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RIOR to the war; most cross-section meas-

urements at low neutron energies were made
for distributions ranging around 1/40 ev (thermal
neutrons).'™* There were, in addition, some
measurements in the resonance region (1-1000
ev) made*with various resonance detectors and
boron-absorption techniques.»5% At high ener-
gies, measurements were made in essentially
three energy regions: between 0.1 and 1 Mev, by
use of photo-neutrons derived from naturally

* A collection of neutron cross sections of the elements,
based on the prewar and wartime work of many investi-
gators, was compiled during 1945 (by Goldsmith and Ibser)
at the Metallurgical Laboratory, University of Chicago.
This compilation was designed for use in the Manhattan
Project Laboratories. It was declassified in June, 1946,
for publication in the Manhattan Project Technical Series.
Informal circulation resulted in widespread demand for
the publication of such a collection. However, many of
the original articles were then being prepared for appear-
ance in the periodical literature. The publication of this
collection was, therefore, delayed to permit as many as
possible of these papers to appear in the normal fashion.
During this delay the original collection was completely
revised (by Feld and Goldsmith). At the present writing,
some of the data included in this compilation are still
unpublished, mainly because of the pressure of other
commitments on the original authors. In all such cases,
permission has been secured from the authors for the in-
clusion of their data in this collection.

radioactive gamma-sources;*!? the region be-
tween 2 and 3 Mev, with neutrons derived from
low voltage apparatus and the D(d,n) reac-
tion ;11 finally, the very broad energy distribu-
tion, averaging around 4 Mev, obtained from
Ra—Be sources.?

However, the nuclear physicist’s interest in
the study of nuclear energy levels, level spacing,
level widths, etc., demands greater detail in the
determination of cross section as a function of
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neutron energy. The technique of producing
monoenergetic neutrons, already fairly well
understood prior to the war,'*'* was developed
during the war in a number of directions, per-
mitting the exploration of the low energy region

4T, W. Alvarez, Phys. Rev. 54, 609 (1938).
( ;‘; 1C) P. Baker and R. F. Bacher, Phys. Rev. 59, 332
1 .

16 J. R. Dunning, G. B. Pegram, G. A. Fink, D. P.
Mitchell, and E. Segré, Phys. Rev. 48, 704 (1935).

177G, E. F. Fertel, D. F. Gibbs, P. B. Moon, G. P.
Thomson, and C. E. Wynn-Williams, Proc. Roy. Soc.
A17S 316 (1940).

L. J. Haworth, J. H. Manley, and E. A. Luebke,

Rev Sc1 Inst. 12, 591 (1941).

B M. W. Milatz and D. T. J. ter Horst, Physica 5,
796 (1938).

(0-1000 ev), through the use of velocity selectors
[time of flight, mechanical?*® and modulated-
beam,~2¢ and crystal spectrometers?® 307 and
filtered neutron beams.3® The high neutron
intensities available from piles has been a useful

( 20 ’;‘) Brill and H. V. Lichtenberger, Phys. Rev. 72, 585
194
2 E, Fermi, J. Marshall, and L. Marshall, Phys. Rev.
72, 193 (1947)

2B, D, McDaniel, R. B. Sutton, L. S. Lavatelli, and
E. E. Anderson, Phys. Rev 72 729 (1947).

2'W. W. Havens, Jr. and L. J. Rainwater, Phys. Rev.
70, 154 (1946).

24W W. Havens, Jr,, C. S. Wu, L. J Rainwater, and

C. L. Meaker, Phys. Rev. 71, 165 (194

KD J. Rainwater and W. W. Havens, Jr., Phys. Rev.
70, 136 (1946).
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aid in the exploration of the low energy region.
The investigation of the high energy region (30
kev to 6 Mev) was similarly aided through the
emphasis on accurately controlled voltages in
linear accelerators employing the Li(p,z) and
D(d,n) reactions.®?3 Furthermore, - artificially
produced isotopes emitting high energy +-rays
permitted the use of relatively monoenergetic
neutrons in the 10-kev to 1-Mev region.35

Concurrent with these improvements in neu-
tron sources and monochrometers, there have
been advances in the techniques of neutron
detection. The use of fission pulse ionization
chambers, the availability of B! for boron ion-
ization chambers at low energies, the long counter
for intermediate energies, and the use of either
improved proportional counters depending on
proton recoils or of threshold detectors at high
neutron energies, have all contributed to the
possibility of accurate cross-section measure-
ments.

