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Abstract —New accelerator-driven technologies that utilize spallation neutrons, such as the production of
tritium and the transmutation of radioactive waste, require accurate nuclear data to model the perfor-
mance of the target/blanket assembly and to predict neutron production, activation, heating, shielding
requirements, and material damage. To meet these needs, nuclear-data evaluations and libraries up to
150 MeV have been developed for use in transport calculations to guide engineering design. By using
advanced nuclear models that account for details of nuclear structure and the quantum nature of the
nuclear scattering, significant gains in accuracy can be achieved below 150 MeV, where intranuclear
cascade calculations become less accurate. Evaluations are in ENDF-6 format for important target/
blanket and shielding materials (isotopes of H, C, N, O, Al, Si, P, Ca, Cr, Fe, Ni, Cu, Nb, W, Hg, and Pb)
for both incident neutrons and incident protons. The evaluations are based on measured data as well as
predictions from the GNASH nuclear model code, which calculates cross sections using Hauser-Feshbach,
exciton, and Feshbach-Kerman-Koonin preequilibrium models. Elastic scattering distributions and direct
reactions are calculated from the optical model. All evaluations specify production cross sections and
energy-angle correlated spectra of secondary light particles as well as production cross sections and en-
ergy distributions of heavy recoils and gamma rays. A formalism developed to calculate recoil energy
distributions is presented. The use of these nuclear data in the MCNPX radiation transport code is also
briefly described. This code merges essential elements of the LAHET and MCNP codes and uses these new
data below 150 MeV and intranuclear cascade collision physics at higher energies. Extensive compari-
sons are shown between the evaluated results and experimental cross-section data to benchmark and val-
idate the evaluated library. In addition, integral benchmarks of calculated and measured kerma coefficients
for neutron energy deposition and neutron transmission through an iron slab compared with MCNPX
calculations are provided. These evaluations have been accepted into the ENDF/B-VI library as Re-
lease 6.

I. INTRODUCTION lived products[accelerator transmutation of waste
(ATW)], converting excess plutonium, and producing en-

High-current proton accelerators are being designefrgy- These technologies make use of spallation neu-
at Los Alamos National Laboratorjt ANL ) and other trons produced ir{p,xn) and (n,xn) nuclear reactions
laboratories for accelerator production of tritiymPT), O highZ targets. New nuclear cross-section data are

transmuting long-lived radioactive waste into shorter-needed toimprove theoretical predictions of neutron pro-
duction, shielding requirements, activation, radiation heat-

ing, and materials damage. Such predictions can guide
*E-mail: mbchadwick@lanl.gov the design of the targgblanket configurations and can

tPermanent address: Advanced Sciences Research cdgduce engineering overdesign costs.

ter, JAERI, Tokai, Ibaraki 319-11, Japan. To address these needs, a program is under way to
tPermanent address: ECN, P.O. Box 1, 1755 ZG Petter§levelop new evaluated nuclear data libraries for inci-
The Netherlands. dent protons and neutrons up to 150 MeV for a range of
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high-priority element3in the ENDF-6 format:® These The LAHET Code System has been instrumental in
evaluations are based on a combination of nuclear modguiding the design of spallation targets. Until now, the
calculations and measured data to evaluate cross sdcAHET intranuclear cascade code has been used to model
tions. The MCNP radiation transport cddis being de- the nuclear interactions as well as the radiation transport
veloped to utilize these evaluated libraries, as well as téor neutral particles above 20 MeV and for charged par-
include charged-particle transport, and is being mergeticles of all energies. Below 20 MeV, the nuclear reac-
with the LAHET intranuclear cascade coder model-  tions and the transport of neutral particles are performed
ing nuclear reactions above 150 MeV. The extendedy the MCNP codé,which uses ENDFB-VI-evaluated
merged code is referred to as MCNPRef. 6). This pa- nuclear data libraries. The intranuclear cascade model in
per describes methods and results of the neutron and prbAHET is most accurate above 150 MeV, where semi-
ton cross-section evaluations and briefly summarizes thealassical approximations become more applicable. Be-
implementation in the MCNPX code. low 150 MeV, however, nuclear interactions are more

Since the APT program has been the primary sourceensitive to specific details of nuclear structure along with
of support for this research, the evaluations described hegriantum effects in the scattering. For this reason, the eval-
are for high-priority elements in that program: H, C, N, uated data libraries are being extended up to higher en-
O, Al Si, P, Ca, Cr, Fe, Ni, Cu, Nb, W, and Pb, as well asergies(150 MeV), since the libraries can be based on the
for Hg, owing to its importance as a spallation target forGNASH, ECIS, and SCAT nuclear modeling codes, which
neutron-scattering material science studies. While thedgetter account for this physics.
elements are also likely to be of high priority in other The upper data-library energy of 150 MeV was cho-
accelerator-driven applications, there are some notabken for the following reasons:
omissions in this work, such as actinides. Future re- ) )
search is needed, therefore, to extend the usefulness of 1. It corresponds approximately to the pion thresh-
this work for ATW applications. In the case of tritium ©ld, and pion production is not included in the GNASH
production, the current design consists of a 1.7-GeV profodel code used to evaluate the cross sections.
ton beam incident on a split tungsten target surrounded . .
by a lead blanket. Throughp, xn) and (n, xn) nuclear 2. The INC model works fairly well above this

: energy.

reactions, neutrons are produced and are moderated

by heavy water in the target region and light water in 3 The GNASH code system has been benchmarked
the blanket I’eglon. These moderated neutrons are Subxtens“/e'y beIOW th|s energy and has been Shown to per_
sequently captured ofHe, which flows throughout the form well in an international code intercomparisdryut

blanket system, to produce tritium via the p) reaction.  for yse at higher energies, additional improvements would
The GNASH nuclear model reaction cddds used e desirable, such as including more than two multiple

extensively in this work to predict nuclear reaction crosgyreequilibrium particles®*3
sections for particle and gamma-ray emission because
measured data at higher energies are relatively sparse. A summary of the information included in the ENDF
However, extensive use is made of existing experimenevaluations is given in Table |. For incident neutrons,
tal data to guide and benchmark the model calculationghe new evaluations to 150 MeV have been built on the
and numerous comparisons between the evaluated rexisting ENDFB-VI evaluations, which usually extend
sults and experimental data are shown in this paper farp to 20 MeV. For protons, the new evaluations extend
validation purposes. Furthermore, the evaluated data fdrom 1 to 150 MeV. Total, nonelastic, and elastic scat-
the total cross sections and the total nonelastic cross setering cross sections are given, as are production cross
tions are usually primarily determined from measuresections for light particles and heavy nuclides. For the
ments, since there are often a sufficient number of suchght particles, angle-integrated production spedira
experimental data to constrain the evaluations. An evaklusive emission spectrare tabulated along with the
uation based on experimental data, in addition to nuclegreequilibrium fractions to allow angle-energy corre-
model predictions, can be expected to be more accuratated double-differential emission spectra to be deter-
than that based solely on model calculations. The opticahined. For heavy nuclidegecoil§ and gamma rays,
model codes ECISRef. 9 and SCAT(Ref. 10 were only angle-integrated emission spectra are provided, and
used to predict elastic scattering angular distributions. Fulsotropic angular distributions are assumed. For gamma
details of the calculation and evaluation methods usethys, this is a reasonable approximation; for recoils, the
are described in Sec. Il. angular distributions are unimportant for most applica-
tions due to the very small recoil ranges.

3The new 150-MeV evaluated cross sections, collectively . Figures 1 and 2 proyld_e three—dlm_ensmna! |IIustra_1-
referred to as the LA150 library, are available via the internefive €xamples of the emission spectra information avail-

at httpy/t2.lanl.goydata/he.html. They can be augmented with able from the evaluations. These examples, for neutrons
other evaluationge.g.,°Be and?38U) to 100 MeV developed incident on lead and on carbon from 20 to 150 MeV, were

in the late 1980s by Young et &l. obtained by combining the nonelastic cross sections,
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TABLE |
Contents of LA150 Data Library for Incident Neutrons and Protons
Angle-Integrated Angle-Energy-Correlated
Reaction Type Cross Section Emission Spectra Emission Spectra
Total Yes(for neutron$ ——— ———
Nonelastic Yes - -
Elastic Yes - (c.m. angular distributions
Neutron production Yes Yes, in c.m. Yes, using Kalbach preequilibrium ratips
Proton production Yes Yes, in c.m. Yes, using Kalbach preequilibrium ratips
Deuteron production Yes Yes, in c.m. Yes, using Kalbach preequilibrium ratips
Alpha production Yes Yes, in c.m. Yes, using Kalbach preequilibrium ratigs
Triton production Yes Yes, in c.m. Yes, using Kalbach preequilibrium ratigs
Gamma Production Yes Yes, in lab Nisotropy assumed
Nuclide production Yes Yes, recoils in lab Nisotropy assumed

multiplicities (yields), and probability energy distribu- velop high-energy nuclear data libraries, mainly for ATW
tions tabulated in the ENDF file. Figure 1 shows the emisand medical application$°

sion spectra of the light ejectiles and gamma rays and the This paper is organized as follows. Section Il pro-
trends of increasing high-energy preequilibrium emisvides an overview of the nuclear models used in this work.
sion with increasing incident energy. The effect of theSection Il (and the Appendixdiscusses the calculation
Coulomb barrier in suppressing low-energy chargedef nuclear recoil spectra, a new capability we have re-
particle emission is also evideriThe low-energy evap- cently developed. Section IV describes the evaluations
oration peaks seen for tritons and alphas are significantlior each of the elements studied and provides detailed
smaller than those for protons—they appear pronouncetbmparisons with experimental cross-section data. Sec-
in Fig. 1 due to the smaller cross-section scales used iion V describes recent extensions to the MCNP-LAHET
the graphs and the small magnitude of cluster preequcode system, as embodied in the new MCNPX code, to
librium emission). In Fig. 2 the recoil spectra are shown utilize the ENDF libraries in the calculations of radiation
for only a few of the many product nuclides formed for transport and energy deposition and shows some integral
neutrons on carbon. The heavier mass of the recoil nbenchmark results that have been obtained to validate the
clides results in the extension of their emission energiesross-section evaluations.

