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Abstract

A program is being carried out at Lawrence Livermore National Laboratory
to develop high-energy evaluated nuclear data libraries for use in Monte Carlo
simulations of cancer radiation therapy. In this report we describe evaluated
cross sections and kerma factors for neutrons with incident energies up to 100
MeV on !2C; in subsequent reports we shall describe our high-energy libraries
for neutrons on 14N, 160, 31P and 4°Ca, as well as accelerator collimator and
shielding materials. The aim of this effort is to incorporate advanced nuclear
physics modeling methods, with new experimental measurements, to generate
cross section libraries needed for an accurate simulation of dose deposition in
fast neutron therapy.

The evaluated libraries are based mainly on nuclear model calculations,
benchmarked to experimental measurements where they exist. We use the
GNASH code system, which includes Hauser-Feshbach, preequilibrium, and di-
rect reaction mechanisms. The libraries tabulate elastic and nonelastic cross
sections, angle-energy correlated production spectra for light ejectiles with
A<4, and kinetic energies given to light ejectiles and heavy recoil fragments.
The major steps involved in this effort are: (1) development and validation
of nuclear models for incident energies up to 100 MeV; (2) collation of exper-
imental measurements, including new results from Louvain-la-Nueve and Los
Alamos; (3) extension of the Livermore ENDL formats for representing high-
energy data; (4) calculation and evaluation of nuclear data; and (5) validation
of the libraries. We describe the evaluations in detail, with particular em-
phasis on our new high-energy modeling developments. Our evaluations agree
well with experimental measurements of integrated and differential cross sec-
tions. We compare our results with the recent ENDF/B-VI evaluation which
extends up to 32 MeV. We also compare kerma factors resulting from our eval-
uated microscopic cross sections with measurements, providing an important
integral benchmarking of the libraries. The evaluated libraries are described
and illustrated in detail.
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Abstract

A program is being carried out at Lawrence Livermore National Laboratory
to develop high-energy evaluated nuclear data libraries for use in Monte Carlo
simulations of cancer radiation therapy. In this report we describe evaluated
cross sections and kerma factors for neutrons with incident energies up to 100
MeV on 2C; in subsequent reports we shall describe our high-energy libraries
for neutrons on 14N, 160, 3'P and “°Ca, as well as accelerator collimator and
shielding materials. The aim of this effort is to incorporate advanced nuclear
physics modeling methods, with new experimental measurements, to generate
cross section libraries needed for an accurate simulation of dose deposition in
fast neutron therapy.

The evaluated libraries are based mainly on nuclear model calculations,
benchmarked to experimental measurements where they exist. We use the
GNASH code system, which includes Hauser-Feshbach, preequilibrium, and di-
rect reaction mechanisms. The libraries tabulate elastic and nonelastic cross
sections, angle-energy correlated production spectra for light ejectiles with
A<4, and kinetic energies given to light ejectiles and heavy recoil fragments.
The major steps involved in this effort are: (1) development and validation
of nuclear models for incident energies up to 100 MeV; (2) collation of exper-
imental measurements, including new results from Louvain-la-Nueve and Los
Alamos; (3) extension of the Livermore ENDL formats for representing high-
energy data; (4) calculation and evaluation of nuclear data; and (5) validation
of the libraries. We describe the evaluations in detail, with particular em-
phasis on our new high-energy modeling developments. Our evaluations agree
well with experimental measurements of integrated and differential cross sec-
tions. We compare our results with the recent ENDF/B-VI evaluation which
extends up to 32 MeV. We also compare kerma factors resulting from our eval-
uated microscopic cross sections with measurements, providing an important
integral benchmarking of the libraries. The evaluated libraries are described
and illustrated in detail.




introduction

1 Introduction

The Lawrence Livermore National Laboratory Medical Applications Project is de-
veloping an all-particle Monte Carlo transport code for calculating and optimizing
absorbed dose in cancer radiotherapy [1]. This code, called PEREGRINE, trans-
ports neutrons, photons and charged particles in a fully coupled manner, and can be
used for simulating the effects of radiation beams on the dose delivered to a patient.
The transport is performed through a three-dimensional mesh obtained from a CT-
scan of the patient, and the calculated dose distributions can be used to optimize the
dose delivered to a tumor.

For this project, neutron cross sections on biologically important elements are
needed for incident energies up to 70 MeV, the clinical energy currently being used
in most fast neutron therapy centers. In this report we describe work performed
by the LLNL Nuclear Data Group to extend the Livermore evaluated nuclear data
libraries from 20 MeV up to 100 MeV, for 2C. In subsequent reports we will describe
our evaluated libraries for neutrons on 4N, €0, 3!P, and %°Ca, as well as structural
materials used in accelerator collimators and shields. Additionally, we shall describe
the extension of these libraries up to 250 MeV, for incident neutrons and protons, for
proton radiation therapy applications.

Most modern fast neutron therapy facilities use a °Be(p, n) source reaction, which
produces a broad spectrum of neutrons with energies up to 70 MeV. In a recent (1992)
review of the status of nuclear data for use in neutron therapy (7], White et al. em-
phasized that with the exception of hydrogen, sufficiently accurate nuclear data does
not yet exist in this energy range to allow neutron therapy to reach its full potential.
Since standard man consists (by mass) of hydrogen (10%), carbon (18%), nitrogen
(3%), and oxygen (65%), and various trace elements (4%), an accurate understand-
ing of neutron nuclear reactions on carbon is essential. As natural carbon consists of
only 1.1% '3C, the present work for *2C can be used for natural carbon. OQur work
aims to improve the evaluated nuclear data for carbon, by using results from recent
experimental measurements and developments in model calculation capabilities, to
produce data libraries which can be utilized in radiation transport calculations.

Since there are only a few experimental measurements of neutron reactions on
biologically-important elements for energies between 20 and 100 MeV, we have based
our evaluations mainly on the results of nuclear model calculations, benchmarked
to measurements where they exist. To do this, we have developed and applied the
GNASH modeling code [3], which uses Hauser-Feshbach theory for equilibrium de-
cay and preequilibrium models for fast-particle emissions. OQur theoretical efforts,
described in Sec. 3, have concentrated on improvements to the modeling of reaction
processes that become important at higher energies, particularly multiple preequilib-
rium emission, angular momentum effects in preequilibrium reactions, and a physical
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basis for continuum angular distribution systematics. We have also developed the
ALICE modeling code [4] for modeling biologically-important reactions by using im-
proved level densities and optical models, and including a phenomenological model
for preequilibrium deuteron emission. v

With these nuclear model codes, as well as a version of GNASH that we have de-
veloped which implements the Feshbach-Kerman-Koonin quantum mechanical pree-
quilibrium theory (FKK-GNASH), we have compared calculated cross section pre-
dictions with experimental measurements. These comparisons, described in Ref. [5],
allowed us to assess the capabilities of these different codes, and assess the uncertain-
ties involved in the model’s predictions. With the ALICE code we were able to easily
and quickly produce calculated cross sections which describe the measurements fairly
well [5]. The GNASH and FKK-GNASH calculations required a more detailed input
(such as low-lying nuclear levels, inelastic cross sections from coupled-channels cal-
culations, etc.), and also generally described the available measurements well. From
these comparisons we have selected the GNASH code for generating our evaluated
libraries, sirice this code allows the most detailed description of the reactions, and
explicitly includes the effects of low-lying nuclear level spacings on the calculated
spectra. We have, however, pre-evaluated the primary preequilibrium spectra for the
various ejectile types by considering the results of the GNASH, FKK-GNASH, and
ALICE calculations as well as experimental data. These pre-evaluated spectra are
then used as an input into our GNASH calculations for producing the evaluated li-
braries. This new approach to nuclear data evaluation maintains the advantages of
using a model code to generate the libraries (such as ensuring energy and flux conser-
vation), while optimizing the agreement with the experimental measurements where
they exist. ’

Instead of using evaluated nuclear data libraries above 20 MeV, many previous
radiation transport analyses use nuclear modeling and transport codes to calculate
the nuclear reactions “on the fly” at higher energies, and only use evaluated cross
section libraries when the energy drops below 20 MeV. But often the physical as-
sumptions used in these calculations are not valid until the incident energy exceeds
a few hundred MeV. In particular, the approximations made in intranuclear cascade
(INC) calculations are suspect at energies below 100 MeV. In contrast, our approach
is to generate evaluated cross section libraries up to 100 MeV, using the most re-
cent and accurate nuclear models and codes which are extensively benchmarked to
experimental measurements. By carefully ensuring that the model calculations are
consistent with the existing measured cross sections, state of the art evaluated li-
braries can be produced over the whole energy range. Additionally, the libraries can
be easily modified as new experimental measurements or improved models become
available.

Considerable effort has been devoted to validation of the cross section libraries, to
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ensure that they represent an accurate description of the existing experimental mea-
surements, while providing a comprehensive and consistent description of all reaction
decay channels. In Sec. 6 we show our evaluated results compared to existing experi-
mental cross section measurements. Furthermore, we compare the kerma (an acronym
for kinetic energy released in matter) calculated from our microscopic cross section
evaluations with experimental kerma values. Such integral benchmarking provides a
stringent check on the accuracy of our evaluated libraries, and since they are being
used for calculating absorbed dose an accurate description of the kerma is essential.

In Sec. 5 we describe a new ENDL format suitable for high-energy data libraries in
which the angle-energy correlated inclusive emission spectra are tabulated. We have
transformed the existing Livermore ENDL evaluated libraries (for energies below 20
MeV) into this new production cross section format, and have matched the old and
new libraries at 20 MeV to produce evaluated libraries data from zero to 100 MeV.
The ENDL libraries below 20 MeV developed by Howerton [6] have been shown to
provide an excellent description of measured total kerma factors [6, 7] and have been
extensively used and benchmarked in radiation transport calculations.

In Sec. 2 we describe our general evaluation methods, and compare our approaches
to those of previous calculational analyses of reactions on biologically-important el-
ements above 20 MeV. We describe how the methods used in this work differ from
those used in other existing evaluations (evaluated libraries above 20 MeV that can
be utilized in transport calculations have been produced by Axton et al. [8, 9], Bren-
ner and Prael [10], Pearlstein [11], and Young et al. (1990)). Section. 3 presents a
detailed description of the nuclear theory and models we use. We emphasize new
theoretical capabilities that we have developed for an improved modeling of high-
energy reactions. In Sec. 4 we describe our method for calculating kerma factors,
particularly the approach we have implemented for determining the nonelastic recoil
kerma based on energy balance. In Sec. 5 we describe the new ENDL formats which
are suitable for high-energy evaluated nuclear data. In Sec. 6 we give a detailed
description of the results of our evaluation, including comparisons with experimen-
tal measurements of total, reaction, and elastic cross section, angle-integrated and
double-differential emission spectra, and kerma factors. In Sec. 7 we compare our
results for various exclusive reactions compared with measurements and with the re-
sults of the ENDF /B-VI evaluation, which extends up to 32 MeV. We argue that
in the 20-32 MeV region some of the ENDF/B-VI evaluation cross sections are un-
justified, and the resulting ENDF /B-VTI total kerma factor is too high. A summary
and a description of directions and needs for future work are given in Sec. 8.
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2 Evaluation Methods

2.1 Evaluation Techniques Used in This Work
2.1.1 General features of the evaluated libraries

For incident energies above 20 MeV the number of possible exclusive reactions follow-
ing the interaction of a neutron with a carbon nucleus becomes very large. Rather
than representing each possible reaction separately, we tabulate only the correspond-
ing inclusive emission spectra of the particles which need to be transported in the
Monte Carlo calculations (gammas, and light particles with A < 4), as well as the to-
tal kinetic energy given to heavier charged particles which is assumed to be deposited
locally. This representation of the data is adequate for Monte Carlo calculations of
radiation transport and absorbed dose. In the future, if applications such as micro-
dosimetry require a description of the energy deposited by all types of nonelastic
recoils, we can extend the libraries to include this information.

The libraries are fully angle-energy correlated, and describe the emission spectra
at various angles, all in the laboratory frame of reference, facilitating straightforward
comparisons with measurements. Tabulating the inclusive production cross sections in
evaluated files above 20 MeV was first introduced in the Los Alamos evaluations [12],
and is recommended by the Nuclear Energy Agency of the OECD in its intermediate
energy data activities [13]. We have omitted triton and helium-3 emission reactions
since measurements show these cross sections to be small. This does not imply that
our calculated total kerma factor will be underestimated, since kinetic energy to these
channels gets redistributed. Trial calculations confirmed this, for including triton
emission did not significantly change our total calculated kerma factors.

The evaluations are based mainly on model calculations using the GNASH code
system [3], benchmarked to available experimental data. But other reaction model
codes were also used in this work: optical model calculations were performed with the
ECIS79 [14] and SCAT?2 [15] codes; and when evaluating preequilibrium cross sec-
tions we considered the results from the ALICE [4], GNASH [3], and FKK-GNASH
[16] codes. There are a number of advantages to using nuclear theory and model
calculations to produce evaluated cross section libraries: (1) The model input param-
eters can be adjusted (within the uncertainty ranges to which they are known) to
optimize agreement with experimental data at incident energies where measurements
have been made. The calculations then provide a useful way to interpolate and ex-
trapolate to other energies; (2) Model calculations enable evaluated libraries to be
generated for all reaction products in a fully consistent way, automatically conserving
energy, unitarity, spin, and parity; and (3) The large amount of information needed
in the evaluated files to describe the production cross sections of different ejectile
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types at various incident and emission energies, and angles, can easily be generated
from the results of model calculations. As well as enabling the branching ratios for
all the (large number of) decay sequences to be calculated, the model calculations
automatically incorporate the effects of Q-values and nuclear structure.

2.1.2 Experimental data used in the evaluation

There are only a limited number of experimental measurements of inclusive emission
spectra for neutrons on '2C in the 20-100 MeV range: the UC-Davis group has mea-
sured charged-particle production cross sections at incident neutron energies of 27, 40
and 60 MeV. [17, 18]; the Louvain-la-Neuve group have recently measured charged-
particle production cross sections for 12C at 43, 63, and 73 MeV [19]; and the Los
Alamos group have measured alpha production cross sections for >C using the white
neutron source at LAMPF/WNR, for energies up to 40 MeV [20]. There are also (un-
published) Los Alamos (n, zny) measurements by Auchampaugh and Wender [21] at
60 MeV which we used to benchmark our gamma-production calculations. Addition-
ally, we have made use of the Bertrand and Peelle (p, zp) measurements [22] on 2C
at 40 and 60 MeV, since at the higher emission energies (above the Coulomb-barrier)
charge independence implies that these cross sections should be similar to those for
(n,zn) reactions. We show these various experimental data sets in Secs. 6.3 - 6.6,
compared with our evaluations.

There are numerous experimental measurements of the total, elastic, and reaction
cross sections, and we show these in Sec. 6.1. The optical model parameters we use
have been optimized to describe these data. Full details of these measurements are
given in Sec. 3.2. However, we note here that our work has benefitted significantly
from the recent high-accuracy total cross section measurements by Finlay et al. [23]
at Los Alamos. .

Table I below summarizes the experimental data used in this evaluation, in some
cases pointing to other places in this report where the data is shown in more detail.