Although we have tried to include all of the
pertinent data, some measurements may have
been inadvertently excluded. In some -cases,
however, we have deliberately omitted a con-
siderable body of data. (1) Since most of the
prewar data in the low energy region have been
superseded, we have not included these results.
(2) There have more recently been more accurate
measurements of activation cross sections, aver-
aged over the thermal neutron (Maxwell) distri-
bution. Most of these have employed, as thermal
neutron sources, either piles®® or Ra+Be neu-
trons slowed down in hydrogenous materials.?”

26 L. J. Rainwater, W. W. Havens, Jr., C. S. Wu, and
J. R. Dunning, Phys. Rev. 71, 65 (1947).

27 R. B. Sutton, B. D. McDaniel, E. E. Anderson, and
L.S. Lavatelll, Phys Rev. 71, 272 (1947).

28C, S. Wy, L. J. Ramwater, and W. W. Havens, ]Jr.,
Phys. Rev 7l 174 (1947).

21, B. Borst A. J. Ulrich, C. L. Osborne, and B.
Hasbrouck, Phys Rev. 70, 557 (1946).

W, J. Sturm and G. P. Arnold, Phys. Rev. 71, 556

(1947).
and L. W. Marshall,

31 H. L. Anderson, E. Fermi,
Phys. Rev. 70, 815 (1946).

2C, L. alley, W. E. Bennett, T. Bergstralh, R. G.
Nuckolls, H. T. Richards, and ]J. H. Williams, Phys, Rev.
70, 583 (1946)

“‘D H. Frisch, Phys. Rev. 70, 589 (1946).

#R. G. Nuckolls C. L. Baxley, W. E. Bennett, T.
Bergstralh, H. T. Rlchards, and J. H. Williams, Phys
Rev. 70, 805 (1946).

BA, Wattenberg, Phys. Rev. 71, 497 (1946).

38 L. Seren, H. N. Friedlander, and S. H. Turkel, Phys.
Rev. 72, 888 (1947).
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Since such measurements yield a single value
representing the cross section averaged over a
rather wide neutron energy range, and since
thermal neutron cross sections may exhibit an
erratic behavior in this region, because of reso-
nances and crystal effects, the results obtained,
though they are useful for many purposes, did
not seem suitable for inclusion in this compila-
tion. (3) Another example relates to the work
of Leipunsky,!® in which photo-neutrons were
produced by the use of naturally radioactive
sources. A comparison of these results with other
work in the same region, and a consideration of
the arguments used by Leipunsky to determine
the neutron energies, indicate that the energies
are not reliably estimated by him; nor is it
possible for us to determine the effective neutron
energies in his experiments. (4) Finally, the
earlier measurements of Amaldi and co-workers,
using the C(d,n) reaction,®® were unreliable be-
cause their detectors were sensitive to gamma—
rays as well as to neutrons.

Most of the curves included in this compilation
are for the total cross section as a function of
neutron energy; most of the measurements of
cross section made with monoenergetic neutrons
have been of the transmission type. In a number
of instances, when specific reactions are easily
detected (such as exothermic (u,p) or (n,a)
reactions, fission, or reactions leading to de-
tectable radioactive isotopes), the cross sections
for these reactions have been determined as a
function of the neutron energy.

The general plan of this survey has been to
present the available cross-section data for each
element in two curves, one containing the low
energy (0.001-1000 ev) values, and the other
the high energy (0.001-100 Mev). The cross
sections plotted are in barns (10~% c¢cm?) per atom
of the normal element, except where otherwise
indicated. In each case, the type of plot used
has been chosen in order to allow the clearest
representation of the data and to bring out the
most important features of the energy variation
of the cross section. The notation used has the
following meaning: o, total cross section, o,
scattering cross'section, o, cross section for the

37 J. W. Coltman and M. Goldhaber, Phys. Rev. 69,

411 (1946).
# E. Amaldi, D. Bocciarelli, F. Rasgetti, and G. C.
Trabacchi, Phys. Rev. 56, 881 (1939).
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(n,y) process, o, cross section for the (u,p)
process, ga, cross section for the (#,a) process,
gy, cross section for fission.

~ The curves of total cross section versus neutron
energy in the low energy region fall into a small
number of patterns. These can be understood
in terms of relatively simple quantum-mechanical
concepts, plus the statistical ideas of the com-
pound nucleus, originally advanced by Bohr and
expanded by the work of Breit and Wigner and
others. #3945 According to these ideas the total
nuclear cross section for neutrons consists of a
constant scattering cross section (potential scat-
tering) superimposed on a variable cross section
involving the formation of a compound nucleus.
The formation of a compound nucleus by the
addition of a neutron may result in a number of
alternative reactions; the competition between
these reactions is usually described in terms of
the ‘“‘reaction width.” This is a measure of the
probability (the inverse of the lifetime) for a
given mode of disintegration of the compound
nucleus, and may be understood in terms of the
uncertainty principle AEA{=j. Thus, the reac-
tion width for an (u,x) process is defined as
I'.=h%/7,, where 7, is the mean life of the com-
pound nucleus against emission of the particle (or
quantum) x; I'; has the dimensions of an enédrgy,
and is usually measured in electron volts (ev).
The total probability for disintegration of the

compound nucleus is proportional to the total -

width, T, which is the sum of the partial widths
for-all processes which are energetically possible.