to lower values than seen for the light particles in Fig. 1

(note that the emission energy axes in Fig. 2 only extend

Three-dimensional pictures of this type, along with sim-
ilar pictures of the preequilibrium ratiwsed for obtain- ILA. General

ing angular distributionsand of light-particle production
cross sections, are shown for every isotope evaluation in  The latest version of the GNASH code has been de-
a laboratory report.They provide an important compo- scribed in Ref. 7, and its recent application in nuclear
nent to the validation of the evaluations because trend®action evaluation work has been described in Refs. 14,
in the large amounts of evaluated data can be quickl{5, and 20. For this reason, here we provide only an over-
observed. view of the models used in the calculations, concentrat-
Prior to the present work, high-energy neutron andng on new features.
proton data libraries up to 100 MeV were first developed = The GNASH code calculates nuclear reaction cross
in the late 1980s for a range of elemehtdore recently, sections using the Hauser-Feshbach theory for equilib-
high-energy libraries were generated for particle radiorium decay and the exciton model for preequilibrium de-
therapy simulations in the Lawrence Livermore Nationalcay. Direct reactions to low-lying residual nucleus states
Laboratory(LLNL) PEREGRINE project, through an are precalculated and included as input into the GNASH
LLNL-LANL collaboration****> The present evaluated calculations. The preequilibrium emission cross sections
data libraries represent an advance over these earlier worgan also be calculated according to the quantum mechan-
because they also include energy-distribution and yielital Feshbach-Kerman-Koon{FKK ) theory?**?How-
information for the heavy-recoil product nuclides and areever, for calculations of the large number of nuclear data
based on the latest version of the GNASH céde.re- needed, the exciton model was generally utilized be-
cent years, other groups have initiated programs to desause of the shorter computational times needed, and
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n+2%Pb angle-integrated emission spectra
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Fig. 1. Three-dimensional graphical representations of light-particle angle-integrated emission spectra from the ENDF eval-
uation for neutrons on lead. The spectra are in the c.m. reference frame. Pictures of this type are available in Ref. 2 for all isotopes
evaluated.
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n+"*C angle-integrated recoil spectra
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Fig. 2. Three-dimensional graphical representations of recoil angle-integrated emission spectra from the ENDF evaluation
for neutrons on carbon. The spectra are in the laboratory reference frame.
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*Prepares input of ECIS5 for calculation (deformed or spherical, depending on the nucleus under
of transmision coefficients, elastic tudy to d ib d total ti d elasti
PREGNASH scattering and DWBA. cross sections study) o describe measured total, reaction, and elastic
Prepare input for GNASH scattering cross sections. In many cases, if a specific
nucleus-dependent potential does not exist, we have made
' use of a modified version of Madland’s global medium-
ECIS95 Calculates transmission coefficients,elastic energy nucleon potenti& above an energy of, typically,
scattering and DWBA cross sections 30 to 50 MeV. The revised expression for medium-
energy potential is given in Table Il, where the symbols
are defined in a conventional way. Generally, this global
potential gives a good description of measured total and
«Converts the output from ECIS95 to . . . . . .
POSTECIS GNASH input reaction cross sections and elastic scattering distribu-
tions up to~160 MeV. Note that the potential in Table Il
is a nonrelativistic approximation to that presented in
Ref. 24, which uses relativistic kinematics, allowing it to
GNASH * Statistical and pre-equilibrium model be used in the nonrelativistic SCAT code.
calculation . .
For evaluation of Cr, Ni, and Cu, we have searched
for new nucleon optical potentials to reproduce in more
Converts GNASH outout o ENDF format. detail the isotopic data for elastic scattering angular dis-
GSCAN eencrates ol spooitn for heavy residhs, tributions,s-wave strength functictt and total cross sec-
and combines with ENDF/B-VI data below tions for neutron projectiles, and total reaction cross
20Mev sections for proton projectiles. The parameter search was
carried out based on the Bayesian generalized least-

squares method for Cr and Ni and by ECISVIEW
(Refs. 16 and 26for Cu. In these cases, the energy de-
pendencies of potential depths are expressed in the

Fig. 3. Schematic flowchart of the computer codes used
in the nuclear model calculations.

TABLE 11
Global Nucleon Optical Potential*
Parameter Expression
comparisons with the FKK theory were made only in se
lect cases for validation purposéesee Sec. I1.[ Vi 105.5+ 16.5p — 17.14375IME)
The system of computer codes used to produce the — 0.4Z/A°(3 + 1)
evaluated cross sections is shown in Fig. 3. The steps jn ~ 'r 1.125+ 0.001
the evaluation involvea) setting up the input informa- 3\? 8'375+ 0.0003E
tion using the PREGNASH codg; (b) calculating elas- V\KE; 2 4346+ 0.10LEE — 92885 10-*E2
fuc sca_ltterlng, 'gransr_mssmn c.oeff|C|ents, and direc 1 3.87% 10 °E2
inelastic scattering with an optical mode c_od.e such as ry 1.650— 0.0024&E
ECIS; (c) running GNASH to determine emission cross ay 0.328+ 0.00244&
sections and spectra; and finally) running GSCAN, a Vao 19.0+ 3.751 — 3.154 InE)
code that scans the GNASH output, calculates recojl W, 0.0
emission spectra for the heavy isotope products, and geh- , {0.920+ 0.030AY3
erates data in ENDF-6 format. so 0.98(A =40
Where secondary particle emission experimental data  a., 0.768— 0.001E
exist, certain input parameters, such as level density p]a— re 1.25

rameters and the preequilibrium matrix element, are some=
times adjusted within their ranges of validity to optimize
agreement with the measurements.

Details of the nuclear models used are described i
Secs. I1.B, II.C, and II.D.

*For energies from-30 to 50 MeV up to 160 MeV, based
on Madland’$* potential but modified for use in a nonrel-
tivistic calculation. The potential depths and projectile energy
are expressed in mega-electron-volts, while the geometric
parameters are given in femtometres. The synbdenotes
the z component of projectile isospin, i.€,for neutrons and
— 3 for protons,n = (N — Z)/A, whereN, Z, andA represent
the neutron, proton, and mass numbers of the target nucleus,
Evaluations begin with the development, and in someespectively. InF or +, the upper sign corresponds to neu-
cases selection from the literature, of an optical modetrons and the lower one to protons.

I1.B. Optical Models
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following way, which is similar to that proposed by uum?3? For this reason, the GNASH code has been mod-
Delaroche et &’ ified to allow the inclusion of direct scattering cross
ol sections for large numbers of statssmetimes as many

Ve = Ve mETE) + Vo + VI E as 100, including those that are embedded within the

(E—Ep)? “continuum” region, where a statistical level density pre-

n T scription is used, such as excitation of giant resonances.
(E—Ep)® + W, For such direct reactions, nuclear deformation param-
(E—Ep)* eters are obtained from the literature, and the ECIS code

F is used to calculate the distorted wave Born approxima-
(E—Ep)* + V\A?'; ' tion (DWBA) cross sections. These are then included as
B 0,005 input to GNASH so that the effects of their subsequent
Vso = 6.0e gamma-ray decay, as well as the removal of flux from

other reaction mechanisms, are incorporated into the
results.
W, = 0.2—-0.01E . (1) Gamma-ray transmission coefficients are deter-
mined using the Kopecky-UR? formalism, which
modifies the Brink-Axel hypothesis to include an

WD = WD e*)\wD(E*EF)
o

W, = W,

and

The symboEg denotes the Fermi energy and was calcu

lated as excitation-_energy dependence of the giant dip@ed
Ec(n) = —1(S\(A) + S,(A+n)) other multipole strength.
and [I.C. Level Densities
E = —1(S(A) +S,(A+D) , 2 The Ignatyuk et af? nuclear level densities are used,
=(p) 2(SA + S P) @ which include the washing out of shell effects with in-
where creasing excitation energy, and are matched continu-

ously onto low-lying experimental discrete levels. The
Ignatyuk model for describing the statistical level den-
Er(p) = proton Fermi energy sity properties of excited nuclei is particularly appropri-
ate for the relatively high energies studied in this work.
For instance, it has been showrthat the larger level
density parameter at high excitation energies that results
S,(A) = proton separation energy from targetfor nuclei near closed shells causes a lower nuclear tem-
nucleusA perature, and therefore a lower average ejectile evapora-
tion energy, which in turn significantly influences the
distribution of isotope production yields after the reac-
tion. Our implementation of this formalism, using a
S,(A + p) = proton separation energy fortargep  constant-temperature region just above the discrete lev-
nucleus. els before the Fermi-gas region begins, also allows it to
be applied at low excitation energies.
In this approach, the level density parameter is en-
L1y dependent:

E-(n) = neutron Fermi energy

S,(A) = neutron separation energy from target
nucleusA

S,(A + n) = neutron separation energy from tar-
get+ nnucleus

The potential form factor was chosen to be of Woods
Saxon form folVg andW,,, derivative Woods-Saxon for
W, and Thomas-Fermi form for the spin-orbit parts. Th
calculation was performed with ECIS making use of rel- a(U) = a[1+f(U)sW/U] , 3)
ativistic kinematics.

The following global potentials were employed in where« is the asymptotic high-energy value. Shell ef-
the evaluations for composite particles, which are needefécts are included in the terdW, which is determined
for the inverse process of composite particle emission:via W= M., (Z,A) — M4(Z,A, B), whereMe,(Z,A) is

- : ; the experimental mass arM4(Z, A, B8) is the liquid-
1. deuterons—the Lohr-Haebefliand the Perey drop mass at deformatigh The exponential damping of

potentiaf® el
. . ) shell effects is given by
2. tritons—the Becchetti-Greenle€gotential
3. alpha particles—the McFadden-Satcftaroten- f(U)=1—exp(—=yU) , (4)
tial.

wherey = 0.05 MeV. The asymptotic form @f(U) — «
Recent work in nuclear reaction theory has emphais given by

sized the importance of calculating direct inelastic scat-

tering cross sections to low-lying states and indicated that a_ n+ BA (5)

collective direct excitations often persist into the contin- A '
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By fitting s-wave resonance data at the neutron separand intermediate states, which necessitates statistical pos-
tion energy, the valueg = 0.1375 and8 = —8.36 X  tulates in the direct-reaction formalism so that the com-
10 > were obtained. putation of these processes remains tractable. In Ref. 37
In some cases, level density analyses were pewe presented a formalism for calculating MSD cross sec-
formed for all residual nuclei to determine the maximumtions in a fully two-component theory, where all possible
number of discrete levels that should be used)., for neutron and proton particle-hole excitations are explic-
light nuclei such as C, N, and O, where the number oftly followed for all orders of scattering.
residual nucleus products is relatively smaHowever, Figure 4 shows comparisons of double-differential
since many different residual nuclei can be produced irross sections as calculated with the FKK method with
nuclear reactions up to 150 MeV, exceeding 100 in mangxperimental daf& for the Fe p, xn) and Pl p, xn) re-
cases for heavy targets, in some cases we automate tlistions at 113 MeV. The good agreement obtained be-
procedure by always using a maximum of 10 to 15 extween the FKK predictions and experiment, and between
perimental levels. This procedure is expected to be adé-KK and exciton model predictior$ provides some con-
quate for nuclear reactions induced at these relatively higfidence in the use of the exciton model in GNASH for
incident energies—it has the merit that the nuclear levelthe large-scale calculations of nuclear data described in
included for each nucleus are likely to be complete up tdhis paper. Theoretical studies using the FKK preequilib-
the highest level's energy, which is important whenrium theory have played another useful role in this
matching a statistical level density theory onto the denwork—a number of theoretical nuclear reaction physics
sity of known low-lying levels. developments have been made and tested within the con-
text of the quantum multistep theory, such as multiple

[1.D. Preequilibrium Emission

After the aforementioned steps have been completed, s
all input parameters are available for the GNASH calcu- 0

208
lations. An input parameter that is sometimes adjusted is  10° } 113 MeV ""Pb (PJE}")5 deq 1
the exciton model damping matrix element that governs  1¢p° | o 30 deg /10

the relative probability of emission from different steps -~ o2 [ 4 60 deg / 100
in the preequilibrium cascade. To determine the best valug . W ° 150 deg / 1000
to use, experimental emission spectra measurements ag 1°
collected, and trial calculations are performed. The ma-€ 10
trix element is then adjusted within the range from 140g 44"
to 175 Me\? (Ref. § to optimize the global agreement
with measurements. N
The semiclassical exciton model in combination with 10
the Kalbach angular-distributidh systematics provides 10™
a reliable method to predict double-differential outgoing

-2

10

d’c/dE

spectra for all the nuclides considered here. Since the high- 1 10 100
energy tail of the continuum spectrum is so important— s Outgoing Energy (MeV)

certainly for high incident energies it accounts for the 0 ' o '

major part of the reaction cross section—we have vali- 10 113 MeV “Fe (p,xn) j
dated the exciton model’'s predictions through compari-  4¢° ©7.5 deg
sons with quantum preequilibrium calculations. This _ © 30 deg / 10 ]

10 2 60 deg /100
© 150 deg/ 1000
5 Total calculated spectrum

approach enables a realistic prediction of angle—integrate@-
spectra and the angular distributions without using any2 10
experiment-based phenomenology. We use the recent twa@ 4¢° ¢
component extensidrh of the multistep direct MSD)
model of Feshbach-Kerman-Koorfih.It comprises a
combination of DWBA matrix elements and a statistical ® 10~
description of the excited states of the nucleus. When & 44
reaction proceeds by the MSD mechanism, at least one
particle is in the continuum throughout the process, and '°
at each subsequent step of the reaction, a new particle- 10
hole pair is created. After one or a few collisions, the
continuum particle is emitted in a direction that still has
retained some COUpIing to the initial direction and is there- F|g 4. Comparison of quantum mechanical FKK predic-
fore forward-peaked. The main difference with conven+ions of continuum preequilibrium emission spectra with ex-
tional direct-reaction theories is the high density of finalperimental dat&®
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......