1

2.1.3 Major steps involved in the evaluations
Some of the major steps involved in this evaluation work are:

Ezperimental data:

e A significant amount of unpublished (to date) experimental data was obtained
from J. Romero of UC-Davis [26](angle-integrated production data from their
measurements), R. Haight, S. Sterbenz and T. Lee of Los Alamos National
Laboratory [27] (alpha production data), and J.P. Meulders of Louvain-la-Neuve
[28](charged-particle production data). This data was utilized in addition to
those summarized in Table I
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Reaction type Citation to experimental measurement
Total See Fig. 5

Elastic See Table V

Nonelastic See Table VI

Inelastic neutron scattering | See Figs. 30, 31

Charged particle production | 27, 40, 61 MeV UC-Davis data [17, 18] (Figs. 14-20)

43, 63, 73 MeV Louvain-la-Neuve data [19] (Figs. 14-20)
Alpha particle production 20-40 MeV Los Alamos data [20] (Figs. 14-20)

Gamma-ray production 60 MeV Los Alamos measurement [21], see Fig. 22
(n,n'3c) Antolkovic [24], see Fig. 28

(n,2n) See Fig. 29 :

Spallation data Harrison et al. [25] 75 MeV proton data, see Fig. 13
(p, zp) Bertrand and Peelle [22), see Fig. 21

Table I: Summary of experimental cross section data guiding this evaluation

Model calculations and evaluation:

¢ Perform optical mddel analyses for n, p, d, o projectiles and generate elastic and
inelastic (coupled-channels) scattering cross sections and particle transmission
coeflicients.

e Build a database of low-lying nuclear levels for all nuclides which can be pro-
duced, for use in Hauser-Feshbach and preequilibrium calculations.

e Perform level density analyses for all nuclides that can be populated, to match
continuously a continuum statistical level density description on to the experi-
mental low-lying levels.

¢ Perform preequilibrium reaction calculations using a variety of nuclear models
for comparison purposes: the exciton model (using GNASH); the hybrid model
(using ALICE); and the FKK theory (using FKK-GNASH). On the basis of
these calculations, and measured cross sections, evaluate the primary preequi-
librium spectra.

¢ Use the GNASH code to generate production cross sections based on primary

and multiple preequilibrium, and sequential equilibrium decays using Hauser-
Feshbach theory.

o Use the Kalbach systematics [29] to give inelastic angular distributions, and
transform the double-differential cross sections to the laboratory frame assuming
2-body kinematics.
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e Generate ENDL format cross section and average energy deposition library files.
Benchmarking and validation:

e Compare evaluations against all existing experimental measurements of cross
sections and kerma factors.

o Use graphical computational tools to visualize the (large amount of) evaluated
data.

2.2 Comparison With Previous Calculational Approaches

A number of previous papers have presented calculations of neutron reactions with
carbon above 20 MeV. Here we briefly discuss these works and compare the calcula-
tional methods used with our approach. Kerma factors resulting from these calculated
cross sections are described in detail in Sec. 6.7, where we compare them with our
calculated kerma factors, and with experimental measurements.

Calculations that have been performed can be classified into four categories: (1)
Intranuclear cascade calculations (INC) with either an evaporation or a Fermi break-
up description of compound nucleus decay (included here is work of Alsmiller and
Barish [30], Behrooz and Watt [31], Brenner and Prael [10], Morstin et al. [32], and
Wells [33]); (2) Preequilibrium model calculations with direct reactions and a Hauser-
Feshbach or Weisskopf-Ewing (evaporation) description of compound nucleus decay
(included here is the present work, and those of Dimbylow [34], Herling et al. [35]
and Young et al. [12]), and the various preliminary model calculations we described
in Ref. [5] ; (3) methods currently being implemented by Watanabe et al. [36] using
a Monte Carlo simulation code where decay branching ratios must be input and
adjusted to optimize agreement with experiments (similar to Antolkovic’s approach
[37]); and (4) extrapolations of evaluated nuclear data bases, originally containing
data up to 20 MeV (the work of Caswell et al. [38], and Axton [8}).

The INC methods in category (1) above have in many cases provided a useful
tool to analyze reactions above 20 MeV. While the physical assumptions made ir
these models do not hold well below 100 MeV, numerous analyses have shown that
they can provide a surprisingly good description of experimental measurements at
these energies. However, of the above-mentioned INC calculations, many were per-
formed prior to the UC-Davis experimental measurements, and it is only the (very
comprehensive) work by Brenner and Prael [10] which makes comparisons with exper-
imental charged-particle production cross sections and spectra. As we will describe
in more detail later, the Brenner and Prael calculations agree rather well with the
UC-Davis measurements when a direct pick-up contribution was added to their INC
predictions, though their total kerma for neutrons on carbon appears somewhat too
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low. They did not include elastic scattering or inelastic coupled-channels scattering to
low-lying collective states in their analyses, and did not present results for gamma-ray
production. '

Category (2) above includes calculations that use Hauser-Feshbach theory with
preequilibrium and direct reaction corrections, as used in this work. Dimbylow [34]
modeled neutron reactions on a range of biologically-important nuclei, for incident
energies to 60 MeV. An early version of the GNASH code was used, and the model cal-
culations were compared against the UC-Davis cross section and kerma measurements.
Even though details of the preequilibrium spectral shapes were often not described
well, the resulting kerma factors were modeled fairly accurately. The calculations
performed by Herling and Bassel [35] used similar techniques, though their results
compared poorly with measurements. More recently, Young et al. [12] performed
model calculations using the GNASH code for a range of target nuclei (including car-
bon and oxygen), for incident neutron and proton energies to 100 MeV. The GNASH
code was developed and benchmarked for modeling reactions up to 100 MeV. Our
work has made use of these developments, though further improvements (described
in this report) have been made since then. The scale of the Los Alamos project
prohibited large-scale comparisons with experimental production cross sections on
carbon and oxygen. Also, the energy depositions (kerma) from these libraries were
not described since their use was primarily for modeling the transported particles.

The method of Watanabe et al. [36], noted in (3) above, takes the neutron de-
tector simulation code SCINFUL and applies Monte Carlo techniques to determine
break-up cross sections. This approach uses experimental cross section measurements
as an input to determine the branching ratios for the various possible decay sequences.
Results from the analysis were presented at the 1994 conference on Nuclear Data for
Science and Technology at Gatlinburg. To date, calculated charged-particle produc-
tion cross sections and emission spectra for incident energies above 20 MeV have not
been reported. It will be easier to assess the usefulness of this method once such re-
sults are presented. The kerma factors reported agree well with those obtained from
the UC-Davis measurements [18], though they overpredict the direct total kerma
measurements of Schrewe [39]. _ _

The works in category (4) above (Caswell et al. [38] and Axton [8]) extended the
evaluated ENDF libraries beyond 20 MeV, using results from optical model analyses
to obtain the total, elastic, and nonelastic cross sections. But as the authors them-
selves attest, many of the partial nonelastic cross section extrapolations are not based
on either model calculations or experimental data and must be considered speculative.
The total kerma resulting from these calculations significantly overestimates measure-
ments in the 20-30 MeV range, and we therefore conclude that model calculations
provide a more accurate determination of cross sections and energy depositions here.
The recent report by Axton [8] detailing his evaluation up to 32 MeV is extremely
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comprehensive, and is a useful source of references to experimental measurements.
Later, in Sec. 7, we compare our evaluation against Axton’s work, which has been in-
corporated into the ENDF /B-V1 evaluation together with the work of Fu and Perey
below 20 MeV [9].

In addition to these works, a recent evaluation by Pearlstein [11] for neutrons
on carbon for energies up to 10 GeV has been included into the ENDF/B-VI “high-
energy” evaluated libraries. This evaluation is based mainly on the ENDF/B-VI
evaluation below 32 MeV, and uses the LAHET INC code with Fermi break-up to
generate the higher energy data.

It is worth addressing here a criticism that Brenner et al. [41] have made of
evaporation models for light nuclei. They argued that non-statistical features in
light-nuclei (such as the wide-spacing of levels which extends up to a relatively high
excitation energy) makes the use of statistical level density expressions in evaporation
models inappropriate. Instead, they use a Fermi break-up model which partitions the
break-up mechanisms according to phase space estimates. Qur present work uses
a Hauser-Feshbach equilibrium decay prescription in which low-lying nuclear levels
are specifically accounted for using modern nuclear level schemes including spins and
parities. As we describe in Sec. 3.5.2, a statistical level density expression is only
used when the nuclear excitation energy is sufficiently high for it to be valid (see,
for instance, Fig. 3). Therefore our approach does include a detailed description
of the nuclear structure specific to each nuclide, and is not subject to Brenner’s
criticism. The good agreement that we present in Sec. 6 between our calculations
and measured emission spectra supports the validity of our approach. In Ref. [5] we
presented some calculations using the ALICE code, which applies preequilibrium and
evaporation theories, and uses a statistical level density description at all energies.
These calculations often accounted for measurements well, and indicate that such
statistical descriptions often describe data more accurately than one might expect.

A recent international code intercomparison [42] organized by the Nuclear En-
ergy Agency (NEA) of the Organization for Economic Cooperation and Development
(OECD) assessed the accuracy of various codes that can be used for modeling nu-
clear reactions above 20 MeV. Participants calculated (p, zn) and (p, p) reactions on
lead and zirconium targets, for a range of incident energies between 25 MeV and 1
GeV, and the results were compared against experimental double-differential emission
spectra. This intercomparison concluded that the most accurate codes for describing
reactions below 250 MeV are GNASH, FKK-GNASH, and ALICE - the modeling
codes that we use in this work. This provides further confidence in the modeling
techniques that we use to generate the libraries.

Unlike many of the above works (with the exception of Brenner and Prael, and
Dimbylow) our work provides comprehensive comparisons with experimental emission
spectra and kerma factors. We also benefit from additional new measurements from
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Los Alamos and Louvain-la-Neuve with which we can benchmark our calculations.
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3 Nuclear Theory and Model Developments

3.1 Introduction

In this section we describe the nuclear reaction models used to describe the break-
up processes following the interaction of a fast neutron with a light nucleus. We
emphasize new developments that we have made for improved modeling of reactions
at energies up to 100 MeV.

The nuclear models initially incorporated into the GNASH code were developed
and optimized for analyses below 20 MeV. A recent program at Los Alamos [12]
extended the applicability of these models up to 100 MeV, concentrating upon exten-
sions of optical model analyses to higher energies, nuclear level densities for higher
excitation energies, and improved preequilibrium modeling with the semiclassical ex-
citon model. In recent years through a Livermore — Los Alamos collaboration, we have
further improved the GNASH high-energy modeling capabilities. Our development ef-
forts have centered upon the inclusion of multiple preequilibrium processes [43], a new
theory for including angular momentum effects in preequilibrium reactions [44] which
is important for correctly predicting discrete gamma-ray production cross sections,
and we have developed the quantum mechanical multistep theory of Feshbach, Ker-
man, and Koonin (FKK) [45] for use in nuclear data applications [16, 46, 47, 48, 49].

As a means of introducing the various nuclear reaction models we use, we show
in Fig. 1 our calculated angle-integrated neutron emission spectrum at 80 MeV. This
illustrative example shows the contributions from primary and multiple preequilib-
rium processes, as well as the total inclusive spectrum. For clarity we do not show
the elastic scattered neutrons. The impact of compound nucleus emission at lower
energies, and direct inelastic neutron scattering at high energies on the total inclusive
spectrum is also clear. This spectrum is not, in fact, part of our evaluated library
since the library cross sections are all in the laboratory frame of reference. The results
in Fig 1 come from our GNASH calculation, in the channel energy frame (the center
of mass kinetic energy of ejectile plus residual nucleus), before it is transformed into
the lab.

We note some features of the various contributing reaction mechanisms seen in
Fig 1. At the highest emission energies, the importance of neutron inelastic scattering
to the 2+ (4.4 MeV) and 3- (9.6 MeV) is evident, and we describe in Sec. 3.2 how
we calculate these cross sections using a coupled-channel optical model. The long
hard tail in the neutron spectrum is due mainly to primary preequilibrium emission.
described in Sec. 3.3, though multiple preequilibrium emission, described in Sec. 3.4.
also results in a significant amount of high-energy ejectiles. At low energies, the
large increase in the spectrum comes from evaporation (compound nucleus) processes.
modeled using the Hauser-Feshbach theory (see Sec. 3.5. The structure seen at the
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contributions from primary and multiple preequilibrium emission. Direct scattering
to the 2+ (4.4 MeV) and 3- (9.6 MeV) states are particularly evident.

lowest and highest energies is a direct consequence of our use of experimental nuclear

level information. The peak seen in the emission energy bin at 1 MeV comes mainly

from the decay of nuclei in low-lying states by equilibrium neutron emission, with

much of the contribution coming from the °Be* — 2a + n reaction.




14 | Nuclear Theory and Model Developments

3.2 Optical Models for Elastic and Inelastic Scattering

Elastic scattering of neutrons on target nuclei results in high-energy neutrons with
strongly forward-peaked angular distributions, and a moving recoil nucleus. An accu-
rate description of these processes is important for two reasons: (1) the recoil nucleus
deposits its kinetic energy within a short range and contributes to tke kerma; and
(2) the high-energy neutrons must be tracked in Monte Carlo transport simulations
to account for their future interactions with matter. We determine elastic scatter-
ing cross sections using optical model analyses, which are also needed for generating
transmission coefficients, inverse cross sections, and wavefunctions in the equilibrium
and preequilibrium calculations.

Kinematical considerations show [50] that the fraction of the total incident energy
converted to kinetic energy of the recoil is inversely proportional to the target nu-
cleus mass, and decreases with increasing forward-peaking of the angular distribution.
Since tissue materials are composed of predominantly light nuclei, the importance of
elastic recoil kerma to the total energy deposition is significant. In carbon at an inci-
dent energy of 20 MeV it accounts for approximately 15 % of the total kerma. As the
incident energy increases, the increasing forward peaking of elastic scattering results
in a decreasing elastic recoil kerma. Since the recoil kerma factor is quite sensitive
to the elastic angular distributions, it is important to use an optical potential that
accurately describes these distributions.

We have implemented the coupled-channel optical potential similar to that devel-
oped by Meigooni et al. for neutrons with energies above 20 MeV [51]. This deformed
potential couples the 0%, 2t (4.4 MeV), 47 (14.1 MeV), and 3™ (9.6 MeV) states in
12C, using an external form-factor input in the ECIS79 code [14]. A rotation-vibration
model is assumed for the coupling interaction [51], and we use relativistic kinemat-
ics. Below 20 MeV we use a spherical optical model which has been optimized to fit
reaction cross section data, which is important for obtaining accurate transmission
coeflicients for our Hauser-Feshbach calculations. From 10-20 MeV we use the Los
Alamos spherical potential *2C [52], and from 10-20 MeV we use the spherical po-
tential developed by Dimbylow [53]. The transition energies between these different
potentials were chosen to result in a reaction cross section than changes continuously.

