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1 - INTRODUCTION 

Over the past decade and more precisely since the review by LYNN 

at the first Advisory Group Meeting (AGM) on Transactinium Nuclear Data in 

Karlsruhe [1,2], considerable progress has been made in effective use of 

nuclear theory for evaluation purposes. This was reported on in a number of 

courses held for example at TRIESTE [3-5] and many meetings, symposia and 

conferences (an incomplete list is given in refs [6] to [18]). Particularly 

for the actinide region, and especially for an extended number of secondary 

actinides, such efforts have been urged partially because of the alarmingly 

poor condition of the cross sections needed for reactor programs. Needs for 

new or more accurate data have been confirmed at the second AGM in Cadarache 

only five years ago [19]. 

During the past £ew years a number of basic improvements, including 

some results from microscopic calculations, have developed in nuclear models 
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commonly used for data evaluation, i.e. essentially spherical and deformed 
optical models, Hauser-Feshbach-statistical and preequilibrium models, and 
direct reaction models. Nevertheless up to now only a few of these have been 
effectively introduced into data evaluation programs. Some of these recent 
developments have been discussed, without consideration of fission, in 
extensive reviews on applications of nuclear models, for example by 
ARTHUR [20] above 3 MeV, GARDNER [21] above 10 MeV, and more recently at the 
Antwerp Conference by YOUNG [22] in the extended energy range 0.1 to 50 MeV. 
Actinide data evaluation can also utilize such improvements, but in the 
actinide region a further complication arises from the presence of fission 
competition. Generally nuclear codes which account for this require adjustments 
of calculated fission cross sections to fit experimental data, if any exists. 
Partly due to adjustments to explain accumulated experimental values using 
a conveniently chosen theoretical framework and partly from other studies 
contributing more or less directly to an improved knowledge of the fundamental 
fission process, we now have available systematic prescriptions for calcula
ting and even predicting neutron cross sections within an extended actinide 
region. In the recent past such detailed prescriptions have been suggested 
by LYNN (see for example refs [23, 24], and the review paper with 
BJORNHOLM [25]. These works explain clearly the complications the evaluators 
have to face because of the presence of multiple-humped-type fission barriers. 
There is also the contribution [26] in a recent very comprehensive book). 
Excellent lectures on applications of nuclear theory to the computations of 
neutron cross sections for actinide isotopes were delivered recently by 
KONSHIN [27]. Many efforts in several laboratories are currently devoted to 
improving nuclear codes to be used for evaluation purposes. However at the 
present time most of these codes are based on very conventional phenomenolo-
gical methods. Numerous basic parameters associated with the neutron-induced 
fission process as well as neutron and gamma-ray competitions have to be pre
determined as input, and the main present difficulty in performing practical 
calculations consists of choosing correct estimates for these. Thanks to 
accumulation of experimental data, theoretical calculations, and evaluation 
works, systematic studies of the behaviour of these parameters (for example, 
from one actinide to another or as a function of excitation energy) have been 
initiated with the aim of finding general trends hopefully useful for extra
polation in cases where direct information is lacking. Such trends can emerge 
from suitable examination of a large number of coherent experimental data, 
coherent theoretical results, or a combination of these. This seems at the 
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present time to be the most promising means for improving the actinide data 
evaluation in the near future. Findings from more fundamental methods will 
certainly be integrated into nuclear codes as soon as the needed modifica
tions are implemented in a practical way. 

Obviously the present review neither pretends to be complete nor 
details recent developments already reviewed previously. The aim of this paper 
is only to review briefly some of the main improvements either achieved or 
under way. The concern will be theoretical aspects useful for evaluating 
actinide data in the restricted incident neutron energy range from 10 keV to 
20 MeV. It is intended to focus on examples of systematics as defined above 
and on some improvements expected from microscopic methods under development. 
A large part of this work is based on the contributions sent to me for the 
purposes of this third AGM. 

2 - NEED FOR THEORETICAL CALCULATIONS 

Table I gives a summary of some recent evaluations or calculations 
concerning an extensive set of curium isotopes (A = 241 to 248). This isotopic 
chain has been chosen because neutron data for curium isotopes are both 
particularly sparse and often affected by large uncertainties. Sometimes data 
are completely lacking because of the short half-lives involved and the dif
ficulty in producing high purity samples. With this deficiency of experimental 
information, recent evaluation works for such actinides are largely based on 
model calculations. They try to account for systematics of data, including 
cross sections as well as other basis parameters, and microscopic calculations 
are extensively applied. For example, use was made of systematic behaviour 
in neutron-induced fission cross sections from 3 to 5 MeV in the actinide 
region, as outlined by BEHRENS and HOWERTON [55] from extensive measurements 
of fission cross sections performed in the energy range corresponding to the 
first fission plateau. Another reliable source of indirect experimental infor
mation, which has been used in the curium isotope theoretical evaluation, lies 
in the fission probability measurements performed by BRITT and co-workers [45] 
at LOS ALAMOS. As an example of use of microscopic calculations, the BOLOGNA 
group applied results from BARDEEN - COOPER-SCHRIEFFER (BCS)-type calcula
tions [29,35] for determining a number of needed parameters such as i) the 
excitation-energy dependence of the nuclear temperature. This is useful to 
predict or infirm average radiative widths (r y) calculated from a simple 
"black-body" formula [42], or neutron spectra from evaporation models ; 
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ii) the level-density parameters at the ground state deformation as well as 
at the first saddle-point deformation. As a final example, a simple model 
based on the evaporation formalism, with inclusion of a systematic behaviour 
of the ratio rn/Tf and with allowance of preequilibrium effects and fission 
competition, has been extensively applied oy BYCHKOV et al. [32]. This 
has been used for predicting (n,2n) and (n,3n) cross sections in the actinide 
region, including all Cm isotopes of interest. 

Tables II to V gather the various parameters generally required for 
theoretical evaluation purposes and resulting from the works summarized in 
Table I. They include i) average resonance parameters (Table II) which 
determine the behaviour of cross sections in the unresolved resonance region ; 
ii) optical model parameters (Table II) for spherical or deformed potential 
versions ; iii) spectroscopic information concerning discrete levels with 
their energy-spin-parity characteristics, and the continuum spectra described 
by level density formula (Table IV) ; and iv) fission barrier parameters with 
associated level densities (Table V) which are needed for the calculation of 
the fission competition. Some recent aspects associated with the determina
tion or use of these parameters in the framework of nuclear models are briefly 
reviewed in the following chapters. This survey is not restricted to the Cm 
isotopes because further theoretical progress is also needed, but perhaps to 
a lesser extent, for the other actinide isotope chains. Nuclear models 
discussed in this paper deal only with energy-averaged cross section, and 
they do not aoply below about 1 keV neutron energy. This is the approximate 
upper limit of the resolved resonance region for actinides. 

3 - USE OF R-MATRIX FORMALISM IN THE UNRESOLVED RESONANCE REGION 

Resolved-resonance-parameter analyses provide us essentially with 
s-wave average parameters. Over the unresolved resonance region (URR), 
considered here up to about 100-200 keV for actinide nuclei, higher angular 
momenta up to Z = 4 become non-negligible. Figure (1) taken from ref. [56] 
illustrates the increasing importance of the successive t = 1,2,3,.. compo
nents in the compound nucleus formation cross section (OQ^), as obtained 

238 from an optical model calculation for U versus increasing incident 
energy En- In this low-energy part of the URR, where the number of different 
channels to be dealt with is not too large, a physical parametrization of 
the available energy-averaged cross sections can be accomplished within the 
theoretical framework of the R-matrix formalism (level-statistical or 
strength-function model). Of the average pirameters entering this formalism, 



- 5 -

part of them are to be inferred from resolved resonance analyses ; others 

are either estimated (at least as initial values) from optical-model calcu

lations or adjusted so as to ensure good fits to specific average cross 

sections. For example, average fission widths are often parametrized as func

tions of energy in order to reproduce average fission cross sections deter

mined from experimental data.-

When close comparison is sought with results from the so-called 

"global" conventional models - namely the optical model or the Hauser-Feshbach 

(HF) statistical model with width-fluctuation corrections - used preferably 

in the higher-energy, care has to be taken to use experimental data averaged 

over energy intervals of appropriate size. An illustration of this problem-

is given for example in reference [57] where the presence of marked residual 
238 

fluctuations in the U (n, y) cross section, averaged over 400-eV intervals 

in the energy region from 5 keV to 100 keV, has been shown to imply the 

existence of intermediate structure. These fluctuations are wider than the 

sharp resonances associated with the compound nucleus levels and narrower 

than the broad structure arising from the energy dependence of the neutron 

transmission coefficients. Only this latter structure can be reproduced by 
238 

predictions from the compound nucleus theory. The U(n,y) cross sections 

averaged over neutron energy intervals 10-keV wide can be compared, for 
238 

example, to results from the "global" U theoretical evaluation by the 

Bruyères-le-Châtel group [58]. 

The R-matrix formalism applied in the low-energy resonance region was 

recently reviewed in a Trieste Course by MOORE [59] for mathematical founda

tions and by FROHNER [60] for the practical formulations. This formalism 

takes advantage of the properties of the S-matrix, deduced from time reversal 

invariance (symmetry) or probability conservation (unitarity), to introduce 

physical constraints in its parametrization. Hence this produces a useful 

coherence in simultaneous interpretations of several kinds of cross sections. 