S
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preequilibrium emissiotf and preequilibrium spin ef- Since the recoiling nucleus after particle emission is
fects®® before being included in the GNASH code for frequently particle-unstable and undergoes further parti-
nuclear data evaluation calculations. cle emissions, the calculation of the recoil spectra of a

given product nuclide requires following the sequential
particle decays in a coupled manner. The c.m.-to-lab boost
velocity changes during the evolution of the reacttdn.
The initial composite nucleus lab velocity after the pro-
. jectile strikes the target nucleus is rather large. However,
_ The calculation of the energy spectra of secondary résince the first ejectile is often a preequilibrium emission
coils in this work represents an advance in the completgg;th a |arge kinetic energy in a forward direction, the lab
ness of high-energy ENDF files. Previous high-energyecoil speeds after this primary emission are reduced
evaluation works have either omitted this information, SiNC&which is another way of saying that only partial momen-
transport effects were the main focus of stddyor have  yym transfer occuns During further sequential com-
tabulated the total energy per reaction deposited by the e ynd nucleus decays, the recoiling nuclei tend to pick
coils but have neither specified recoil energy spectra nqip speed again as internal excitation energy is converted
how this energy is divided among individual r_E‘CdﬂlSl- to particle emission energy and recoil kinetic energy.
Our more complete treatment facilitates detailed calcula- ~ e resulting calculated recoil spectra are tabulated
tions of radiation damage and heating. In addition, inys angle-integrated spectra in the laboratory frame in the
applications that use these data in simulations of heavyie.g section of the ENDF evaluation. Since recoil ranges
particle radiotherapy, one could utilize the recoil spectrge small. a detailed representation of angle-energy-
to determine relative biological effectiveness in addition.grelated recoil spectra is unnecessary for most appli-
to absorbed dose because the linear energy transfer propiions. Also, the recoil spectra are represented in
erties of the ionizing radiation are known. Clearly, kine-pjstogram format for ten equally sized emission energy
matics determine that energy deposition by reddit$ined  pins 'Such a coarse representation of the calculated spec-
as a_1|| nuclides W|tIA_> 4) is mostimportant for reactions {4 prevents the evaluated file from becoming too long,
onlighttargetnuclei. Indeed, we calculate that for 20-MeVan{ this level of detail for the recoil information is suf-
neutrons on oxygen, approximately 30% of the total enficiently accurate for calculations of radiation heating and
ergy depositiorikerma is due to the recoil§’ . damage. We checked that the average energy of the
‘The basic physical principles influencing recoil €N-coarsely binned recoil spectra agreed well with the exact
ergies were elucidated in the 1960s by Blann and E#art, yesyits, which is important for ensuring that the nonelas-
who measured recoil ranges and made use of the Lindhargls recoil kerma coefficients are accurately defined. II-
Scharff-Schiott theory for the range-energy relationshipy,strative examples of recoil spectra are shown in Fig. 2.
Their findings can be briefly summarized: An example of the variation in calculated recoil ve-
locities with particle emission is shown in Fig. 5 for 80-
MeV protons or?®Si for processes involving sequential

I1l. CALCULATION OF RECOIL SPECTRA

1. Inthe formation of a compound nucleus, full mo-
mentum transfer from the projectile occurs. Compound
nucleus evaporation of a particle leads to a new recoil
that has, on average, a higher kinetic energy than the ki-
netic energy before emission.

28 - s
2. Where preequilibrium reactions occur in the first o014 | 80 MeV Si(p,xn), velocities

stages of the reaction, there is only a partial momentum of recoil nuclei
transfer from the projectile, which results in lower ki- 'g
netic energies of the first recoil nucleus after preequilib-g

rium emission.

0.0140

0.0135
A more recent work by Gadioli et 4% also nicely dem-
onstrates these effects.

Full details of our calculational method for recoils
are described in Ref. 20. Briefly, the GSCAN code is used
to read emission spectra from each decaying composite 90125 |
nucleus in the GNASH output. Kinematic transforma-
tions from the center of magés.m,) to lab reference frames 0.0120
are performed analytically to determine recoil lab ener-
gies, taking advantage of the simple analytic functional
form of the angular distributions embodied in the Kal-  Fig. 5. variation in average velocity of recoiling nuclei
bach systematic¥ Equations for these kinematic trans- as neutrons are emitted from decaying phosphorus isotopes in
formations are provided in the Appendix. the 80-MeVp + 23Si reaction.

0.0130

Recoil velocity (un

1 2 3 4
Number of neutrons emitted

NUCLEAR SCIENCE AND ENGINEERING VOL. 131 MAR. 1999



302 CHADWICK et al.

neutron emission. The initial reduction in recoil velocity 70— * '
due to first-particle preequilibrium emission is evident, n+Pb total cross section
followed by increasing average recoil velocity with se-

Evaluation

uential equilibrium neutron decay. =  Finlay (1993)
q q y £ 6.0 & « Lisowski (1980) 1
1 Larson (1980)
o Compiled data, from the NNDC

IV. RESULTS AND COMPARISONS
WITH MEASUREMENTS

IV.A. General

Total cross section

This section describes the evaluation methods and nu-
clear model calculations used for each element under study.
The methods used depend on the nature of the target, and
in particular, they depend on the extent to which statisti- 3-020 40 60 80 100 120 140
cal assumptions implicit in the'nuclear quels are va_Llld. Incident neutron energy (MeV)

For this reason, the cross-section evaluations of the light-

est nuclei studied here, hydrogen and deuterium, were Fig. 6. Evaluated neutron total cross sectiorff8Pb com-
based almost entirely on experimental data and on nwared with measurements.

cleartheory R-matrix and phase-shift representations of ex-

perimental data. The evaluations for targets such as carbon,

nitrogen, and oxygen used GNASH nuclear model calcu-

lations, butthey also relied heavily on measured data. Evagurements. An accurate representation of the nonelastic
uations of targets heavier than oxygen were based almogtoss sections is important because the production cross
exclusively on GNASH model calculations. sections of secondary ejectiles are directly proportional

The comparisons in this section between the evaluto this quantity(being the product of the nonelastic cross
ated results and experimental data are critical for benctsection and the ejectile yield, or multiplicityThe eval-
marking the evaluations, for validation purposes, and fopated total and nonelastic cross sections were taken to be
assessing the accuracy of the evaluated data library. Evégentical for all the lead isotopes, a good approximation
though these comparisons are rather extensive, numeue to the small relative mass differences.
ous comparison figures have been omitted due to limita- ~ Directinelastic scattering to low-lying levels in lead
tions on spacéwhich can be provided on request by theisotopes was calculated using the ECIS code, using
first authoy. The figures that we use are representativdWBA theory. Excitation of states in the discrete level
and have been chosen to emphasize nuclear reactions &@gion, as well as states within the continuum region, was
targets that are most important for accelerator-driven sygonsidered. Ninety-eight states were considered¥#?b
tems, such as Pb, W, and Fe. Fewer comparisons are priéP to an excitation energy of 7.114 MeV; 59 states were
vided for other targets that are somewhat less importaronsidered fof°’Pb up to an excitation energy of 6.483

or that are documented elsewhéfd>43 MeV; and 13 states were considered f8fPb up to an
excitation energy of 6.423 MeV. Deformation lengths for
IV.B. The2°6:207.20p Evaluations the DWBA transitions were obtained from the Nuclear

Data Sheets and from Refs. 48 and 49.

The development of high-quality nuclear data forlead = The only neutron-induced emission spectra measure-
is particularly important due to lead’s role as a spallatiorment above 20 MeV is that of Hjort et &l.for the
target and neutron multiplier in many accelerator-driver65-MeV Pk(n, xn) reaction at forward angles. These data
system designs. are extremely useful for benchmarking the neutron-

Measurements for the total, elastic, and nonelastimduced GNASH calculations, and Fig. 9 demonstrates
cross sections for lead are shown in Figs. 6, 7, and &hat the GNASH predictions are in good agreement with
compared with our evaluated results. In the case of ththese data. The fall-off in the experimental data below
total cross section, we were guided mainly by the LisowskR0-MeV emission energy is an artifact and due to the
et al*® and Finlay et af® data. The elastic scattering an- high detector threshold energy. Some of the fluctuations
gular distributiong Fig. 7), calculated with a deformed seen in the measured data are due to the excitation of
optical potential developed for ledd,are seen to ac- giant resonances high in the continuum not included in
count for the measurements well. The total nonelastiour calculations.
cross section obtained from this coupled-channel calcu- Numerous data for neutron production via(bxn)
lation was modified slightly to better agree with the ex-reactions exist. Comparisons between the evaluated re-
perimental data, as shown in Fig. 8. Figure 8 also showsults and angle-integrated emission spectra measurements
the proton nonelastic cross section compared with meat 26, 45, and 80 MeV are shown in Fig. 10. Agreement
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Fig. 8. Evaluated neutron and proton nonelastic cross sec-

tion for 2°®Pb compared with measuremetfits.

Fig. 7. Evaluated neutron elastic scattering cross section

for 2°8Pb compared with measuremefits.

with the measured data is good with the exception of the _ 92|
80-MeV reaction, where the calculations underpredict neu-
tron emission in the 20- to 40-MeV energy range. At

113 MeV, the evaluation is compared to the double-

differential experimental data of Meier et&lin Fig. 11.

n (mb/MeV

Agreement is fairly good over the whole emission energy .2
range, except at 150 deg. The magnitude of the calculatedg
back-angle preequilibrium emission is determined by the ¢

extent of forward-backward asymmetry from the Kal-
bach angular-distribution systematiésnd is therefore

ros

®)

only as accurate as these systematics are accurate. How-
ever, the small magnitude of the back-angle cross section
implies that the practical impact of the back-angle under-

prediction is expected to be small.

The increasing importance of preequilibrium emis-
sion with incident energy is evident in Fig. 10, as can
be seen from the significant contribution of high-energyat 65 MeV compared with experimental data.
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Fig. 10. Evaluated®®Pb( p, xn) angle-integrated neutron
emission spectra compared with experimental Has inci-

dent energies of 26, 45, and 80 MeV.

80
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—— GNASH calculation
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Fig. 11. Evaluated®®Ph( p,xn) double-differential neu-
tron emission spectra compared with experimental Haaa

113-MeV incident energy.
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erator facilities used in material science studies. No
ENDF/B-VI evaluation exists for mercury, though re-
cently Shibata et al* have produced neutron evalua-
tions below 20 MeV for seven mercury isotopes for the
Japanese JENDL-3.3 file. Through a collaboration with
these authors, we have extended their neutron evalua-
tions up to 150 MeV using GNASH model calculations
and have produced new proton evaluations from 1 to
150 MeV.

Because of the very limited number of experimental
data for nucleon reactions on mercury, the evaluated data
are heavily based on model calculations. An optical model
originally developed by Chiba for neutron scattering on
lead was adapted for use on mercury. This potential was
used for the total, nonelastic, and elastic scattering dis-
tributions. For protons, the medium energy potential
(Table 1) was used above 20 MeV, and the Becchetti-
Greenlees potentidf, at lower energies. Deformation
lengths for inelastic scattering were obtained from the
analyses performed for the JENDL-3.3 evaluations.

