
odd-odd, odd A) in the energy range 0.01 - 20 MeV [VI96]. It is possible that a slight variation
of these optical potential parameters could improve the agreement of the calculated total Cross section
with only one set of experimental data (Figure 1), but the other cross sections would not necessarily
be correct. That is why we maintained confidence in our procedure; our attitude was confirmed by
the results subsequently obtained for the neutron cross sections.

Next, our efforts have been concentrated on reproducing as faithfully as possible the trend
demonstrated by the experimental fission cross section. The neutron binding energy in **Pu being
lower than the fundamental fission barrier, we generalised the statistical HRTW model to include
the effect of vibrational class II states: that is, the subbarrieric structure of the fission probability.
The fundamental fission barrier parameters and the discrete transitional states have been established
starting from the microscopic models [Bo72], [Ba74], using our previous experience with “*Pu [Si96]
and the graphical facilities of our programme. The fundamental fission barrier parameters are in good
agreement with the existing statistic [Ba74], [Ba74a], [Ly74], [Bj801, [Br73], [Br80], [Bh90].

For the calculation of the transitional state densities — one of the most delicate aspects in fission
calculation — we arrived at a formula which takes into account the collective enhancements
corresponding to the nucleus shape symmetries at the saddle points. This method was previously
tested with good results for different type of actinides (even-even, odd-odd, odd A). The only input
parameters in this case are the temperatures at the saddle points, however our calculations showed
that they are rather close to the temperature corresponding to the equilibrium deformation,
thus restricting the range of choices. This method is, in some ways, similar to Lynn’s procedure
[Ly74], [Bj80] above 1 MeV but it has the advantage that almost all the parameters involved are
calculated using the same analytical expression for the whole energy range of interest here.
The fission cross section obtained in this calculation averages practically all the experimental data
obtained by different laboratories as can be seen in Figure 2a and Figure 2b in different scales.

The agreement of the total and fission cross sections with the experimental data and
the selfconsistent character of our calculations lead us to believe that the other cross sections are also
correct. Means for confirmation include the good fits of differential scattering cross sections
(Figures 3-5) which are very sensitive tests, and the comparison with the bulk of experimental data
from low energy of gamma-decay cross section (Figure 6). It should be noted that all the experimental
data produced in Figures 1-6 were provided by NEA Data Bank.

These agreements proved the adequacy of the direct and compound nucleus calculations
in which, whenever possible, the input parameters have been computed in a general and consistent
way. This has been proven in previous calculations to be valid for different types of actinides in this
energy range.

In conclusion, using the coupled channel method for the direct interaction, a generalised HRTW
model for the compound nucleus interaction and our input parameters, a good agreement of
the calculated cross sections with the existing experimental data has been obtained. Furthermore, due

to the selfconsistency of the calculation the experimentally unknown cross sections should also
be correct.

These results have been used to build the files MF=3 and MF=4 in ENDF-6 format.
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File 3 — Reaction cross sections

The values of the integrated cross sections (n,total), (n,Elastic), (n,Inelastic), (n.fission), (n,n')
on the first 18 discrete levels, (n,n' continuum), (n,y) in ENDF-6 format are presented in graphical
form in Appendix A and in tabular form in Appendix B.

File 4 — Angular distributions of secondary particles

The file MF=4 of %p. contains the angular distributions of the elastically scattered neutrons
(MT=2) and of the inelastically scattered neutrons on the first 18 discrete levels (MT=51 = 68).

The angular distributions are expressed according to the ENDF-6 Formats Manual (Oct. 1991) as
normalised probability distributions f{, E) defined by:

2 Nool+1 (42)
= E)=
f(u,E) GX(E)o(u, ) go a,(E)P(p)

where:
e E is the energy of incident neutron in the laboratory system;
o 1 =cos(6), Oisthe scattered angle in the centre of mass system;
e O(E)isthe scattering cross section at energy E for a particular reaction type MT);
o O(iLE)isthe differential scattering cross section in units of barns per steradian;
e [is the order of the Legendre polynomial;
e NL is the highest order Legendre polynomial;
e a,isthe I" Legendre polynomial coefficient (a, = 1).

The file MF=4 provided in this evaluation contains the Legendre polynomial coefficients a(E)
tabulated as function of the incident neutron energy. The proof that the specific file format was
respected is the fact that the PREPRO codes run correctly [Cu94].

Appendix C contains, as an example of Legendre polynomial coefficients, the a(E) for MT=2,
MT=51, and MT=52 in tabular form. Appendix C also contains some examples of angular
distribution plots from MT=2, 51.