In addition to neutrons, optical potentials are also needed for the other ejectiles
for calculating transmission coeflicients for their decay. Proton potentials were ob-
tained from the neutron potentials using the Lane model isospin transformation [54]},
namely (N — Z)/A - —(N — Z)/A, with a Coulomb correction to the real central
potential of 0.4Z/A/3. Potentials for deuterons and alphas up to high energies were
obtained using the method of Watanabe, as implemented by Madland [55]. This
work modifies the Perey proton potential [56] to produce composite-particle poten-
tials using simple physical arguments about the dependence of the potential upon the
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number of constituent nucleons.
Comparisons of these optical potential predictions with measured total, reaction,
and elastic scattering cross sections are shown in Sec. 6.1.

12C+n coupled-channel potential for E > 20 MeV

Potential Well-Depth Geometry
W(E) 50.78 — 0.34F rv = 1.22, ay = 0.478 4+ 0.0043F
Wy (E) | 1551 = 2/(1 + exp((E — 20)/25))] v = 1.92,av = 0.478 + 0.0043F
exp(0.094E) (20 < E < 21MeV) rp =1.25,ap = 0.27
Wp(E) | 10.29—-0.145F (21 < E <71 MeV) rp = 1.25,ap = 0.27
0 (E>T71MeV) rp =1.25,ap = 0.27

Vio = 6.20,7r5, = 1.05,a,, = 0.55;8; = —0.61, 5, = 0.05
12C4n spherical potential (Dimbylow, 1980) for 10 < £ < 20 MeV
Vo (B) (10.35E — 1432.5)/30 v =1.23,ay = 06
Wo(E) —(03E % 195)/30 = 192,a,= 1.2
Vso. = 701 rso. =123,a5, = 0.6

12C+n spherical potential (Young ef al., 1990) for £ < 10 MeV

W (E) 49— 0.2F + 0.00008E2 rv = 1.35,ay = 0.6
We (E) —2.7+ 0.135F 7v = 1.35,ay = 0.7
Wo(E) 25+ 0.195E v = 1.96,ay = 0.45

Vso. =7.0,750. = 1.3,a,, = 0.66

Table II: Optical model parameters for neutrons on carbon. All potential parameters
are given in units of fm, and MeV. Subscripts “V” and “D” denote Wood-Saxon
and derivative Wood-Saxon shapes, respectively, and the subscript “g” used in the
Dimbylow potential denotes a surface Gaussian form factor. The coupled channel
potential above 20 MeV uses externally-inputted form-factors to couple the rotational-

vibrational interactions [51].

3.3 Preequilibrium Reaction Developments
3.3.1 Introduction

Preequilibrium reactions occur when the projectile neutron interacts with the target
nucleus in one or more scatterings, often ejecting a particle with a relatively high
energy. The experimental measurements of charged-particle producing neutron reac-
tions between 20 and 70 MeV from UC Davis, Louvain-le-Neuve, and Los Alamos,
clearly show the importance of preequilibrium emission. In addition to nucleons,
preequilibrium cluster particles (particularly deuterons, and alphas) are prevalent.
An accurate description of preequilibrium spectra is essential for determining the en-
ergy deposition and the kerma. In this section we describe new model developments
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which we have made to enable the calculation and evaluation of preequilibrium pro-
cesses for energies up to 100 MeV.

We have performed model calculations using three different preequilibrium theo-
ries for comparison purposes (see Ref. [5]: the semiclassical hybrid model (as imple-
mented in the ALICE code); the semiclassical exciton model (in the GNASH code);
and the quantum mechanical theory of Feshbach, Kerman, and Koonin (FKK) (in
the FKK-GNASH code). We describe these calculations below, and how on the basis
of model calculations and experimental measurements we have evaluated the primary
preequilibrium spectra (i.e. processes resulting from the first-emitted preequilibrium
particle).

3.3.2 The Feshbach-Kerman-Koonin Theory

The FKK theory [45] has been widely implemented in nuclear reaction calculations
over the last decade, and we have undertaken a program to apply this theory for
nuclear data evaluation work for incident energies up to 200 MeV [46, 47, 48, 5].
This has entailed developing a system of preequilibrium FKK codes, which deter-
mine multistep direct (MSD) and multistep compound (MSC) processes, that can be
used in the FKK-GNASH code to perform fully quantum-mechanical nuclear reaction
calculations.

The FKK multistep direct mechanism is based on an extension of DWBA calcula-
tions for particle-hole creation into the continuum region, and describes the forward-

peaked contribution to preequilibrium spectra. The 1-step MSD cross section is given
by

dza(E,Q — Eo, Qo) . (2J + 1) i 1
dQdE 1step G721+ 1)(20 4+ 1) £, (257 +1)
I+S¢  Jis do(E,Q «— Ey,Qq)DwBa
x XS ptipn (B C BndairEn )

S=|I-S;|i=]J-S$|

p(1p,1h,U, 1) is the density of 1plh states with energy U and angular momen-
tum [. The density of states for a p-particle A-hole system can be partitioned
into the energy-dependent density multiplied by a spin distribution, p(p, h, E,l) =
w(p, h, E) R,(l). We use the finite well depth restricted Williams [57] expression,

n h

h : . el . :
wip, h, E) = mi (j>(—1)’(E — Apr — j€r)" T O(E — Apr — Jer), (2)

i=0

where n = p + h, and we take the single particle spacing as ¢ = A/13. The Pauli-
blocking factor is Apn = [p? + k% + p — 3h]/4g and ¢f is the Fermi energy which we
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take as 40 MeV. The O-function is unity if its argument is greater than zero, and zero
otherwise. A Gaussian angular momentum distribution is assumed,

Rn(l)% 241 [_M]

22703 202

with the Gruppelaar/Facchini recommended spin cut-off, o2 = 0.24n A%/ [58].

DWBA
<[ﬂlmT’_QEP-’gﬂ]l > is the average of DWBA cross sections exciting 1plh states

of energy U consistent with angular momentum and parity conservation. The 1plh
states are obtained from a spherical Nilsson model. We calculate the DWBA form
factors for the various transitions with DWUCK4 [59] using a Yukawa potential of
range 1 fm, and strength V5.

Multistep contributions are obtained by convoluting 1-step cross sections since
on-shell and random matrix element approximations are made,

3)

dQJ(N)(E,Q — Eo,Qo) _
dQdE 47r2h2

[ s [ dBn-1 By

y Lo (E,Q — Ey_y,On-1) @™ En_i,Un_1 — Eo, Q) (4)
dQdE dQn_1dENn_; ’

The MSC mechanism is important for incident energies up to about 30 MeV, and
below this energy we developed a model for linking the MSC and MSD processes [16],
which we found to be necessary for obtaining the correct magnitude of preequilibrium
emission.

In order to assess the applicability of the FKK theory for modeling nucleon-
induced reactions, we have analyzed experimental emission spectra and angular dis-
tributions for a range of reactions which include: 235, 45, 80 and 160 MeV (p,zn)
and (p, zp) reactions on *°Zr and *°®Pb [43, 48, 60]; 14, 20, and 26 MeV (n,zn) and
(n,zp) reactions on **Nb [16]; 14 MeV (n,zn) reactions on "PHf [44]; and a range
of proton and neutron induced reactions on medium-mass target nuclei for energies
up to 26 MeV [61]. These FKK-GNASH analyses showed that the FKK theory is
able to describe measured spectra well in most cases. There is a tendency, however,
to underpredict backward-angle cross sections at the higher incident energies [43],
and for this reason in this evaluation work we apply the Kalbach-systematics [29] for
describing the angular variations of the emission spectra. These analyses also enabled
us to determine the systematical variation of the residual interaction strength, which
is a parameter in the theory.

To implement the FKK theory for preequilibrium calculations of reactions on light
nuclei, some modifications were made to our codes: (1) the number of partial waves
used in the calculations was reduced to 6, since the small nuclear size results in fewer
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angular momentum states being important; (2) the wide-spacing of the single-particle
levels required us to increase the energy-averaging width in the MSD calculations to
obtain results which varied smoothly with emission energy. Physically this can be
justified on the basis of the finite widths of the states, and the fact that nuclear
deformations result in a splitting of degenerate spherical states and a reduction of the
single-particle spacings.

In Fig. 2 we show the variation of the nucleon-nucleon effective interaction strength
with incident energy that we obtain. The systematic difference between this param-
eter for (n,n’) and (n,p) reactions is due to the fact that our calculations use a
1-component formalism, so that differences in accessible state densities, as well as
differences in the n-n and n-p interaction strengths, are absorbed into the extracted
residual-interaction strength parameter, which must be considered “effective”. The
variation with energy seen in Fig. 2 is similar to that found in our analyses [16, 43]
of other preequilibrium reactions, and the values shown are consistent with the mass-
dependence noted by Demetriou, Kanjanarat, and Hodgson, in Ref. [62].

100 I T T I
Effective interaction strength
80L n+12C |
— Vo(n.n')
-== Vg(n.p)

Vo (MeV)

O i ] 1 1

20 30 40 50 60 70
Neutron energy {(MeV)
Figure 2: Variation of the nucleon-nucleon residual interaction strength with incident

energy.

3.3.3 The Exciton Model

The semiclassical exciton model, as formulated by Kalbach, has been applied exten-
sively in GNASH calculations for incident energies up to 200 MeV [63, 64, 65]. Full
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details of the formalism can be found in Ref. [3]. Here, we describe a recent modifica-
tion to the preequilibrium calculations which allows for a more accurate description
of angular momentum effects.

The spin distribution of residual nuclei following preequilibrium reactions im-
pacts upon observables which are sensitive to angular momentum effects, such as
the relative production of discrete gamma ray in the residual nuclei. We have im-
proved the preequilibrium calculations in the GNASH code by developing new theories
for determining these distributions, for both the FKK and the exciton models [44].
These model developments were tested by analyzing LAMPF/WNR measurements
of (n,zn<) reactions for incident energies up to 200 MeV [64] and isomer production
in 14 MeV neutron reactions [44].

We showed in Ref. [44] how the exciton model spin dependence of residual nuclei
can be obtained from the quantum mechanical FKK MSD results in Egs. (1,4)
by (a) Replacing the [-dependent DWBA matrix elements by /-independent global
energy averaged values (ultimately obtained by detailed balance); (b) Assuming an
energy-angle factorization of the DWBA matrix elements; and (c) Realizing that the
resulting convolution of 1plh densities yield NpNh densities. This gives an exciton
model spin distribution of residual nuclei from a preequilibrium stage N, Py(J),

@7+1) & 1 -
Pu(J) = I+ 1)(2i+1) 2 (257 +1) S=>: 2 BaD), ®)

85=0 lI~Sf|l=lJ—SI

where n = p+ h = 2N and the notation follows that of Eq. (1), and ; Py(J)=1. If
the FKK assumption of zero spins is made, this reduces to Py(J) = (2J + 1) R.(J).
But using exact spins, and in particular coupling in the target spin, results in a spin
distribution boosted to higher spins than obtained with the zero-spin approximation.

3.3.4 The Hybrid Model

The hybrid model for preequilibrium reactions, as implemented in the ALICE code
[4], has been used in many different analyses of nuclear reactions for incident energies
up to 250 MeV. Some recent calculations are described in Ref. [5] where we presented
results for neutron reactions on biologically-important elements.

In order to optimize the model calculations for reactions on biologically impor-
tant elements, we have made a number of modifications to the ALICE code: (1)
Rather than use internally-calculated inverse cross sections, we read in pre-calculated
inverse cross sections for all residual nuclei based on the optical model calculations
described in Sec. 3.2; (2) Pre-calculated nuclear level densities are also read in, based
on a Gilbert-Cameron model with the level density parameters determined so that the
continuum description matches the density of observed low-lying levels, for all resid-
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ual nuclei; (3) We included a phenomenological model for describing preequilibrium
deuteron emission, which cannot be neglected for these reactions.

We have also developed a version of ALICE which calculates recoil energies
of the residual nuclei, which can be used for determining nonelastic recoil kerma.
Even though the evaluated libraries described in this report were generated with
the GNASH code, and nonelastic recoil kerma determined with the energy-balance
method described in Sec. 4, the ALICE recoil calculations were very useful for bench-
marking these calculations.

3.3.5 Evaluation of Primary Preequilibrium Spectra

We described our preequilibrium model calculations of reactions on biological nuclei
in Ref. [5], where we compared results based on the above three models with ex-
perimental measurements. The various calculations gave rather similar results, and
described the measurements fairly well. Preequilibrium alpha emission, which we
calculated with the cluster model of Kalbach [3, 66], also described measurements
well. We found that preequilibrium deuteron emission was the hardest mechanism
to describe accurately: the cluster model of Kalbach gave a reasonably accurate in-
tegrated deuteron cross section and average energy, but in some cases the spectral
shape deviated from the measurements.

For the present work we have evaluated the primary preequilibrium particle emis-
sion spectra using the above model calculations, modified to better agree with mea-
surements in certain cases. We achieved this by modifying the GNASH code so that
pre-evaluated primary preequilibrium spectra for n, p, d, and « particles can be read
from an input tape. We have not relied solely on results from model calculations
since an accurate description of the fast particle emissions is critical for correctly de-
termining dose deposition, and our comparisons with measurements, particularly for
deuteron emission, show that the model’s accuracy can be limited. When evaluating
the preequilibrium spectra we considered:

o Experimental measurements of the emission spectra, where they exist.

e Results obtained from model calculations, using both the FKK, hybrid, and
exciton models [5].

¢ Constraints arising from flux conservation (unitarity) [43].

e Systematics first reported by Kalend et al. [67] indicating that preequilibrium
(p, zp) differential spectra are about twice as high as (p, zn) (due to a factor of 2
in the accessible phase space). From these systematics we can infer that (n,zn)
differential spectra should be about twice those for (n, zp) in the preequilibrium
regime.
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Since experimental emission spectra are comprised of processes arising from a
number of reaction mechanisms: primary preequilibrium; multiple preequilibrium;
and compound nucleus decay; our evaluation of the primary component was optimized
by an iterative calculational procedure. As well as providing a basis for many of the
preequilibrium spectra evaluations, the model calculations enable interpolations and
extrapolations to energies where measurements do not exist.

3.4 Multiple Preequilibrium Emission

Contributions from multiple preequilibrium emission (MPE) processes (where more
than one particle is emitted through a preequilibrium mechanism) become important
for incident energies above 50 MeV. The GNASH code has been benchmarked against
experimental measurements for incident energies up to 200 MeV, and the importance
of multiple preequ‘ilibrium emission has been demonstrated. When modeling the
LAMPF/WNR 2%Pb(n, zn~y) measurements for incident neutrons up to 200 MeV [64],
we showed that MPE has a dramatic impact on excitation functions of the residual
nuclei that are produced. Also, our calculations for the NEA intermediate-energy code
intercomparison for proton reactions on *Zr and 2%8Pb [42, 43, 60, 65], for incident
energies up to 160 MeV, showed the importance of multiple preequilibrium emission
for describing inclusive emission spectra while simultaneously satisfying unitarity.