IV.D. Thel82:183.184.184; Evaluations

Tungsten is a particularly important element in the
APT program due to its use as the spallation neutron tar-
get. Its high melting point enables it to withstand large
proton beam currents, and a high number of spallation
neutrons are released per incident proton. Because low-
energy neutrons have a high neutron capture cross sec-
tion on tungsten, a split-target design is used to minimize
neutron self-absorption.

Prior to a recent LANL total cross-section measure-
ment>? only two measurements of the total cross section
on tungsten existed above 20 MeV: those of Peterson,
Bratenahl, and Stoeriid and Hildebrand and Leitff*

The new total cross-section data were taken at the Weap-
ons Neutron Research white neutron source facility and
extend from 6 to 600 MeV. Our evaluated results from 20
to 150 MeV follow these new data for elemental tung-
sten, which are in good agreement with the Peterson mea-
surementg Fig. 12). Since the total cross section is
expected to vary by less than2% among the naturally
occurring tungsten isotopes, our evaluation uses the same
elemental total cross section for all the isotopes.

No measurements exist for the neutron nonelastic
cross section on tungsten, though there is a 90-MeV mea-
surement of the proton nonelastic cross section by Kirby

ejectiles for the higher incident energy reactions. In addiand Link.55f Our evaluated nonelastic cross section makes
tion, this figure also shows the increased neutron emisise of optical model calculation results. Below 80 MeV,
sion in the evaporation regime with increasing incidenthe neutron potential of Young and Arthur was used,

energy due to energy conservationore energy is avail-

and above 80 MeV, the global Madland potential was

able to overcome separation energies for particle emigsiorused(Table Il). The calculated neutron nonelastic cross

IV.C ThelQG,198,199,200,201,202,% Evaluations

section agreed well with the Kirby proton-induced mea-
surement(after scaling by the calculated optical model
ratio of neutron-to-proton nonelastic cross section at

Mercury is currently receiving a great deal of inter-90 MeV). The shapes of the calculated results are also
est as a spallation neutron source, particularly at accetonsistent with measurements at other energies: data at
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6.0 - : : , , , N
i @ g MeV W |
W-+n, total cross section 10° -\ 26 MeV W(n,xn) angle-
* Peterson (1960) \ integrated spectrum
= = Hildebrand (1950) \
=50t + Dietrich (1997) S
c . [
o Evaluation S 10°
o 3
3 E
2 4
Q40+ B
© © 10
Evaluation (GNASH calculation)
o Marcinkowski (1989)
fffff GNASH calc. without collective
3.0 : : : : : - 0
20 40 60 80 100 120 140 10 : . : : :
0 5 10 15 20 25
Neutron energy (MeV
9y ( ) Neutron emission energy (MeV)
2000 . :
_ ‘ Fig. 13. Comparison of the evaluated 26-M&H (n, xn)
p+W, total nonelastic cross section emission spectrum with measuremetfts.
1800
o)
E
S 1600 | 1 tion of giant isoscalar 1-, 2-, and 8-EOR) resonances.
5 . Our calculation of these collective excitations followed
b : Ko tiets) ' that of Marcinkowski, Demetriou, and Hodgsth.
@ 1400 1 o p+Ta data, Abegg (1979) i At 26 MeV, Marcinkowski et aP® have measured
8 e o o e nta | %W (n, xn) neutron emission spectra. Their angle-
| integrated data are compared in Fig. 13 with our calcu-
1200 + ; . - ;
lations, and the agreement is excellent. This is due, in
(b) part, to the theoretical description of collective excita-
1000 . M s , . . tions. The GNASH calculation without collective en-
0 20 40 60 80 100 120 140 hancements is shown by the dashed line and substantially
Proton energy (MeV) underpredicts the high-energy cross sections. The exci-

) ] . tation of the giant isoscalar broad resonances account for
Fig. 12. Comparison of tungsten evaluation and elementhe cross section given by the difference between the solid
tal measurements fd) total neutron cross sectiéh®*and 54 qashed lines in Fig. 13: the calculated peak at the
(b) proton nonelastic cross section. highest emission energies is due to the excitation of ro-
tational levels. The agreement seen in Fig. 13 is signifi-
cantly better that that found in the model calculations
contributed to the 1988 Code Intercompari¥binecause
&f the inclusion of continuum collective effects in this
work.
A measurement of neutron production in the 113-
eV proton-induced reaction on tungsten was made by

14 MeV (Ref. 56, and systematics from neutron-
induced measurements on other targets at higher en
gies(interpolated using a mass dependence 6hA>?),

as shown in Ref. 57. Optical model calculations usinq\/I

the medium energy potentiélable 1l) above 20 MeV ) 38 . o
and the Becchetti-Greenlees potential at lower energidd€ier etal-” (see Fig. 14 The only other existing mea-
Surement for neutron production is from SkyrfiteA

were performed for protons, with a small renormaliza- b hy h hat the doubl
tion to better account for the measurements. The daf3imboer of factors, however, suggest that the double-
ifferential Meier et al. data may be50% too high:

shown in Fig. 12 include Kirby’s 90-MeV value, mea-
surements on tantalufwhich would be expected to be 1. Skyrme’s dat& for tungsten are significantly

similar since tantalum is adjacent to tungsten in the peywer and in good agreement with our evaluation
riodic table, and systematics from measurements O Fig. 15.

other target§?

Direct inelastic scattering reaction mechanismswere 2. Comparisons with other Meier data, such as data
considered for the tungsten isotopes calculated with thier a lead target® indicate that the tungsten data appear
ECIS code. Reaction mechanisms studied inclu@gd to be anomalously high for all emission energies and
excitation of low-lying rotational levels an() excita- angles.
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Fig. 14. Evaluated Wp, xn) double-differential neutron Fig. 16. Comparison between calculated 120-MeV

emission spectra compared with experimental $asg 113- W(p, xp) angular distribytions with experimental data for the
MeV incident energy. The measurements have been decreas&d0-MeV T& p, xp) reaction.
by a factor of 0.6Gsee texk

energy evaporation region are compared with Skyrme’s
measurements at 42 and 150 MeV in Fig. 15. Again, the

10 ] Meier et al. data appear to be inconsistent with both our
E W(p,xn), back-angle emission calculations and the Skyrme data. _ .
| 150 MoV GNASH No W(p,xp) measurements exist, but Richter
= 63 .
= Lo . * 150 MeV Skyrme et al>® have recently measured (g xp) emission spec-
20 L " T avevegme tra at 120 MeV at the National Accelerator Center in
= 113 MeV GNASH Faure, South Africa. These data are useful for bench-
8 marking our calculations because continuum emission
E spectra for tungsten and tantalum would be expected to
% be similar at this energy. Figure 16 shows calculated
TTRT angular distributions at various emission energies com-
° pared with these data. The increase in forward peaking
“o with increasing emission energy is evident, and the cal-
culations using Kalbach angular-distribution systemat-
. T ics>® are seen to describe the variations in the data with
10 0 5 4 6 é 10 12 angle over many orders of magnitude. At the highest

emission energy100 MeV), our calculations overpre-

Neutron emission energy (MeV) dict the measured proton emission at the forward angles.

Fig. 15. Comparisons between calculated\kn) back- 03 )
angle emission spectra in the evaporation regime with mea- IV.E. The™NDb Evaluation

surements by Meier et &f.and Skyrmé? The calculations are S . .
. . : Niobium is present at the 5.5% level, by weight, in
tent with the Sk data but not the M t al. data. o e :
consistent wi € Sxyrme data but not the Meier et &l 484, conel-7182 This is a structural alloy used in the LANL
APT design in the proton beam window. It is also used
for structural support of the tungsten spallation neutron

3. Energy balance arguments argue against the higiﬁrge’[ tubes and _for cladding the tungsten t_ubes to pre-
neutron emission multiplicity implicit within the Meier ent water corrosion. Furthermore, niobium is presentin

the superconducting cavities in the proton accelerator, and

et al. data. X o ‘

nuclear reactions on niobium must be understood to sim-
These factors are discussed in detail in Ref. 62. Figulate accidental beam-spill scenarios. _
ure 14 shows our calculated emission spectra at four an- Global optical potentials described in Sec. I1.B, in-
gles, and when the Meier et al. measurements are scalé/ding the medium energy potential in Table II, were
by a factor of 23, the agreement is seen to be good. The
calculated neutron production spectra in the low-emission-  2inconel is a trademark of the Inco family of companies.
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used. The total cross-section evaluation was based on IV.F. The®*°Cu Evaluations
Finlay et al.’§"® data. The evaluation of secondary pro-
duction cross sections was based on GNASH nuclear The neutron total cross section above 20 MeV was
model calculations, along with ECIS calculations describobtained by evaluating experimental data, with a partic-
ing the direct excitation of vibrational statéaxcitation ~ ular emphasis on the Finlay elemental ddtahis re-
of 2+ and 3- phonon states coupled to the 4.5org.  sulted in an evaluated elemental Cu total cross section;,
Our results are compared in Fig. 17 with experimentalo obtain isotopic®>°Cu total cross sections, it was as-
26-MeV Nb(n, xn) angle-integrated dat4 and with  sumed thaf®Cu and®*Cu have total cross sections in an
double-differential 65-MeV Nbp, xp) data®® Good agree- A*° ratio to one another. The total neutron nonelastic
ment is observed. The 26-MeV neutron scattering dat&ross section was obtained directly from an optical model
were analyzed by many researchers for an internationgglculation after verifying that it was in good agreement
code intercomparison, organized by Gruppelaar anwith the experimental data.
NageP°—the level of agreement between calculationand A neutron optical potential with a functional form
measurement evident in Fig. 17 is an improvement oflescribed by Eq(1) was obtained by a least-squares pa-
the calculations performed for this intercomparison, prifameter search to fit experimental total cross-section
marily because of our inclusion of collective excitationsdatd™® and elastic scattering distributions from 1.6 to
at the highest emission energies. Our evaluation is als®6 MeV (Ref. 44. This optical potential was used for
consistent with newp, xp) data at 14 MeV obtained by ECIS calculations of neutron transmission coefficients and
Watanabé&’ DWBA cross sections for the entire energy region above
20 MeV.

Due to the lack of proton elastic scattering data in
numerical form, we used a combination of global optical
models for the proton channel. The Becchetti-Greenlees

1 potentiaf® was adopted below 47 MeV, and the nonrel-

ativistic version of the Madland potenti@lable II), above
! 47 MeV. At this particular energy, the two potentials join
: smoothly. Following Delaroche et &1’;°®*we adopted the
weak-coupling model for direct collective inelastic scat-
tering for®3:°*Cu, using even-eve??*Ni cores, respec-
tively. For the calculation of the cross sections, ECIS was
used in DWBA mode. Deformation lengths were ob-
tained from the literature.

The copper isotope evaluations are documented in
detail in Ref. 69; therefore, further details are not re-
peated here. Reference 69 provides numerous compari-
sons against experimental total, reaction, elastic, and
emission spectra data to benchmark the evaluations.

26 MeV 93Nb(n,xn)

GNASH calculation

10 - ‘ : —
00 50 100 150 200 250  30.