Energy distributions of secondary particles

No measurements are available for the induced fission neutron energy spectra of *py.
Therefore, the evaluation must be performed using theoretical models.

The current status of the theoretical descriptions of the prompt fission neutron spectrum N(E,E,)
(E, is the incident neutron energy and E is the scattered neutron energy) has been reviewed by
D. Madland [Ma92], [Ma96]. The Los Alamos model, the Dresden model, the Dresden version of
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the Los Alamos model and the Hauser-Feshbach statistical model were analysed and it seems that,
at the present time, the Los Alamos model has the best predictive power and requires the minimal
input.

On the other hand, it is recommended in ENDF-6 Formats Manual (version of Oct. 1991),
as arule, to use the simplest law that would accurately represent the data.

For these reasons we adopted the Los Alamos model with the assumption that the cross section
for the inverse process of compound nucleus formation 0,(€) is constant. The dependence of O,(€) on

the centre-of-mass neutron energy € was however taken into account by a numerical simulation as in
[Ma96].

The input quantities in this model are:

* the average kinetic energy/nucleon E fL of the average light fission fragment;

* the average kinetic energy/nucleon E f” of the average heavy fission fragment;

* the maximum temperature T, of the fission fragments.

The current limitations in calculating N(E,E ) include the insufficient knowledge of these
quantities.

As a criterion for verifying the adequacy of the input parameters, we used the spontaneous
fission neutron spectrum for **Pu from [Be69], which is the only available set of experimental data
we know of. In [Be69], considering the Maxwellian spectrum representation and plotting N, (EVE"
versus E, for energies up to about 6 MeV, the value T,... = 121 £ 0.7 MeV was obtained for
the Maxwell temperature parameter. Using this value and the relationship between 7,  and

the average prompt fission multiplicity v , [Ho71]:

Tans (E,) = 0353+0510,fT+7, (43)

+0.48
—0.44 -

we obtained the average prompt fission multiplicity v p =182

Next, we calculated the prompt fission energy spectrum N(E) for the spontaneous fission and
the average prompt fission multiplicity of **Pu using our version of the Los Alamos model with our
input quantities. The value of the average prompt fission multiplicity v » = 2.15 was obtained. Fitting

the N(EVE" versus E by linear regression, the equivalent Maxwell temperature T, . .=1269 MeV

was obtained. Both these values are in agreement with those obtained above from the experimental
values from [Be69].

Examples of neutron energy spectra calculated with these input parameters for the incident
neutron energies £ = 0.01 MeV and E, =5 MeV are presented in Figure 7. The ratios between these

spectra and the corresponding Maxwell representations (calculated with the formulae from [Ho71],
[Ho77]) are given in Figure 8.
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These results (as well as those not shown) seem to be in agreement with the general trends
of those given for other nuclei in [Ma92], [Ma9%6]. Consequently, we consider that our input
parameters are adequate.

All the calculations have been performed with the code SPECTRUM [V196b], which allows
simultaneous calculations of the neutron spectrum with the Los Alamos model and the Maxwell
model based on the relations given in [Ho71}, [Ho77].

The energy distribution of the neutrons scattered to a continuum of levels is represented by
the evaporation spectrum. The nuclear temperature 6 is a function of incident neutron energy E, as
follows:

6 = 0401123 MeV U<E,<E, (44)

1 A 3 E,>E,
6 \E,-A 2(E,-4)

where U = 1.1568 MeV is the threshold energy corresponding to the last discrete level. The level
density parameter a, the pairing energy A and the matching energy E, which enter in the Gilbert
Cameron formula, are given in Table 1.

File 5

For the fission neutron spectrum (LF=12), the input quantities: E fL,E ;’ and TM(E) in

the energy range considered in this work (0.01 = 6 MeV) are given in MT=18 and 19 (bear in mind
that the process (n,nf) has been neglected). The energy values, for which TM(E,) is given, permit
linear interpolation.