We use the generalized MPE theory which we presented in Ref. [43] to determine
nucleon MPE. The angle-integrated spectrum of multiple preequilibrium emission is
then given as a sum of contributions from each preequilibrium stage N (where p=h=N
before emission),

domul’ _ [ do™ [(1p,0, B+ Blo(p = LU= E = B) pi] 1oy gy
dE 5 Ju=p+p dU p w(p, b, U) N

(6)
where F is the emission energy, i labels the type of primary-emitted particle [ = pro-
ton, v = neutron), and j labels the multiple preequilibrium particle type. doW™+)/dU
is the differential cross section of p-h states after primary preequilibrium emission
of a nucleon of type ¢ from stage N as a function of residual nucleus energy. The
transmission coefficient T;(E) is the probability that the continuum particle j escapes
with an energy F, and we take this from a Gamov penetrability factor. The quantity
in the square brackets represents the probability of finding a particle j at an energy
(E + B) inside a p-h exciton configuration of energy U, based on the equiprobability
assumption. Rj/ accounts for neutron-proton distinguishability and is the probabil-
ity of finding a nucleon of type 7 in the exciton class N after primary emission of
type 2. Since we consider only one emission in the multiple preequilibrium process,
these numbers yield unity when summed over j for a given ¢, N. Blann’s method
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(Egs. (9,10) of Ref. [68]) is used to determine these values, using a ratio of the n-p to
n-n or p-p cross sections of 3:1.

For incident neutron energies above 50 MeV we found that MPE is essential for
reproducing the magnitude of preequilibrium spectra, while conserving the reaction
flux. When modeling reactions on carbon at the higher energies, the MPE mechanism
is also important for correctly describing the magnitude of alpha emission: nucleon
MPE processes suppress the cross section for the 3« break-up process and prevent an
overprediction of alpha production.

3.5 Equilibrium Emission
3.5.1 Hauser-Feshbach Theory

The GNASH code uses Hauser-Feshbach theory to calculate equilibrium emission of
particles and gamma rays, conserving angular momentum and parity in an open-
ended sequence of decay chains. As the incident energy increases, the number of
different reaction pathways increases and it becomes impractical to consider all decay
possibilities. Furthermore, since many of the decay sequences contain a negligibly
small amount of cross section, it is unnecessary to explicitly calculate them; instead,
we performed trial calculations to determine the most important reaction pathways
and ignore paths that contain < 1 mb of cross section. We explicitly model the decay
of carbon isotopes ranging from *3C to °C, boron isotopes from ?B to B, beryllium
isotopes from 'Be to “Be, lithium isotopes from ®Li to 3Li, and helium isotopes from
"He to 5He. We included gamma, neutron, proton, deuteron, and alpha particle decay
channels. Experimental measurements of ¢ and *He emission {17, 19] show them to
be very small decay processes.

Our treatment of equilibrium emission differs from that of Brenner and Prael [17,
10}, who used a Fermi break-up model. That approach partitions the decay fragments
statistically according to their phase-space probability and allows for three-body (and
higher order) fragmentation mechanisms. In contrast, our Hauser-Feshbach calcula-
tions describe the fragmentation process in terms of sequential two-body compound-
nucleus decays. For instance, one of the important 2C(n, n’3c) break-up mechanisms
is modeled in our calculations firstly as an inelastic neutron scattering, followed by
alpha emission, followed by the break-up of the beryllium residual nucleus into two
alpha particles. ' As will be shown in Sec. 6, it is clear that our Hauser-Feshbach
calculations describe experimental measurements well. Use of the Hauser-Feshbach
theory also has the advantage (like the Fermi break-up method) of incorporating non-
statistical nuclear structure effects on the emission spectra, due to the wide-spacing

1The example here describes just one of the decay sequences that can result in 3« production.
We do include all the other possible 3a break-up mechanisms.
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of low-lying discrete levels.

In order for the GNASH code to be able to correctly describe the sequential decay
processes in light nuclei, a number of modifications were made to the code. GNASH
determines the emission spectra of the light A < 4 ejectiles, but in the decay schemes
of light nuclei the “residual” nucleus must also be added into the ejectile spectra if its
mass is < 4. An example is the decay of °Li— o + n, where both tha alpha particle
and the neutron must be added into the ejectile spectra.

3.5.2 Level densities and discrete levels

We determine nuclear level densities within the GNASH code using the Ignatyuk
model [69], as implemented by Arthur et al. [12]. This model uses a Gilbert-Cameron
type level density expression (constant temperature plus Fermi-gas), but unlike the
original Gilbert-Cameron model it includes an energy-dependent Fermi-gas level den-
sity parameter. This allows for the physically-expected behavior of a washing out
of shell effects with increasing excitation energy, and enables level densities to be
determined with increased accuracy in these high-energy calculations. The energy-
dependent Fermi-gas parameter is given by

a(U) = all + (1 — exp(—yU)sW /U] G

where « is the asymptotic value at high energies given by o/A = 5 + BA, with
n = 0.1375 and B = —8.36 x 10~° as obtained by Arthur [12] in a fit to resonance
s-wave data, and 4 = 0.054. Shell effects are included in the term é6W which is
determined from the difference between the experimental {Wapstras 1988 compilation
[70]) and liquid-drop expression results. Pairing energies were obtained from the Cook
systematics with the Los Alamos extensions to light nuclei from Ref. [52].

The above continuum level density formulation is matched continuously onto
discrete low-lying levels at the lower excitation energies. Experimental discrete level
information is specified up to an excitation energy below which the experimental
measurements were judged complete. Discrete level information (energy, spin, parity,
gamma-ray branching ratios) is tabulated for each nuclide in a GNASH input tape,
which is based on a number of different sources including the Livermore file [71],
the ENSDF file, and the Ajzenberg-Selove compilations [72]. For each nucleus we
performed a level-density analysis and determined the excitation energy below which
we judged the level data complete. Table III below lists the number of discrete levels
used, and the matching energy, for the residual nuclides that can be produced (many
of which are unstable). As an example of our results, in Figs. 3 and 4 we show the
experimental cumulative number of levels matched on to our continuum statistical
description, for 12C and ?B respectively.
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Nucleus identification | Number of low-lying  Excitation energy for
(1000Z+A) levels included matching to continuum
6013 10 9.190
6012 8 12.162
6011 12 8.724
6010 5 7.180
6009 2 3.330
5012 14 6.138
5011 22 12.057
5010 25 8.895
5009 4 3.005
5008 3 3.090
4011 7 3.990
4010 10 9.465
4009 6 5.531
4008 14 20.250
4007 6 10.300
4006 2 2.505
3010 1 0.000
3009 5 6.955
3008 8 7.385
3007 8 9.940
3006 6 5.792
3005 1 0.000
3004 3 4.100
2009 1 0.000
2008 i 0.000
2007 1 0.000
2006 4 16.450
2005 2 6.000

Table I1I: For the various nuclides that can be produced we list the number of low-lying
discrete levels included in our calculations, along with the matching excitation energy
(in MeV) above which we used the Ignatyuk continuum level density description.
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3.5.3 Gamma-Ray Strength Functions

Gamma-ray transmission coefficients were obtained from the generalized Lorentzian
model of Kopecky and Uhl [73]. This model modifies the Brink hypothesis [74] by
including an energy-dependent giant resonance width from Fermi-liquid theory. The
giant resonance formulation of Kopecky and Uhl was used for E1, E2 and M1 radia-
tion.

Even though photonuclear data on light elements shows strong nuclear structure
effects, we obtained Lorentzian parameters approximating the ground-state absorp-
tion for use in the above model. Since the photoproton cross section on 2C is large
(and exceeds the photoneutron cross section), the Dietrich and Berman compilations
of photoneutron data cannot be used to obtain the total photoabsorption cross sec-
tion. Instead, these cross sections were taken from the Fuller evaluation [75], which
is based upon absorption measurements by Ahrens et al. [76].

Our calculated photon production spectra are comprised of both discrete gamma-
ray lines from gamma-decays in the residual nuclei, and a statistical continuum con-
tribution from competition with particle decay at higher excitation energies. We
assume that the gamma rays are emitted isotropically.

3.6 Continuum angular distributions

The angle-energy correlation of emitted particles is obtained by applying the phe-
nomenological systematics of Kalbach [29]. In the absence of an underlying theo-
retical description of the systematical properties of continuum angular distributions,
Kalbach developed phenomenological parameterizations by analyzing over 900 data
sets of nucleon- and alpha-induced reactions, for incident energies up to 600 MeV.
Since these systematics generally describe measurements well, apply to many differ-
ent projectile/ejectile types, and are computationally straightforward to apply, they
have been widely used with considerable success in nuclear data evaluation work.
They apply a forward-peaked angular distribution to the preequilibrium contribution
and a symmetric-about-90° contribution to the equilibrium contribution. As Kalbach
points out, the success of her parameterization rests upon the basic functional form
of an exponential in cos § to describe the forward peaking.

Recently we have developed a theoretical model of preequilibrium angular dis-
tributions which provides a physical basis for the Kalbach systematics [77]. Using
state densities with linear momentum and explicitly conserving momentum in the
preequilibrium cascade we showed that preequilibrium angular distributions have the
functional form of the Kalbach-systematics. The cos § dependence comes from the co-
sine formula in the vector addition of momenta and the exponential dependence comes
from the Gaussian distribution of momentum states (related to the Gaussian angular
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momentum dependence). Furthermore, our work provides a straightforward theo-
retical expression for the a-parameter which governs the extent of forward-peaking
that Kalbach obtained from systematics, and includes angle-energy correlations for
all orders of scattering. Our work does not supersede that of Kalbach - while it has
been successfully applied to nucleon reaction angular distributions up to 100 MeV,
more research is needed for a description of alpha and deuteron reactions. Rather,
our work provides a physical basis for Kalbach’s systematics and provides further
confidence in their validity.
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4 Methods for Calculating KERMA

4.1 Introduction

It is essential that the libraries accurately describe the kerma (kinetic energy given
to charged particles) if they are to be successfully used in transport calculations of
absorbed dose. Indeed, an important aspect to the validation of the libraries is that
they should be consistent with measured kerma values. In this section we describe the
methods we use to obtain the partial kerma factors for the light particles, as well as the
elastic and nonelastic recoils. We discuss in detail a method, first reported by Romero
et al. [78], that we have implemented for determining the nonelastic recoil kerma.
The ENDL libraries tabulate individually the average kinetic energy depositions to
the light (A < 4) particles. They also tabulate the sum of kinetic energies given to
the nonelastic recoil products. The various heavy nuclide cross sections and energies
are not individually represented in the libraries since their small range allows us to
assume a local energy deposition.

The partial kerma factor for a certain secondary charged-particle type is obtained
from the product of the cross section (in b) and the average energy (in MeV), in units
of b.MeV/atom. To convert to the SI unit of Gy.m? (where 1 Gray (Gy) = 1J/1Kg)
we multiply by 0.804044 x107'°, which is the product of three factors: the number
of atoms per kg of 2C (6.0221367 / 12) x 10%; J/MeV (1.60217733 x10~'3); and
m?/b (10~%).

4.2 Kerma to Light (A <4) Ejectiles

Obtaining average energy depositions for the light particles from our GNASH calcu-
lations is a straightforward matter. GNASH calculates emission spectra of the light
particles in the channel energy frame (the total kinetic energy. of the ejectile plus
residual nuclide in the center-of-mass frame). By assuming two-body kinematics,
and using channel-energy angular distributions from the Kalbach systematics, these
spectra are transformed into the laboratory frame and average laboratory energy de-
positions are obtained. The assumption of two-body kinematics is clearly not valid
for the lower emission energies, where many sequential decays contribute, though we
expect the errors introduced by using this assumption to be small. When the pro-
duction cross section o; of the :*™ ejectile type is measured in barns, and the average
emission energy E' is measured in MeV, the partial kerma for a carbon target is
given by 0.8040;E:,, in units of f Gy m? (where 1 fento, 1f =10715).

av?
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4.3 Kerma to Elastic Recoils

The kerma given to 2C recoils in elastic scattering is significant, especially at the
lower energies. For instance at 20 MeV, according to our evaluations it amounts to
about 15% of the total kerma, but drops to only about 2% at 100 MeV. Our libraries
tabulate elastic scattering cross sections in the center-of-mass frame. and from these
the average energies given to the emitted neutron and the 12C recoil in the laboratory
frame can be determined. The accuracy of this calculation rests upon the accuracy of
the evaluated elastic angular distributions, and since our optical model calculations
generally describe the measurements very well, we are fairly confident of the accuracy
of our results. We use relativistic two-body kinematics to determine these average
energies and kerma factors. However, our results agree closeley those obtained using
a simple non-relativistic expression noted by Bach and Caswell {50],

2AERS
lab __ inc —
EY = ———-(A n 1)2(1 cos0cm.), (8)
where E'% is the average energy of the recoil, the target mass A is 12 here, E!%® is the
incident neutron energy, and the average is performed over the center-of-mass elastic

angular distribution.

4.4 Kerma to Heavy (A >4) Non-Elastic Recoils

It is a more difficult task to obtain energy depositions to the nonelastic recoils. This
is because the GNASH code normally provides only the production cross sections
of the recoils, and not their kinetic energies. It does this because fluxes for different
reaction pathways leading to the same recoil nuclide are summed together, to simplify
the computations, before possible decays of that recoil are considered. For this reason,
details of the various recoil kinetic energies are lost. While there does exist a version
of GNASH (run with an auxiliary code RECOIL [79]) which follows all heavy recoil
decays in a fully exclusive manner and calculates recoil energies, this code becomes
impractical to use for energies much above 20 MeV where many break-up channels
open up. ‘

Since we do not need the kinetic energies given to individual recoils, but only
the total kinetic energy given to them, we can apply energy and baryon conservation
to determine this quantity [78]. Knowing the incident projectile energy, the energies
of the light ejectiles, and the production cross sections of the products, energy-mass
conservation will determine the nonelastic recoil kinetic energies. In inclusive reaction
analyses the total Kerma factor K is given by

1
N

K= Z o B + ZO';EEW +ouky (9)

i<4 i>4
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where o0; is the inclusive production cross section of the ith particle type, with average
kinetic energy E?*. The constant N is the number of nuclei of the element per gram,
and for a kerma factor defined in units 107*® Grays m?, with o; in barns and E% in
MeV units, N=0.804 for carbon. In Eq. (9) we partition the kerma into contributions
from light particles (¢: < 4), nonelastic recoils (z > 4), and elastic scattering recoils
o B’ . Baryon number conservation implies that

ZA(i)Ui = (1 + Aue)or, (10)

where A(Z) is the mass number of the ith product, A,y is the atomic weight of the

target, and og is the reaction cross section. Eq. (10) is particularly useful for analyses

based on inclusive-reaction emission spectra, and can be considered to be analogous

to the exclusive-reaction flux conservation requirement that the sum of partial cross

sections should add to the total reaction cross section. Energy conservation for a
projectile with lab energy E;,. and mass m,,. implies that

> 0B + mic®) + 04 EX = (Eine + Minc€® + mygic)or, (11)

where m; is the mass of the ith product nuclide, and o., and EZ* are the production
cross section and average energy of the gamma rays. Since m; = A(:) + Am;, where
Am; is the mass excess, Egs. (10,11) can be combined to give an energy sum rule

> (B + Amy)o; + oy B3 = OR(Einc + Amine + Amyg,). (12)

Solving this equation for the nonelastic recoil kerma yields
~]1\7Ki>4 = Z o; B = aR(Einc—{-Am,-nc—&—Amtgt)—aﬁ,Ef,”—Z(Ef"-}—Ami)a,-——z Am;o;
1>4 : <4 >4

(13)
All the quantities on the right hand side of this equation can be obtained from our
GNASH calculations, allowing nonelastic recoil kerma to be deduced. When Romero
et al. [78] used this type of analysis to estimate non-elastic recoil kerma, they had
to make assumptions about the neutron and gamma emission channels which were
not measured in their experiment. But since our model calculations provide a full
description of these channels our implementation of this method does not suffer from
any such uncertainties. We have checked that our calculations are consistent with
flux conservation defined in Eq. (10) - differences of only a few percent are seen
due to our neglecting some of the decay pathways of minimal importance to make
the computations tractable. When implementing Eq. {(13) we correct for these small
differences to prevent small errors in calculated product masses being converted into
large recoil kinetic energies.
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The above method provides useful information on the kinetic energies of the
nonelastic recoils. It is, however, possible that inaccuracies in other parts of the model
calculations would introduce errors into the inferred nonelastic recoils, and for this
reason we have evaluated the nonelastic recoil kerma based on information obtained
from other model calculations in addition to results from this energy balance method.
Specifically, we have developed a version of the ALICE code which calculates recoil
kerma factors, and there are also Brenner and Prael values published in Romero’s
article [78]. From these results we have evaluated the nonelastic kerma values that
are shown in Table IX.
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5 New ENDL formats for high-energy data

We have developed a new Livermore ENDL format suitable for representing higher-
energy nuclear data. This format represents the double-differential inclusive emission
spectra of the light (A < 4) ejectiles, and the average kinetic energies given to these
light ejectiles as well as the heavy (A > 4) recoils, in the laboratory frame of refer-
ence. This format differs from the usual procedure in evaluated data files below 20
MeV where each exclusive reaction is described separately. At higher energies the
number of such break-up possibilities increases rapidly, and it becomes impractical
to tabulate them all separately. Moreover, many applications (including dose deposi-
tion calculations in radiotherapy for which these libraries are designed) do not need
exclusive reaction information.