In the capture of slow neutrons by nuclei,
relatively few reaction types are energetically
possible. Types which are always possible are
the emission of another neutron (scattering) or of
a gamma-ray (#,v). In some of the light elements,
a proton may be emitted (N'), while in others
it is possible for the excited compound nucleus
to emit an a-particle (B'® and Li®). In some of
the heaviest elements (U%5 and Pu??) the excited
compound nucleus may undergo fission. The

39 G, Breit, Phys. Rev. 58, 506 (1940).

40 G. Breit, Phys. Rev. 69, 472 (1946).

4 G. Breit and E. P. Wigner, Phys. Rev. 49, 519 (1936).

2 H. Feshbach, D. C. Peaslee, and V. F. Weisskopf,
Phys. Rev. 71, 145 (1947).

4 P. L. Kapur and R. Peierls, Proc. Roy. Soc. A166,
277 (1938).

“ A, J. F. Siegert, Phys. Rev. 56, 750 (1939).

4 E. P. Wigner, Phys. Rev. 70, 15, 606 (1946).
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process of particle emission should predominate
whenever it is energetically favorable. However,
because an emitted charged particle must pene-
trate the potential barrier of the nucleus, (%,p)
and (n,a) reactions are observed only in the light
elements. For most nuclei the only processes ob-
served with slow neutrons are scattering (u,n)
and radiative-capture (n,y) reactions. :

When a neutron is captured by a nucleus, the
resulting compound nucleus is excited by an
amount equal to the binding energy of the
neutron in the compound nucleus plus the kinetic
energy of the neutron. The value of the cross
section for a particular reaction at a given
neutron energy is determined by the proximity
of this excitation energy to the energy values of
one or more of the levels of the compound
nucleus, and -also by the relative values of the
partial widths for the possible reactions. When
only one energy level is involved, the cross section
is given by the one-level Breit-Wigner formula

(0 = o
o(n, m (E—Eo)2+1‘2/4’

where A =the neutron wave-length/2x, Ey,=the
neutron energy at which the total excitation
energy is equal to the energy difference between
the energy level and the ground state of the
compound nucleus, E=the energy of the im-
pinging neutron. Resonances occur when E = E,.

Resonance effects are adequately described by
the one-level formula in the immediate neighbor-
hood of a given level, or in the event that
neighboring levels are separated by an energy
very much greater than the total widths of the
resonances. When the level widths are compar-
able to the level separations, the neutron cross
section cannot be obtained by a simple superposi-
tion of the resonances; interference effects be-

** The weighting factor, f, arises from consideration of
the spins of the nucleus and neutron, and is given by the
expression

f=Q@J+1)/[2i+1)@2s+1)],

where s=1% is the spin of the neutron, ¢ is the spin of the
target nucleus, and J, the spin of the compound nucleus,
can take on the values |i+j|, |¢+j—1], -+, |¢—j|; f has
the possible values I4-%, where / is the spin imparted to
the compound nucleus by the orbital angular momentum
of the neutron with respect to the target nucleus. In the
low energy region under consideration, s=4%,1=0, J=¢+3},
and f=3%[1241/(2¢+1)], which for large 7 reduces to f=3.
In the evaluation of resonance data in the low energy
region (where T',>>T,) the factor f has usually been
included in I',, the neutron width.
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tween levels, both constructive and destructive,
come into play. These effects have been discussed
by a number of authors.b 39434

A given neutron resonance can involve either
one or more of the various possible reactions
[(n,n), (n,y), (n,p), (n,&), etc.], depending on
the relative values of the partial widths. Usually,
one or another of the widths predominates, and
the resonance observed involves primarily a
single reaction. Although the discussion of all
resonances proceeds along similar lines, we shall,
for convenience, confine our further considera-
tions of resonances to processes in which T, and
T, are the only appreciable partial widths.

The gamma-emission width, Ty, is essentially
independent of the energy of the impinging
neutron, since the energy available for gamma-
ray emission is large (the neutron binding ener-
gies vary between 5 and 8 Mev for most nuclei)
compared to the variations of slow neutron
energy (0-10 kev) for which this discussion is
intended. For the resonances which have been
experimentally investigated, the values of I, are
about 0.1 ev, with a variation by a factor of 10
in either direction.