For the neutron evaporation spectrum (LF=9) the input quantities U and &E,) are given in
MT=91, for energies E, which permit linear interpolation for &(E, ).
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Table 1. Parameters of the target nucleus *pu needed
for elastic and inelastic cross sections calculation

m_= 1.008665 amu M, = 242.0587373 amu

Discrete levels (used in eq. 21)

Present work Ref. [Le78]
No. M g MeV) I g (MeV)
1 0+ 0.0000 0+ 0.0000
2 2+ 0.0445 2+ 0.0445
3 4+ 0.1472 4+ 01472
4 6+ 0.3059 6+ 0.3059
5 g8+ 0.5176 8+ 05176
6 10+ 0.7790 10+ 0.7790
7 1- 0.7800 1- 0.7800
8 3-  0.8320 3-  0.8320
9 1-  0.8650 0.8650
10 5- 09270 5- 09270
11 0+ 0.9560 (0+) 0.9560
12 2+ 0.9950 2+) 0.9950
13 3-  1.0190 3-  1.0190
14 4+ 1.0400 1.0400
15 4-  1.0640 (4-) 1.0640
16 12+ 1.0870 12+ 1.0870
17 2+ 1.1020 2+ 1.1020
18 5- 11220 (5-) 11220
19 2- 1.1520 (2-) 1.1520

Level density parameters (used in eq. 24)

E_=1152MeV A =111MeV E, =4.22968 MeV
B =630068MeV D, =12eV a =27.58925MeV"
T =040112MeV G, =3.65665 E, =-0.11265 MeV

Table 2. Parameters of the compound nucleus *3py at the equilibrium deformation
needed for gamma-decay cross section calculation (used in eq. 30-31)

M= 243061998 amu A =0.61 MeV  E_=3.72713 MeV

B, =5.03400 MeV D, =135¢eV a =29.84438 MeV'
T =0.38270MeV o, =577564 E, =-0.66414 MeV
r,, =226 meV I, =4MeV
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243 . . . .
Table 3. Parameters of the compound nucleus “"Pu needed in fission cross section calculation

V, =6.035MeV V, =2027MeV V, =554MeV (used in eq.
33)
ho, =0.81 MeV ho, =0.825 MeV h, =052 MeV
(h2 /25) =5KeV (h2 /23) =3 KeV (h2 /28) =2 KeV (used in eq.
A Vi B 36)

Rotational band heads (the energies are expressed in MeV) (used in eq. 36)

No. KII e(KIT) ¢, (KIT) £,(KII) No. KII e(KID)  g,(KIT) £,(KIT)
1 35+ 0.000 0.000 0.000 28 35- 0.130 0.540 0.550
2 05+ 0.000 0.025 0.050 29 05+ 0130 0.540 0.600
3 0.5- 0.025 0.125 0.100 30 45+ 0.130 0.540 0.600
4 35- 0.025 0.100 0.050 31 05+  0.150 0.095 0.110
5 05 - 0.050 0.025 0.100 32 15+ 0150 0.280 0.000
6 1.5- 0.050 0.025 0.100 33  05- 0.175 0.195 0.160
7 1.5+ 0.050 0.025 0.150 34 15- 0.175 0.380 0.050
8 25+ 0.050 0.025 0.150 35 05- 0.200 0.095 0.160
9 25- 0.050 0.000 0.050 36 15- 0.200 0.095 0.160
10 45- 0.050 0.000 0.050 37 15+ 0200 0.095 0.210
11 15+ 0.050 0.000 0.100 3825+ 0200 0.095 0.210
12 55+ 0.050 0.000 0.100 39 05- 0.200 0.280 0.050
13 05+ 0.060 0.400 0.196 40 25- 0.200 0.280 0.050
14 15+ 0.070 0.150 0.580 41 05+  0.200 0.280 0.100
15 25+ 0.080 0.540 0.500 42 35+  0.200 0.280 0.100
16 05- 0.085 0.500 0.246 43 15+ 0450 0.500 0.670
17  15- 0.095 0.250 0.630 4 35+ 0470 0.500 0.630
18 25- 0.105 0.640 0.550 45 1.5- 0.475 0.600 0.720
19 05- 0.110 0.400 0.246 46 35- 0.495 0.600 0.680
20 15- 0.110 0.400 0.246 47  0.5- 0.500 0.500 0.720
21 15+ 0.110 0.400 0.296 48 25- 0.500 0.500 0.720
22 25+ 0.110 0.400 0.296 49 05+ 0500 0.500 0.770
23 05- 0.120 0.150 0.630 50 35+ 0500 0.500 0.770
24 25- 0.120 0.150 0.630 51 25- 0.520 0.500 0.680
25 05+ 0.120 0.150 0.680 52 45- 0.520 0.500 0.680
26 35+ 0.120 0.150 0.680 53 15+ 0520 0.500 0.730
27  15- 0.130 0.540 0.550 54 55+ 0520 0.500 0.730

Temperatures used in eq. 37, 38

T, =0.412 MeV
T, = 0.417 MeV
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Figure 12. (n,n) _levels — 0 Kelvin cross-sections
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APPENDIX B

Tables of cross-sections for MF=3
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APPENDIX C

Legendre polynomials for MT=2, 51, 52
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