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ABSTRACT DE89 015108 b

Nuclear reaction cross-sections and nuclear structure properties are
useful for material analysis applications. The nuclear data requirements
for material analysis overlap with the data requirements for other research
fields, e.g. fission and fusion reactors, so that reference material may be
used more widely than the original purpose in mind. The National Nuclear
Data Center at Brookhaven National Laboratory, an outgrowth of data
compilation and evaluation activities begun more than 40 years ago,
specializes 1in indexing the bibliography, data compilation and data
evaluation of nuclear reaction cross-sections and nuclear structure
properties. Reference material that are available in many forms that
include handbooks, data bases and on-line services are reviewed,

Introduction

There are about 2200 known nuclides each with different nuclear
properties. Nuclear beam probes consisting of neutrons, gammas or charged
particles can be used to change the state of target materials. Detecting
the ensuing radiation provides information about the elements and isotopes
contained in the target material. Nuclear reaction microanalysis uses known
nuclear reaction properties to infer the presence of particular isotopes in
a bombarded material, The success of this method requires that the
radiation signatures be sufficiently unique.

The National Nuclear Data Center (NNDC) indexes the bibliography dnd
compiles and evaluates data that are of interest to Tlow energy nuclear
physics research and applications., The main thrust of the NNDC effort has
been directed toward the needs of fission and fusion applications, but these
overlap the needs of material analysts and it is therefore worth summarizing
the reference nuclear data that are available.

Nuclear Properties

Material analysis utilizes the characteristic resonance structure of
probing reaction cross-sections, In searching for additional probing
reactions it is useful to understand the general characteristics of_cross-
sections, As a tutorial example, neutron induced cross-sections on ¢'Al [1]
are shown in Fig., 1 over the range 1 KeV to 20 MeV. The four curves shcwn
are the total, elastic scattering, nonelastic and inelastic scattering
cross-sections., The total cross-section is the sum of all others and below
1000 keV consists almost entirely of the elastic scattering cross-section
except at very low energies. The nonelastic cross-section consists of
neutron capture in resonances at 6 and 34 keV and mostly inelastic neutron
scattering above 1000 MeV. At high enezgies the elastic T;gtter1n and
nonelastic cross-sections each approach I r¢ where r~ 0,13 A x 10 cm
and A is the target mass in atomic mass units., The peaks of the resonances
approximately fit within an envelope traced by the curve 4 x<, where X 1is
the reduced neutron wavelength. With 1increasing energy, the resonance
spacing decreases and above 5 MeV the resonances overlap so as to form a
relatively smooth curve, The smoothness also results £rom worsening
experimental resolution.
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Fig. 1 Neutron cross-sections for 27A1, 1 KeV to 20 Mev,
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Fig. 2 Neutron cross-sections for 2781, 1 to 20 MeV.



At about 5 MeV the idnelastic neutron cross-section decreases gas
competing reactions are energetically possible. The cross-section
thresholds can be calculated from .the rnuclear binding energies, The
contributions to the nonelastic cross-section by the (n,2n) (n,p) ang
(n,alpha) reactions are shown in Fig. 2.

At very low energies, e.g. 0.001 eV, the neutron total cross-section is
dominated by the neutron capture <cross-section which generally s
proportional to the inverse square root of the neutron energy as a slowly
moving neutron has a high probability of being captured. However, if the
target has a crystalline structure, e.g. Beryllium, carbon, the total cross-
section can sharply decrease with decreasing neutron energy since neutrons
having wave lengths at multiples of the intra crystalline distances are
reflected instead of absorbed. Only the evaluated curves are shown in Figs,
1 and 2. Comparisons with experimental data can be found in Neutron Cross
Sections [2].

It is the resonance structure that s the 1important feature for
material analysis. An aluminum surface will strongly reflect neutrons at
the predominently scattering resonances at approximately 6,35,90, etc.
KeV. Another surface material would have a different resonance structure,
Incident particles having incident energies less than a few M%¥7tend to Egrm
a compound nucleus. In this case, the neutrons inciagent on <‘Al form 2°A}
and the resonance structure in the neutron cross-section reflects the 4°Al
level structure at energies approximately 7.73 MeV and more above the ground
state. It _is also energetically possible for the compound state to prompt
decay to 28p1 by cascade emission of gamma rays with ghe spectra being
dependent on the level energies, spins and parities of 2 Al. At incident
neutron energies above ~ 1.%7nmv, in the zero momentum frame, proton
emission is possible leaving Mg as the residual nucleus ag& at incident
energies above ~ 3.1 MeV, alpha emission is possible leaving ““Na, as shown
in Fig. 3. However, the Coulomb barrier against proton and alpha emission
prevent the reaction cross-sections from rising until nigher energies as
shown in Fig, 2.