We do not specifically tabulate cross section information for the production of
heavy (A > 4) recoil nuclides since their very short range allows us to assume a local
energy deposition. Instead we represent the average kinetic energy per interaction
(i-e. the product of the multiplicity and the average energy) deposited by these recoil
nuclei. This quantity is obtained directly from our calculated nonelastic recoil kerma,
as described below and in Sec. 6.7. :

The double-differential emission spectra of the light ejectiles are fully angle-energy
correlated. This means that for each emission angle we tabulate a separate emission
energy spectrum, accounting for the fact that angular distributions at different emis-
sion energies often differ from each other significantly. For instance, angular distribu-
tions at low emission energies often show only a small amount of forward-peaking in
the laboratory frame, but at high emission energies the importance of preequilibrium
and direct reactions results in strongly forward-peaked angular distributions. Below
we describe the various ENDL files that we use to describe this information, for a
given incident energy.

Production cross section files for light ejeciles:-
i0 file the reaction cross section (in barns)

i1 file the (lab) angular distribution for all emission energies added together as a
function of the cosine of the emission angle, normalized to unity, for ejectile

type 2

i3 file the (lab) emission spectrum for each of the above angles, normalized to unity,
for ejectile type ¢

19 file the multiplicity for production, defined as the ratio of the production cross
section to the reaction cross section, for ejectile type ¢
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Average kinetic energy files for light ejeciles:-

i10 file the average (lab) kinetic energy per reaction, for ejectile type ¢. This is re-
lated to the partial kerma factor (in units of { Gy m?) for ejectile : by 0.804/K;or

Average kinetic energy file for heavy nonelastic ejeciles:-

i11 file Average (lab) kinetic energy per reaction for all heavy nonelastic ejectiles.
This is related to the partial kerma factor (in units of f Gy m?) for nonelastic
recoil nuclides by 0.804/K;540R

Total kinetic energy available to ejectiles:-
i12 file the sum of the individual 110 files, the i11 file, and the incident (lab) energy
Elastic scatteriﬁg files:-

i0 file the integrated neutron elastic scattering cross section (in barns)

il file the (c.m.) angular distribution of the neutron elastic scattering nomalized to
unity, as a function of the cosine of the scattering angle

110 file the average (lab) energy given to the neutron in elastic scattering
i11 file the average (lab) energy given to the carbon recoil in elastic scattering

Note that in the case of elastic scattering we represent the angular distributions
in the c.m. frame, which can be done more compactly than in the lab frame (since
different c.m. angles have different laboratory energies). Additionally, the c.m. to
lab transformation is unambiguous since this is a 2-body reaction. We use relativistic
kinematics to determine the average laboratory energies of the neutron and elastic
carbon recoil.

The production cross sections following inelastic reactions, however, are all tab-
ulated in the laboratory frame of reference. This facilitates direct comparisons with
experimental cross sections and kerma factors without the need to first process the
evaluated data into the laboratory frame. This is particularly advantageous for reac-
tions on carbon, where the effects of the c.m. to lab transformations are significant
due to its small atomic mass. The unit-normalized angular and energy distributions
are used to facilitate linear-linear interpolations to angles and energies not tabulated.
The double-differential production cross section (in units of b/MeV-sr) for ejectiles
type ¢ with incident energy E;,. and emission energy F is obtained from

ya;g;;z’_'E) = %ZO(Emc) . ig(Einc) . Zl(Emc,Q) . i3(_Einc, Q, E) (14)
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We have evaluated cross sections for the high-energy library on an incident energy
grid of 20, 21, 22, 23, 24, 25, 27, 30, 35, 40, 50, 60, 70, 80, 90, and 100 MeV. Cross
sections at other energies are obtained by linear-linear interpolation. We believe
that this grid allows an adequate representation of the higher energy cross sections,
taking into account the uncertainties in the data. Of the above incident energies,
comprehensive production cross section measurements were available at 27, 40, 43,
61, 63, and 73 MeV.

At 20 MeV we have matched the new library onto the existing ENDL library
(energies below 20 MeV). To do this, we converted the low-energy ENDL library into
the inclusive production cross section format, producing a single library for incident
energies from zero to 100 MeV.
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6 Results and Comparisons With Experiments

6.1 Total, Elastic, and Reaction Cross Sections

In this section we describe the evaluated total, elastic, and reaction cross sections
for neutrons on carbon, based on our coupled-channel optical model calculations. In
Ref. [5] we showed how these calculations provide a very good description of avail-
able experimental data. There is excellent agreement between the total cross section
that we calculate and the measurements, except at energies below 35 MeV where
the calculation overestimates the data by about 2%. In this case we apply a small
renormalization to the elastic cross sections to remove this discrepancy. The cross
sections are shown in Table IV below. We are able to neglect the (very small) differ-
ences between the reaction cross section and the nonelastic cross section, and treat
these two quantities as being equivalent, since compound elastic cross sections are
negligible at the energies considered.

Energy (MeV) | Total Elastic Reaction Inel. 24+ 1Inel. 3- inel. 4+
20 1507 1016 491 105 36 4
23 1404 922 482 - 86 29 3
27 1357 904 453 64 25 2
30 1295 861 434 55 20 2
35 1204 798 406 43 16 1
40 1111 728 383 35 13 1
50 946 603 343 24 9 1
60 812 504 308 18 7 1
70 704 428 276 14 5 0
80 612 368 244 11 4 0
90 540 317 223 8 3 0
100 485 262 223 6 3 0

Table IV: Evaluated total, elastic, and reaction cross sections (in mb) for n+12C for
various laboratory neutron energies. Also shown are the (coupled-channels) inelastic
scattering cross sections to the 24 (4.4 MeV), 3- (9.6 MeV), and 44 (14.1 MeV)

states in 12C.

In Fig. 5 we show the evaluated total cross sections compared with experimental
measurements, taken from the Brookhaven National Nuclear Data Center CSISRS
file. When evaluating the total cross sections for neutrons on carbon most weight
was given to the recent measurements by Finlay et al. [23] at the LAMPF/WNR Los
Alamos white neutron source facility, which have a reported uncertainty of less than
1%. We show our evaluation compared to only the Finlay et al. data in Fig. 6.

There are a number of differential elastic scattering cross section measurements
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in the 20-100 MeV region (80, 81, 82, 83, 84, 85, 86]. In Table V we present these
experimental measurements and we compared to our evaluation in Fig. 7. Where
the original authors published values for the integrated cross sections we use their
values. We describe below our procedure for integrating differential data in other
cases. To integrate the elastic DeVito 40 MeV data [82] we used the Meigooni “best
individual fit spherical parameters” (p. 91 of Ref. [87]) in a SCAT2 optical model
calculation, since the calculated angular distribution described the differential data
very well (see Fig. V-1 of Ref. [87]). This yields a value for the elastic cross section at
40 MeV which is 38 mb higher than Axton’s evaluation [8], and we believe our result
is more reliable since Axton’s assumption of an angular distribution decreasing at the
same rate for angles greater than 95 degrees underestimates the back-angle emission.
Likewise, since our coupled-channel calculation at 65 MeV described the Hjort et al.
[83] differential data very well (see Fig. 8), we used the integrated elastic cross section
from our calculation. Also, for the 28.15 MeV differential elastic data of Yamanouti
et al. [84] we used our coupled-channel fit to the data to provide the integrated elastic
cross section since it compared well with the measured angular distribution.

In Fig. 8 we show some of these differential data compared with our evaluations.
It is evident that the coupled-channel analysis provides a good representation of the
measurements, which span a large fraction of the energy range that we are analyzing.
Additionally, proton elastic scattering measurements at 30, 46, and 65 MeV [88, 89,
90] provide a useful further check on the optical model analyses. As described in
Sec. 3.2, the potential for proton scattering was obtained from the neutron potential
by applying Coulomb and isospin transformations. Our calculations shown in Fig. 9
again show good agreement with the experimental data, which is particularly notable
since the proton data were not used in any of the potential parameter searches.

Experimental reaction cross sections are compared with our evaluation in Fig. 10.
There is a significant spread in the measurents, which we list in Table VI. Some of
the experimental reaction cross section values shown in Fig. 10 were obtained by
subtracting experimental elastic cross sections from the total (Finlay) cross sections,
as indicated in Table VI. While our evaluation describes these measurements well, the
uncertainty in the reaction cross section is about 5% at the lower energies, increasing
to about 10% at the higher energies.

In Figures 30 and 31 of Sec. 7 we show our calculated coupled-channels inelastic
scattering to the 2+ (4.4 MeV) and 3- (9.6 MeV) states in carbon, compared with
measurements. Rather than represent scattering to these states separately in the
libraries, for simplicity we add their angle-integrated cross sections into the neutron
production cross section file (and use the Kalbach systematics to obtain angular
distributions).
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Figure 7: Elastic cross section for neutrons on carbon. The experimental data are

given in Table V.

i 1

Reference Energy (MeV)  Elastic cross section (b)

Boreli et al. (1968)% [85, 8] 20.8, 22.0,24.0  0.869 + 0.089, 0.804 + 0.083, 0.741 + 0.076

DeVito (1979) [82]° 40.0 0.741 + 0.029

Hjort et ol. (1994) [83]°  65.0 0.464 £ 0.046

Meigooni et al. (1984) [81] 20.8, 22.0, 24.0, 0.903£0.018, 0.861+0.017, 0.921 + 0.018,
26.0 0.900 £ 0.018

Olsson (1989) [80] 20.9, 21.6,22.0  0.904 £ 0.033, 0.929 £ 0.034, 0.938 £ 0.034

Yamanouti (1992) [84]° 28.15 0.908 + 0.043

¢ Axton interpolated values, p. 47 of Ref. [8]
b optical model fit used to obtain integrated elastic cross section (see text)

Table V: Experimental integrated elastic cross section measurements.
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Figure 10: Reaction cross section for neutrons on carbon. The experimental data are
given in Table VI.

Reference Energy (MeV)  Reaction cross section (b)

Boreli et al. (1968) [85]° 20.4,20.8,21.2 0.493 £ 26, 0.517 £ 26. 0.493 £ 26
21.5,22.0,22.4 0.536 * 26, 0.508 £ 26, 0.436 + 26
22.8,23.2,23.5 0.544 + 26, 0.496 & 26, 0.500 + 26

Dejuren and Knable (1950) [91] 95.0 0.224 + 0.040

DeVito (1979)' [82] 40.0 0.370 £ 0.011

MacGregor et al. (1958) [92] 21.0,25.5,29.2 049+ 0.04,0.44 £ 0.04, 0.45 + 0.04

Meigooni et al. (1984)f [81] 20.8, 22.0, 24.0, 0.526+0.025, 0.540-+0.024, 0.490 + 0.025,
26.0 0.467 £ 0.024

Hjort et al. (1994) [83]1* 65.0 0.294 + 0.029

Kellogg (1958) [93] 90.0 0.254 £ 0.021

Olsson (1989)1 [80] 20.9,21.6,22.0 0.522 & 0.040, 0.486 &+ 0.041, 0.464 + 0.041

Voss and Wilson (1956) [94] 55.0, 81.0 0.278 £ 0.025, 0.206 + 0.021

Zanelli et al. (1981) [95] 40.3, 50.3 0.356 + 0.028, 0.344 £ 0.028

Yamanouti et al. (1991) [84]1*  28.15 0.428 + 0.043

T inferred from measured elastic cross section
¢ digitized from published figure
b optical model fit used to obtain integrated elastic cross section

Table VI: Experimental reaction cross section measurements. Some of the values were
inferred from elastic scattering measurements, as noted in the key (see text).
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6.2 Inclusive production Cross Sections

In Table VII we present our calculated production cross sections and average kinetic
~ energies for the light ejectiles. Fig. 11 shows graphically the variations in these
production cross sections with incident neutron energy, from 20 to 100 MeV.

[Encrey [ o(n) Ear(n) 0(2) Earld) 0(d) Eal(d) (@) Eee(a) 0() FBas(d)
20 421 6.66 36 4.07 13 3.23 887 2.55 144 4.02
23 423 7.53 48 4.80 28 5.17 907 2.95 137 3.84
27 376 8.87 66 6.50 54 7.46 766 3.42 135 3.78
30 361 9.87 83 7.59 52 8.32 700 3.87 140 3.71
35 335 11.52 109 9.55 59 10.46 579 442 150 3.56
40 324 12.97 126 11.10 62 12.49 495 4.83 145 3.46
50 323 16.04 142 13.29 68 16.06 399 5.30 140 3.35
60 313 19.96 148 16.43 68 19.11 328 540 129 3.43
70 300 20.84 158 19.38 79 20.72 293 6.02 109 3.49
80 280 23.57 156 23.36 71 23.50 250 6.41 95 3.42
90 273 25.65 153 24.41 71 25.33 229 6.97 81 3.61
100 305 26.03 172 2241 81 25.19 236 7.48 73 4.20

Table VII: Evaluated production cross sections (in mb) and average energies (in MeV)
in the n+2C reaction, for various laboratory neutron energies (in MeV).