More or less sophisticated approximations of this reaction theory were used 

in the past fût evaluation purposes. Thanks to increasing quality o£ new 

measurements, recently more sophisticated codes have been developed to apply 

this formalism more widely. An example is the code FITACS (Fit Average Cross 

Sections) used by the Karlsruhe group [48,61] in recent actinide evaluations. 

Let me briefly describe its calculational procedure using conventional nota

tion [62]. 

The aveiage total cross section for each entrance channel 

c = {J2s} (I = 0,1,2,3) is a linear function of the. average S-matrix element 

<S C C> which also is the S-matrix element of the optical model. Then : 
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<o c> - 2TTX^ . g c (1 - Re <S C C>) (1) 

with the R-matrix expressions 
-2i*> c ' ~ R c c L^ <S C C> = e fc -

1 - R c c Lg 

— °° . R c c = R c + ITTS C, 

CO 

where the distant-level parameters R« and the strength functions 
S£ = 2k ca cs c/leV/E are the only average parameters of the model when applied 
to total cross sections. As an illustrative example, a fitting procedure has 
been described in reference [63] for the case of Pu total cross section. 
For t = 2,3 S£ and R£ were taken from a spherical optical model [49] adjus
ted to fit <aj> and three scattering cross sections between 50 keV and 10 MeV 238 for U. For t = 0,1 the average parameters S£ and R£ were fitted with the 
code FITACS to measured total cross sections. Values deduced from resolved 
resonance analysis (S 0 and R 0 = 1 - R'/a c) and calculated from the optical 
model [49] (S[ and R,) were introduced into the fit as a priori information 
via BAYES'theorem [64] (the prior probabilities for these parameters are taken 
as normally distributed around the starting values with standard deviations 
equal to the input uncertainties, a procedure', which constrains parameter va
riations to reasonable ranges). Figure 2 compares the resulting curve (KEDAK 4) 
to other evaluations by the BRC group [65,66] (using optical model above 
10 keV), the JAERI group [67], and the ENDF/B curve (obtained as the sum of 
all partial cross sections). The experimental data of POENITZ et al. [68] are 
quite well reproduced but, as a consequence of comparison with the present 
coherent calculation, one sees that there are probably systematic errors in 
the KfK measurements [69] below 100 keV. 

When the procedure is generalized to require a simultaneous fit to 
several partial cross sections, including possibly angle-integrated scattering, 
capture and fiat»ion cross sections, some corresponding transmission coeffi
cients are needed, namely : 

-, _ , | „ . 12 c c (neutron channel in absence of 
l c - 1 - | <3cc> I = Z ^"J » (2) 

Il~Rcc L | direct reactions) 
<ry> 

T y = 2IT , (photon channels ) (3) 
D c 

< r f > 
T- = 2TT , ( f i s s i o n c h a n n e l s ) . (4) 

D c 



- 7 -

The s-wave average parameters entering these expressions can be determined 

from resolved-resonance analysis. The energy-dependence of strength functions 

and distant-level parameters can be neglected up to 200-300 keV, whereas the 

energy-and spin-dependences of the level spacings D c can be inferred from 

the use of a level density formula. The determination of the transmission 

coefficients in global analyses using the optical and Hauser-Feshbach statis

tical models are briefly considered in Chapter 4 (for T c) and in Chapter 5 

(for Ty and Tf). These global analyses are the required theoretical methods 

above 200-300 keV. 

4- USE OF OPTICAL MODEL 

Many general aspects concerning practical use of the optical model for 

evaluation purposes, including the actinide region, have been reviewed in tne 

last few years (for example see ref. [22] and [70] to [75]). This model is 

important because it is able to provide us with several nuclear data over an 

extended energy range (typically here 10 keV - 20 MeV) : total, direct elastic 

and inelastic scattering differential cross-sections, but also quantities of 

great interest for statistical model calculations, namely the compound nucleus 

formation cross section (OÇN) and the associated transmission coefficients T c 

proportional to the strength functions S£ (£ = 0,1,2..). Only some newly 

developed aspects will be reviewed below. 

4-1- Spherical optical model (SOM) calculations 

A number of actinide evaluations or calculations are making use of 

spherical optical potentials. There are generally practical reasons for this, 

for example : 

- saving of computational time, 

- search for simplicity in the analysis of an extensive set of actinides 

for evaluation purposes [67] or to interprète total cross section measure

ments [68] and compare with deformed optical model calculations, 

- utilization in a very limited mass or energy range where only poor 

quality data are available for parametrization [49], 

- studies about the applicability of DWBA type calculations, instead 

of too complicated coupled channel calculations, for evaluating neutron 

inelastic scattering cross sections [76,77] by using the first-iteration 

optical potential obtained by the Los Alamos Group [78],... 
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Most of the spherical optical potentials used for extrapolating into 
mass-regions where no measurements exist have been found from 
satisfactory adjustments on total cross sections and sometimes low energy 
data (essentially strength functions) measured for neighbouring deformed 
nuclei (see Tables I and III concerning curium isotopes). 

4-2- Deformed optical model (DOM) calculations 

4-2-1- Why__p_OM_calculations ? 

Use of DOM calculations in order to constitute complete evaluated 
data file for a given nucleus is to be recommended for the following reasons : 

a) It is well known from spectroscopy considerations that actinides 
belong to a strong deformation region, and it has been recognized that total 
cross sections for example are non negligibly sensitive to quadrupole defor
mation with a marked energy-dependence [79], particularly at low energy. As 
a consequence SOM parametrization cannot be used by translation to deformed 
potentials without a serious alteration. 

b) Nuclear deformation induces a coupling between the neutron channels 
associated with the ground-state and the low-lying rotational excited states. 
Due to the strength of this coupling, only coupled-channel calculations have 
been proved to be able to correctly reproduce the observed energy dependen
ce [58,13] and angular distribution [13,80] of the direct components of the 
corresponding inelastic cross sections. 

c) Complete evaluation over a wide energy range (10 keV - 20 MeV) 
implies a consistent treatment of all cross section types which are to be 
evaluated in parallel. For example several partial cross sections calculated 
by means of the statistical model are proportional to o"cfj(En). ̂ u e P a r tially 
to the presence of direct effects as indicated above, SOM and DOM calculations 
reproducing the same total cross sections predict a^^ values which are dif
ferent in magnitude as well as energy-dependence. Figure 3, taken from the 
work of ref. [81] detailed in the report [82], shows such differences tor 
9 / n 9 T 9 

Pu and Th between coherent DOM calculations by Lagrange and results from 
the spherical potential deduced by MATSUNOBU et al. [67]. 

d) Utilization of an assumed more physical model allows information 
from other different sources to be integrated in the calculational procedure 
in a coherent manner which gives more confidence when extrapolations are 
needed in regions where no data exi^t. Examples will be given below concer
ning deformation parameters or deformed nuclear density distributions calcu
lated from microscooic methods. 
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4-2-2- 2°ï_Ço_Darametrize ' 

In a number of references quoted above efficient methods were 

proposed for parametrizing deformed optical potentials for even actinides as 
238 

well as odd ones [83]. Following numerous tests made for nuclei like U[84,58] 
232 

or Th [85] for which many experimental results are available, the importance 

of some basic data has been recognized, namely : strength functions and scat

tering radii determined at low energy, total cross sections over the full 

energy range, and scattering angular distributions above a few MeV. In parallel 

to progress associated with the determination of these basic data, improve

ments of the DOM parametrization requiring generally slight readjustments 

have been achieved. Then, extrapolations to less known nuclei imply mainly, 

apart from differences in radii, a smooth variation of the real potential 

strength mostly due to the (N-Z)/A symmetry dependence and a choice for conve

nient deformation parameters. A number of recent actinide evaluations are 

based on the use of such a procedure. As examples : concerning the Cm isotopes, 

see Tables I and III reporting on works by the Bologna group, and for ether 
237 238 

actinides : works by the Cadarache group for Np [86] and Pu [87], by 
0/0 0 T "̂  

the Minsk group [88] for Pu, the Romanian group for i J J P a [89], the 
0/0 0^Q 

Los Alamos group for Pu [90] and Pu [91,92], and the Bruyères-le-Châtel 
242 

group for Pu [66]. Many of these evaluations were made possible thanks to 

the availability of efficient coupled channel optical model codes such as 

ECIS by Raynal [70], or locally improved versions of JUPITOR by TAMURA. Only 

some comments will be given below concerning basic data for DOM parametri-

zations. 

- Low energy data (S 0, Sj, R') 

A status of resolved and unresolved resonance parameters with asso

ciated discrepancies and error estimates has just been given [16] for the 

maj 
242 

J i • / 2 3 5n 238IT 239., 240„ 241 major isotopes of uranium and plutonium ( U, U, Pu, Pu, Pu, 

Pu). Concerning the curium region an extensive discussion on the systematic 

trend of experimental and theoretical values for neutron strength functions 

(S 0, S[) and scattering radius (R') has already been published in ref. [53,23]. 