Emission energy (MeV)

]
1
o Marcinkowski (1983) 1
1
|
0

IV.G. The®860:61.62.6{jj qn( 50-52.53.5¢r Eyaluations

° 1 Nickel and chromium are important structural ele-
° ] ments in steel. Asignificant number of experimental data
] exist to benchmark our 150-MeV evaluations, particu-

65 MeV ®Nb(p,xp)

larly for Ni, where proton-induced emission spectra are
J; available at 60-, 90-, 120-, and 150-MeV incident ener-
° : gies, and neutron-induced alpha production data exist up
] to ~50 MeV. The methods used to evaluate the chro-
i mium isotope cross sections followed closely those used
1 for nickel and are therefore not described in this paper.
Furthermore, apart from total, total nonelastic, and elas-
i tic scattering data, few measurements exist for Cr.
1 The Ni neutron total cross sections were evaluated
based on the least-squares method, taking into account
the experimental dafd,including the recent elemental
Ni results from LANL by Dietrich et af? The total cross-
Fig. 17. Comparison between calculated and measuregection data for natural Ni were transformed to those for
emission spectra for niobium. Ni isotope cross-sections according to’&f? dependence.

o Sakai (1980)
GNASH calculation

d’c/dEDQ (mb/MeV sr)

107 —— y
0 20 40 60 80

Emission energy (MeV)
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The evaluated total cross-section dasawave 500
strength function$? and elastic scattering angular dis- 450 | %%Ni(n,xa) production
tribution datd* were used to obtain the neutron optical ’
potential parameters, with a potential functional form 400 |
given by Egs(1) and(2). The parameter estimation was 350 |
carried out based on the Marquart-Bayesian approach,
where the ECIS code was used for the optical model o
calculations. The initial potential parameters were taken £ 250
from Koning, Delaroche, and Bersilldfl. This poten- ~ © 54
tial was used for the calculation of neutron transmission
coefficients and DWBA cross sections in the entire en- 190 |
ergy region above 20 MeV. Below 20 MeV, the Harper 100
neutron potentidf was used. For protons, above 50 MeV
we obtained a potential after performing a parameter
search on experimental elastic and nonelastic data. Be- 0 & ‘ ‘ ‘ P ‘
tween 5 and 50 MeV, the results from Ref. 70 were used, o 20 40| .d60 80 N1|03 120140
and below 5 MeV, the Harper potential was usédror neident energy (MeV)
deuterons, the Lohr-Haebéfliglobal potential was used; Fig. 18. Comparison between calculated and measéred
for alpha particles the McFadden-Satchler potefitiaas  alpha-particle production from Ni isotopes.
used; and for tritons the Becchetti-Greenf€epoten-
tial was used.

Direct collective inelastic scattering to levels in the
Ni isotopes was calculated using the DWBA mode in
ECIS. The deformation lengths were taken from Nu-
clear Data Sheets or from Ref. 70. However, foNi

GNASH calculation

o Haight et al. (1997) *8Ni(n,xat)

300 -

90 MeV p+58Ni reactions

F
[

¢ L ® (p,xn) Kalend (1983) Ni data
[
[

we just included inelastic scattering to the- Zibra- 10" ¢ o) GNASH oale,
tional state, with a deformation length that resulted in a ) GNASH oneation
match with the ENDFB-VI inelastic scattering at __ 10" : e GNASH calouton
20 MeV because the use of deformation parameters gives B D ANASH amlouton
in Ref. 70 appeared to overestimate the magnitude o% 10° [," \

inelastic scattering. £
Above 20 MeV, new measurements from Haight% 10'
et al/? exist for alpha production on the Ni isotopes. Be- & ‘
cause alpha emission represents a small fraction of th€ 1 |
total reaction cross section, its prediction by a nuclear |
model calculation is sensitive to the level density and op- o |
tical potential parameters used. This fact allows such data
to be used to infer level densities in the residual nucleus ,,- SR B
following alpha emission and in the residual nucleus fol- ¢ A iseon e?;’erg;"(Me(}’) g0 %0 100
lowing neutron emission, the dominant competition chan-
nel.”? Our results, which include a fine-tuning of level Fig. 19. Comparison between calculated and mea$tiféd
density parameters to match both measis@dve res- angle-integrated emission of neutrons, protons, deuterons, and
onance spacings arid, xa) data, are shown in Fig. 18. alpha particles for 90-MeV protons GfiNi.
This provides a good example of the important role that
experimental data can play in guiding a model calcula-
tion for an evaluation. If default parameters were used, it
is likely that these alpha-production data would not bes very small, so the impact of this on applications such
well predicted. as energy deposition is small. Where the alpha cross sec-
Other measurements exist for proton-induced readion is high, at low emission energies, the calculated cross
tions, primarily for the®®Ni target. At 90 MeV, our cal- section from compound nucleus decay agrees with the
culations of proton, neutron, deuteron, and alpha emissiomeasured data. At 65 MeV, our results are in excellent
agree well with measured data from the Universityagreement with the proton emission spectra of Sakai
of Maryland/®"* as shown in Fig. 19. At the highest et al®® Finally, continuum proton emission spectra have
emission energies, preequilibrium alpha emission is ovebeen measuréd at the National Accelerator Center at
predicted; however, cross sections for preequilibriunfaure, South Africa, at 100-, 120-, and 150-MeV inci-
cluster emission are difficult to predict accurately, anddent energies. Our results, shown in Fig. 20, are in ex-
even though the data are overpredicted, their magnitud=ellent agreement with these data.
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e * E,=21.6 MeV, Olsson(1987) :
2 10 = 10 * E;=24.8 MeV, Stuart (1962) |
3 £ =65 MeV, Hjort (1990)
£ 10 -g
1
%: 10~ ® E,=80MeV (x10) ] E 10
w .
% ‘ g w
2 10 % S 10
10‘3 [ GNASH calculation ® E, =100 MeV ]
o Ri -1
Richter (1992) ’ 10
107 — . : : :
0 30 60 90 120 150 180 1o
Angle (deg) 0 30 60 90 120 150 180
10 — - - Angle (deg)
. 150 MeV Ni(p,xp)
10 Fig. 21. Comparison of iron evaluation and elemental mea-
= 10 o EL60 MeV (x10) surements fofa) total neutron cross sectiéh®?and(b) neu-
; tron elastic scattering cross sections.
1
s 2
.g 100 =80 MeV (x10%)
g , Figure 21 shows the evaluated neutron total cross sec-
w 10 E, =100 MeV (x10) tion compared with data. Below 40 MeV, we have placed
L 10 L a particular emphasis on the Larson Oak Ridge National
© GNASH caloutation” Laboratory measurements rather than the higher values
10° b L Rcher 1992) y measured by Cierjacké.Elastic scattering angular dis-
10~ ‘ . ‘ . tributions for neutrons are also shown in Fig. 21, calcu-
0 30 60 90 120 150 180 lated from the Arthur-Young optical potenti&lbelow
Angle (deg) 50 MeV and the medium energy potent{dable II) at

. ) higher energies. Agreement is good, except that the cal-
Fig. 20. Comparison between calculated and meas@red ¢\jations underpredict the scattering data beyond the first
iggo&(éfl/ryrp{oton_ a’.‘g“"t” gg;t.“b“t'ons for 100-, 120-, anqninimum for the 65-MeV data. This failing is due to our
i protons incident orrii. use of a global potential at this energy, rather than a po-
tential that has been fitted to the iron elastic scattering
data. However, the practical impact of this underpredic-
IV.H. The54565F¢e Evaluations tion is likely to be small because the cross section is low
here, and where the cross section is lafgesmall an-
Because of the abundance of iron in tayiganket gles, the agreement with experiment is good.
designs, the 150-MeV neutron and proton evaluations are  The total nonelastic cross section is shown in Fig. 22
discussed in some detail in this section. for incident neutrons and protons. Only three neutron
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20 T ' ' ' ‘ the 20- to 23-MeV region, but the calculations do re-
'8 n+Fe,total nonelastic cross section | produce the general features of the experimental)data
‘ This is due to our DWBA direct reaction calculations of

16+ Evaluation 1 transitions to all states where deformation-parameter in-
* Zanelli (1981) formation exists. We also include the fragmented low-

“r * MacGregor (1956) 1 energy-octopole-resonance state, which accounts for the
+ Proton-induced nonelastic data | broad peak at 17.5 MeV in Fig. 23a. Our calculations

also agree well with the 65-MeV double-differential mea-
surements of Hjort et al., where we applied Kalbach an-
gular distribution systematics and converted the results
into the laboratory frame of reference.

Secondary particle emission spectra following proton-

—+

J

Cross section (b)

0.8

0.6

€) - induced reactions are shown in Fig. 24. The upper graph
04 - - p~ m P P shows the calculated 113-MeV g xn) differential spec-
Incident neutron energy (MeV) tra at four angles, compared with the Meier et al. dta.

Agreement is seen to be reasonable, even at the back-

1400 . ; ; . ; - ward angle. However, the calculations overpredict neu-
p+Fe, nonelastic cross section 1 tron emission in the evaporation regime. At 60 MeV
1200 + ]
|
= 1000 f 1
£ ] 10° , , , '
5 800 - o ]
3 26 MeV “"Fe(n,xn) ]
® 600 t . |
2 GNASH calculation |
O 400t ;102 o Marcinkowski (1983)
> I
<
200 + 8
(b) | E
0 N ' ' L ' L 18}
0 20 40 60 80 100 120 140 % 10'
Incident proton energy (MeV) °
Fig. 22. The evaluated neutron and proton nonelastic cross
section for Fe compared with measureméfits. @
10° -

0 5 10 15 20 25
Emission energy (MeV)
measurements exist between 20 and 150 MeV; therefore, .
we also show existing proton nonelastic cross-sectiondata 19

in Fig. 22a for incident neutron§We expect the proton

and neutron nonelastic data to be comparable at energies 10
well in excess of the Coulomb barrigiThe calculated
neutron nonelastic cross section from the optical model
was slightly modified above 50 MeV to smooth the tran-
sition between the two potentials used. The total proton
nonelastic cross-section evaluation is also compared with
experimental data in Fig. 22, obtained from the compi-
lation by Carlsor.

Two measurements of neutron-induced neutron
emission spectra exist above 20 MeV: The 26-MeV
Marcinkowski et af* measurement at Ohio University
and the recent 65-MeVh, xn) measurement at forward 107
angles by Hjort et at® at the University of California-

Davis. From Fig. 23 it is evident that our calculations
describe the 26-MeV angle'integrated data We”, includ- F|g 23. Comparison of e\/a|ua[e"--ﬁ|:e(n7 XN) emission
ing the collective excitations at higher energi@®me  spectra with measurementa) 26-MeV angle-integrated d&ta
discrepancies between experiment and theory exist iand(b) 65-MeV double-differential datz’

65 MeV Fe(n,xn)

nnnnn

2

d"o/dEAQ (mb/MeV sr)
)

' —— GNASH calculation
O Exp., Hjort (1996) (b)

0 10 20 30 40 50 60
Emission energy (MeV)
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Fig. 24. Comparison of evaluatpd- Fe emission spectra
with measurementga) 113-MeV ( p, xn) double-differential
emission spectrd® (b) 60-MeV ( p, xp) angle-integrated spec-
tra,’2and(c) 22-MeV( p, xn) angle-integrated emission spectfa.

(Fig. 24b, (p, xp) experimentdl® and calculated angle-

integrated spectra are shown f8Fe, and again the agree-

ences in magnitude of proton compound nucleus emis-
sion evident in the figure are mainly due to the different
Q values for the two isotope&DifferentQ values means
that after particle emission, the respective residual nu-
clei are populated at different levels of excitation energy,
where the level density is very differeptrigure 24c
shows the angle-integrated Svirin 22.4-M&kFe( p, xn)
data?* The calculations underpredict the measured low-
energy neutron production by20%.

In 1997, Watanabe et al. presentgxixp) spectra for
iron isotopes at 14 and 26 MeV at the International Con-
ference on Nuclear Data for Science and Technology, in
Trieste, Italy’® Our calculated results, obtained prior to
the measurement, are in good agreement with these data.