The foregoing discussion illustrates how nuclear binding energies,
reaction cross-sections and nuclear structure properties are used to
determine suitable probes for material analysis.

For incident charged particles the discussion 1is modified in two
ways. The cross-sections at zero incident energy are zero and become
appreciable only as the incident particles can tunnel through the Coulomb
barrier, Above the Coulomb barrier the neutron and charged particle induced
¢ross-sections are similar except the resonances are charﬁsteristic of the
new compound nucleus ggrmed. In the case of protons on Al the compound
nucleus formed is Si as shown in Fig. 4 together with the energy
relationships for neutron and alpha emission.

Data Bases

Evaluated nuclear data files are useful to material scientists since
the task of reviewing experimental data is performed by nuclear data experts
who recommend values for applications, The ENDF/B 1library contains
evaluated neutron-induced data for most materials. Evaluated charged
particle data are not yet widely available in ENDF/B but are planned for the
future, Evaluated data for measured nuclear structure data for all known
nuclides are contained in the Evaluated Nuclear Structure Data file (ENSDF)
[3]. The contents of ENSDF are the same as published in the Nuclear Data
Sheets [4] for A>34 and are compiled from Nuclear Physics [5] for the
remaining A's. An index to the most recent publications of evaluated
nuclear structure data appears in each issue of the Nuclear Data Sheets.
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Where evaluated data are not available, compilations of experimental
data are helpful, Neutron and charged particle reaction data are compiled
and exchanged through an international network of centers [6]. The NNDC
maintains these data in the Crosi Section Information Storage and Retrieval
System (CSISRS). An example of 6o (p, alpha) data contained in CSISRS is
shown in Fig. 5, For the independent measurements shown, there is generally
good agreement as to the location of the first two resonances but the peak
cross-sections are different. CSISRS contains many energy and angular
dependent reaction data sets for incident charged particies.

Whereas for incident neutrons the compilation of experimental data is
quite complete, the compilation of experimental data for incident charged
particles and heavy ions is not. However, indexed bibliography to the
nuclear physics literature can be helpful to 1locate appropriate
references, The Cross-section Index to Neutron Data (CINDA) is a data base
and publication [7] that contains references to the literature and data
compilations for neutron-induced reactions. The Nuclear Structure
References (NSR) data base is an index to the literature on low energy
nuclear physics and is the source of information for the triannual sections
of Recent References and the Reaction Index published in Nuclear Data
Sheets. NSR also provides the source material for the annual report
Integral Charged Particle Nuclear Data Bibliography [8]. There are also
comprehensive reports on nuclear reactions induced by light charged

particles [9,10].
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On-Line Access

Selective searches of the aforementioned data bases may be requested of
the NNDC. These data bases are also available on-line and may be accessed
via telephone or networks. Information for contacting the NNDC anc¢ on-line

access is given in Table 1.

Conclusions

The general characteristics of nuclear reactions and nuclear structure
data that are useful to nucleonic material analysis have been described.
The contents and ways of accessing relevant nuclear data bases have been
indicated. Excellent reviews of nucleonic material analysis data and
techniques have appeared [11,12] but accessing data bases tg determine what
new information is available is a way to update knowledge of the field.
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Table 1 |

OM-LiNB ACCESS

On-ting qccass 10 ctomputeriread pumaric ond bidlogrophic nucleor physics nformatiea s avanodie
througn the wNationol MNucieor Dota Center (NNOGC) a1l Brookhaven Notional Laba:dlacy fo users .0 the
Uniled Stotes and Canddd. Simsar serwices 0130 mMay bE Lvadeble from  ather memters o! ithe Interngtional

Nelwoih for Nucieor Structure Data Eveiugtion.

PHYSNET /HEPNET, INTERNET, MFENET networks or remots modem ond commercial telephone
(300 and 1200 94auD).

*

ACCESS:

DATA FILES:
NSR Nucleor Structure Reference file — bibliographic information
for low and intermediote energy nuclear physics, covering the period

from 1910 to the present. The data file is updated monthly.

ENSDF Evoaluated Nucieor Structure Data Fils - evalvated
experimental data oa ouclear level properties, rodictions, rodio-
active decay and reaction data for 15As266.

NUDAT Nucieor Dato — evaluated numeric dota extracted or derived from
the ENSOF ond the Nuclear Wallet Cards.