A discussion on the determination of the strength functions with consideration 

of capture cross sections in the keV region has been given by Derrien [93] 
- 237Kr 238„ _, 241. _,. u . , , 

for Np, Pu and Am. More studies on how to improve our knowledge of 

these low energy data are called for. At the present time strength functions 

are rather badly known. When they are estimated from resolved resonances large 

statistical errors are caused by the large variance of the Porter-Thomas 

distribution. Even if samples of several hundred resonances are available, the 
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uncertainty is not better than 10%. A global estimation of S 0 > Sj and R 1 

in the whole actinide region can be taken as [94] : 
_4 -A 

S 0 - (1.2 ± 0.3) x 10 , Sj - (2.0 ± 0.4) x 10 , R1 =• (9.4 ± 0.5) fm. 

These values may serve as a guide in absence of better local estimations 
because a reasonable adjustment on the three quantities is already selective 
for the optical potential. Nevertheless systematic variations within the 
actinide region would have to be taken into account. 

- Total cross sections 

Accurate measurements of the average total cross-section are required 
not only because such data, which can be measured absolutely, constrain all 
partial cross sections, but also because it is the only observable data type 
that can be directly compared to optical model calculations (following (1) 
<oc> is a linear function of the optical model S-matrix). The optical model 
parametrization is particularly sensitive to total cross sections below 1 MeV, 
but data at higher energies contribute to the definition of the energy-depen
dence of the potential strengths. 

Recent measurements of total cross sections were performed by the 
Argonne group [68,95,96] for a set of actinides ( Th, U, U, U, 
239 240 

Pu, Pu) with particular attention to measurement accuracy (typically 
2% above 100 keV and 3% below 100 keV), consistency of measured values and, 
not the least, corrections due to the resonance self-shielding which caused 
a non negligible shift at low energies. These new measurements have already 
been taken into account, particularly around I MeV, in revised evaluations, 
which induced slight changes in previously adopted DOM parametrization, for 

239 example for Pu [91]. 
- Neutron scattering cross sections 

Experimental as well as theoretical aspects concerning elastic and 
inelastic differential actinide cross sections and their excitation functions 
were reviewed in November 1981 at the Paris' Meeting [13]. Many angular 
distributions measured above a few MeV for neutron scattering from low-lying 
rotational states of a set of even-and odd-mass actinides, as gathered for 
example in reference [80], served to usefully test and further optimize optical 
parameters firstly determined by means of the so-called SPRT procedure 
[84,72]. In particular, better determinations of the deformation parameters, 
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which influence inelastic scattering from successive excited states of the 

ground-state rotational band, have been achieved. Extensions of such measu

rements with higher resolution which are planned at Bruyères-le-Châtel above 

5 MeV, will permit to further improve DOM parameters. Elastic and inelastic 

differential cross sections have just been measureu by the Livermore group [97] 
°32 2 38 239 

for ' Th, U and Pu at 14.1 MeV. The analysis of the data by using DOM 

calculations will allow parametrization for these actinides to be tested at 

high energy, with particular consideration of the imaginary central and spin-

orbit terms, hence a test for acN-

- Information from proton measurements 

It is well known that the Lane model has been - and is currently -

successfully applied in light- and medium-mass nuclei for determining the 

neutron optical potential from measurements of proton scattering (p,p) and 

charge exchange (p,n)iAS reactions to the isobaric analog state (IAS) of the 

target ground state. Apart from some coulomb correction terms, the real and 

imaginary potential depths for protons of energy Ep and for neutrons of energy 

En = Ep ~ A c are given by the model as follows : 

V p (Ep) = U 0 - Ç Ui 

V n (E n = E p - A c) = U 0 + Ç Ui 

where A c is the coulomb displacement energy and Ç = (N - Z)/A is the sym

metry parameter. 

The usefulness of such an information for actinide nuclei depends on 

the validity of the Lane model in this very heavy-mass region where large 

isospin mixing is expected and where deformation effects must be considered 

in the (p.n)j^s reaction. The neutron elastic differential cross sections 

calculated with the optical potential deduced from distorded-wave Born appro

ximation (DWBA) analyses for (p»n)i^g differential cross sections were in poor 

agreement with actinidc measurements. Recently the Livcrmorc group has 

measured (p,p) and (p.n)iAS cross sections at the energy E p = 26 MeV and 

analysed the results simultaneously by solving the Lane coupled equations 

generalized so as to explicitly include couplings to the low excited rotatio

nal states of the target and their analogs [98,99]. Starting from a global 

optical potential giving the best fit to proton scattering data at 26 MeV, 

the analysis allowed neutron optical potential parameters to be deduced which 

gave a good agreement with measurements of (0 + + 2 + + A +) differential cross 
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232 238 sections for Th and U at the neutron energy E n = 7.0 MeV (Ac s- 19 MeV 
in the actinide region). This study has demonstrated that proton measurements 
are capable of giving informations on neutron scattering as well as the 
calculations with neutron potential optimized for actinides [78] on condition 
that channel couplings be explicitly taken into account. 

- Deformation parameters 

In conventional DOM parametrization (see at the top of Table III) 
the deformation parameters 62» 84.•• appear in the Legendre polynomial expan
sion of the nuclear radius R(9). In view to compare such deformation parame
ters as obtained from different optical model analyses as well as from inelas
tic measurements with various charged projectiles (electron, proton, alpha 
particles,..) and from coulomb excitation, it has been realized that the multi-
pole moments q2, q4,>. of the DOM potentials are the best quantities to be 
compared because they are less sensitive to the detailed values of the optical 
parameters used in the calculations. These multipole moments as given by the 
expression : 

*.fV(r) r YXo (r) dr 
IX = f _ 3 (5) 

JV(r) air 

have to be calculated numerically using the real part V(r) of the DOM potential 
which is assumed to correspond approximately to a folded potential (in this 
case Satchler's theorem, stating that the normalized moments of the mass dis
tribution of the nucleus are equal to the normalized multipole moments of the 
folded potential, can be applied). The normalization constant (the atomic 
number 2) in front of the expression (5) is needed to make comparisons between 
charge moments. In a number of recent analyses a good agreement was achieved 
in such comparisons [80,98]. We recommend that the values of q̂  (A = 2,4) be 
given after any DOM analysis. Comparing different deformation lengths BR is 
judged to be unsufficient when coupled channel calculations are performed in 
a mass-region of strong collectivity, as it is the case for actinides. 

4-2-3- SYstematics_from_a_limited_number_of_coheren 
2QM_çjilculations ? 

When the DOM parametrization is to be optimized for each nucleus 
to be studied, for example to take advantage of newly measured data, they are 
very time consuming, particularly for odd-mass actinides. Concerning these 
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method - was recently carried out [83] but the problem remains for even nuclei 
where coupling bases (0 +, 2 +, 4 +) are needed. The less expensive adiabatic 
approximation also is used generally above about 8 MeV (see Table I). In order 
to constitute a basis in view to extrapolating, a limited number of coherent 
(time-consuming and based on all relevant available data) DOM calculations were 
performed by Lagrange [LOO] for a set of actinides covering the whole mass 

,230,232_ 234,238IT 242 w 246„ 252„,. , ,. , . . region ( ' Th, ' U, Pu, Cm, Cf). The adopted parametrization 
along with calculated low energy data are shown in Table VI. The adequacy of 
extrapolations between the results, including transmission coefficients, has 

' 238 2 34 
been tested for U, which has been "evaluated" from the results for U 
and Pu [81]. The results given in reference [100] for crCN(En) are plotted 
on Figure 4, showing some energy and mass-dependence particularly in the MeV 
region. The existence of an adequate representation for describing smoothly 
such variations is an open problem... 

The neutron transmission coefficients used by LYNN [26] are based on 
the following values of S 0 and S\ as suggested by measurements of s-and p-wave 

238 232 resonances in the actinide region ( U and Th) : 

S„5 ! x 10~4 , or (see (2)) s 0 = T0/4irP0 =.0.025 

Si = 1.8 x 10 - 4 , or S|s T£=i/4irPi -Z. 0.045 

For L > 1, these values are used as follows : 

T^ ~ 1 - exp (-4irP£ s 0) , even t 

T£ •=• 1 - exp (-4irP£ sj) , odd I 

This procedure leads for o>», to a value of the order of 2.96 barn at 
F,n >, 100 keV. This constant value is reported on figure 4 for sake of compa
rison. 

- W O ^. v> L> A. <*. <^e 

4-3-1- Deformation_p_arameters 

Over the past decade the Hartree-Fock-Bogoliubov (HFB) type 
microscopic methods have considerably progressed. Realistic calculations 
using effective two-body forces of finite range and density dependent have 
been made possible even for deformed heavy-mass nuclei thanks to the deve
lopment of separable methods for calculating the numerous matrix elements 
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involved [101]. In particular the high quality of the charge and nuclear matter 

distributions calculated from such methods was tested from high energy elec

tron inelastic scattering experiments, even for deformed targets [102,103]. 

Thus calculations of nuclear density multipole moments q̂  in actinide regions 

where experimental data are lacking or very uncertain may be helpful for DOM 

applications. This has been discussed for example in references [104,105]. 

4-3-2- Ç2S£ïikyii2S_Il2S_iË5Îl5i££2â£2Ei£_2E£i£âi_E2£S2£iiI§ 
in_yj.ew_to_decreasing_the_£henomenology_ 

Many efforts were devoted to the development of microscopic 

methods aiming at the construction of optical potentials free of parameters. 

