
BNL400 
Socond edit ion, Volume I 

(Physics - TID-4500, 13th Ed.) 

ANGULAR DISTRIBUTIONS IN NEUTRON-INDUCED REACTIONS 

E I , Z = 1 to 2 2 

MURREY D . GOLDBERG, VICTORIA M . M A Y , AND J O H N R. STEHN 

October 1962 

S I G M A C E N T E R 

B R O O K H A V E N N A T I O N A L L A B O R A T O R Y 

A S S O C I A T E D U N I V E R S I T I E S , I N C . 
under contract v/ifh fhe 

UNITED STATES ATOMIC ENERGY COMMISSION 

0 C 0 0 1 3 



I N T R O D U C T I O N 

Tliis book is a compilailon of the; most significant experimental observations available in October 
l«U»2 on tlu* angular distributions of sciiitered neutrons and of other products of the reactions of fast ncu-
itons with nuclei. As in the First (195G) Edition, data on dastically scattered neutrons predominate; but 
then* are iminy distributions for inelaoiir.ally scattered neutrons; and there are some distributions for 
charged particles and for gamma rays associated with inelastic neutron scattering. Angular distributions 
of fission fragments or fission neutrons are not included nor are distributions for which the neutron source 
is a fission spectrum, Also excluded arc distributions For the scattering of slow neutrons, since molccular 
binding cll'ecls may be more important hero than nuclear effects. 

T h e compilation is designed to be of use to theorists and experimentalists interested in ncutron-
iuteractions and to those concerned with ihe behavior of neutrons in nuclear reactors and their shields, 
h uives in considerable detail the results of angular distribution experiments and indicates by whom and 
bow ihcv were obtained and where they are published, It attempts to portray compactly ihe experimen-
tally known facts and to do so in a manner facilitating interpolation into regions hitherto not covered by 
O N J X T H I U ' l l t . 

The book notes in the text, but docs not display, angular distributions which the authors reported as 
purely relative; only absolute differential cross section values arc included. Absolute values which were 
measured at n single angle for a given energy arc plotted where other data at that energy have been meas-
ured: where no other data arc available at that energy, the cross scction values arc presented in the text 
and tun plotted. T h e r e are no theoretically predicted angular distributions shown, and theory played 
oscntiallv no part in the choice of curves drawn. 

NVitli the restrictions just stated, every significant angular distribution measurement known to us is 
included, except those on hydrogen below 13.7 M c V . Despite older conflicting evidence, it is now gen-
erally agreed that scattering by hydrogen is isotropic at those energies. T h e reader is referred for further 
details to two review articles, one b y J . L . Fowler and J .E. Brolley in Rev. Mod. Phys. 28, 103 (1956), the 
other by W.N. 1 less in Rev. Mod. Phys. 30, 360 (1958). 

The presentation of information in the book is both graphical and textual. T h e primary angular dis-
tribution dnta are plotted on linear grids for ease in reading off the differential cross scction values. A 
curve is drawn through the data on each graph. This curve is merely our own idea o f a reasonable fit to 
the data; it is an "eye-guide"; it is not a least-squares fit. It is not based on theoretical considerations, but 
in drawing it we gave considerable weight to any "eye-guide" drawn by the experimentalists when pub-
lishing the data. The curve may serve as an arbitrary but widely available standard for those who prefer 
a curve to the original data but who do not wish to choose a curvc themselvcs.The user of this book should 
iriiuMuber that the curve is ours, but that the data are the original authors'; and he should make references 
.•uwmlingly. 

On a few secondary comparison survey pages, wc have selected curves from the primary plots for 
subsequent repetition in various forms to illustrate the variation of the angular distributions with neutron 
energy. 

1 he auxiliary and bibliographic information associated with each graph appears on the page of text 
opjvisite the graph. Each pair of pages in the main part of cach volume is complete in itself. 

A R R A N G E M E N T 

The arrangement of the book is as follows: Volume I covers Elements 1 through 22 (H through Ti). 
V olunie II covers Elements 23 through 94 (V through Pu). In cach volume, the first and major part por-
trays the direct angular distributions, a(g) versus cos 0; and an Appendix at the end displays "excitation 



functions," a(0) versus E. Information on the various elements is placed in order of their atomic number, 
Z. Within any one element, the naturally occurring element comes first, and the various isotopes follow 
in order of increasing mass number A. For a given Z and A, elastic angular distributions come first, in-
elastic ones conic next (neutrons first, then gamma rays), and those of the charged particles emitted come 
last. For cach type of distribution, the ar rangement is in order of increas ing neutron energy, T h e num-
bering of pages in the book reflects the arrangement just described; a three-number set is used, in which 
the first number is Z, the second is A (with the definition that A = 0 for the natural element), and the third 
is merely the sequcncc number for a given Z and A. Thus , page 4-0-3 is the third pair of pages on natural 
Be; and page 26-56-1 is the first pair of pages 011 Fc5B. 