The neutron width T',, on the other hand,
depends on the neutron energy, increasing as
the square root of the neutron energy. For nuclei
of atomic weight between 100 and 200 and
resonances occurring at a neutron energy of ~1
ev, the neutron widths so far measured fall in
the range 107102 ev. In such resonances, the
total cross sections correspond mainly to an (#,y)
process, since I'y>T,, and o(n,v)/o(n,n) =T,/T,.
Typical examples of such (#,v) resonances are
the In resonance at 1.44 ev, the Rh resonance at
1.3 ev, and the Ag resonance at 5.1 ev.

Recent work has revealed a number of appar-
ently broad resonances for nuclei of atomic
weight 4 <100 in the region 100-1000 ev.. In at
least one case (the Mn resonance at ~300 ev)
the cross section in the resonance has been shown
to involve mainly the (#,n) process (scattering),
with a peak cross section of ~7&2%% For such
resonances, I', >T,.

It is expected that the neutron width, T',, in
different elements and at a given neutron energy,
will depend on the average distance between

4% F. G. P. Seidl, S. P. Harris, and A. S. Langsdorf Jr.,
Phys. Rev. 72, 168 (1947).
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nuclear energy levels, the width increasing with
increased level spacing.?? According to the Bohr
model, for a given excitation energy, the lighter
the element, the greater the level spacing. Also,
for a given nucleus, the less the excitation energy,
the greater the average level spacing. From an
examination of the curves in this compilation,
one can estimate that the average level spacing
in heavy elements (4>100) is ~10—30 ev; for
Al (4 =28) the average spacing is ~50 kev.#
These observations suffice to explain many of
the data. Thus, resonances are seldom found in
light elements, since for an average level spacing
of ~10 kev, the probability of finding a reso-
nance between 0 and 1 kev (the region which has
been "adequately investigated) is quite small.
When resonances do occur in light elements,
they are broad, scattering resonances (for ex-
ample, Mn and Co).

The failure of resonances to appear in such
heavy elements as Sn, Pb, and Bi may be due to
an anomalously small binding energy for the
neutron captured by these elements.

For scattering resonances, theory**® predicts
an asymmetry in the shape of the resonance.
This asymmetry arises from the interference
between the constant potential scattering and
the‘resonance scattering, which changes phase
by 180° on going through the resonance peak.
Thus, according to one of these theories,* the
cross section should dip to a value lower than
the potential scattering cross section on the low
energy tail (destructive interference) and main-
tain a higher value on the high energy tail
(constructive interference) of the resonance. The
few scattering resonances so far observed have
not been measured carefully enough to test this
prediction.

For a single (n,y) resonance, the cross section
at the peak (E=E,) will be

oo(n,y) =4xRf(T,1,/T?).

oo(n,y) has a maximum, for I',=T,, equal to
7A%f; in this case, the total cross section would
be 2#A%. In most (#,y) resonances, I',<T,,
=T, and the maximum (total) cross section is

AmRf(T,/T).

1L, W. Seagondoliar and H. H. Barschall, Phys. Rev.
72, 439 (1947).
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At low energies this maximum cross section is
quite enormous, as may be seen from the fact
that an energy of 1 ev,

A2 =h2/2ME=6.7X10"1* cm?=0.67 X 10 barns.

In theory, all of the constants of the resonance
could be obtained by a measurement of the
maximum cross section and the total width (at
half-maximum) of the resonance. In practice,
however, a transmission experiment, which meas-
ures the total cross section, is seldom sufficient
to obtain these quantities with requisite accuracy
when the resonance occurs at a neutron energy

greater than ~1 ev. By combining transmission
data, self-absorption measurements (to obtain
o) and an accurate measurement of the thermal
neutron (E=21/40 ev) cross section

agh(n,'y) =7r7&,;,2f(I‘n,hI‘.,/Eo2) (fOI‘ E0>>I‘, E”,,),

it is possible to evaluate the constants of a given,
single resonance. 57

For scattering (#,n) resonances, arising out of
the condition I';,>> T, the maximum cross section
is always oo(n,n) =47x%.