For a recent approach using the Skyrme forces, see for example the referen

ce [106]. Concerning applied purposes in the actinide region, recent coupled 

channel calculations have been performed by LAGRANGE and GIR0D [107] for 
232 238 

Th and U by using the folding of the complex effective two-body force 

derived by JEUKENNE, LEJEUNE and MAHAUX [108] from nuclear matter calculations 

onto deformed nuclear density distributions obtained from HFB calculations. 

Only four free parameters remain, two of which have been determined from 
208 

analogous calculations for Pb [109]. The other two parameters - strengths 
of the real and imaginary central potential - were obtained by adjustment on 
238 

U scattering cross sections measured at 3.4 MeV [80]. Thus a parameter free 
232 

calculation of the same data has been performed for Th which is in good 

agreement wi^h the experimental results, as shown in figure 5. Further work 

remains to be done in order to test more generally the predictive power of 

such calculations where the parametrization problems are largely reduced. 
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5 - USE OF STATISTICAL MODEL AND SYSTEMATICS 

For sake of maximum coherence the conventional Hauser-Feshbach statis
tical model has generally been used in conjonction with the optical model in 
order to evaluate all the partial cross sections required over a very wide energy 
range. Apart from the optical model parameters discussed above, a set of other 
data is needed, namely : i) low-energy average parameters such as D 0 D S and 
Ty (see Table II for examples) which are useful for normalizing level densities 
and radiative transmission coefficients at the neutron separation energy, 
ii) spectroscopic parameters : discrete levels in the low excitation energy 
region with well defined energy-spin-parity characteristics, supplemented at 
higher energies by a "continuum" described by means of phenomenologically 
optimized level-density formulas (see Table IV), iii) double-humped fission 
barrier parameters and associated level-densities at the saddle point defor
mations (see Table V for examples of such data used by the Bologna group in 
a set of curium isotopes evaluations). 

Considerable "efforts have been devoted in the last few years to the 
improvement of our knowledge of these basis data by means of experimental and 
theoretical studies as well as different systematics made possible thanks to 
the accumulation of results of all types. Let me comment here on an example 
concerning low-energy average parameters. A recent benchmark intercomparison 
study of methods used to determine average parameters from the resolved 
resonance region has recently been initiated by RIBON [l10 ] - First results 
showed important systematic discrepancies between different sets of solutions 
obtained using the same approach for calculating average level spacings, 
strength functions and radiation widths in the two cases proposed. In parti
cular it has been realized that all best methods, which are based on the 
distribution of observed neutron widths, systematically overestimated the 
level spacing by several percent in the actinide region. FROHNER [111] has 
recently pointed out that a possible reason for such a difference seems to be 
that none of the width-distribution-based estimators so far can account for 
unrecognised mutiplets. A new pi'esci ipLion derived by him has been applied 
to resonance parameter data on a set of U and Pu isotopes with the following 
result : differences relative to the conventional estimation without regard 

235 2 38 to the multiplet losses were found to be quite small for U and U whereas 
239 241 

for the Pu isotopes effects ranging from 4% ( Pu) to 23% ( Pu) were calcu
lated. Such effects, to be studied more extensively in the actinide region, 
should be taken into account in statistical calculations where adjustments to 
level spacings at the neutron separation energy are needed and especially in 
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capture cross-section Hauser-Feshbach calculations. In cases where different 
experimental estimations give too discrepant values for D 0 Ds> results from 
microscopic calculations may be helpful to adopt a final value. Recent 
theoretical evaluations of this quantity have been made possible by means of 
a microscopic method based on shell model potential with pairing interaction 
treated in the BCS approximations, including collective (rotational) contri-

245 butions. For example the adopted value for the Cm target has been inferred 
from such considerations by the Bologna group [35]. Systematics concerning the 
level density parametrization within the whole actinide region have been 
carried out by the Minsk group [112]. 

Concerning the parametrization needed for taking account of the fissior 
competition (fission barrier parameters and associated level densities), 
extensive reviews have just been published [25,26]. A number of practical 
aspects associated with the use of statistical model methods for applied purpo
ses in the actinide region have been studied by KONSHIN [27]. Moreover the 
main problems arising from the need for correct level density formulas at the 
ground state deformation as well as at the fission barrier saddle point defor
mations were discussed in a Meeting very recently held at the Brookhaven 
National Laboratory [113,114]. In the following I will only report on some 
other ponctuai recent developments of interest for evaluation purposes. 

5-1- An example of systematics from an extensive set of coherent 
measurements 

During the past decade an extensive set of accurately measured 
neutron-induced fission cross sections was obtained by Behrens and collabora
tors. From studies of systematic trends within these basis data, fission cross 
sections can be hopefully inferred, particularly for the many short-lived 
actinides that are currently difficult, or impossible, to measure. From first 
studies done at constant incident neutron energy, reliable correlations were 
found only within the 3 to 5 MeV neutron energy range corresponding to the 
fission plateaus [55]. More recently it has been found that comparisons of 
the basis data made in terms of constant nuclear excitation energy allowed 
fission cross sections to be inferred over the entire energy range from 0.6 
to 20 MeV. An example of such an inference obtained with the same accuracy 

238 as measurement, i.e. ^ 10%, is given for the case of the Pu(n,f) cross 
section in reference [115]. Figure 6 shows a part of results to be published 
by Behrens concerning an extensive set of uranium, neptunium and plutonium 
isotopes [116] : even-N uranium targets are treated separately from odd-N 
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uranium targets because of the shift between the corresponding neutron sepa
ration energies. The basis data concern_only the mass-number sets A =» 234, 
236,238 and A • 233,235. For the other isotopes the fission cross sections are 
inferred from the systematics. Such a work is planned to be extended in the 
near future for the lower-mass elements (thorium, protactinium) and for the 
higher-mass elements (americium and curium). 

5-2- Capture cross sections 

The status of fast neutron capture cross sections, with inclusion of 
the actinide region, was reviewed in a recent Meeting at Argonne [17]. One 
of the remaining difficulties encountered in their evaluation has been des-
cribed by WESTON [117] for the target Pu : the high measured values of the 
capture cross sections at around 30 keV are-difficult to reproduce with the 
evaluated average resonance parameters from the resonance region and with the 
current assumption that <fy/D> is the same for s-wave and p-wave neutrons. 
In figure 7 a good fit to the experimental data has been achieved (see dotted 
line) only on condition that <ry/D> was ^ 20% higher for p-wave neutrons than 
for s-wave. 

A recent experimental data-based systematics of average total radiation 
widths describes both the s- and p-wave components by means of two different 
empirical formulas, which are dependent on the atomic number 2-, the mass-number 
A and the neutron separation energy B n [118]. 

From a theoretical point of view, statistical evaluations of fy in the 
actinide region have been performed by MOORE [119] using a combinatorial 
level density calculation. This latter suggested that the enhanced density 
of positive-parity states observed at low excitation energy persists far 
enough into the continuum to explain a significant difference in s- and p-wave 
radiation widths for even-even targets. 

5-3- Inelastic scattering to vibrational states of the actinides 

In the past DOM calculations were applied essentially for interpreting 
neutron inelastic scattering from the lower-lying rotational states of the 
actinides. Recently the Lowell group concentrated its efforts upon studies 
of the higher-lying quadrupole and octupole vibrational states, including 
level excitation functions up to a few MeV but also, more recently, angular 
distributions. At the present time the investigations were developed for 
919 o T O 9/("i 9 A 9 

Th, U, Pu and Pu. Careful and critical examination of the band 
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structures is needed in view to applying the coupled-channel approach. As the 

DOM parametrization studied by the Bruyères-le-Châtel group has been adopted, 

the only variable parameter in the calculations is the relative band coupling 

strength, a single adjustable constant which is kept unchanged for all the 

members of any given band. For sake of comparisons and in order to study the 

influence of the correlations induced between the coupled-channel neutron 

widths by the presence of direct interactions, the two following approaches 

were considered : i) "standard" calculations, in which an incoherent sum of 

conventional compound nucleus (CN) and direct interaction (DI) cross sections 

is used, ii) calculations based on the "unified" statistical S-matrix forma

lism due to TEPEL, WEIDENMULLER et al. [120] for taking account of the above 

correlations. Many details on the procedure adopted and results obtained are 

given in references [121] to [124]. Figure 8, taken fTom reference [121], 

compares some calculated total inelastic cross sections with experimental 

results. On figure 9 angular distributions are shown [125] with a comparison 

between calculations by the Lowell group (curves labelled "S") and calculations 

by HODGSON [77] (curves labelled "H") based on the less complicated DWBA 

method but which requires a renormalisation of the calculated direct cross 

section by comparison with the data in the energy region above about 2 MeV 

beyond the threshold energy. 

5-4- A test of Lynn's prescriptions for calculating fission cross 

sections 

Lynn's prescriptions for calculating fission cross sections are 

extensively described for example in reference [26] (see also reference [25]). 