G R A P H S 

T h e ordinate in all the graphs is the absolute differential cross scction, o(tf), in millibarns per stcra-
dian. T h e label a{0) was used as a convenient abbreviation for the more proper notation d a / d n . Cross 
scction values are for the natural element, except for the use ofisotopic values when a particular isotope 
is indicated as the target. For the most common type of graph, the abscissa is cos 0, with cos 0 = + 1 (cor-
responding to 0 = 0°, the forward direction) at the left. Ordinarily the center-of-mass system ofcoordinates 
is used for 0 and for tr(0). It is sometimes impossible to transform data published in the laboratory system 
to the center-of-mass system, so occasionally data are presented in the laboratory system. This generally 
occurs when distributions arc shown for broad energy groups of the outgoing particles. An example is the 
( n , n ' j + (n,2n) reaction on Be (sec page 4-0-10). T h e notation CM or LAB is indicated on the abscissa 
label when appropriate, and occassionally both arc used when data in both systems appear 011 the same 
page; words on the graph warn when the laboratory system is used in that part icular graph alone (for 
examples, see pages 13-0-13 and 13-0-14). Neut ron and other particle energies arc always given in the 
laboratory system. 

T h e ordinate scales sometimes changc from one graph to the next; such an occurence is indicated by 
(NOTE CHANGE IN SCALE).Thc words ( NOTE SUPPRESSED ZERO) serve as a warning that 
the scale does not start at zero. T h e forward scattering peak often runs up off the top of the graph at the 
left. It is then continued on a reduced scale further left with a label such as " x 1/5"' indicating the reduc-
tion in scale. At least one data point is repeated on both scalcs in such a case. 

T h e clement or isotope is designated at the top outer corner of every page. For elastic scattering dis-
tributions, no other notation appears in the margin; other types of reactions arc appropriately labelled in 
the margin. 

T h e laboratory energy of the incident neutrons, in MeV, appears within the block occupied by each 
graph. If different sets of data taken at nominally different energies appear on the same graph, the types 
of points associated with each energy arc indicated directly below the energy label. Also shown below 
the energy of the incident neutrons may be the energies of the secondary particles, or the reaction energies 
( Q values) corresponding to the particles observed, or the level excited in the final nucleus. For uniformity, 
Q, values and level energies quoted arc obtained from Energy Levels of Nuclei: A = 5 to .4 —257. Landolt-
Bornstein, New Series, Volume I, Springer-Verlag (1961). T h e words (SEE TEXT) cover all other 
complications. 

T h e errors assigned by the original authors are indicated by conventional error flpgs. Frequently no 
information on experimental errors arc available. When an approximate error value was mentioned in 
the reference, this is usually quoted in the text. When authors placed typical error flags on some of their 
points, we do the same. Due to the choice of scale, error bars a rc sometimes smaller than the size of the 
symbols used. This is occasionally noted in the text: more often it is implicit in the way errors can be seen 
to vary on other points from the same source 011 the graph. 



A single symbol represents data taken from a single source, not only on one graph bin also on all the 
graphs appea r ing on one page; general ly the s ame symbol refers to the same source even on adjoining 
pages. 

In order to show compactly the va rial ion with energy of the shape and magni tude of the angular dis-
tributions, a selection of the clastic scam ing curves for each element a r e d rawn together on a senriilog-
ari thmic plot, similar to the presentation used in the First Edit ion. These appear at the end of each elastic 
scattering section. N o da ta points are shown (despite the occasional use of crosses and dots to distinguish 
one curve from another) . T h e curves are dimply free-hand renditions of the more carefully d r awn curves 
on the linear plots discussed above. T h e user is w a r n e d not to depend upon the accuracy of values read 
from these s u m m a r y curves; the l inear curves arc the dependab le ones. Al though many of those survey 
pages seem cluttered at first sight, it is felt that with a bit or study there is much to be gleaned from such a 
presentation. 

Certain of the light elements have a page or two of a resonance survey presentat ion, pat terned after 
that used by J . L . Fowler and his co-workers. A set of small-sized replicas o f s o m e o f t h e p r imary linear 
clastic angular distribution curves discussed previously, but without data points, arc displayed beside a 
representation of the variation of the total cross section with neutron energy. Arrows from each distribu-
tion curve indicate the part of the resonance s t ructure investigated. Short lines on the total cross section 
plot indicate all the energies at which primary angu la r distribution plots exist, but only a selected few of 
these are included on the survey presenta t ion. As with the scmilogar i thmic survey plots discussed just 
above, these curves a rc free-hand renditions, and the user should not depend upon the accuracy of values 
read from them. T h e same is true o f t h e total cross section curves. 