In the curves herein reproduced, only those in
the region below a few ev are well resolved, since
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it is only in this region that the resolution widths
of the velocity selectors are smaller .than the
expected widths of the resonances. As the energy
of the neutrons increases beyond a few ev, the
resolution of the instruments become appreciably
worse, so that measurements in this region

283

merely. represent average cross sections over an
energy spread at least as great as the width of
the resonance under investigation. Consequently,
the maximum observed cross sections are very
much smaller than the actual cross sections at
the peak of the resonance. F urthermore, what -

I00000| 2 3 456 80l 2 3 456-8} 2 3 4 56 8.10 2 3 456 8100
000 T T
ofln Enlev) ] 8
oF - 6
5 i .
4 0 ) 4
3 %’ ll — McDaniel 3
T PR.70,832(1946)
2 _ Peak rises to 26400b at 1.44 ev 2
[ 1 ' o Havens,et al
-g l PR.71,165(1947)
x  Borst et al
1000 o :
= PR.70,557(1946) 100
8 P ) @ . 8
3 1 Fermi g L.Marshall
s B unpublished 6
5 .25 rel 15
a 9] 1 4
3 3
= F X i
2 SR 2
- X Oy, for Epfev) |
\DQQQ,( L q
18 ox 9
100 |~ T655 ine c jlo
8| = D 18
o« 1 b o) gl
5O f o
5 ¢ \ 5 5
af-»= \ o) 5—
S =
3 :,; o) V] 3
2 _E ~ E- 2
ST N g
~ N o =
\\\ \
olb ] —rr o
T
8 . ] e
6 Sul \ 1 e
5 N ol ] 5
4
4
r for Eql(
3 +————r+—— 3
. '@ (54m-In''S) Segrg, et al N 2
unpublished N
N
N
1 A 0.1
8 8
6 + s
5 5
a 4
3 AN 3
L
2 2
_ En(Mev)
0.l - N ol
‘oo 2 3 456 80 2 3 4 56 80 2 3 456 8 | 2 3 4567810

Fi1c. 47.



284 GOLDSMITH,
often appears to be a broad resonance may turn
out, on more careful observation, to be a super-
position of two or more adjacent resonances (as
in the case of the 35-ev resonance in I).

The compilers are acutely conscious of the
dubious validity of drawing solid curves of cross
section vs. energy through points measured in

IBSER, AND FELD

the neighborhood of a resonance, when the reso-
lution width of the measuring instrument exceeds
the expected width of the resonance. Neverthe-
less, because of the nuclear physicist’s interest
in the variation of cross section with neutron
energy, we have drawn such curves to serve as a

visual aid in following those trends in this
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variation which are indicated at the present
writing. '

The usual procedure of the workers in the low
energy field is to indicate the resolution width of
their instrument by a few triangles placed on the
experimental curve at various energies. Instead
of following this procedure, we have compiled
Table I which provides an estimate of the reso-
lution widths of the monochrometers now being
used.

The phenomena arising in the thermal neutron
region (0—0.1 ev) are of sufficient interest to
merit separate consideration. The cross section
in this region is strongly dependent on the
position of the nearest resonance. When an (n,7y)
resonance occurs in, or very close to, the thermal
region (as in Cd), the cross section throughout
this region is very large—of the order of 10* barns
and greater. The cross-section curves, for ele-
ments having a resoriance in this region, do not
show the characteristic narrow, sharp resonance
peak, since the 1/v factor prevents the falling-
off on the low energy side of E,. Hence, any of
these substances can be used as neutron filters
for all energies up to ~ E,.

Radiative-capture resonances close to, but
above, the thermal region (1-10 ev) lead to
high thermal neutron-capture cross sections,
which decrease with increasing neutron velocity
according to the 1/v law (see the curves for In,
Rh, Ag, Au).

Deviations from the 1/v law for thermal
neutron capture are frequently observed, and
they can be explained by taking into account the
effects of resonances occurring between 0.1 and
1 ev (Ir and Eu), or at negative energies, i.e.,
an energy level of the compound nucleus occuring
at an energy slightly less than the binding
energy of the captured neutron (Hg and Eu).

If the lowest resonance occurs far above the
thermal region (Eo>10 ev), the capture cross
section in the thermal region is small. The total
cross section should consist of a superposition of
an essentially constant nuclear scattering cross
section (the value of this varies from element to
element in the range 1-20 barns), and this small
capture cross section, varying as 1/v. This
pattern is, however, seldom observed in the
region below ~0.1 ev. Instead, the cross section
in this region behaves in an erratic fashion (see
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TaBLE I. Resolution widths of various monochrometers.