They result from systematic theoretical interpretations of experimental 

informations issuing from a number of sources : fission probabilities, inter

mediate structure in low energy fission cross sections, as well as available 

fission cross sections measured at higher energies. Comparison of calculations 

performed along these lines with newly measured fission cross sections allows 

us to test the proposed methodology and to judge of the progress to be further 

accomplished. An example of this is commented in reference [44] where calcu

lated and measured fission cross sections are compared in the energy range 

from I to 5 MeV for U and Cm (see also Table I) . Results concerning the 
245 

Cm(n,f) reaction are presented on figure 10. The calculation, performed 

with allowance for readjustments of fission barrier and level density parame

ters initially chosen in reference [25], failed to reproduce the detailed 

shape of the fission cross section. A correct fit has been made possible only 
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by requiring level density functions which have continuous first derivatives 
245 

and which contain some structure for the residual Cm nucleus at an excita
tion energy of ̂  1 to 2 MeV. This "experiment" only confirms that further 
progress remain to be made at least for evaluating correct energy-dependent 
level densities [113]. 

5-5- Role of fission probabilities 

Utilization of fission probability (Pf) data, measured from charged 
particle-induced direct reactions [38,39], to determine fission cross sections 
was generally made assuming the following expression : 

a nf(E n) JZ. a C N(E n) x Pf (En + B n) ( 5 ) 

where the compound nucleus formation cross section 0"cN(En) is to ba determined 
from optical model calculations (preferably of the DOM type). 

Recently the use of Pf for determining correct fission cross sections 
below 2 to 3 MeV was based on the more realistic expression [39] : 

Pf (E) = Z a (EJ^). Pf (EJir) 
Ju 

in which the spin distributions ct(EJir) for charged particle-induced reactions 
(to be determined from DWBA type calculations for particle stripping or pick-up) 
are different from those for neutron-induced reactions (to be determined from 
optical model calculations). 

An example of fit obtained in this manner by the Los Alamos group is 
shown on figure 11. 

5-6- (n,xn) and isomer ratio calculations 

- An example of possibly useful systematics found in evaluations of 
(n,2n), (n.n'f).. processes by taking account very carefully of all the bran
ching ratios (for capture as well as neutron and fission channels) associated 
with the successive residual nuclei is the following. FORT [126] found that the 
quantity [a/(Bn-A)] containing the three conventional level density parameters 
is a quasi linear function of the mass-number when plotted separately for even-
and odd-mass nuclei. These findings seem to apply to the uranium and plutonium 
families. 

- Another point of interest concerns the necessity found by the 
Liverm.irt? group [127] to take account of many discrete levels in order to 
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converge in calculating isomer ratios for (n,2n) reactions, hence the parallel 

development of theoretical means for evaluating spectroscopic properties up 

to high excitation energies. Figure 12 gives an example of this problem concer-
237 

ning the Np(n,2n) reaction. 

5-7- An other example of possible contribution from microscopic 

calculations 

Possible contributions from microscopic Hartree-Fock-Bogoliubov (HFB) 

type calculations have already been reviewed six years ago by GOGNY et al. [128] 

In the last few years considerable efforts have been spent in order to extend 

the application of such methods (see chapter 4-3-1) towards large nuclear 

deformations. In particular realistic estimations of double-humped fission 

barriers have been made possible by the extension of calculational methods 

previously developed for one-centre type basis states to two-centre type basis 

states. For the first time a realistic interpretation of the nuclear scission 
240 

has been obtained for the nucleus Pu from purely selfconsistent calculations 

based on the use of the realistic effective two-body interaction Dl [101]. 

This interaction has just been slightly readjusted so as to better reproduce 

nuclear surface properties. The most recent results obtained by GOGNY's 

group [129] at Bruyères-le-Châtel are given on figure 13 concerning the double-
240 

humped fission barrier of the Pu nucleus. It is shown that the calculated 

results are very close to the experimental (model-dependent) fission barrier, 

contrary to all previous tentatives. It is worthwhile to note that dynamical 

effects are taken into account by the intermediate of deformation-dependent 

mass coefficients. Moreover such calculations are able to provide a realistic 

behaviour of the pairing effects as a function of possibly large deformations 

without any superfluous assumptions. Finally these constrained HFB calculations 

may easily include the constraint of a given nuclear temperature, hence 

studies made possible versus the excitation energy. Such calculations are 

planned to be systematically extended through the actinide region. 

6 - CONCLUSION 

Considerable efforts - very badly reflected in this paper - have been 

devoted in the last few years toward accumulating experimental as well as 

theoretical results in the actinide region. Further progress for applied 

purposes will be achieved in the near future mainly from the development of 

jystematics using as basis data this accumulated information. In this way 
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future actinide evaluations will be significantly improved. Moreover parallel 

development of our fundamental knowledge of nuclear structure and neutron 

interactions, particularly with regard for the fission process, will be helpful 

in determining the numerous basis parameters needed in the conventional -

phenomenological - nuclear models. Finally, if necessary, microscopic methodr 

will help decrease the phenomenology ; hence further progress can be expected. 

Only very few examples of trends in evaluating actinide cross sections 

were given in the present paper. These result from only a small part of the 

material sent to me prior to this Meeting. I would like to thank the many 

investigators who have willingly supplied their recent results, in particular 

those from evaluation groups at Los Alamos, Livermore, Vienna (NDS), Karlsruhe, 

Lowell, Cadarache, Soreq, Jaeri, Bologna and Bruyères-le-Châtel. 
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TABLE I - Summary of recent calculations of curium isotope cross sections 

(*) Abbreviations used in Table I : 
URR = unresolved resonance region ; c.s. = cross sections ; ARP = average resonance parameters ; RRP 
nance parameters ; CR = continuum region ; DOM = deformed optical model ; HF = Hauser-Feshbach ; SOM 
cal model ; aç^ = compound nucleus formation cross section ; P_f = fission probability. 

resolved reso-
spherical opti-

Target 

248. Cm 

Cross section 

Comp. evai. 
(with neutron 
spectra) 
INDL-A 

En. range 

10 eV-15MeV 

Ref. 

128] 

Comments 

URR* (1.3 - 10 keV) : c.s* calculated by means of ARP* deduced from RRP* 
(Tf for Jll = -y + and -j -,-y - change slowly with energy so as to smoothly 
join URR to CR* above 10 keV). 
CR (10 keV - 15 MeV) : DOM* and HF* models -
DOM with coupling base 0 +,2 +,4 + but adiabatic approximation above 6 MeV -
Level densities are described by a back-shifted Fermi gas formula- Heights 
and_ curvatures of two-humped fission barriers are consistent with experi
mental fission probabilities, and 2" chance fission-channel densities 
have been checked by reproducing expl 247cm 0n_f. 
(n,2nf),(n,3n) c.s. and preequilibrium effects have been neglected. 
The energy spectra for neutrons emitted in the reactions (n,n'y) continuum, 
(n,2n) and (n,n'f) have been represented by evaporation formulae ^ 

E'exp(-E'/6(E)) where 6(E) has been calculated for the residual nuclei 
9 Aft 247 

Cm and Cm from a finite-temperature Nilsson-Bardeen-Cooper-Schrieffer 
formalism (see NUDENS code [29]). 

u> 



TABLE I - c o n t i n u a t i o n shee t 1 

Target Cross section En.range Réf. Comments 

248,, Cm Comp.eval. 
INDL-A 

IO~3eV-l5 MeV [30] SOM* (ABACUS code) and HF (NEARREX code up to 1.32 MeV) calculations above 
2 keV - Fission penetrability of the form 17/{l + exp [(0.980-E)/0.0876]} 
adjusted on expi o n f. Extrapolations above 1.32 MeV using shape of 
•?38 . ' 
*" U a n > > > expl o n f up to 5.5 MeV and (n.n'f) from ENDF/BV above 6 MeV. 
(n,2n) and (n,3n) c.s. calculated with a statistical model [31] similar to 
that of Pearlstein but with an improved treatment of (n,3n) competition. 

248,, Cm 

n,2n 
n, 3n 
K , f ) 
INDL-A 

threshold-
20 MeV 

[32] Evaporation formalism with allowance of preequilibrium effects and fission 
competition ((n,f),(n,n'f) and (n,2nf)). Only 3 ingredients needed : 
°CN(En)* » level density parameter a, and l'n/V^ for the nuclei A + 1, A, 
A-l (only systematized sets used here). 

247„ Cm Compl.eval. 
(with neutron 

spectra) 
INDL-A 

10"5eV-'.SMeV [33] URR (61 eV - 10 keV) : calculations by means of the strength function for
malism. 
CR (10 keV - 15 MeV) : DOM and HF models 
DOM with coupling base 9/2", 11/2". 13/2" but adiabatic approximation 
above 8 MeV - CN* contributions calculated with a modified version of the 
Hauser-4 code [34] - See comments under 248cm [28] - 2^ chance fission -
channels densities have been checked here by reproducing expl *^"Cm o nf. 
0(E) associated to neutron spectra from (n,n' y) , (n,2n) and (n.n'f) reac
tions has been evaluated for residual nuclei 2 / , 7Cm and 2<:,6Cin through the 
microscopic procedure of ref. [35]. 



I 

TABLE I - c o n t i n u a t i o n shee t 2 

Target 
• 

Cross section En. range Ref. 
. . . 

Comments 

2 4 7Cm Comp.eval. 
(with neutron 
spectra) 

JENDL-i 

^20 MeV [36] ARP determined so as to reproduce measured o nf. Fission transition states 
were assumed from a systematic survey of other fissile nuclei. 
Above 1.9 MeV (no measurements) : anf estimated from trends of other Cm-
isotopes, and other c.s. calculated from SOM, statistical and evaporation 
models. 

l 24 1 SOM parameterization from adjustment on exp1 Am total cross section. 
Level density parameters from Gilbert and Cameron tabulation. 