O n e body of da ta was most compactly presented as plots of o(0) vs. E for fixed cos 6, ra ther than as 
plots of 0(0) vs. cos 0 for a fixed E (the form used for the pr imary da ta discussed above). These camc from 
the measurements of total scattering cross sections by A.S. Langsdorf , R . O . Lane , and their co-workers. 
The i r data a re presented in this "excitation funct ion" type of plot in an Appendix at the end of each vol-
ume; and separate introductions to these Appendices give complete details regarding the curves. 

At many energies, the notation (SEE TEXT) will be found. T h i s generally indicates one of two 
things: either the measured angular distribution is relative only, or da ta were taken at only a single angle. 
For relative data, the text generally gives only the reference, the laboratory and the fact that it L, relative, 
with occassional addi t ional pert inent information. W e have not normalized published da ta , though we 
have sometimes used, and duly noted, normalizat ions published in review articles and the like. Very oc-
casionally, absolute da ta are indicated by the (SEE TEXT) notation, generally where the au thor has in-
dicated that he feels the data a rc not in proper form for our use. 

A large body of information has been published in which cross sections a rc determined at only one 
angle (or at most two angles) for only a few energies. T h e s e a re more compact ly presented in the text 
rather than in plots of single points. Also given is the same textual information as is given for the absolute 
angular distribution curvcs. It should be pointed out that a rather arb i t rary distinction is here made be-
tween one-angle data measured for a few neutron energies and cxcitation-function data measured at many 
energies. W e intend to present the cxcitat ion-function da t a in fu ture editions of BNL-325 . 

T E X T 

For convenience in reading and in referencing, informat ion regard ing the da ta plotted is given in 
close proximity to the da ta themselves. For this purpose , a text is provided opposite each g raph , except 
for the survey curves ment ioned previously. T h e s a m e symbol as was used in the g r a p h identifies the 
textual matter for that measurement. T h e following information, when known, appears in the text for each 
measurement: reference, laboratory, energy spread, type of experiment, dctector used, angular resolution, 
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corrections, normalization, errors, integrated cross scction, fitting coefficients, and , occasionally, other 
pertinent remarks, Conventions adopted Cor each of these items arc described below. It must be emphas-
ized that the text is cryptic and incomplete and is riot n proper substitute for directly consulting the pub-
lished reference itself, or for contacting the authors where the facts are important in the use of the data. 
Although a uniform presentation of the above sequence of items was at tempted, exceptions occur when 
other formats seem best. 

Conventions adopted in the text for each of the items of information given arc as follows: 

REFERENCES 

Usually a single reference is given, in the customary form. In general, both the data themselves and 
a description of the experimental techniques can be found in the published paper or report so referred 
to. When a fuller description of the experiment is available elsewhere, reference to this is also made. For 
experiments and da ta reported only in abstracts to meetings, private communications with the authors 
arc usually mentioned in addition to the published abstract . Secondary refercnccs arc also used when 
they contain pertinent information. 

LABORATORIES 

T h e laboratory at which the experiment was performed, when known, is given in brackets immedi-
ately following the reference. Since full names and addresses arc usually available in the reference ciied, 
only short well-known forms arc used; e.g., " B r o o k h a v e n " for t h e Brookhavcn Nat ional Laboratory, 
"Berkeley" for the University of California Radiation Laboratory at Berkeley, "Illinois" for the University 
of Illinois, and " N R L " for the Naval Research Laboratory. 

ENERGY SPREAD 

The energy spread of the incident neutrons is indicated by AE. It is not always clear whether authors 
are giving a half-width or a full-width spread, but whatever value they give is used. When an author states 
an energy of 1 .0±0.1 McV, the value of A E = ± 0 . 1 Mev is noted. If only a target thiekness is provided 
(say of 0.1 M e V ) and it is clear that this represents the predominant energy spread, the value AE;r0.1 
M e V is used. For incident energies greater than 25 M e V , broad energy spectra sources arc usually used. 
For these, when known, an effective AE is given, referring to the uncertainty in the mean energy, as well 
as the AE associated with the broad spectrum. 

TYPE OF EXPERIMENT 

The most common geometry used in angular distribution measurements is the s tandard scattering 
geometry in which a small scattering sample is placcd some distance from a neutron source and a dctector 
is pivoted about the sample to determine the number of neutrons scattered at different angles. For such a 
geometry no notation is made. When the scattercr is a ring placcd about an axis between the source and 
dctector, the notation " R i n g geometry" is made . If the target is a gas contained in a counter and the 
angular distribution is determined by the pulse height distribution of the recoil nuclci. the notaton "Recoil 
spectrum" or "Recoil proportional countcr" is used. N o mention of the neutron source is made if an ac-
celerator and standard neutron-producing reaction is used. If neutrons arc obtained from photo-neutron 
sources, from a reactor spectrum, or from some other unusual source, this source is given. 