As discussed earlier, the evaluated cross-section li-
braries include results for isotope production to facilitate
studies of activation, energy deposition, and radiation
damage. As an illustrative example of the information
included in the files, Fig. 25 shows evaluated isotope pro-
duction cross sections compared with experimental data
for incident protons. The same axis scales are used for
all the curves shown, and the results are ordered accord-
ing to decreasing magnitudes of maximum production
cross section. The calculated excitation functions are seen
to agree with the measured data best where the produc-
tion cross sections are largat the~20% leve), but the
discrepancies become larger for the small cross sections
(afactor of 5 to 10 for cross sections below 1)nibhese
results are comparable to the best results shown in the
recent international code comparison on intermediate en-
ergy activation yield§?*

IV.I. The282°:3%j Evaluations

The neutron total cross section above 20 MeV was
obtained by evaluating the experimental d4t¥ (see
Fig. 26). Since?®Si comprises 92% of elemental silicon,
the 28Si total cross section was obtained by evaluating
the elemental data. Total cross sections ¥07%Si iso-
topes were obtained from tIf€Si evaluation after scal-
ing the values by ad®® dependence.

The global medium-energy optical potential in
Table Il was used for neutrons above 46 MeV, and the
Wilmore-Hodgson potential was used for lower neutron
energies. The global medium-energy optical potential was
used for protons above 28 MeV, and the Becchetti-
Greenlees potential was used for lower proton energies.
In both cases the transition region to the medium-
energy potential was chosen to give approximate
continuity in the reaction cross section. While the afore-
mentioned optical potentials did describe the experimen-
tal proton nonelastic cross-section data fairly well, we
modified the theoretical predictions slightly to better
agree with the measurements and renormalized the trans-
mission coefficients accordingly. In addition to using Si

ment is seen to be good. For comparison, results for theonelastic proton cross-section measurements, we also
emission spectra for°Fe are also shown—the differ- were guided byp + Al nonelastic data scaled by?/3.
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25 T —
n + Si total cross section
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and Rapaport’s values of0.37 and 0.17, respective-
ly.82 A vibrational DWBA calculation was performed
for the 3— state resulting iB; = 0.235(Alarcon and
Rapaport obtained 0.23Ref. 8. These samg@ values
were used for the proton inelastic scattering calcula-
tions. For3°Si, inelastic scattering to thet2(2.24 MeV)
and 4+ (5.95 MeV) states was also determined using
a coupled-channel ECIS calculation. Deformation pa-
rameters were chosen to reproduce the JENDL-3 eval-
uation at 20 MeV(Ref. 83. The resulting deformation
parametersB, = —0.33 andB, = 0.20 were close to
those used for®Si. Due to the small natural abun-
dance of?°Si, a coupled-channel calculation was not
performed. Instead, the JENDL-3 evaluated results for
inelastic scattering to the/2+ (2.03-MeV) and 32+
(2.43-MeV) states at 20 MeV were extrapolated to higher
energies using an inverse-incident energy variatfon.
Only two measurements exist for neutron-induced
emission spectra above 20 MeV for Si. New data have
been published by the Louvain group for 63-Me\(15ix2)
double-differential spectréz = p,d,a ejectiles.®> Our
calculations agree reasonably well with these measure-
ments(Fig. 27). The angle-integrated data were ob-
tained by performing an angle integration of the results
presented by Lambert et al. in Ref. 85. In addition, Bate-
man et al. have preliminary data for(8jxp), for neu-
trons up to 50 MeV, including emission spectra at four
angles, which are compared to our calculations in
Ref. 86. While default level density parametéusing
the Ignatyuk modelwere utilized, in the case 6fAl the
level density parameter was slightly modified to opti-
mize agreement with the Abfalterer eftotal level den-
sity measurements based on fluctuation analyses.

Fig. 26. Comparison between evaluated neutron total cross
section and proton nonelastic cross section for silicon com-

pared with measuremerfts’’

Coupled-channel optical model calculations were per-2 f

63 MeV Si(n,xp)

e Lambert (1997)
GNASH calculation

10

V)

b/M

formed to determine inelastic scattering t5i for the

0+, 2+, and 4+ states as well as a DWBA calculation &

of the inelastic scattering to the-3vibrational state, all g

performed with the ECIS code. To produce continuity & 1¢° ©

in the calculated inelastic cross sections up to 150 MeV,

we performed a rotational bari@+, 2+, 4+) coupled-

channel calculation using the global medium-energy po-
tential in Table Ill(with its imaginary potential reduced .
by 20%, to approximately account for the couplimyer 10
the whole neutron energy range. Deformation param-
eters were chosen to reproduce the ENB¥I cross

sections at 20 MeV, resulting in values @ = —0.365 Fig.

0 10 20 30 40 50 60
Emission energy (MeV)

27. Comparison between evaluated angle-integrated

andB, = +0.22, in reasonable agreement with Alarcon63-MeV Si(n, xp) spectra with measuremenifs.
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IV.J. The?’Al Evaluation

The neutron total cross section was evaluated from
available experimental data. From 20 to 40 MeV, the ex-
isting ENDF/B-VI (release btotal cross-section evalu-
ation of Young et af® was adopted; from 40 to 150 MeV,
the evaluation was based primarily on Finlay’s 1993 mea-
surementé® Figure 28 shows our evaluation compared
with the experimental data.

The optical potential of Petler et &F,specially de-
veloped forn + Al elastic scattering, was used for neu-
trons up to 60 MeV, and above this energy, the medium-
energy potential was usédlable I). For incident protons,
the Petler neutron potential was modified to account for
proton scattering up to 60 MeV using a Lane transfor-
mation, and again the medium-energy potential was used
at higher energies. The DWBA calculations were per-
formed for inelastic scattering to low-lying states. Fig-
ure 28 also shows our evaluated neutron and proton
nonelastic cross sections compared with experimental
data. For incident neutrons, the figure illustrates the pre-
dictions obtained from optical model analyses and how
these predictions were modified, on the basis of mea-

Cross section (b)

ection (b)

sured data, to obtain an evaluated nonelastic cross sec- 2

tion. The evaluated neutron elastic scattering distributions
are shown in Fig. 29 in a comparison with experimental
data.

A measurement of the emission spectra fpd, t,
and « ejectiles in the 63 Me\h + Al reaction has re-
cently been performed by Benck et®lat Louvain-
la-Neuve. These data are important because few such
measurements exist for neutrons above 20 MeV. De-
tailed comparisons between our evaluated cross sections

Cros!

and the measurements are presented in Ref. 89 and are,

therefore, not repeated here. In addition, our evaluated
neutron-induced cross sections on aluminum are com-
pared to discrete gamma-ray cross-section measure-
ments from decaying product nuclei in Ref. 90.

The evaluated double-differential emission spectra,
after conversion into the laboratory frame of reference,
are compared in Fig. 30 with experimental measure-
ments at 90 MeV and 113 Me¥Refs. 38, 73, and 74
The 90-MeV measurements from the University of Mary-
land are of particular interest because they are for both
emitted protons and neutrons and, therefore, present a
stringent test of the model calculations. Agreement with
the GNASH calculations is seen to be reasonable, except
for proton emission at the most forward angles and for

Cross section (b)
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Fig. 28. Comparison of evaluated neutron total cross sec-
and proton and neutron nonelastic cross sections with ex-
erimental dat¥"’” for Al.

particle emission near 20 MeV just above the evapora:
tion peak. In particular, the calculations agree with th
experimental results, showing an approximate ratio of pre-
equilibrium proton-to-neutron emission of 2:1.

IV.K. The'?C, N, %0, 3P, and“*°Ca Evaluations LLNL format for neutron and proton radiotherapy appli-
cations. The new evaluations, in ENDF-6 format, repre-
Evaluated cross sections for these elements were origent an extension of that earlier work. In addition to their
inally developed by one of the autho(®1.B.C.) in the  importance in medical applications, these elements are
NUCLEAR SCIENCE AND ENGINEERING
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also important in accelerator-driven systeffs exam-
ple, carbon is a beam-stop material, oxygen is present in
water and heavy water moderators, and calcium and 0x-«° g2
ygen are abundant in concrete shieldifithe earlier eval-
uations were documented in detail in Refs. 14, 15, and
43; therefore, only additional details are presented here.

. e i : 10 - :
The main additions and extensions in the current work 0 20 40 60 80 100 120
were (a) inclusion of nuclide production and recoil en- Emission energy (MeV)
ergy spectra(b) inclusion of direct inelastic scattering
to low-lying collective states for Ca and inclusion of tri-
ton emission for P and Ca, an(d) utilization of the
ENDF-6 format and the ENDB-VI evaluations below
20 MeV.

There is an important difference in these evalua-

tions compared to the previous LLNL work®® that kerma due to the recoils is significant for light target
affects the evaluated kerma coefficient: The present evahuclei, the calculated total kerma coefficients for car-
uations make use of our new recoil calculationalbon and oxygen diffeslightly) from our previous re-
method, described in Sec. Ill. Since the fractionalsults, which were based on energy-balance estimates.

o/dEQ (mb/MeV sr)
5

d

Fig. 30. Comparison of aluminurqp, xn) and (p, Xp)
double-differential emission spectra with experimental data, at
90 and 113 Me\M(Refs. 38, 73, and 74
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The total kerma coefficients derived from our evaluatedH were found to be consistent with the neutron non-
microscopic cross sectior{i the lab reference frame elastic cross-section measurements abexgd MeV.
are compared with measurements in Sec. V.A, and th&he proton reaction cross-section measurements of
agreement is good. Carlson et af® are included with the nonelastic data in
Other minor modifications were made to the earlierFig. 32.
carbon and oxygen neutron evaluations. For neutron re- For p + 2H reactions, we utilized the results of an
actions on carbon, the model calculations were modiR-matrix analysis for proton energies up to 4 MeV. We
fied at 20- and 23-MeV incident energies to increasecompiled a selection gf + ?H elastic angular distribu-
the abundance of high-energy alpha preequilibrium emigion measurements up te65 MeV and used the results
sion, resulting in a highet“C(n,a)°Be cross section directly in the evaluation.
(40 mb at 20 MeV and 18 mb at 23 MeVThis modi- We utilized the Faddeev calculations of SiGamt
fication was made to obtain better agreement with théower energies and the results of qu# ?H evaluation
measurement by Stevettsand with Axton’s evalua- at higher energies for th&H(p,2pn) cross section, tak-
tion.22 Also, for oxygen at 20- and 23-MeV neutron en- ing advantage of the near equality of the proton and neu-
ergy, the fraction of alpha preequilibrium emission wastron reaction cross sections above 20 MeV. Finally, we
reduced to be more comparable with the results agvaluated the?H(p,y)3He cross section using experi-
27 MeV, where experimental data exist. The motivatiormental data below 2 MeV, assuming equality with the
for this modification was to reduce the alpha-particle?H(n,y)*H cross section above 4 MeV, with a smooth
partial kerma coefficient to compensate for the largematch at intermediate energies.
nonelastic recoil kerma coefficient obtained in the present
work compared to Ref. 15 so that agreement with total IV.M. ThelH Evaluation
kerma coefficient data in the 20- to 23-MeV region is
improved. Hydrogen is an important element in many applica-
tions. It is abundant in water moderators and in plastic
IV.L. The Deuterium Evaluation materials and is present at thel0% level(by weigh) in
human tissue, which makes it an important material in
Deuterium is present in the LANL APT design in fast-neutron and -proton cancer therapy studies. An ac-
the heavy water moderator in the target region. curate evaluation of the total cross section, and the
Our evaluation of th@ + ?H cross sections extends neutron-proton elastic scattering angular distributions is
to an incident neutron energy of 200 MeV. The neutrorimportant for determining the kinetic energy imparted to
total cross section is based on ENMBFVI below 100 secondary recoil protons, which affects the energy de-
MeV and on experimental data between 100 and 200 Me\posited by neutrons in mattékerma. In addition, the
Our evaluated total cross section from 10 to 200 MeV iack-angle neutron-proton scattering cross section is an
compared to the available experimental databhse important quantity as it is used as a “standard” to deter-
Fig. 31a. mine neutron fluences.
Several neutron elastic scattering angular distribu-  Prior to the present work, an evaluation by Hale
tion measurements exist above 20 MeV, which were fitet al. for neutrons on hydrogen existed in the ENB¥F
ted with Legendre expansions to obtain integrated crosgl library up to 100 MeV. This evaluation was based on
sections and to establish the evaluated angular distrib@n R-matrix representation of measured data up to 26 MeV
tions. The measurements of Romero et’alWang?* and a phase-shift analysis by Arndt at higher energies.
and Howard et al®> as well as the partial distribu- However, it has some limitations: The Arndt analysis used
tions of YountZ® and Palmiefi’ were especially impor- was an interim analysis available at the time of the eval-
tant for determining the neutron elastic scattering dataation(1988, and the matching to the R-matrix solution
(Fig. 31h. below 26 MeV was rather crude. After the completion of
The elastic scattering, nonelastic, aftd(n,2n)*H  this earlier hydrogen evaluation, a standards committee
cross sections were determined above 20 MeV in parabf the Nuclear Energy AgencfNEA) recommendetf®
lel, using the fact that the nonelastic cross section edhat for hydrogen, ENDMB-VI should be used below
sentially equals th€n,2n) cross section abovg, =~ 20 MeV, but at higher energies, cross sections should
1 keV, and the elastic and nonelastic cross sectionise taken from Arndt’'s more recent VL40 phase-shift
must sum to the total cross section. We revised theolution®*
existing ENDFB-VI (n,2n) cross section at most ener- We have implemented this NEA recommendation
gies between 10 and 100 MeV to improve the agreein a new hydrogen evaluation that extends to 150 MeV
ment with experimental data. The evaluafét{n,2n)*H  in ENDF-6 format. The R-matrix solution from ENDF
and n + ?H nonelastic cross sections are compared-VI and Arndt's VL40 phase-shift solution were merged
to measurement$ in Fig. 32. In the course of evalu- at 26 MeV, where a smoother transition could be
ating the nonelastic cross section at higher energieschieved. Furthermore, the merging was performed in a
experimental proton reaction cross-section data foway that resulted in relatively smooth cross sections
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Fig. 31. The evaluated + 2H total cross section and total elastic cross section up to 200 MeV, compared with measure-
mentst*