2 4 7Cm 

n,2n/n,3n 
(a n f) 

INDL-A 

threshold-
20 MeV 

[32] See comments under Cm 

2 4 6 C m Compl.eval. 
(with neutron 

spectra) 
INDL-A 

10 eV-ISMeV [37] URR (390 eV - 10 keV) : Statistical calculations by means of strength func
tion formalism. Linearly energy-dependent partial fission widths adjusted so 
as to reproduce recent fission measurements (H.T.Maguire et al., nov-dec 1981). 
CR (lOkeV - 15 MeV) : DOM and HF models - See comments under 2<i7cin [33], 
Coupling base : 0 +,2 +,4 + - Deformations estimated in coherence with radius 
parameter from equilibrium shape calculations based on a Saxon-Woods type 
potential - Fission barrier parameters in agreement with informations from 
Pf* measurements, and 2^ chance-fission channels densities have been checked 
by reproducing expl Cm o nf. Microscopic procedure of ref. [35] has been 
used to evaluate energy dependence of neutron sp~ era temperatures. 



TABLE I - c o n t i n u a t i o n s h e e t 3 

Target Cross section En. range • Réf. Comments 

246„ Cm Comp.eval. 10~3eV-15 MeV [40] ARP deduced from resonance analysis with Frohner's code STARA. 
CR (200 eV - 15 MeV) : SOM (ABACUS code) and ilF (NEARREX) calculations. 
Fission penetrability of the form 9/{ 1 + exp [(0.980 - E)/0.0846] } adjus-
ted on exp1 a nf. From 3 MeV to 15 MeV the Cm onf has been renormalized. 
(n,2n) and (n,3n) cross sections calculated from formalism of ref. [31]. 

246„ Cm 

Comp.eval. 
(with neutron 

spectra) 
JENDL-3 

^20 MeV [36] URR (330 eV - 30 keV) : energy-dependent fission widths were searched so as 
to reproduce recent exp1 onf» by assuming SQ, S|, S2 and R' from SOM calcu
lations . 
CR (30 KeV - 15 MeV) : SOM and statistical model calculations (see comments 
under ^'Cm). 

246„ Cm 

n,2n/n,3n 
(anf) 

INDL-A 

threshold 
-20 MeV 

[32] See comments under Cm 

en 



TABLE I - continuation sheet 4 

Target Cross section En. range Réf. Comments 

245, Cm Compl.eval. 10 eV-15MeV [41 ] URR (61 eV - 10 keV) : e s . obtained from statistical calculations with the 
strength function model, with D0[jS and Ty chosen after microscopic évalua-
tions [35,42], and Sj and R' from DOM calculations. 
CR (lOkeV - 15 MeV) : DOM and HF calculations (with statistical fluctuation 
corrections in neutron and fission channels up to 1 MeV). See comments under 
O A Q 

Cm [28]. The adopted statistical parameters were checked by reproducing 
the fission probability of Cm. The level density parameters (a,A,o2) were 
chosen so as to reproduce the cumulative number of levels at low energies 
and, at higher energies, the total level density calculated in the BCS 
microscopic approach of ref. [35], For the a n y calculation, radiation widths 
were estimated by means of the Brink-Axel formula where the adoptod parame
ters were checked by reproducing Ty in the keV region. 

Compl.eval. 
(JAKRI) 

10 5eV-20 MeV [43] CR (60 eV, 20 MeV) : SOM and HF calculations. 
oç N from SOM and a 6 parameters empirical formula we •. used in a least 
squares fitting onto expl o nf - calculations of (n,2n) and (n,3n) c.s. based 
on the Pearlstein method with 0 C N = 2.75 b - Level density parameters from 
Cilbert and Cameron. 

o> 
i 
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TABLE I - c o n t i n u a t i o n shee t 5 

Target Cross section En. range Ref. Comments 

24S 
Cm (n,2n),(n,3n) 

(o n f) 

INDL-A 

threshold-

-20 MeV 

[32] 
248 

See comments under Cm. 

°nf 10 eV-20Mf»V 

(measured) 

0.1 - Î) MeV 

(calculated) 

[44] Test of a nf calculations for reproducing experimental data in the energy 

region of the fission neutron spectrum (̂  100 keV to <v- 5 MeV). Parameters 

given in ref. [25] have been used with a barrier level density function 

modified so as to ensure continuous first derivatives (condition needed 
2 35 

for reproducing in a first stage U u nf). Calculations could only fit the 
245 

Cm on{: data by allowing some structure in the level density of the resi-
245 

dual Cm nucleus at an excitation energy of ^ 1 to 2 MeV. 

244,, 
Cm Compl. eval. 

(JAERÏ) 

< 20 MeV [46] CR (1 keV - 20 MeV) : SOM and HF calculations - Same procedures as under 

Cm [43] - Use of Pearlstein method with o C N = 2.7 b for evaluating 

(n,2n) and (n,3n) reactions. 

244,, 
Cm 

Compl. eval. 

1NDL/A 

10'"3eV-15HeV [47] CR (400 eV - 15 MeV) : SOM (ABACUS code) and HF (NEARREX code) calculations-

Fission penetrability of the form 24/ j 1 + exp[2Ti(0.9 - E)/0.583]J results 

from adjustment on expl otxf. (n,2n) and (n,3n) cross sections have been 

calculated by means of the improved evaporation model [31] with OQH • 3.37b 

deduced from the following law adjusted on a set of actinides : 

OCN =~I4.87 + 0.19 * (2 ̂  90). 



TABLE I - c o n t i n u a t i o n s h e e t 6 

Target ' Cross section En. range Réf. Comments 

2 4 4 C m Compl. eval. 

KEDAK 

IO_3eV-l5MeV [48] URR : SOM and HF calculations with a modified version of the code 

HAUSER-4 [34]. Below «v lOO - 200 keV level - statistical parameters for £-1,2, 

3,4 are adjusted by a simultaneous fit to all angle-integrated average cross 

section data available, ensuring compatibility with s-wave average parameters 

deduced from resolved resonance analysis. Above this region conventional HF 

calculations are performed. 

2 4 4 C m 

(n,2n),(n,3n) 

Kf> 
INDL-A 

threshold-

20 MeV 

[32] See comments under Cm 

24 3,, 
Cm Compl. eval. 

INDL-A 

10"5eV-l5MeV [50] URR (26 eV - 10 keV) : information mainly derived from the resolved resonan

ces . 

CR (10 keV - 15 MeV) : DOM (JUPITOR and ADAPE codes) and HF (HAUSER-4 code) 

calculations. Adiabatic approximation is used above 8 MeV. Level density 

parameters in n and y channels are chosen so as to reproduce the cumulative 

number of discrete levels together with the average level spacing at neutron 

binding energy. Fission barrier densities are adjusted so as to reproduce 

the expl o nf without taking account of axial asymmetry at the first saddle 

point. Choice of different level schemes seems to induce discrepancies up to 

50% in total inelastic cross sections as compared to ENDF/BV evaluation. 



TABLE I - c o n t i n u a t i o n shee t 7 

Target cross section En. range Ref. Comments 

Cm Compl. eval. 

(JAERI) 

10~5eV-20MeV [51] URR (En > 27 eV) : simplified HF calculations with adjustments on energy 
averaged onf data (Tf and Ty assumed to be constant) 
CR : SOM and hF calculations - Real well depth has been reduced below 1 keV 
so as to reproduce a correct value for S 0 - ô tJ from SOM and a 6 parameter 
empirical formula were used in a least squares fitting onto experimental 
onf - level density parameters from Gilbert and Cameron - Rather large 
discrepancies have been found in comparisons with ENDF/BV and ENDL-78 
evaluations. 

(n,2n),(n,3n) 
(°nf) 
INDL-A 

threshold-
20 MeV 

[32] 248 See comments under Cm 

242 Lm Compl. Eval. 
with neutron 

spectra 

INDL-A 

10"5eV-15MeV [52] URR (280 eV -10 keV) : c.s. were evaluated by means of the strength function 
model based on average parameters with smooth energy variation. Poor infor
mation from resolved resonances - Use of local systematics in Cm region has 
been made for average parameters a, Ty, Tf, S 0, S j, R' (see refs [53,23]). 
CR (10 keV - 15 MeV) : DOM and HF calculations. As a check of adopted 

242 . parameters the experimental Cm fission probability has been reproduced. 
The BCS microscopic approach [35] helped determine level density para-

242 243 
meters of Cm and Cm at the ground state and first saddle point defor
mations -



TABLE I - c o n t i n u a t i o n shee t 8 

Target Cross section En. range Réf. Comments 

242 
cm Cotnpl. eval. 

(JAERI) 

10~5eV-15MeV [54] 241 CR : SOM and HF calculations. SOM adjusted onto Am total cross sections 
242 

and strength functions - From 3 to 5 MeV Cm o n£ has been taken to be 
244 ' 

proportional to Cm o nf with a ratio from the systematics proposed by 

BEHRENS and HOWERTON [55]. 