The large cross section for alpha production at low energies seen in Fig. 11 is due
to the importance of the 3a break-up mechanism. This follows from the large mul-
tiplicty (3) for this reaction. As the incident energy increases, other decay processes
become increasingly important, and alpha production falls. For instance, following
preequilibrium emission of a particle other than a neutron, 3o break-up cannot oc-
cur. Our results support Brenner and Prael’s view [41] that the ENDF/B-V evaluated
alpha production at 20 MeV is too high.

The variations of the production cross sections with incident energy seen in Fig. 11
are fairly similar to the results obtained by Young et al. (Fig. 61 of Ref. {12]). Note
that the abrupt discontinuities in their neutron and gamma productions seen at 36
MeV is due to their including scattering to the 4.4 MeV state in their production
libraries only above 36 MeV (below this energy it is tabulated separately). Since
we include scattering to this state in our neutron production files at all energies we
do not see such discontinuities. The exact variation of the production cross sections
seen in Fig. 11 depends in a complicated manner on the different competing reaction
mechanisms. These cross sections do not increase strongly with incident energy for
two reasons: firstly, the reaction cross section decreases by over a factor of two be-
tween 20 and 100 MeV; and secondly, at a relatively low incident energy significant
fragmentation of carbon occurs, and so an increasing incident energy does not result
in a significant increase in particle production.
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Figure 11: Inclusive production cross sections for ejectiles with A < 4 in the 12C+n
reaction, for incident energies between 20 and 100 MeV

In Fig. 12 we show our calculated production cross sections compared with ex-
perimental data. Both the Louvain-la-Neuve and the UC-Davis experiments were
not able to detect low-energy emitted particles below their detector thresholds. To
obtain the total production cross sections, the low-energy behavior of the various
spectra have to be estimated, and a variety of approaches for this have been reported
in the literature. Such estimates in the original UC-Davis report [18] assumed a con-
stant differential cross section from the lowest measured energy to zero. However,
this approach may significantly underestimate the low-energy cross section in some
cases, particularly for alpha emission. In 1986 Romero [78] modified these UC Davis
results based on the Brenner and Prael INC calculations at low-energies, resulting in
increased cross sections (and kerma factors). Similarly, the recent Louvain-la-Neuve
experiments used the Brenner and Prael calculations to extrapolate below their ex-
perimental threshold energy [28].

In the next section we show how our calculated emission angle-integrated spectra
compare with the measurements. Since our results generally describe the measured
spectra somewhat better than those of Brenner and Prael, we have used our cal-
culations to extrapolate the experimental measurements to low-energies. Generally
our results do not show as great a low-energy rise as those of Brenner and Prael.
Therefore our threshold corrections are smaller than those in Refs. [78, 19], but still
exceed corrections resulting from a constant-magnitude assumption. In Table VIII
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below we show the raw experimental data, our threshold correction estimates, and
the total experimental production cross sections that result. We have assigned an
uncertainty of 30% to our threshold corrections, estimated by comparing our correc-
tions with those obtained from the Brenner and Prael calculations [10]. Note that the
detector thresholds in the Louvain-la-Neuve experiments are fairly high, so that the
total experimental production cross sections here are less reliable. Also, in both the
UC-Davis and the Louvain-la-Neuve experiments the threshold corrections for alpha-
particle emission often exceed the uncorrected experimental results — and therefore
the term “experimental” for the total cross sections we obtain here is rather tenuous.
Our estimated total experimental production cross sections are fairly consistent with
those presented by Slypen et al. [19], though ours are slighly smaller since the low-
energy corrections from our calculations are generally somewhat smaller than those
from Brenner and Prael. Agreement between our evaluation and the UC Davis and
Louvain-la-Neuve measurements seen in Fig. 12 is fairly good, and our results are also
consistent with the older measurements by Kellogg at 90 MeV [96].

It is worth noting that the total production cross sections that we obtain are
different to those found by Axton [8] when integrating the UC-Davis data. He in-
tegrated double-differential data, assuming a constant cross section from the lowest
measured emission energy to zero. As mentioned above, we take the angle-integrated
spectra provided by the original authors, and obtain total production cross sections
using our calculated threshold corrections. These differences account for the different
results we obtain compared to Axton. For instance, at 27.4 MeV we obtain an ex-
perimental alpha production cross section of 777 mb, compared to Axton’s 431 mb.
The importance of accounting for the large alpha emission cross section at low emis-
sion energies is clear. This resolves the discrepancy noted by Axton: his evaluated
alpha production cross section here (760 mb) differed significantly from his integrated
“experimental” UC-Davis result (431 mb).
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UC-Davis measurements:
Reaction Incident Detector  Experimental LLNL threshold Total
energy  Threshold measurement correction Production
(MeV)  (MeV) (mb) (mb) (mb)
27.4 3.0 290.8 £+ 3.1 486.0 + 145.8 776.8 £ 145.8
2G(n,za) | 39.7 2.9 216.5 + 2.3 239.0 £ 71.7 455.5 + 71.7
60.7 3.2 166.5 + 2.4 148.0 £ 444 3145+ 444
27.4 3.0 57.2+ 1.5 13.3+4.1 70.5+ 4.4
12C(n,zp) | 39.7 1.8 93.9+ 2.1 13.9+ 4.2 107.8 + 4.7
60.7 2.1 126.7 + 2.4 13.1+ 3.9 139.8 & 4.6
27.4 3.7 55,5+ 1.5 81424 63.6 £ 2.8
12C(n, zd) | 39.7 2.7 525+ 1.2 59+ 1.8 58.4 + 2.2
60.7 2.1 63.7+ 1.2 38+1.2 576 + 1.7
Louvain-la-Neuve measurements:
42.5 12.0 259+ 2.6 452.0 + 135.6 477.9 + 135.6
12C(n,za) | 62.7 15.0 192+ 1.9 309.0 + 92.7 328.2 £ 92.7
72.8 9.0 434+ 43 239.0 £ 71.7 263.5 £ 7T1.7
42.5 4.0 1102 £ 5.5 28.3 + 8.6 138.5 £+ 10.2
12C(n, zp) | 62.7 6.0 1164 + 5.8 43.0 £ 129 159.4 + 14.1
72.8 6.0 1418+ 7.1 37.7+ 11.3 179.5 £+ 13.3
425 6.0 63.6 £ 3.1 16.0 £ 4.8 79.6 + 5.7
12C(n, zd) | 62.7 10.0 46.1 £ 2.3 22.3 £ 6.8 68.4 £ 7.2
72.8 8.0 624 + 3.1 20.6 + 6.2 83.0 + 6.9

Table VIII: Experimental charged-particle production cross sections together with
the low-energy LLNL threshold corrections, and the resulting total production cross
sections
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Figure 12: Total production cross sections for alphas, protons, and deuterons in the
n+12C reaction compared with measurements [26, 28, 27].
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Before moving on to discuss our evaluated differential emission spectra, we show
one more type of production cross section compared with our calculations: yields of
A > 4 residual nuclei following neutron bombardment on carbon at 75 MeV. Such
cross section measurements are often referred to as spallation yields, and while there
is no data at this energy for neutron reactions, experimental data by Harrison et al.
[25] do exist for the proton-induced reaction. Harrison et al. argued [25] that the
spallation products from proton reactions at 75 MeV ought to be similar to those
from neutron reactions since the incident energy far exceeds the Coulomb barrier,
and N = Z for the target. In Fig. 13 below we compare our calculated yields as a
function of A, compared to the experimental data (which extend only up to A = 11).
The agreement is seen to be reasonable: modeling of spallation yields is always more
challenging than light-particle emission spectra calculations, and while there are some
differences, we do represent the general features fairly well. Also, our results appear
to describe the data more accurately than the INC with Fermi break-up model in
Ref. [25]. As discussed earlier, we do not include these yield cross sections in our
evaluated libraries (only the kinetic energy given to these nuclei).
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Figure 13: Calculated spallation yields in the 75 MeV 2C+n reaction, compared with

experimental proton-induced measurements [25].
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6.3 Angle-Integrated Charged-Particle Emission Spectra

In Figs. 14-17 we show our calculated angle-integrated emission spectra of protons,
deuterons, and alphas, compared with measurements. We show results at incident
neutron energies of 27, 40, 60, and 70 MeV, which correspond approximately to
the energies measured in the UC-Davis [17] and Louvain-la-Neuve [19] experiments.
Generally the consistency between the various experimental measurements is good.
Note, though, that the end-points of the Louvain-la-Neuve spectra extend a few MeV
further than the other measurements due to the slightly higher incident energies used.
In the case of alpha emission, the new Haight et al. measurements [27] (incident
energies < 40 MeV) are in good agreement with the other experiments.

Our results generally describe the full experimental emission spectra well. The
only case where we deviate significantly from measurements is the 70 MeV '2C(n, zp)
reaction, where we underpredict the Louvain-la-Neuve measurements in the preequi-
librium range. However, flux conservation prevented us from increasing the proton
emission. If we did so, preequilibrium neutron emission would have had to be reduced
to an unphysically small level. This indicates either a problem with the experiment,
or possibly that multiple preequilibrium proton emission could be more significant
than our calculations suggest. This is an important reaction since it is the main rea-
son for the high Louvain-la-Neuve total kerma factor result at 72.5 MeV, which we
underpredict (see Sec. 6.7).

That our angle-integrated calculations account for the measurements is partic-
ularly important for absorbed-dose calculations, since partial kerma factors are ob-
tained from the average-energy of these spectra. In this sense a'good description of ex-
perimental angle-integrated spectra is more important than accurately describing the
angular variations. Still, in the next subsection we show how the double-differential
emission spectra also agree well with measurements.

The structure seen in the calculations (particularly for deuteron emission) arises
from the wide-spacing of low-lying residual nuclear levels — an experimental resolution
width has not been folded into the cal¢ulations. This structure is even more evident
in the double-differential spectra (see the next subsection); in the angle-integrated
spectra it is partially washed out since a given channel emission energy corresponds
to different laboratory energies for different angles.
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6.4 Double-Differential Charged-Particle Emission Spectra

In figures 18-20 we compare our calculated double-differential alpha, proton, and
deuteron emission spectra against the UC-Davis measurements. The angles that we
show are the same as those presented by Subramanian et al., together with Brenner
and Prael’s calculations, in Ref. [17].

The high-energy structure that is seen in our calculations is due to the spacing
of nuclear levels in the residual nucleus after first-particle emission. Our model-
ing of preequilibrium and direct reactions to these levels is seen to account for the
measurements fairly well. A dramatic example of the influence of such nuclear struc-
ture is seen in the *?C(n, zd) spectra, where the low-lying !'B states populated after
high-energy deuteron emission are widely separated in energy. Structure effects are
also sometimes seen in the low-energy part of the emission spectra. These are due
to particle-unstable excited nuclei decaying by equilibrium emission to low-lying or
ground-state residual nucleus levels. For example, the two low-energy peaks seen in
the alpha emission spectra at forward angles are due to the ground-state and first
excited-state of ®Be decaying to two alpha-particles. Since we have not included the
finite widths of these states in our analyses, the structure is more dramatic than
is observed experimentally. Likewise, the structure seen in the low-energy deuteron
emission in Fig. 18 is due to the decay of the 1st excited state of ®Li into a+ d.

Our calculations generally account for the angular variations that are seen in the
data, showing that the phenomenological systematics of Kalbach provide a good rep-
resentation of angular distributions. There is a tendency, though, for the backward-
angles to be underpredicted for the 60 MeV incident energy, though the practical
consequences of this underprediction are small. At the higher emission energies the
spectra show a dramatic forward peaking, typical of preequilibrium and direct re-
actions, since the incident projectile’s direction of motion is partially preserved. At
the lowest energies, the particles are emitted from compound nucleus reactions. In
the center-of-mass these are emitted with angular distributions symmetric about 96-
degrees (and almost isotropic), but in the laboratory frame there remains a small
amount of forward-peaking. Our calculations also clearly show how discrete struc-
ture effects in the spectra track with emission angle and energy due to kinematics.

It is instructive to compare our results with the Brenner and Prael calculations
[17], which used an INC code with Fermi break-up. Overall, our calculations model
the double differential data more accurately than those of Brenner and Prael: for
alpha emission, the quality of agreement with data is equivalent; and for proton and
deuteron emission our results are generally better. Note that the any structure present
in the high-energy Brenner and Prael results is not due to nuclear level effects (they
did not include direct reactions to discrete low-lying levels); rather, it is statistical
and results from their use of Monte Carlo techniques. QOur calculational method is
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deterministic so that our results do not show such fluctuations.
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Figure 18: Double-differential 60 MeV n+12C inclusive spectra (lab frame) for alpha,
proton, and deuteron emission compared with UC-Davis measurements [17].
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Figure 19: Double-differential 40 MeV n+'2C inclusive spectra (lab frame) for alpha,
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6.5 Neutron Emission Compared With (p,xp) Data

Unfortunately there are no experimental measurements of the (n,zn) emission spec-
tra with which we can compare our calculations. However, Bertrand and Peelle
have measured >C(p, zp) cross sections at 40 and 60 MeV. It would be expected
that 2C(p, zp) and 2C(n,zn) spectra should be similar, particularly for the higher
emission energies where Coulomb effects are negligible. Some differences would be
expected due, for instance, to different Q-values in the competing channels in the two
cases, but we expect such effects to have a small impact. Therefore we have used the
Bertrand and Peelle measurements to benchmark our neutron emission calculations.
An example is shown in Fig. 21 below, where we compare our results against the 40
MeV angle-integrated measurements. The calculated emission spectrum agrees very
well with data except at the lowest energies, where the calculation lies below the
measurements. This could be due to the different multiple compound nucleus decay
sequences for these two reactions. The prominent high emission-energy peak is due to
the strong excitation of the 4.4 MeV state in carbon inelastic scattering, and Fig. 21
shows that such processes are similar for (n,n’) and (p, p') reactions.

For energies where (p, zp) data do not exist we have been guided by systematics,
which show that the (n,zn) differential cross section is about twice the (n,zp) cross
section in the preequilibrium regime due to phase space factors (see Sec. 2).
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Figure 21: Calculated 40 MeV '2C(n,zn) angle-integrated emission spectrum com-

pared with 2C(p, zp) data [22]
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6.6 Gamma-Ray Production Spectra

A measurement of the gamma-ray emission spectra at 60 MeV by Auchampaugh
et al. [21] at Los Alamos is compared against our calculations in Fig. 22. These
(unpublished and preliminary) experimental results are at an emission angle of 90
degrees, and are seen to agree very well with our calculation.

The structure seen in both the measurements and the calculation is due to the
dominance at these energies of discrete gamma-rays from low-lying bound nuclear
states. The individual strengths of the various gamma-ray lines are closely related
to the production cross sections of the various residual nuclei, and modeling such
production cross sections provides a stringent test for the theory. For example, the
peak in the spectrum at 4.4 MeV is due in part to the de-excitation of the 4.4 MeV
state in 1?C following neutron inelastic scattering, and the fact that our calculations
describe this measurement well provides support for the accuracy of our coupled-
channel calculations.