from one region to the other, not just in the total For proton scattering on hydrogen, a new R-matrix
cross section but in the scattering cross sections at diknalysis was performed up to 150 MeV, extending a
ferent angles. This is described in more detail inprevious evaluation to 100 MeV that was the basis of the
Ref. 40. existing ENDFB-VI p-p evaluation.
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V. INTEGRAL BENCHMARKS: TRANSPORT

AND ENERGY DEPOSITION

V.A. Kerma Calculations for Energy Deposition

cess the new 150-MeV neutron and proton data for use
by radiation transport codes. One set of extensions is de-
signed to provide accurate kerma coefficients for the de-
termination of radiation heating from neutrons. Heating

It has been necessary to extend the NJOY Nucleas important in a variety of applications, including accel-
Data Processing Systéfif in a number of ways to pro- erator technologies and calculations of absorbed dose in
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radiation therapy. The fluence-to-kerma conversion coparticles. Lab-frame angle-integrated spectra are pro-
efficient, or “kerma coefficient,” is given by the ratio of vided for the heavy recoils by making use of the model
the kermgan acronym for kinetic energy released in mat-described in Sec. Il and the Appendix. Finally, elastic
ter) to the neutron fluence. recoil partial kerma coefficients are determined from the
The kerma coefficient is proportional to the total en-neutron elastic scattering angular distributions after hav-
ergy emitted with secondary charged particles, includingng determined thé®, component of a Legendre coeffi-
the residual nuclefrecoil9. A full calculation of radia- cientfit to the highly forward-peaked distributions. Partial
tion heating would have to follow the slowing down kerma coefficients for each type of secondary charged
(transport of each particle in the medium, but when particle are determined using
charged-particle mean paths are fairly short, folding the
kerma coefficient with the neutron fluence can provide a ki, = N& 0" | (6)
reasonably good approximation to the energy deposition
by neutrons in matter. In addition, if total kerma coeffi- where
cients derived from evaluated cross-section data agree P . I .
well with measurements, it helps to build confidence in ki, = kerma coefficient of ejectile type
the prediction of energy deposition by a transport code, o-Prod
I

such as MCNPX, that Uses these same data. inclusive production cross section of ejec-

tile i (b)
V.A.1. Kerma Below 20 MeV € = average energy of ejectilg MeV)

Below 20 MeV, kerma coefficients are calculatedand all these quantities are functions of the incident neu-
from the ENDFB-VI evaluated cross sections. Follow- tron energy. The factdd = 9.64853x 10 *%/M,, where
ing the introduction of the ENDF-6 format, a number of M, is the atomic mass of the target in unitswfcon-
evaluated nuclear data files that contain explicit infor-verts the partial kerma coefficient from units of mega-
mation on the energies of emitted charged particles hawslectron-voltsbarn to Systeme International units of
become available. A processing code like NJOY can eas:Gy m? [femto (f) = 10" *° gray(Gy) = J/kg].
ily integrate these distributions, thus obtaining kerma
coefficients that are directly traceable to the best judg- V.A.3. Comparison with Experiments
ment of the evaluator and that satisfy conservation of
energy for all emitted radiations. However, even now, In recent years, total kerma coefficients have been
explicit charged-particle distributions are not availablemeasured for a number of elements, particularly those
for many important materials. Thus, it is necessary tamportantin medical applications, allowing a test of eval-
attempt to estimate emitted energies by using kinematated nuclear data and the NJOY processing methods.
ics, rough estimates for reaction dynamics, or energffhe measurements have been made in two ways: direct
balance. The energy-balance approach takes advantadetermination of the ionization produced by the second-
of the fact that many ENDF-format evaluations give ex-ary charged particles and measurements of secondary
plicit distributions for the emitted neutrons and pho-charged-particle differential cross sections. Both meth-
tons. The energies needed for the kerma coefficient cands involve significant uncertainties; the latter, in partic-
be obtained by subtracting the average emitted energiegar, require extrapolations for data at unmeasured angles,
for the neutrons and photons from the available energgnergiegbelow detector threshol@isand for elastic and
(E + Q). nonelastic recoils to determine the total kerma coefficient.
Figure 33 shows the total kerma coefficients deter-
V.A.2. Kerma Above 20 MeV mined by NJOY from the evaluated ENDF data com-
pared with measurements. The discontinuities seen at
The new high-energy evaluations extend from 20- t®20 MeV arise because of the different evaluation meth-
150-MeV neutron energies. These evaluations allow toeds used in the new high-energy evaluations compared
tal neutron kerma coefficients to be determined unambigwith the older<20-MeV evaluations. In general, the
uously because the emission spectra of all secondaggreement is seen to be good. For C and O, there is a
charged particles, including heay > 4) recoils, are tendency for the ENDF evaluations to overpredict kerma
represented. Since the light-particle ejedtde= 4) angle-  coefficients in the 15- to 20-MeV range. The LAHET re-
integrated spectra are represented in the c.m. frame, NJ@Yilts shown were generated with a special version using
performs a transformation into the lab frame of refer-elastic cross sections from the new ENDF evaluation, and
ence to obtain the partial kerma coefficients for the lighthey show reasonable agreement with the full calculation.
Additional comparisons of our calculated kerma co-
bWe follow the notation of the International Commission €fficients with experimental data relevant to medical ap-
on Radiation Units and Measuremelftd CRU) in usingkerma  plications, such as kerma coefficients for tissue-equivalent
coefficientrather tharkerma factor A150 plastic, the ZO kerma ratio, and integral results
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Fig. 33. Calculated kerma coefficients compared with experimental data, for C, O, Al, and Fe. For citations to C and O
experimental kerma coefficients, see Refs. 14, 15, and 103; for Al, see Refs. 104 and 105; for Fe, see Refs. 106 through 109.

for kermain clinical fast-neutron therapy beams, are prepabilities of MCNP by increasing the set of transport-

sented in Ref. 40. able particles, by making use of the newly evaluated
high-energy nuclear data libraries described in this pa-
V.B. MCNPX Transport Calculations per, and by incorporating physics models for use where

tabular data are unavailable. All of the LAHET nuclear

V.B.1. MCNPX Overview physics modules are included intact in MCNPX, which

expands the capabilities of LAHET through the avail-
A major transport code development effort is underability of many of the variance-reduction methods of
way, primarily in support of the computational needs ofMCNP and through the incorporation of MCNP’s very
the APT program. The main emphases of the MCNP>general syntax for specifying geometry, sources, and tal-
project arga) merging existing functionality of the MCNP lies. The result of this project is a unified, general Monte
codée! and the LAHET Code System{LCS) and(b) im-  Carlo transport capability to model a fully coupled cas-
proving the physics capabilities of the merged code. Oneade of nuclear particles over a wide energy range.
critical aspect of the latter is the use of the new 150-MeV  An important requirement of the MCNPX develop-
data libraries described in this paper. Therefore, for pament plan is to implement the necessary tools to model
ticle energies above 150 MeV, MCNPX uses intranucleathe transport of coupled neutral and charged particles be-
cascade collision physics to simulate nuclear reactionsow 150 MeV based on nuclear-data evaluations. The
but below this energy, the new data libraries are used. physics capabilities of MCNPX have been upgraded to
The starting point for the code-merger effort wasinclude the production of secondary charged particles
MCNP Version 4B. The MCNPX codeexpands the ca- from neutron collisions, using data contained on expanded
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continuous-energy neutron cross-section tables. Work @ted to ensure internal consistency of the code and agree-
in progress on updating MCNPX to utilize the newly eval-ment with the new data evaluations. Here, we present new
uated high-energy data tables for incident protons. benchmark calculations comparing both LAHET and
To use the 150-MeV neutron libraries, the routinesMCNPX with experiments performed at the Japan Atomic
in MCNP for reading cross sections and for sampling secEnergy Research InstitutdAERI). These calculations
ondary particles have been expanded. The modificatiorgarticularly test the benefits of using the new evaluated
have been managed so that the methods applicable teutron data.
neutron-induced charged-particle production are very sim- A number of neutron transmission experiments have
ilar to the existing methods for neutron-induced photorbeen performed at the Azimuthally Varying Field Cy-
production. As in the existing neutron-induced photon alclotron facility at the JAERI Takasaki sité! Inci-
gorithm, the code performs a significant amount of predent 43- or 68-MeV protons impinged on converters
transport data manipulation. In particular, the list of activeconsisting of 99.9% enrichefLi. The “Li(p,n) reac-
particle types for a given probletapecified on the MODE tion produced nearly monoenergetic neutrons, which were
card is used to expunge unneeded data for the problenthen collimated and allowed to strike iron or concrete
Neutron heating numbers are also modified based on thargets of various thicknesses. The neutron transmission
charged particles to be transported. was measured at several positions relative to the trans-
At every neutron collision, the possibility of produc- mission target. Although the neutrons were initially al-
ing secondary charged particles exists. All data used imost monoenergetic in all cases, their actual spectra were
the sampling process are specific to the collision isotopeneasured to allow for more realistic comparison with
and are evaluated at the incident neutron energy. The ereutron transport calculations.
pected weight of a particular charged particis WGT Before MCNPX was available, simulations of some
a'iprOd(E)/g'tot(E)1 whereWGTis the weight of the inci- Of these_experiments were performed t_Jy Hert(_el and
dent neutrong;”"°(E) is the total production cross sec- Evans using the LCS. Reference 112 describes their calcu-
tion ofi at incident energi, ander(E) is the total cross lations in detail, and for completeness, it includes sam-
section. The number of charged particles produced is apl€ LAHET and MCNP input files. Calculations were
integer (possibly O determined by analog sampling. If Performed using LAHET versions 2.7 and 2.8, which
the code determines that a charged particle will be prolncludes a new elastic scattering model. The conclusion
duced, it then samples the reaction responsible for th&f the investigation was that simulations using LAHET
particle. There is no correlation between the type of colVersion 2.8 were in markedly better agreement with ex-
lision and the reactions sampled as being responsible fg€riment than were simulations using LAHET version
the various secondary particles that may be produced-? but that substantial systematic errors remained.
While reaction properties are not conserved on an event- We have now repeated some of Hertel and Evans’s
by-event basis, they are accurately modeled when avegalculations using MCNPX, replacing the LAHET trans-
aged over many events. port model with the use of the new evaluated neutron
MCNPX supports several ENDF-6 representationglata tables throughout the energy range of the experi-
of scattered energy-angle distributions. Specifically, thénents. Specifically, we have calculated the transmission
following representations for secondary charged partiof the quasi-monoenergetic 68-MeV neutron source
cles are allowed: tabular energy distributions, angular dighrough 40 cm of iron and predicted the fluence on the
tributions via equally probable cosine bins, Kalbach@xis of the beam and at 20 and 40 cm from the axis for
systematics for correlated energy-angle distributions, diglétectors immediately adjacent to the downstream face
crete two-body scattering, amdbody phase-space en- Of the transmission target. A typical result is shown in
ergy distributions. In all cases where necessary, kinemati¢gd- 34, which compares the on- and off-axis experimen-
algorithms currently incorporated in MCNP, which aretal results with the previous calculations using LAHET
specific for(neutron-in, neutron-oliphysics have been Versions 2.7 and 2.8 and with the new MCNPX results.