Useful energy Resolution
Monochrometer range 0.025ev 0.1ev lev 10ev 100ev
Mechanical 0.004-0.2 ev 0.005ev 0.1 ev — — —
Crystal 0.02 -50 ev 0.001ev 0.05ev 05ev 10ev —
Modulated source  0.001-10,000 ev  0.001 ev 0.05ev O.lev 1lev 20ev

curves for Pb, Ge, Al, O, C, Be). This behavior
is due to “crystal” or interference effects, arising
from the coherent scattering of neutrons whose
wave-length is of the order of or greater than
the distance between the atoms in the molecule
or crystal.4® Much useful information, relating
to the structure of crystals and polycrystalline
materials can be obtained from studies of these
interference effects.?:4% 5 Furthermore, the study
of these interference effects yields information
on details of nuclear scattering, such as the
phase of the scattered wave,5~% the dependence
of the scattering cross section on nuclear spin,
and the effects of magnetic fields on the neutron
scattering process. 5%

In the region of intermediate neutron energies
(1 kev to 1 Mev) the picture of a series of single,
separated resonances—valid for cross-section

- data in the low energy region—is no longer

applicable. Although, for the light elements, the

_cross section continues to show sharp resonance

phenomena (C, N, O, Al), the levels in heavier
elements first overlap and finally merge into a
continuum, the total cross section becoming
essentially constant. Furthermore, although at
the lower end of the intermediate energy region
the wave-length of the neutron is large compared
to the nuclear radius, as the energies approach
1 Mev the wave-length becomes comparable to,
and finally smaller than the nuclear radius
(except in the light elements) ; when this occurs,
the simple Breit-Wigner picture is no longer
applicable.

In the competition between processes resulting

8 J. H. Van Vleck, University of Pennsylvania Bi-
centenial Conference 1941, p. 51.

4 E. Fermi, W. J. Sturm, and R. G. Sachs, Phys. Rev.
71, 589 (1947).
( ;‘;%I L. Goldberger and F. Seitz, Phys. Rev. 71, 294
1 .
(1952’1;)). Fermi and L. W. Marshall, Phys. Rev. 71, 666

52 E.' Fermi and W. H. Zinn, Phys. Rev. 70, 103 (1946).
(195;'71) S. Schwinger and E. Teller, Phys. Rev. 52, 286

%0, Halpern, M. Hamermesh, and M. H. Johnson,
Phys. Rev. 59, 981 (1941).

86 J. S. Schwinger, Phys. Rev. 51, 544 (1937).
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from neutrons of intermediate energies, scatter-
ing predominates, since the neutron width (which
* increases as Et) is larger than the other widths
in this region. For light elements, in which the
levels are still separate, the peak cross sections
should decrease with the neutron energy (wX?
varies from 670 barns at 1 kev to 0.67 barns at
1 Mev). '

In the light elements, radiative capture cross
sections—already small in the low energy region
(<10~%* cm?)—become very small (<10726 cm?)
at intermediate energies. Other reactions, such
as (n,p) and (%,a), exhibit much larger cross-
section values, although the cross sections for
these seldom exceed ~0.1 barn. The exceptional
cases of the highly exothermic (#,a) reactions in
Li¢ and B'® (which follow a 1/v law up to ~1
kev) possess cross sections of a few barns in this
energy range. In a number of light elements
(n,p) and (n,a) reactions, which are energetically
impossible in the low energy region, become
possible in this region; the cross sections for
these show a typical threshold character because
of the emerging particle’s increasing penetration
of the potential barrier with increasing neutron
energy (see the S and P (n,p) cross sections). A
few resonances for (n,p) and (#,a) reactions have
been observed in the intermediate energy region
(N4, B0, Li6).

For the elements in which the levels merge into
a continuum (elements of A4>100, with the
possible exception of such anomalies as Sn, Pb,
and Bi) the total cross sections, which are mainly
due to scattering, remain essentially constant.
The radiative capture cross sections, although
small, are still appreciable, having values up to a
few barns in some elements (In and Au). Heavy-
particle reactions, like (#,p) and (#,a), no longer
‘appear, because of the impenetrability of the
potential barrier. In some of the heaviest ele-
ments (see Np®7?) in which thermal neutron
fission is energetically impossible, fission may
take place at intermediate neutron energies; the
fission cross section exhibits a typical threshold-
reaction behavior.

As we approach the upper end of the inter-
mediate energy range, inelastic scattering of
neutrons begins to appear among the possible
reactions for heavy elements; inelastic scattering
is energetically possible when the neutron energy

289

exceeds the energy of the lowest level of the
target nucleus. Because of the complex rature
of the inelastic scattering process and the strong
dependence of the measured cross section on
the experimental arrangement (especially on
the energy sensitivity of the detector) inelastic
scattering measurements are in general not
adaptable to graphical representation of cross
section vs. neutron energy. No inelastic scattering
data have been included in this compilation.
The details outlined above do not appear in
most of the curves. Even the most recent photo-
neutron measurements, though applied to a wide
range of atomic numbers, suffer from the fact

- that there are relatively large energy gaps for

which there has been found no appropriate
neutron source. Furthermore, the homogeneity
of these sources is not sufficient to reveal the
expected structure in the light elements.