2 4 2 C m 

241,, Cm 

(n,2n),(n,3n) 

INDL-A 

threshold-
20 MfeV 

[32] 248,, 
See comments under Cm 



TABLEII - Some average resonance parameters used in Cm isotope evaluations 

s0« sl> s 2 = s _ » P"i a n a % d-wave neutron strength functions 
R' = potential scattering radius ( o p o t = 4I1R"*) 
^obs = observable level spacing 
Ty = average radiation width 
(a) = assumed / (c) = calculated from the optical model 
( ) = very uncertain value 

Target Kef . s o 
(10-4) 

Si 
(10-4) 

s 2 

(10-4) 
R" 
(fm) 

Dobs 
(meV) Comments 

248,, Cm [28] 1.2 3 24.5 27 
(Jn=± + ) 

248,, Cm 

[30] 1.17 +°- 3 A 

-0.22 1.9+0.3 °pot 
= 10.4b 32 + 3 28 ± 3 

(JII-J + ) 
. , 235,238,, , Si = average of U and 

239 
Pu values. 

24 7, Cm [33] 1.0 1.8 ( a ) 1.2 4 0 ( a ) 24 7, Cm 

[36] 9. 1521 
(SOM) 1.75 40(a> 

24 b,, Cm [37] 0.77 (2.6) 21.3 33 24 b,, Cm 

[40] 0.5510.21 l.9±0.3 °pot 
= 10.5b 32 ± 9 32 ± j , 235,238,, . 239 D Si = average of U and Pu 

values. 

24 b,, Cm 

[36] 0.94 ( C ) 3.17 ( C ) 0.88° 9.15 ( c ) 31.7 31 SOM calculations. 



TABLE I I - continuation 

Target Réf. So Sl 
(io-̂ ) 

s 2 

(10-*) 
R' 
(fm) 

Dobs 
(eV) 

r Y 
(tneV) 

Comments 

245„ Cm [41] 1. 19 2.1< c ) 9.5(C> 1.24 35 
Ty chosen with consideration of a cal
culated value from a simple "black-
body" formula [42] with a 
temperature derived from BCS micros
copic calculations [35]. 

[43] 1.0 ( c> 1.8 40 SOM calculations for S Q• 

244,, Cm [46] 1.03< c ) 14 37 SOM calculations for S Q 

244,, Cm 

[47] 1.32±0.27 1.9±0.3 o pot= ! 0 - 5 b 10.8+0.5 35.0± 1.4' c . 235,, 238,, , 239 D Sj = average of U, U and Pu 

244,, Cm 

[48] 1. 14 2 . 30< c ) l.W< c> n.9 36.2 

2 4 3 c m [50] I.15±0.30 2.36 ( C ) 0.80 35 Sj results from DOM calculations -
Black-body formula [42] with thermo
dynamic temperature from BCS level 
density calculations gives T =36meV. 

2 4 3 c m 

[51] 2.2±0.2 9.8l(c) 2.2 40 

2 4 2 c m [52] 0.71 2.53 ( c ) 8.9( c) 10.8+1.6 38+11 

[54] 0.64±0.32 17.6+.3.3 40 (a) 



ïABLE_III ~ Optical model parameters used in Cm isotope evaluations (energies are in MeV and lengths in fin) 

General reference form 

»\ = UCr.e') = - V f(r,R 0,a 0) - iW v f(r,R v,a V) + 4 iW D ^ f (r ,R D,a D) + 2 V S X . J d-f(r,Rs,a s)t 

"i*v|̂ r 

V 

Ri = r i A 1 ^ [1 + B 2 Y20<e')
 + &4 Y A 0 (9')] with i * 

f(r,R,a) = { 1 + exp[(r - R)/a] } "' 

2 2 
other imaginary term used : - iU.exp[-(r-R) /b ] 

(6' refers to the body-fixed system) 

Srget Ref . V W D 
VS ro *D rs a 0 

aD aS &2 34 Comments 

4 8 C m [28] 47.0l-0.267En 

-0.00118E^ 

3.195(En < 2.25 MeV) 

2.25 + 0.42 E n 

7.2 1.259 1.237 1.259 0.66 0.48 0.66 0.246 0.02 

4 7 c m [33] II II II II M II M II II 0.25 0.0 See 2 4 8 C m 

[36] 43.A - 0 . 107E n 6.95 - 0.339E n 

+ 0.053!E n

2 
7.0 1.282 1.29 1.282 0.60 0.5 0.60 

24 1 
S0M for Am 

4 6Cn, 
>*6 

[37] 0.245 0.03 See 2 4 8 C m 

4 5 C m 
>4* 

[41] 0.24 0. See 2 4 8 c m 

[43] 40.5 + 0.5E n 8.2 + 0.5/É~n 7.0 1.32 1.32 1.32 ' 0.47 0.47 0.47 
241 

SOM for Ain 



TABLE HT - c o n t i n u a t i o n shee t I 

~T*ï •er 
irget Réf. V w D v s 

ro ?D ^S a 0 
aD aS 1*2 H Comments 

Cm [46] See 2 4 5 C m [43] 

[47] 42 W = 8 7.5 1.3 1.3 1.3 0.47 b-1.5 0.47 
237 

SOM for Np 

[48] 47.01-0.267En 

-0.00118E2 9.0 - 0.53 E 1.21 1.30 0.66 0.48 SOM from réf. [49] 

Cm 
- > 

[50] 0.235 0.0 248 
See Cm 

[51] 42.0-0.107En 9.0 - 0.339 E n 

+ 0.0531 E£ 7.0 1.282 1 .290 

1 

1.282 0.6 0.5 0.6 SOM adjusted to 

°CN 2« 1.1 o n f 

(E n >, 1 keV) 

[51] 

40.5-0.107En 

M 11 M II II u u II Readjusted to repro
duce S 0 =; 2.210-4 
(used at low energy) 

2 
"Cm [52] 0.23 0.0 See 2 4 8 C m 

[54] 
1 
i 
i 
i 

247 
See Cm [36] 



TABLEIV - Some statistical model parameters (ground-state deformation) used in Cm isotope evaluations 

N* : number of discrete excited levels with spin-parity characteristics 
E * a x

 ;= energy of the last discrete excited level 
(a,A,n) = level density, pairing energy, and spin-cut-off parameters 
U = excitation energy corrected tor shell and pairing effects 
t-x = joining energy between the constant temperature and Fermi gas models 
T n = nuclear temperature in the constant temperature model 
(a) = composite Gilbert and Cameron type level density 
(b) = back-shifted Feimi gas level density 
Energies are in MeV 

Nucleus Ref. V fcmax a 02//u M E X T n 
Comments 

249,, Cm [28] 10 0.289 2 5 2(b) 1.0< b ) o 2 = 100 T 

248_ Cm [28] 4 0.510 24.5<b> I.O<b> o 2 = 100 T 248_ Cm 

[36] 21.46 ( d ) I8.03 ( î ) 1.623 ( a ) 4.73 0.41 1 

248_ Cm 

[30] 14 1.302 

24 7„ Cm [36] 10 0.449 26.20 ( a ) I7.89 ( a ) 0.72 ( a ) 3.83 0.413 ( 3 ) 24 7„ Cm 

128] 7 0.309 2 5 . 2 ( b ) 0.69 ( b ) o 2 = 100 T 

246,, Cm [36] 29 1.509 25.98 ( a ) 17.77 ( a ) 1.1 « ( a ) 4.22 0.415 246,, Cm 

[33] 4 0.500 24.0 ( b ) 0.37 ( b ) o 2 = 100 T 

246,, Cm 

(40] 33 1.671 



I 

TABLE IV - c o n t i n u a t i o n s h e e t 1 

Nucleus Ref. N* F* a a2//u M E X TN Comments 

2 A 5 c m [36] 16 0.532 26.03 ( a ) 17.74 ( 3 ) 0.72 ( a ) 3.83 0.415 2 A 5 c m 

[37] 17 0.555 24.5 ( b ) 0. 10 o 2 = 100 T 

2 4 4 c m [41] 24.0 ( b ) 0.01 O 2 = 100 T 2 4 4 c m 

[46] 8 1. 187 25.97 ( a ) 17.67 1.22 4.335 

2 4 4 c m 

[47] 24 1.2 28.94 o=4 0.72 Spectroscopy supplemented by 
levels of 238u - Fermi gas 
model 

2 4 4 c m 

[50] 4 0.500 24.0 0.0 o 2 = 104 T 

2 4 4 c m 

[51] 25.97 17.67 1.22 4.335 

2 4 3 C m [50] 12 0.260 23.0 0.63 o 2 = 100 T ; 2 levels were added 
from a fit to collective Kn='/2+ 
band of the form E(J,K)-E0(J0,K) 
= AJ(J+I)-BJ2(J+I)2 

2 4 3 C m 

[51] 14 0.798 25.59 17.49 0.72 3.837 0.419 

I 



TABLE IV - c o n t i n u a t i o n s h e e t 2 

Nucleus Réf. N* Emax a o2//u M EX TN Comments 

242 Cm [50] 3 0.285 24.0 0.54 o 2 = 100 T 242 Cm 

[51] 3 0.284 25.13 1.15 4.27 0.424 See also réf. [54] 

241 , Cm 15!] 24.74 0.72 3.842 0.428 

*-
^ J 



I 

TA3LEV - Some fission barrier parameters (FBP) and associated level densities used in Cm isotope evaluations 

EA(B) = height of inner (outer) barrier 
^ UA(B) = associated curvature parameters 
B n = neutron separation energy 
Energies are in MeV 