Similar gamma-production data for neutron reactions on lead, for energies up
to 200 MeV, demonstrated the importance of multiple preequilibrium processes, and
appropriate high-energy level density formalisms, in the GNASH code [64]. When
new LANL results [97] become available for gamma-ray production on carbon and
oxygen, they will be useful for further checking our calculations.
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Figure 22: Spectrum of gamma rays emitted in the 60 MeV 2C(n,zv) reaction,
compared with measurements at 90-degrees [21]
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6.7 Kerma Factors

In Table IX we show our calculated partial and total kerma factors based on our
evaluated cross section libraries. As described in Sec. 4, the light charged-particle
contributions are derived from the (laboratory frame) evaluated emission cross sec-
tions, the elastic recoil kerma from our calculated elastic scattering cross sections
using relativistic kinematics, and the nonelastic recoil kerma were evaluated on the
basis of results from the energy balance method and model calculations.

Energy (MeV) | »p d a  nonel. recoils el. recoils Total (f Gy m?)
20 012 0.04 1.82 0.65 0.52 3.15
23 0.19 012 215 0.65 0.44 3.55
27 034 033 211 0.58 0.42 3.78
30 0.51 0.35 2.18 0.55 0.39 3.98
35 0.84 0.50 2.06 0.45 0.35 4.20
40 1.12 0.63 1.92 0.45 0.32 4.44
50 152 0.88 1.70 0.47 0.25 4.82
60 195 1.04 143 ~ 0.50 0.21 5.13
70 246 132 1.42 0.45 0.18 5.83
80 293 134 1.29 0.40 0.16 6.12
90 3.00 144 1.28 0.35 0.14 6.21
100 3.10 164 1.42 0.30 0.13 6.59

Table IX: Evaluated partial and total kerma factors for n+!2C, for various laboratory
neutron energies.

The various calculated partial and total kerma factors given in Table IX are shown
in Fig. 23 as a function of the incident neutron energy. It is easy to understand the
general variation of the total kerma factor with incident energy. Between 20 and 100
MeV the kinetic energy available to the reaction products increases by a factor of
approximately 5 (ignoring nuclear reaction variations in the averaged )-value with
energy). However, the nonelastic cross section decreases by a factor of 2.2 over this
energy range. Since nonelastic processes dominate the contributions to the total
kerma factor, which is proportional to the average ejectile energy, multiplicity, and
the nonelastic cross section, a very rough estimate of the factor change in the total
kerma factor between 20 and 100 MeV is 5/2.2 = 2.3, which is in reasonable agreement
with our calculation.

At the lowest energies, the total kerma factor is dominated by the alpha contri-
bution, much of which comes from the 3a beak-up mechanism. The large production
cross section for alphas at these energies, which follows from the large multiplicity
(three), results in this large partial kerma. As the neutron incident energy increases
the 3o break-up cross section falls (since other reaction mechanisms, such as pro-
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ton preequilibrium emission, and multiple preequilibrium emission increase in im-
portance), resulting in a decreasing alpha kerma factor. The increasing proton and
deuteron partial kerma factors are due to the importance of preequilibrium emission
with increasing incident energy. The elastic and nonelastic recoil kerma factors, on
the other hand, decrease with increasing energy. This is because the A < 4 angular
distributions become increasingly forward-peaked with incident energy, resulting in a
reduced kinetic energy to the recoils (even though the incident energy is increasing).
The decreasing integrated elastic and nonelastic cross sections over the 20-100 MeV
energy range also impact upon the kerma factors. We compare our calculated elastic
partial kerma factor with experimental measurements in Fig. 24.
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In Fig. 25 we show our evaluated total kerma from 20-100 MeV (obtained from
our microscopic cross section libraries) compared with experimental measurements
[37, 98, 99, 100, 39, 34, 78, 19]. For comparison we show in Fig. 26 the Livermore total
kerma factors obtained by Howerton [6] from the ENDL data libraries below 20 MeV,
compared with measurements [101, 102, 103, 104, 98, 105, 106, 107, 100, 108, 109].
At 20 MeV our evaluation matches onto this work. There are two different types of
measurements of total kerma factors: direct measurements of the ionization effects of
the charged particles using a proportional counter; and indirect determination from
cross section measurements. Below we describe these two methods and note some of
" the uncertainties inherent in them.

The direct kerma measurements recently reported by Schrewe et al. [39], for
incident energies between 30 and 70 MeV, use a proportional counter to measure the
total kerma factors. Such experiments, however, are very difficult to perform and
the uncertainties reported are fairly large. Recently, further measurements have been
reported by Schrewe et al. [40] which are fairly consistent with their earlier results,
though a small upward correction to the old numbers was obtained.

Experimental kerma factors obtained from cross section measurements have been
presented by the UC-Davis group and the Louvain-la-Neuve group. These experi-
ments measured the inclusive production cross sections of light charged particles, for
emission energies above the detector thresholds. To obtain the total kerma factors,
additional assumptions have to be made: (1) angle-integrated spectra need to be
inferred from the double-differential measurements; (2) the cross sections have to be
extrapolated from the threshold energy measured to zero energy; (3) elastic recoil
kerma have to be added; and (4) the {unmeasured) contributions from nonelastic
recoil fragments have to be estimated. There is some ambiguity in determining the
experimental total kerma factors due to uncertainties in these additional corrections.
For instance, a range of total kerma factors based upon the UC-Davis measurements
have been reported in the literature. Brady et al. [18] initially gave experimental
total kerma factors based upon the uncorrected experimental measurements. Later,
Dimbylow [34] added contributions due to nonelastic recoils, as well as low emission
energy threshold corrections, as estimated by Brady et al. [18]. In a subsequent work,
Romero et al. [78] further refined the estimated experimental total kerma factors by
assuming an extrapolation to zero emission energy, and a nonelastic recoil contribu-
tion, based upon the model calculations of Brenner and Prael. Therefore we believe
that there are some significant uncertainties estimating the total kerma factors from
the cross section measurements, and the error bars on the UC-Davis results are proba-
bly too small. Likewise, the corrections that are added to the “raw” Louvain-la-Neuve
results are very large and there are significant uncertainties involved.
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Figure 25 shows that the kerma factors resulting from our evaluations are in
good agreement with the experimental measurements. Above 40 MeV there appears
to be a difference between the total kerma factors determined from the cross section
measurements (from UC-Davis and Louvain-la-Neuve), and from the proportional
counter measurements; the former are somewhat higher. Our evaluation yields kerma
factors intermediate in value between these two types of measurements. The general
consistency seen in Fig. 25 between our evaluation and the measurements provides an
important integral benchmarking of our libraries. The kerma is closely related to the
absorbed-dose following neutron interactions with carbon nuclei, and it is important
to model it accurately when calculating absorbed dose in radiotherapy. Our calcu-
lated kerma factor at 73 MeV is lower than the Louvain-la-Neuve measurement. This
is due to the lower differential proton emission cross section calculated, compared to
experiment, as seen in Fig. 17. But we were unable to increase the calculated preequi-
librium proton emission spectrum without violating systematics generally observed
in the partitioning of the reaction flux among fast neutron and proton ejectiles.

There is also a difference between our evaluation and the kinematically-complete
emulsion experiment of Antolkovic et al. at 27 MeV [37] (see also our discussion in
Sec. 7). Instead, our result agrees well with the other kerma factor measurements
near this energy by Brady et al. [34, 78], Hartmann et al. [99], and Schrewe et
al. [39], as seen in Fig. 25. Antolkovic determined the total kerma factor here by
adding her result for the (n,3a) partial kerma (averaged with Antolkovic’s estimate
of the UC-Davis value), with the UC-Davis measurements of the other partial kerma
factors, and obtained a total kerma factor which is significantly larger than our result
(though our result is almost within her assigned uncertainty). The reason for the
discrepancy is due to the fact that the partial kerma factor to the (n,n'3e) reaction
is significantly higher than our result. This is because (a) her (n,n'3¢) cross section
exceeds ours; (b) her average alpha-particle kinetic energy exceeds ours. Regarding
(a) above, Brenner and Prael [110] have re-estimated the corrections that must be
made to obtain this value, and argue for a 15 % smaller (n,n'3a) cross section here.
As for (b), our alpha emission spectrum is in good agreement with the measurements
from Los Alamos and UC-Davis here (see Fig. 14), which we believe to be probably
of higher accuracy than those from the emulsion experiment. Finally we note that
since the Antolkovic alpha spectrum at 26 MeV differs so much from the Los Alamos
and UC-Davis spectrum at 27 MeV (compare Fig 14 with Fig. 2 of Ref. [37]), the
Antolkovic threshold correction to the Davis data is probably too high (our estimate
of the UC-Davis alpha partial kerma factor for alpha production is 2.1 compared to
Antolkovic’s 2.6 {Gym62.) If we repeat Antolkovic’s procedure for obtaining her total
kerma factor at 27 MeV, but use our estimation of the Davis threshold correction,
along with the Brenner 15% reduction in the (n,n'3a) cross section, we obtain an
average alpha partial kerma factor of 2.2 and a total “experimental” kerma factor of
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4.2 {Gym62 in better agreement with the other measurements near 27 MeV.

Our calculated total kerma factor is in good agreement with the 1992 evaluation
by White et al. [7], with our results being slightly higher at the higher energies.
In Fig. 27 we show our results compared with other calculations and measurements.
The other model calculations we show generally describe the measurements fairly
well, though the Brenner and Prael [41] and the Wells [33] calculation appear rather
low, and the rapid rise seen in the Behrooz calculation [31] seems unjustified. The
results of Alsmiller et al. [30], Dimbylow [34], and Watanabe et al. [61}, agree fairly
closely with our work. The spread in the experimental kerma factors above 50 MeV
makes it difficult to critically compare the various results from model calculations.
Clearly, there remains a need for further total kerma factor measurements at these
energies to resolve these discrepancies.

We also note that our kerma evaluation differs significantly from the recent work
of Axton [8]. Axton extended the evaluated ENDF data from 20 MeV up to 32 MeV,
by making certain assumptions concerning the shape of the partial cross sections up
to 32 MeV. Later in Sec. 7 we shall describe in detail the differences between our
work and that of Axton. But we note here that differences in total kermas come
mainly from two factors: the partial cross sections; and the average energy given to
alphas. An example of cross section differences is that we do not find any evidence
for the importance assigned by Axton to exotic decay processes such as 2C(°Li,"Li)
break-up. At 26 MeV, for instance, Axton assumed that 100 mb (equivalent to
about 20% of the nonelastic cross section!) goes into this channel, and contributes
to about 10% of the total kerma factor. Regarding the average kinetic energy given
to alphas, which determines the alpha partial kerma factor, this is determined in
Axton’s work by the excitation energy distribution of excited carbon states following
inelastic neutron scattering (which decay by 3a break-up), along with the cross section
passing through excited ?Be states. Axton’s result for the average alpha energy is
in good agreement with the Antolkovic emulsion experiment result [37]. However,
this measurement differs significantly from the UC-Davis and Los Alamos emission
spectrum measurements which are consistent with each other, and which we think
are more reliable.

The extent to which non-elastic recoil kerma is important remains an open ques-
tion. Qur results are approximately consistent with the energy-balance estimates of
Brady et al.. Our estimates suggest that at 60 MeV and 27 MeV, for example, the
non-elastic recoil kerma accounts for about 10 % and 15 % respectively of the total
kerma. These values are comparable with those calculated by Brenner and Prael [78].
Yet a calculation by Harrison et al. [25], using a reaction model very similar to that
of Brenner and Prael, gave non-elastic kerma factors which are 2-3 times larger. Such
a large non-elastic recoil kerma factor, when considered along with the A < 4 kerma
measured at UC-Davis and Louvain-la-Neuve, would further increase the discrepancy
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with the direct total kerma measurements of Schrewe [40].
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7 Comparison with ENDF/B-VI and Exclusive Data

7.1 Introduction

While the present evaluation represents reactions in terms of inclusive emission spec-
) tra, it is useful to compare our calculated exclusive cross sections with measurements
and the ENDF/B-VI evaluation, which extends up to 32 MeV. The evaluation of
natural carbon for ENDF/B-VI was performed recently by Fu, Axton, and Perey [9],
. with the extensions from 20-32 MeV being done by Axton [8]. In a NIST report [§],
Axton presented a very comprehensive description of his evaluation methodology and
results, for both cross sections and kerma factors.

In Table X below we show our calculated exclusive reaction cross sections for the
main break-up channels up to 30 MeV. Above this energy the number of such channels
becomes too large to practically extract this information from our calculations. As
stated earlier we have omitted triton and helium-3 emission processes in our model
calculations since their cross sections are small.

Energy (MeV) | (n,n') (n,2n) (n,p) (nd) (nnp) (n,e) (n,n’3e)
20 122 0 29 13 7 20 289
23 97 1 23 28 24 12 298
27 69 4 21 52 45 5 252
30 58 8 23 46 55 3 228

Table X: Calculated exclusive reaction cross sections (in mb) for n+2C up to 30 MeV,
for the most important reaction channels.

It is particularly important for us to compare our calculations against the ENDF /B-
VI evaluation, since our results are significantly different. The various partial (exclu-
sive) cross sections we obtain in the 20-30 MeV region are quite different to those of
Axton, and our calculated total kerma factor is dramatically lower (almost 20% lower
at 30 MeV). The main reason for these differences is that there exist very limited
experimental measurements for inelastic cross sections in this energy range — only
(n,n'3a), (n,2n), and (n,n’) inelastic scattering to low-lying levels. The other par-
tial cross sections have to be estimated in some way, and our methods for doing this

’ differ from Axton’s.

Below we describe the ENDF /B-VT evaluation in some detail, and the reasons
for our differing results. We will argue that Axton underestimated (n,p), (n,d), and
(n, np) partial cross sections and the large importance he assigned to the 2C(n,°Li)’Li
channel channel is unjustified. We will also argue that Axton’s evaluated total kerma
factor is too high in the region 26-32 MeV.
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7.2 Comparison with ENDF/B-VI above 20 MeV

7.2.1 Total, elastic, and reaction cross sections

Before discussing inelastic cross sections, we first briefly compare our results for the
total, elastic, and reaction cross sections. The total cross section in our work is
obtained from the recent high-accuracy measurements by Finlay et al. [23], which
have a reported uncertainly of less than 1%. This work was published after Axton’s
evaluation, and has a total cross section lower than Axton’s by 1.7 - 2.8 % over the 20
- 30 MeV range. Our elastic cross section is within 5% of Axton’s. But our reaction
(nonelastic) cross section deviates more significantly, with differences ranging from 3
~ 16 %. The largest difference in reaction cross section (16 % at 27 MeV) is due to
2 reasons: (1) Since the Finlay total cross section at 27 MeV is 38 mb lower than
Axton’s, our inferred reaction cross section (i.e. total — elastic) is lower. This accounts
for about half of the 16 % difference; (2) the other half of the difference is because our
elastic cross section exceeds Axton’s by 33 mb at 27 MeV. As we described earlier, our
reaction and elastic cross sections are taken from a coupled channel optical potential
calculation, and are not the result of an evaluated fit to integrated data. Still, as seen
in Fig. 10 our results do agree fairly well with the data.