The two neutron sources depending on acceler-
ated particles which have been used to explore
this region (Li (p,n) and C (d,n)) have unfortu-
nately been applied to relatively few elements.
Some structure is revealed in C, N, and O. What
can be expected from the exploitation of present
techniques (thin targets, extremely good voltage
control, and the use of a threshold (p,%) reaction
as in Li) is exemplified by the recent work of
Seagondollar- and Barschall*” on the total cross
section of Al. The resolution in these measure-
ments (~10 kev at the low end, ~50 kev at
1 Mev), though not sufficient to give the actual
shape and peak cross sections of all the reso-
nances in this region, has revealed the existence
of an extensive series of resonances, separated
by ~50 kev.

The curves of a; vs. E for Al illustrate a fact
which has been implied in the general discussion
at the beginning of this article and which is worth
emphasizing at this point. It is now feasible to
obtain a continuous picture of neutron cross
sections from 0 to 10 Mev. This has been made
possible by the extension of slow-neutron velocity
selector measurements to ~10 kev and of inter-
mediate neutron measurements, through the
Li (p,n) reaction down to ~5 kev. Thus, the
techniques of neutron spectroscopy are rapidly
being extended and improved, and the gaps in
the measurements—so evident in the prewar
data—are slowly being filled in.
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For high energy neutrons (E>1 Mev), the
neutron wave-lengths are smaller than the nu-
clear radius, R (in all but the very light ele-
ments). The total cross sections are now constant,
and equal to 2wR2% Of this, mR? represents the
capture of the neutron into a compound nucleus
and the resultant competition between the alter-
native processes, of which elastic scattering,
inelastic scattering and (at neutron energies
exceeding the binding energy of a neutron in the
scattering nucleus) (#,2n) reactions are the most
important. Radiative-capture cross sections are
small, ranging from ~0.1 barn for the heaviest

elements, to ~0.001 barn or less for the lighter
elements.5 More of the (n,p) and (#,a) reactions
are now energetically possible; these cross sec-
tions attain values of a few tenths of a barn.
The remaining wR? in the total cross section
represents the process of ‘‘shadow scattering”
which, when A <R, derives from the diffraction
of that portion of the fast neutron beam passing
close to the nucleus. This diffraction effect
introduces an angular asymmetry in the scatter-
ing, since the ‘‘shadow scattering” is confined to
within small angles of the order of X/R. These
5 D. J. Hughes, unpublished. ’
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effects fall off rapidly as the scattering angle
exceeds X/R; in the transition region, at angles
close to X/R, interference maxima and minima
are expected and have been observed.5?

While the scattering cross sections for low and
intermediate energy neutrons are spherically
symmetrical (S-wave scattering), the high energy
cross sections depart from spherical symmetry,
not only because of the small-angle scattering

57E, Amaldi, D. Bocciareﬁi, B. N. Cacciapuota, and
G. C. Trabacchi, Nuovo Cimento 3, 203 (1946).

discussed above, but also because the fast neu-
trons can now change the angular momentum
of the target nucleus, introducing the possibility
of P, D, etc.,, wave scattering. It should be
emphasized again that the total cross-section
curves shown in this compilation (Table II) are
mostly derived from transmission experiments,
which automatically integrate the cross section
over all angles greater than a given small angle,
depending on the geometry of the experimient.
In some experiments, the angular dependence of
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the scattering has been measured; such curves
are not included in this compilation.

The detailed study of neutron cross sections
at high energies has been made possible mainly
by the extension of the D(d,n) reaction which,
for a given incident deuteron energy and angle,
produces neutrons of a single energy. The neu-
tron energy range available from this reaction
has been increased to ~6 Mev, and is limited
only by the deuteron energies which can be
obtained from accurately controlled, high energy,
particle accelerators. Thus, the prewar measure-
ments of Aoki,!! Zinn, et al.’®, and MacPhail,!?
using low voltage machines and the D(d,%) reac-
tion to produce neutrons of energy between 2 and
3 Mev, have been extended for a few elements;
the prewar measurements are still the only ones
for most elements. The energies of the neutrons
used by Aoki and by Zinn, et al. have been
plotted by use of the corrections made by
MacPhail for target thickness and from a more
accurate knowledge of the D(d,n) reaction
energy.

To these measurements below 6 Mev we have
added the work of Dunning, et al.? in which they
used the heterogeneous neutron spectrum ob-
tained from Rn-Be sources. These cross sections
have been plotted at an energy of 4.2 Mev.