Fissio
ning 

nucleus 
Ref. Bn E A 

hwA % tiui B 

a 
(MeV - 1) o2/T N Comments 

249. Cm [28] 4.71 5.7 0.65 4.2 0.55 26.5<b> 98 2.05 ( b ) FBP consistent with results of 
analysis of Pf measurements [38] 

2 4 8 C m [28] 6.21 6. 1 0.90 4.2 0.55 28.0 ( b ) 98 ,(b) FBP in agreement with results 
from Pi; measurements [39], and 
level densities checked by re
producing 247cm o nf 

247„ cm [33] 5.16 6.0 0.63 4.2 0.55 26.5(b> 98 1.7 ( b ) FBP consistent with results from 
analysis of Pj> measurements [38], 
and level densities checked by 
reproducing 246cra cnf 

2 4 6Cm [37] 6.45 6.0 0.9 ' 4.2 0.55 26.5<b> 100 0.45 ( b ) 

244 FBP close to those of Cm and 
248cm deduced from Pf measure
ments [39] and level densities 
checked by reproducing 2 4 5 C m ont-

245,, 
Cm [41] 5.52 6.0 0.80 4.2 0.55 25.5<b> 98 2. 10 As a check of these parameters the 

2^ 5Cm expl PP [45] has been repro
duced 



TABLE V - C o n t i n u a t i o n 

Fissio
ning 

nue lens 
Réf. B n 

EA W E B 
flUJJJ a 

(MeV~') o2/T M Comments 

244 . Cm [50] 6.8 6.0 0.78 4.2 0.55 26.0 ( b ) 98 0.6J Level densities adjusted so as 
to reproduce experimental o nf 

24 1 Cm 150] 5.6 5.87 0.45 5.0 0.55 2 7.2(b> 98 1.35 Level densities are adjusted so 
as to reproduce experimental o nf 

24 2„ Cm [52] 6.9 6.04 0.75 4.2 0.55 25.2 98 0.25 Parameters checked on experimen
tal 2^ 2Cm p f 



îâ5L*t-_YI ~ Deformed optical potentials for a set of actinides (from ref. [100)) 

Genercil form is given at the top of Table III (energies in MeV and lengths in fermi) 

Neutron strength functions (S Q jS|) and potential scattering radii (R') are calculated 
at E n = 10 keV 

V = V 

% -

V s = 6 

0 - 0.3 E n r Q = 1.26 a Q = 0.63 

W D o + 0.4 En E n $ 10 MeV 

r D = I.26 a D = 0.52 

W D o + 4.0 «n Ï 1 0 M e V 

.2 r s - |.12 a s - 0.47 

2 3°Th 
232 

Th 
234 u 2 3 8 u 242 p Pu 

246„ 
Cm 

252 
Cf 

Vo 46.600 46.600 46.42 46.20 46.02 45.4 44.5 

3.600 3.600 3.720 3.600 3.51 3.200 3.2 

B2 0. 180 0. 190 0. 194 0. 198 0.204 0.220 0.230 

H 0.085 0.071 0.071 0.057 0.051 0.033 0.00 

S„ x !0 4 0.969 0.937 1.036 1.003 0.995 1.093 1.338 

S* x I0A 1.563 1.586 1 .875 2.222 2.633 2.927 3.474 

R' 9.33? 9.39 7 9.270 9.240 9. 190 9.379 9.643 

• calculated by assuming a nucleus radius R = 1.26 A 
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NEUTRON ENERGY (MeV) 

10 

The calculated compound nucleus formation cross section is shovm for n + 238y 
along with its l constituents. Figure taken froc reference [56]. 

18-
2C0 

Pu TOTAL CRCSS SECTION 

MEASUREMENT 

• SMITH et at 

o KAPPÇLSR et cl 

• POENITZ et cl 

UNC£=-^;NI "Y 
- 5 % 
2 3% 

-2.5% 

'CO IOCO 

.NEUTRON ENERGY (keV) 

FiS^_2 

240. Figure taken from reference [63] : evaluations of the ~'"Pu total cross sec
tion in che unresolved resonance region in coraparison with experimental data 
See text for other references. 
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Figure taken from ref. [8l] : comparisons of compound nucleus forma
tion cross sections calculated from deforced optical potential[811(full 
lines) and spherical optical potential (dashed lines) [67]. 



(J C N (barn) 
2 5 2 c f 
2 1 6 C m Compound nucleus cross sections 

from coupled channel calculations 

Neutron energy(MeV) 
i 1 1 L 

8 • 9 10 11 12 13 K 

Calculated compound nucleus formation cross sections obtained from DOM calculation results obtained 
in reference [lOO] for a set of actinides. The dashed horizontal line corresponds to the constant va 
approximation used by LYNN [261. 
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45 90 135 180 0 
eidegj 

C5 90 135 180 

JJ-Ji-A 

Figure taken from ref. [107] : s ca t t e r ing cross sect ions for 3.4 MeV 
neutrons from 0 + ground s t a t e , 2 + and 4 + levels of Z38(j (a) and 232xh (b) 
The curves correspond to semi-microscopic (ful l ) or phenomenological 
(broken) coupled-channel ca l cu la t ions . 
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10 15 20 0 5 
Incident Neutron Energy (MeV) 

10 15 20 

Eis,„§ 

Fission cross sections of uranium isotopes inferred from systematic 
trends' studied by Behrens [LL6] in a basis set of measured data consi
dered at given uuclear excitation energies. Only the black points 
represent the measured data. 
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ENDF/B Y 
• • WISSHAK AND KÀPPELER (a) 

o WESTON AND TODD (b) 
A HOCKENBURY, MOYER, AND BLOCK (c) 

— AVERAGE RESONANCE PARAMETER CALCULATION.] 
SEE TEXT. 

NEUTRON ENERGY (keV) 

ii&±-Z 
240 r Figure taken from ref. [117]. Neutron capture cross section of '"""Pu mutiplied by the square root of the 

neutron energy in the neutron energy range from I to 300 keV. The experimental data as well as the ENDF/B-V 
evaluation are illustrated. References : (a) Nucl. Sci. Eng. ̂ , 363 (1978), also Nucl. Sci. Eng. 69_, 39 (1979) 
(b) Nucl. Sci. Eng. 63, U 3 (1977) ; (c) Nucl. Sci. Eng. 49, 153 (1972). 
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Figure taken from réf.[121] : comparisons, for Th(n,n') and U(n,n'0 
excitation-funccion data, of the predictions of "unified" S-matrix theory 
(solid curves, for various values of the coupling scrength as indicated 
beside the respective curves) and of the "standard" (CN + DI) theory 
(broken curves, with "besc-fic" values of che coupling strength as indi
cated), wich the experimencal resulcs from (n,n'y) measurements by the 
Lowell group (points with error bars) for inelastic neutron scattering 
to states which are members of the K=0- octupole vibrational bands in 
the respective nuclei. In several -instances, the "unified" approach 
provides a perceptibly better fit to the experimental data than that 
furnished by the "standard" formalism. Thus, in the case of the 232j;h 
774.4 keV (3-) level, the "unified" (solid) curves fit the 774-keV data 
appreciably better than the "standard" calculation, since the broken 
curve here constitutes a composite of the "standard" results for 774.1 keV 
(2+) and 774.4 keV (3-) states that are experimentally indistinguishable. 
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238 U(n,n'l E n = 1.9 MeV 
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6 (deq)] 

120 150 180 

238 Neutron inelastic scattering from U at the incident neutron energy 
E n

 s 1.9 MeV. This figure [125] represents angular distributions "asso
ciated with scattering from low and high continuum regions as indi-
cated. Curves "S" are recent calculations by the Lowell group and 
curves "H" result from calculations including renormalization (see 
text) by Hodgson. Experimental results are from Kritter, Coppola, 
Ahmed and Jay, Z. Phys. 244, 353 (1971). 
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245, 
Figure taken from réf. [44] : Hauser-Feshbach calculation of the w û n (n,f) cross 
section compared to 1979 Linac measurement. 
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Ei&iJi 
Figure taken from ref. [130] : comparison of Los Alamos group's fits with fis
sion probabilities measured in the ^^7HpOB.e,d) 238pu(f) reaction. In these fits, 
which were used to determine 238pu barrier parameters, explicit account was ta
ken of the compound-nucleus spin populations produced in this direct reaction. 
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Figure taken from ref. [127] : Np(n,2n) Np isomer ratio as a function of 
incident neutron energy. The solid curve shows the Livermore group's calculation, 
which uses 714 levels for 236Np Up to 1.2 MeV of energy. The dashed curve shows 
a calculation made by Mann in 1977. The data point is from the work of Myers et al. 
(J. Inorg. Nucl. Chem. 37, 637 (1975)). 
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liSiAl 
240, Figure taken from reference [129] : fission barrier obtained for ""Pu 

from entirely self-consistent Hartree-Fock-Bogoliubov calculations 
with two values of the surface coefficient (ctg) of the Dl nucleon-
nûcleon effective interaction. The barrier is shown as a function of 
the "distance" between prefragments. Axial asymmetry is included at 
the inner barrier as well as the left-right asymmetry beyond the 
isomeric well. Vertical arrows represent model-dependent values 
deduced from experimental data and referred to the ground state arbi
trarily placed at 1 MeV. 