DETECTORS 

Many different neutron detectors have been used to count fast neutrons or charged particles resulting 
from neutron reactions. Some of the more common are scintillators (solid, liquid, and gas), ionization 
chambers, proportional counters, Hornyak detectors (molded Luci'.c-zinc sulphide scintillators), counter 

v i 



tclese.opes, nuclcar emulsions, cloud chambers; and bubble chambers. T h e various types of solid scintil-
lators are simply designated "Scintillator." When the scintillators, ionization chambers, or proportional 
counters are biased, this is noted; and the bias energy, when known, is given. Similarly, for counter tele-
scopes, the cutoff energy, when known, is stated. Most ionization chambers and proportional counters are 
filled with hydrogen or a hydrogenous gas and only other filling gases are noted. Sometimes ranges in 
nuclear emulsions arc mentioned to define the energies of the particles counted. No detectors are recorded 
for the detection of gamma rays from inelastic scattering; N a l scintillators have almost universally been 
used. For recoil spectra measurements (see Type of Experiment, above), designations like "Recoil pro-
portional countcr" arc used. 

A N G U L A R RESOLUTION 

T h e experimental angular resolution as indicated by A0, As svith the energy spread, it is not always 
clear whether authors a re giving a half-width or full-width resolution, but whatever value they give is 
used. Angular resolution values are not given in most references since generally they are not important 
when compared to the shape of the distribution. If the data arc corrected for angular resolution, A 0 is not 
usually given. 

CORRECTIONS 

T h e most common corrections applied to angular distribution data and noted in the text are for multi-
ple scattering, angular resolution, beam attenuation, end and wall effects, and the presence of inclastically 
scattered neutrons. Many difTercnt methods were used to correct for an cfTcct like multiple scattering, 
ranging from the simple to the sophisticated; but no attempt was made to evaluate the different methods. 
If the authors claimed the correction was applied, it is so noted. When nothing is stated about a particular 
corrcction, it means that we do not know whether it was m a d e or not. T h e only exception is the correc-
tion for beam attenuation, which is almost always made; and only when it is not do we mention it. Some-
times an author does not make a corrcction but estimates its size, and this wc include. The usual notation, 
"estimated small ," implies that the error in neglecting the corrcction was less than other contributing 
errors. 

NORMALIZATION 

When experiments are done absolutely, such as when detcctors arc placed at the position of the scat-
tering sample in order to determine a scattering ratio, no notation is made. If it was clearly indicated in 
the reference that normalizations were made with respect to known scattering cross sections or by using 
integral elastic scattering cross sections obtained in other experiments, this is noted. Actual normalization 
values arc given when known. 

ERRORS 

Frequently errors were given on points in published sourccs without any indication of what error 
sources they refer to. Some types of errors referred to in the references and used when appropriate in our 
text arc statistical, relative, absolute, normalization, and correction errors. W e do not specify whether 
errors are s tandard deviations, probable errors, or some other type, for this was rarely indicated by the 
authors. 

INTEGRATED CROSS SECTIONS 

W h e n authors stated values obtained from some type of integration of their absolute angular distribu-
tions, these arc given. Unless a shortened angular range is indicated, the integration was over all angles 
between cos 0— -f1 and — 1. W e have performed no such integrations. 



FITTING COEFFICIENTS 

Sometimes data are least-squares fitted to some analytic function of angle, usually a sum of Lcgendrc 
polynomials or a sum of powers of cos 0. W h e n this has been included in the reference, the analytic equa-
tion used and the resulting fitting coefficients are tabulated. In a few cases, notably in hydrogen, asym-
metry ratios were obtained by (he authors, and these are listed. We have computed no least-squares fitting 
coefficients or asymmetry ratios. 

A C K N O W L E D G M E N T S 

A data compilation such as this could not be prepared without the cooperation and assistance of the 
many people whose work is being presented. W e are grateful to the experimentalists, too numerous to 
name here, who made special efforts to provide us their data in a useful form and answered our questions 
regarding their techniques. One complementary data source should also be mentioned as being useful: 
the differential cross scction tabulations given by R.J. Howcrton in UCRL-5573 (196!). 

W c hope for the continued cooperation of experimentalists and other users of this book. Since supple-
ments containing new information will be published from time to time, wc trust that newly acquired data 
will be sent to the Sigma Center, here at Brookhaven, as soon as it becomes available. We shall appreciate 
criticisms, suggestions, and notes of any errors in graphs or text of this compilation. 

Both ours and the reader 's tasks have been greatly lightened by the admirable work of the Photog-
raphy and Graphic Arts Division o f the Laboratory. Special thanks arc due to G.R. Cox for his assistance 
in the preparation of the graphs and to R .P . Brown for his work in the publication of the compilation. 
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