7.2.2 The case against the ENDF/B-VI 2C(n,fLi)"Li channel

It is the Axton inelastic partial cross sections which differ most significantly from our
results. In the 20-30 MeV range we obtain much larger (n, p), (n,d), and (n,np) cross
sections compared to Axton, and find no evidence for the “Li — 8Li break-up that Ax-
ton introduced. In order to understand why our inelastic exclusive cross sections and
kerma factors deviate so greatly from Axton’s evaluation, it is necessary to describe
his evaluation methodology: Where experimental data exist ((n,n'3a), (n,2n), and
(n,n’) inelastic scattering to low-lying levels), they were used. However, the sum of
these cross sections added up to less than the nonelastic cross section {which was
inferred from the total — elastic cross section), and therefore cross section to other
energetically-allowed channels had to be found. He introduced a procedure for esti-
mating the energy-dependence of unmeasured partial cross sections: assign a peak
energy position a few MeV above threshold, and then assume an exponentially de-
caying excitation function, with peak cross sections and decay exponents based upon
some systematics. Axton appreciated the uncertainties inherent in this approach -
and use of this procedure yields very different results compared to our model calcu-
lations: we think this method significantly underestimates (n,p), (n,d), and (n,np)
cross sections above 20 MeV.

As well as the above procedure, Axton also used his derived total production
cross section from the UC-Davis measurements at 27.4 MeV as a guide. However,
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our results indicate that this led to problems too (we obtain larger “experimental”
UC-Davis production cross sections), since Axton used these total production cross
sections as a guide to the upper limits on partial cross sections involving protons
and deuterons. To obtain total “experimental” production cross sections, one has
to provide threshold corrections to the UC-Davis data. Axton did this by assuming
a constant differential cross section from the lowest measured emission energy to
zero. We, however, use our model calculation low-energy results for this and obtain
very different results: at 27.4 MeV we obtain (see Table VII) total “experimental”
UC-Davis production cross sections for p,d, and o emission of 71,64, and 736 mb,
compared to Axton’s 52, 35, and 431 mb. The large difference in our alpha production
cross section is due primarily to the fact that our model calculation gives a large
amount of low-energy alpha emission from ground-state and low-lying state decays of
8Be nuclei (see Fig. 14). But threshold corrections cannot account for the proton and
‘deuteron differences, since Fig. 14 suggests that our threshold corrections here would
be smaller than Axton’s. These differences must be due to differences in the energy
and angle integrations. As described in Sec. 6.2, we have relied on the UC-Davis
(unpublished) integrations [26]; the reason for the discrepancy with Axton here is not
understood.

Perhaps the most controversial consequence of Axton’s evaluation methodology
is the large importance assigned to the *C(n,°Li)"Li channel. At 26 MeV he assigned
a peak cross section of 100 mb here, about 20 % of the nonelastic cross section. We
shall explain how Axton arrived at this result, and argue why we believe it incorrect.
In the region 20-26 MeV 7 new channels open up including (n,°Li)’Li. But since
Axton extrapolated such small cross sections for channels such as (n,np), (n,p), and
(n,d) beyond 20 MeV, he assigned a large cross section to the (unmeasured) “Li -
8Li break up, to reproduce the total nonelastic cross section. Where we differ from
Axton is mainly in the (n,p), (n,d), and (n,np) channels, which our calculations
indicate to be far more important than he supposed. The importance of the first two
of these comes directly from our preequilibrium calculations, which are supported by
the UC-Davis data (Fig. 14). The large cross section for preequilibrium and direct
proton and deuteron emission seen in Fig. 14 is the reason for the large (n,p) and
(n,d) cross sections, since following a high-energy primary emission there is often
insufficient energy left in the residual nucleus for secondary particle emission. Since
the cross sections for primary proton and neutron decay are so significant, it is no
surprise that (n,np) should also be important at these energies. Also, these large
cross sections are consistent with the total production cross sections from UC-Davis,
since our determination of these values gave numbers significantly higher than those
obtained by Axton, as described above. Our results are also approximately consistent
with the Brenner and Prael model calculations. For instance, in Ref. [17] Brenner
and Prael quote a production cross section for A = 11 nuclei at 30 MeV of 131.3 mb.
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We obtain 105 mb here, whereas the ENDF /B-VI evaluation gives only 31 mb.

To summarize, we quote Axton’s comments on this situation and reiterate our
solution. Regarding the “controversial 2C(n,6Li)"Li reaction, with its 100 mb”, Ax-
ton stated (Axton [8], p. 27) that “If the reaction is eliminated, another home has
to be found for this 100 mb at 26 MeV. There appears to be nowhere to go without
conflicting with the available evidence upon which the evaluated cross sections are
based.” The “available evidence” here is, primarily, Axton’s values for the UC-Davis
total production cross sections of protons and deuterons. But since we have argued
that his extrapolated values here are too small, we have opened up the possibility for
more cross section to deuteron and proton emission. In particular, we have shown that
cross section to the *?C(n,8Li)7Li reaction can be completely ignored, and reassigned
mainly to the (n,np), (n,p), and (n,d) channels, without any inconsistencies. This
is certainly what our calculations indicate. Moreover we noted that the UC-Davis
emission spectra themselves support significant cross section to these channels, due
to the observed importance of preequilibrium proton and deuteron emission.

7.2.3 Kerma factors

Between 20 and 25 MeV the Axton ENDF/B-VI kerma evaluation agrees fairly
well with our evaluation and with experimental measurements. But above 25 MeV
his total kerma is higher than most of the experimental measurements and model
calculations, as seen in Fig. 27.

The lower kerma factor that we obtain compared to the ENDF /B-VTI evaluation
is due, in part, to the above differences in cross sections. For instance, at 27 MeV over
10 % of the total kerma comes from the controversial ?C(n,5Li)’Li channel. In all
of Axton’s kerma calculations he assumes that residual nuclei are produced in their
ground states, which tends to overestimate the calculated kerma (Axton assessed that
the overestimate is about 2.5% at 28 MeV).

In addition to the above differences, we think that the procedure used by Axton
to determine energy depositions gives an overestimate for the alpha average-energy,
and hence the alpha kerma factor. This can be shown by considering the situation at
27 MeV, where there are alpha production spectrum measurements from UC-Davis
and Los Alamos, and a (n,n'3a) alpha spectrum measurement by Antolkovic et al.
[37]. Here Axton’s evaluation is consistent with the Antolkovic measurement, but
inconsistent with the Los Alamos and UC-Davis results.

At 27 MeV, Axton’s evaluation for the (n, &) and (n,n’'3¢) cross sections are 7 and
254 mb respectively, while we obtain 5 and 252 mb respectively (in close agreement).
The partial kerma factors for these two exclusive reactions obtained by Axton are 0.13
and 2.84 f Gy m? respectively, and other reactions involving alphas are small and can
be omitted here. We want to convert these results into inclusive alpha production
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kerma, to compare them with our results and with the UC-Davis measurement. In
the case of (n,n’3¢) there is no heavy recoil, but for the (n, &) reaction only a fraction
of the 0.13 f Gy m? kerma will go to the alpha, the rest going to the ?Be recoil. Still,
we can approximately say that the Axton evaluation predicts an alpha production
inclusive kerma factor in the range 2.84-2.97 { Gy m®. However, our calculations show
an inclusive partial kerma factor to alphas of 1.97 f Gy m?, in reasonable agreement
with the UC-Davis measurement [78] of 2.11 f Gy m®. This is to be expected since in
Fig. 14 it is evident that our calculated spectral shape agrees with the Los Alamos
and UC-Davis experimental data. The fact that the Axton partial kerma to alphas
is so much higher indicates that his evaluated alpha emission spectrum must be too
hard.

We note, though, that another experimental measurement by Antolkovic [24]
gives a larger partial kerma to the (n,n'3a) channel, in closer agreement to the
Axton evaluation. However, the uncertainties in this emulsion experiment are large
(as indicated by the large reported error-bars [24]). Since the direct measurements of
the alpha spectrum from Los Alamos and UC-Davis are in close agreement, and are
consistent also with the Brenner and Prael and the present Livermore calculations,
we think the Antolkovic result is too high. For instance, the 26 MeV neutron-induced
differential emission spectrum of alphas shown in Fig. ? of Antolkovic’s paper [37]
shows a large excess of low-energy alphas compared to the UC-Davis and Los Alamos
measurements at 27 MeV. The fact that the latter two measurements are of inclusive
alpha production, while the former is just for the (n,n’3c) meachanism does not
invalidate the comparison, since the 2C(n, )°Be contribution to alpha production
only effects the spectrum at high-energies.

In summary, we believe that the Axton ENDF/B-VI total kerma factor eval-
uation in the region 26-32 MeV is too high for the following reasons: (1) the alpha
emission spectrum shape is too hard, being inconsistent with the UC-Davis and Los
Alamos measurements at 27.4 MeV; (2) unjustified reaction channels (in our view)
such as *C(n,°Li)’Li and Axton’s “spare” cross section result in kerma factors that
are too high; and (3) the assumption that residual nuclei are produced in their ground
states leads to a small overestimate.

7.3 Comparison With Experimental Measurements

7.3.1 Comparison with (n,n’3a) measurements

The partial cross section for the (n,n'3a) reaction is shown in Fig. 28, compared with
the emulsion measurements by Antolkovic [24] with the Brenner and Prael corrections
[110]. The good agreement that is seen between our calculations and the measure-
ments is important since this reaction channel makes up such a large fraction of the
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total nonelastic cross section. QOur calculation of this channel agrees with the data
better than that of Brenner and Prael [41], which lies below the measurements. This
is the main reason for the fact that our total nonelastic cross section at 20 MeV is 7 %
higher than Brenner and Prael’s [41]. The Antolkovic measurement also provided in-
formation on the extent to which the (n,n'3a) reaction proceeds via the ground-state
of ®Be. Antolkovic concluded that this fraction ranged from about 0.3 at 20 MeV to
about 0.2 at 35 MeV, with the rest of the reaction flux passing mainly through the
first excited state (2.9 MeV). Over this energy range our calculation yields fractions
0.56 to 0.26. Such differences are not surprising given the assumptions inherent in
our statistical model calculations. The practical consequences of these differences
are minor, though, since they would result in small changes to the shape our alpha
production spectra at very low energies, where the contribution to the kerma is small.

7.3.2 Comparison with (n,2n) measurements

Experimental data also exists for the (n,2n) reaction channel. There are a number of
measurements below 34 MeV [111, 112, 113, 115] in addition to the (old) measurement
at 90 MeV by Mcmillan and York [114]. Our calculated cross section is approximately
two times smaller than these measurements. Fortunately the small cross section to
this channel means that these differences do not have a large impact on our evaluation
neutron production spectra. The decrease in the calculation from 60-70 MeV is due
to the fact that our evaluated primary preequilibrium spectra show an increase in
proton emission here, since we attempted to improve the agreement with the Louvain-
la-Neuve proton emission data at 73 MeV. At the higher energies it is the emission of
two high-energy neutrons in direct knockout-type processes that produce 'C nuclei
in the (n,2n) reaction. This mechanism is included in our calculations using our
multiple preequilibrium (MPE) model. The failure of our calculation here is linked
to our modeling of such processes, along with the relative emission of neutrons and
protons. But the general success of our modeling for other (more important) decay
channels, along with the fact that our MPE model has worked well in many other
analyses [43, 65], makes us reluctant to adjust calculation parameters to try to improve
our (n,2n) calculation.

7.3.3 Comparison with (n,n’) measurements

In Figures 30 and 31 we show our calculated coupled-channels inelastic scattering to
the 24+ (4.4 MeV) and 3- (9.6 MeV) states in carbon, compared with measurements.
Scattering to the 4.4 MeV state is followed by gamma decay to the ground state,
whereas the 9.6 MeV state decays by alpha emission. We include in Fig. 31 the
Antolkovic [24] kinematically-complete nuclear emulsion experimental results for the




Kerma Factors 73

12C(n,n'3a) reaction via the 3- state. Since the probability for the break-up of the
3- state into 3o is 0.99, these cross sections are equivalent to those measured directly
in the neutron inelastic scattering experiments at Ohio and Uppsala Universities. We
also show experimental data from proton inelastic scattering, which should be similar
to the neutron values at these energies (these angle-integrated values were taken from
Meigooni’s thesis [87]). The various experimental measurements are fairly consistent
with each other, and our calculations describe them well.
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8 Conclusions

We have produced an evaluated nuclear data base for neutrons incident on carbon
with energies up to 100 MeV, and matched it to the existing ENDL carbon library
at 20 MeV. This is the first step in a program being carried out at Lawrence Liver-
more National Laboratory to produce evaluated data files for biologically-important
elements, for use in neutron and proton therapy applications. The evaluation rests
upon recent cross section measurements from Louvain-la-Neuve, Los Alamos, and
UC-Davis, and new nuclear modeling capabilities we have developed for high-energy
reactions, particularly in the preequilibrium, direct, level density, and optical model
calculations.

We have extensively benchmarked our results to experimental measurements of
total production cross sections, emission spectra, and angular distributions, and ob-
tained an excellent representation of these measurements. Our coupled-channel opti-
cal model analysis provides a good description of the total, elastic, and reaction cross
sections, as well as measured neutron and proton elastic scattering angular distribu-
tions. The evaluated total cross section has an uncertainty of less than 1%, while that
of the reaction cross section is about 5% at the lower energies, increasing to about
10% at 100 MeV. Our evaluated emission spectra, which come from our model cal-
culations of Hauser-Feshbach, preequilibrium, and direct reaction processes, compare
well with the measurements where they exist.

We have also devoted particular attention to ensuring that our evaluation is con-
sistent with measured kerma factors. We have achieved a good description of experi-
mental partial kerma factors for elastic scattering and inelastic charged-particle emis-
sion, with one notable exception: the 72.8 MeV proton emission data from Louvain-
la-Neuve. Here our model calculations were unable to account for the large measured
proton cross section, due to theoretical restrictions arising from flux conservation and
known systematics for the relative amounts of preequilibrium neutron and proton
emission. This resulted in our evaluated total kerma factor agreeing well with the
various experimental measurements in most cases, but underpredicting the Louvain-
la-Neuve result at 72.8 MeV. However, unfortunately the status of the experimental
total kerma factor measurements above 50 MeV remains somewhat unclear, since the
direct measurements are systematically lower than those inferred from the UC-Davis
and Louvain-la-Neuve cross sections. Our evaluated total kerma factor lies in between
experimental results from these two types of measurements.

We have compared our cross section and kerma calculations with the results
from other analyses. The two previous works which have presented the most detailed
comparisons with cross section measurements are those by Brenner and Prael [17],
and Dimbylow [34]. Compared to Brenner and Prael’s calculated cross sections, ours
generally agree more closely with the data for proton and deuteron emission, and
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the quality is comparable for alpha emission. Additionally, our total kerma factor
describes the existing experimental results somewhat better, though as mentioned
above there are still some uncertainties in the experimental situation at the higher
energies. Qur total kerma factor is fairly similar to Dimbylow’s, and our cross section
calculations describe experimental emission spectra significantly better. Also, our
work is suitable for direct use in radiation transport calculations since it contains
details of all reaction processes which contribute significantly at these energies.

Since the libraries have been generated with the GNASH nuclear modeling code,
it will be easy to update them when new experimental measurements (such as the
20-90 MeV data currently being measured by Baba et al. at JAERI [116]) and new
modeling capabilities become available.
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