CINDA Computer Index of Neuiron Data =~ bibliogrophic reterences
to neutran reoction data.

CSISRS Cross Sectien Information Storagz and Retrievol System -
experimeantal data on neutron, photon, ond chorged particle
reactions.

ENDF Evaluated Nuciear Data File ~ evaluated auclear reaction ond

-dscny data.

RETRIEVAL SYSTEM:

Access to the NNDC VAX/780 computsr is ovailoble as (ollows:

Tetephone: (516) 282-~-5390
HEPNET BNLNDC (address 43.405 or 44437)
INTERNET BNLNDC.DNE, BNL.GOV, or (192.12.15.131)

O computsr fie 0nd transiefred 018r to the user's computar.

The username 3 NNDC and it is o no-poasword account. Na fturther apeciol aquthorization is fﬁ
nesded 1o access the on-line newsietter, mail faciity, qad HELP fues to bDecome acquaintsd with

\he system. ;E

N =1

A user—friandiy aystiam proviaes omgple help {o \hs user wha specilies ths retrieval criterio -3

in rasponse 1o step-by-step prompils by the system. A user's gusce to the oan~line servicas, ;

BNL~NCS-39756, ofso 1s avatladis. Tne output con be aobtasnec on the user’s terminat or 30ved das -t

D

-

=

Cantact NNOC for outhorization to oaccess ths Jdolo boses listed above and for more nformotion

contact:

ON-—-LINE ACCESS

Notiong! Nuclear Dota Center.

Brookhoven Naotional Labaratory

Upton, NY 11973 o
Tet (516) 282-290V or FTS: 666-2901



References

1.

10.

11.

12.

Evaluated Nuclear Data File (ENDF/B) Version V., Maintained and
distributed by the National Nuclear Data Center, Brookhaven National
Laboratory, Upton, N.Y. 11973, ENDF/B Summary Documgntation, BNL-NCS-
17541, (ENDF-201), Third Edition. Evaluation for ¢/Al, MAT=1313, by
P. G. Young and D. G. Foster, Jr., LA-4726 (1973).

V. MclLane, C. L. Dunford and P. F. Rose, Neutron Cross Sections, Volume
2, Neutron Cross Section Curves, Published by Academic Press, Inc,

(1988).

Evaluated Nuclear Structure Data File (ENSDF). Maintained and
distributed by the National Nuclear Data Center, Brookhaven National
Laboratory, Upton, NY 11973, Evaluated MNuclear Structure Data File, A
Manual for Preparations of Data Sets, BNL-NCS-51655 - Rev, 1987.

Nuclear Data Sheets, published monthly by Academic Press.
Nuclear Physics, published monthly by Elsevier Science Publishing Co.

V. McLane et al.,, "Nuclear Reaction Data Centers,” pp. 1157-1160,
Conference: Nuclear Data for Science and Technology (1988 MITO), Saikon
Publishing Co., LTD, Tekyo, Japan (1988).

CINDA Printed annually by the International Atomic Etnergy Agency.
Available through UNIPUB, P.0. Box 433, Murray Hill Station, New York,
NY 10157,

N. E. Holden et al, Integral Charged Particle Nuclear bata Bibliography.
BNL-NCS-51771, First Edition, supplemented annually.

S. T. Perkins and D. E. Cullen. "Experimental and Evaluated Nuclear Plus
Interference Cross Sections for Light Charged Particles.” Nucl. Sci.
Eng. 77, 20 (1981).

S. T. Perkins et al., "A Bibliography and Index for Nuclear Reactions
Among Light Charged Particles,” UCRL-50400 Vol. 26 (1984).

L., C. Feldman and S. T. Picraux, “Selected Low Energy Nuclear Reaction
Data," pp. 112-312, Ion Beam Handbook for Material Analysis, Edited by
J. W, Mayer and E. Rimini. Published by Academic Press (1977).

G. Amsel! and W, A. Lanford, "Nuclear Reaction Techniques in Material
Analysis,"” Ann. Rev. Nucl. Part. Sci. 34,435 (1984).

*The submitted manuscript has been authored under Contract No. DE~ACO2-
76CHO09016 with the U.S. Department of Energy. Accordingly, the WU.S.
Government retains a nonexclusive, royzlty-free license to publish or
reproduce the published form of this contribution, or allow others to do so,
‘for U.S. Government purposes.

ULd]s|4ead °S



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opiniuns of avthors expressed herein do not necessarily state or reflect those of the
United S.ates Government or any agency thereof.