generalized to théneutron-in, charged-particles-gsit- ~ 1here is a dramatic improvement in agreement with the
uation. In addition, a general c.m. to laboratory converMCNPX calculations using the new evaluated neutron
sion technique has been incorporated. As is currently th@ata tables. Furthermore, the large discontinuity seen at
case for neutron production, all such conversions are baséd MeV in the LAHET calculations, which occurs at
on the assumption of two-body kinematics, which isthe transition to MCNP'’s use of ENB-VI data librar-
clearly only an approximation for many high-energy neuJes, is largely reduced in the MCNPX calculations. The

tron reactions of current interest. improvement seen in the LAHET 2.8 calculations
compared to version 2.7 is due to use of optical model
V.B.2. Transport Benchmarks predictions for the total elastic scattering cross section

in LAHET 2.8; also, the earlier version used a very sim-
A number of basic quality assurance tests have begplistic elastic angular distribution formulation, whereas
performed for MCNPX. These include the standard sethe newer version uses a black-disk diffraction

of MCNP test problem’s©and a variety of problems cre- formulation**3
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viously found at 20 MeV because the INC model is known
to be more accurate at higher energies.

VI. SUMMARY

The neutron and proton reaction data that extend up
to 150 MeV described in this paper have been evaluated
using both nuclear model calculations and experimental
data. Extensive benchmarks, both against microscopic
cross-section data and integral results for transport and
energy deposition, have been performed to validate their
accuracy. Good agreement was generally observed.

The evaluations tabulate emission spectra cross sec-
tions for neutrons, gamma rays, and light charged parti-
clesand, therefore, can be used for calculations of transport.
But because they also tabulate such information for heavy
charged particlegrecoily, the data files can be used for
calculations of energy deposition, materials damage, and
activation. Therefore, they represent an advance from pre-
vious high-energy data evaluatiohs?—*¢

These data can be used in radiation transport calcu-
lations for simulations of accelerator-driven systems.
They can also be used in medical applications to simu-
late and optimize absorbed dose in the body by neutron
and proton therapy beams. A comprehensive report on
this subject will soon be issued by the ICRBEef. 40.

In applications that involve energies above 150 MeV, a
radiation transport code such as MCNRRef. 6 can
utilize intranuclear cascade physics methods “on the fly”
above 150 MeV and switch to use of these data libraries
for particles whose energy has fallen below 150 MeV.

We also note that the library of 150-MeV evalua-
tions described in this work can be augmented with eval-
uations of other isotopes such @e and?38U from the
LANL 100-MeV evaluation$ developed during the late
1980s, which can also be used in MCNPX transport cal-
culations. This is important for certain applications that
make use of beryllium as @p, xn) neutron source and
that use depleted uranium as a spallation target.

These new 150-MeV evaluated cross sections, col-
lectively referred to as the LA150 library, are available
via the Internet at httg/t2.lanl.goydatg/he.html. In ad-

Fig. 34. Comparison of MCNPX calculations of neutron dition, they have been accepted into the ENBFVI li- |
transmission through 40 cm of iron with measurements of Nabrary, as Release 6, and are available from the National

kashima et at'* The neutron source was generated via théNuclear Data Centét®
68-MeV "Li (p, n) reaction. Results are shown for neutron trans-

mission on axis, 20 cm off axis, and 40 cm off axis. Calcula-
tions from two versions of the LAHET-MCNP code system

are also shown.

APPENDIX

This Appendix provides kinematic relations for the
determination of recoil energy spectra in the laboratory
frame of reference, which are built into the GSCAN

Radiation transport simulations using MCNPX with code. Their usefulness lies in the fact that, while kine-
evaluated data up to 150 MeV should be expected tmatic transformations from c.m. to lab frames are often
exhibit a discontinuity at 150 MeV, where the transitionperformed numerically, we show here that they can be
to INC physics occurs. However, the discontinuities afperformed analytically when the Kalbach angular distri-
150 MeV should be significantly smaller than that pre-bution systematics are applied. This facilitates an exact,
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and computationally fast, method for determining recoil v|p2 — 02— P —eP—ep
energies in the lab frame. Further details can be found in cog6P) = = , (A4
Ref. 20. 20308 MPoavd

The nuclear reaction models considered in this worky are
assume a sequential chain of two-body breakup pro-
cesses. In each breakup, a composite nucleus, which is e = ;mpvlp2
moving with a velocityv,, decays into a light particle z
(denoted by superscrip) and a heavy recoildenoted €
by superscripR). o_ 2
Suppose the c.m. angular distribution of the light € = smPuf".
ejectile particle is given by(6P,¢P), where

1 2
2mPy

The probability for the particle having a lab energy
o b B " is proportional toG(6P,¢P)sin(#P)doP, and since
G(eher)da=1, from Eq.(A.4) we have sii6°)doP = (1/mPuvP)deP,

) ] ) the probability for the particle having a lab enefgyis
and the superscriptdenotes the particle. Using Kalbach

systematic$® which represents the angular distribution in by _ 2T b oap
terms of hyperbolic sines and cosines and can be rewrit- Per) mPuulP G(0%P) (A.5)
ten in terms of exponentials, this distribution can be ex-
pressed as for |(v, — v®)| = v’ = (v, + vP), and zero otherwise.
Substituting the expression f&(6P,¢ ) from Egs.(A.1)
G(0P,¢P) = fexplacosfdP) + f,exp(—acosf®) , and(A.2), we obtain
(A1) o 2w e — e —ef
where P(er) = mPu vl frexp| a mPu P
1 a
=" a2 oadtfuso e —ed el
— +fexp|l —al —————— :
; 47 e e 2 EXpP mpvavcp
an
L . (A.6)
fy = e a—— (1—fusp) , (A.2) A.l.B. Heavy Recoil Ejectiles

whereais the Kalbach-systematics forward-peaking pa- __The probability for recoils having a laboratory en-
rameter andy,<pis the preequilibrium fraction. The sec- €dY € c¢an be obtained in exactly the same way as in

ondary recoil ¢.m. angular distribution is obtained from>€¢: A-I-A. Using the recoil angular distribution given

the preceding particle result because the recoil moves ¥ Ed: (A-3), which is identical to Eq(A.1) except for
the opposite direction with® = (7 — 6P): the sign reversals in the exponentials, we obtain

- 2 R Bk
G(6R ¢pR) = f,exp(—acosdR) + f,exp(acoso®) . P(eR) = RW R[fleXp<—a(€| Re RE ))
(A.3) m~v v m~v v

foef—cf
+f,expl + a 5 R ,
A.l. ANALYTIC METHOD FOR ANGLE-INTEGRATED M Vale
RECOIL SPECTRUM (A.7)

. . . . . . _ 5R R R H
In this section, we provide kinematic equations tof0! |(va = v&)| = vi* = (v, + vc), and zero otherwise,
determine laboratory-frame recoil spectra and average ei/"€€

ergies. For completeness, we also provide equivalent (R = LRy R
results for the light-particle ejectiles. Nonrelativistic ex- 2 :
i R _—
pressions are currently used. €a = ImRyR’
A.LA. Light-Particle Ejectile € = IRy R,

If P represents the particle c.m. anglg, v, and  We define recoil velocities® anduvf as previously for
v, represent velocities in the lab, c.m., and the c.m.-tothe particles.
lab boost velocity c.m. motion, then the cosine formula  Equation(A.7) gives the average spectrum of lab re-
for vector addition of these velocities yields coil energies given a c.m. motion addition boost velocity
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vyandac.m. recoil velocity®. In general, however, each ™ ] a_ga

of these quantities is given by a distribution of values. The 11(a) = J exp(acoshP)singP doP = [ T}
overall lab recoil velocity spectrum can be written as a dou- °

ble integral over these quantities: (A.11)

eR=eR+eR+2VeRel and
P = || PL(eE)Pa(cl) deftdel

€4 e§=E|R+e§72\/e|RsaR m )
I,(a) = exp(acosfP)coshP singP doP
0

» 2 . eR—eR—€R
mRuoR |t eXp\ 2 mRuol B [ea + e_a} 1

- —[e*—e?]. A.12
ek " ol ] (A.12)
f X + a # . .
T 12exp MRy, v ’ _ These equations give the average energy of the par-
ticles in the lab as
(A-8) P_ 1 2 2
. = Emp(vcp + v8) + fusp:MPuu,lo(a)/11(a) .
whereP;(el) andP,(el) are the spectréin energy of
the recoil lab motion energies and the c.m. recoil ener- (A.13)
gies. In the case of isotropic particle emission, this S
becomes A.ll.B. Heavy Recoil Ejectile
cRe R R 2)aReR The derivation of the recoil average lab energy fol-
P(eR)isotropyinem. — f f ‘ : : lows that described in Sec. A.Il.A for the ejectile parti-
RS eR=cRtcR—2|cReR cle. The opposite direction of the c.m. recaoil relative to
" o R AR the c.m. particle ejectile simply results in the sign change
X Pi(€3)Pa(ec) deg dec in the exponentials in EqA.3). With this, the average
1 energy for the lab recoils becomes
X : A9 = >
l4\/ 6565] (A.9) e = 3mR(g + vd) + fusp: Muvala(—a)/l1(—a) .
~ Asimplifying assumption that we currently make is (A.14)
to ignore the dlst_rlbutlon o, (eX) and just use an aver- In the limiting case ofa — 0 (isotropy), I%(—a)/
aged value otR[i.e.,Pi(eR) = 6(eD)]. I,(—a) — 0; therefore, this becomef = sm~(v& +v2),

which can be easily derived for an isotropic c.m. angular
distribution. Thus, we see that the average kinetic ener-
A.ll. ANALYTIC METHOD EOR AVERAGE ENERGY gies of the recoils have increased through such particle
OF RECOIL SPECTRUM decay processes. The opposite limiting case is also of
interest—very forward peaked preequilibrium emission
There are some situations where it is useful to havéhat may occur in primary particle emission—which we
an analytic result for the average lab energies. This qua§an study by considering — large andfysp = 1.
tity provides a useful check on the accuracy of the deHere,l>(—=a)/1;(~a) > —1, and Eq(A.14) reduces to
rived lab spectra and can be used directly to obtain the™ = zm~(va — v&)% Thus, preequilibrium emission re-
recoil partial kerma coefficients. sults in a decrease in the recoil velocities, as discussed
earlier.
A.lLLA. Light-Particle Ejectile

Application of the cosine formula givewé’2 =P + ACKNOWLEDGMENTS
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