In the region above 10 Mev, use has been
made of the Li(d,n) reaction, which is highly
exothermic (14.55 Mev) and which, unfortu-
nately, also results in a highly inhomogeneous
neutron energy distribution. This disadvantage
has been partially offset by the use of various
threshold detectors, such as the Cu®(%,2n) re-
action with a threshold of ~11 Mev or the
C2(n,2n) reaction, threshold ~21 Mev. The
first detector was used by Amaldi and co-
workers, 5" 58 in experiments in which the average
neutron energy was ~14 Mev. The second
detector was used by Sherr to obtain the total
cross sections of a number of elements at a
neutron energy between 20 and 25 Mev.5% 60
Since the latter could not be conveniently fitted
on the curves, they have not been included in
this compilation. Points above 15 Mev are
included in the exceptional case of hydrogen

s8¢ M. Ageno, E’. Amaldi, D. Bocciarelli, an;i‘ G. C.
Trabacchi, Phys. Rev. 71, 20 (1947).

8 R. Sherr, Phys. Rev. 61, 734 (1942).
60 R, Sherr, Phys. Rev. 68, 240 (1945).
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which, because of its greater theoretical interest,
has been more completely investigated in the
high energy region than any other element.

The recent development of very high energy
(~100 Mev or greater) particle accelerators,
opens up the vast possibilities of production of
very high energy neutrons, and their use in
determining nuclear cross sections. This field is
as yet unexploited. :

We again wish to express our thanks to the
many scientists who without exception have
granted us permission to use their unpublished
data. We are especially indebted to the Columbia
Velocity Selector Group, J. R. Dunning, W. W.
Havens, Jr.,, L. J. Rainwater, and C. S. Wu,
who have made available the results of their
experiments as soon as these were completed,
and who have permitted us to publish a con-
siderable body of data which have not appeared
in print. We are similarly indebted to W. J.
Sturm for his constant cooperation with regard
to the Argonne Laboratory velocity selector
results. The cross-section data, due to Amaldi
and co-workers, were transmitted to us by E.
Amaldi during his recent visit in this country.
Some of these data have been published since this
compilation was prepared.?

We wish to thank R. S. Mulliken and W. H.
Zinn for facilitating the publication of Man-
hattan Project declassified data prior to the
publication of the Manhattan Project Technical
Series. ; '

Space limitations have prevented explicit
reference, on the curves, to all of the workers
concerned with particular sets .of unpublished
data. Toward this end, we include the following:

1. Argonne Crystal Spectrometer Group: G.
P. Arnold, W. J. Sturm, S. H. Turkel,
and W. H. Zinn.

2. Argonne Mechanical Velocity Selector
Group: T. Brill and H. V. Lichtenberger;
also E. Fermi, L. W. Marshall, and ]J.
Marshall.

3. Clinton Crystal Spectrometer Group: L. B.
Borst, A. J. Ulrich, C. L. Osborne, and B.
Hasbrouck; also E. O. Wollan, S. Bern-
stein, K. C. Peterson, and R. B. Sawyer.

4. Los Alamos Velocity Selector Group: E. E.
Anderson, L. S. Lavatelli, B. D. McDaniel,
and R. B. Sutton.
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TABLE II. Table of curves included in this review.
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TABLE II. (Continued).

Atomic No. Element Low energy High energy Atomic No. Element Low energy High energy
1 H T a; 69 Tm
D o o 70 Yb
.2 He os 71 Lu
3 Li e o 72 Hf
4 Be ot a1, Oy 73 Ta oy
S B O T, O 74 w ot oy
6 C ot o 75 Re ot
7 N at Gty Osy Opy O 76 Os ay
8 0 ai ot 77 Ir ot
9 F at ot 78 Pt ot
10 Ne 79 “Au ot a4, Oy
11 Na o 80 Hg ay
12 Mg o (£ 81 Tl , . Ot
13 Al ot T 82 Pb o '
14 Si oy 83 Bi oy oy
15 P o o, Op 84 Po
16 S o 7ty Op, O 85 At
17 Cl oy 86 Rn
18 A 87 Fr
19 K ot 88 Ra
20 Ca 89 Ac
21 Sc 90 Th
22 Ti 91 Pa
23 v 92 U
24 Cr [ 93 Np ay
25 Mn o 94 Pu
26 Fe o o 95 Am
27 Co ae 96 Cm
28 Ni ot ot —
23 Cu ot ae
30 . VA . . «
31 Gr; o o 5. Los Alamos Linear Accelerator Group: C.
gg gs o L. Bailey, W. E. Bennett, T. Bergstralh,
34 Se J. M. Blair, D. H. Frisch, A. O. Hanson,
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NEUTRON CROSS SECTIONS

urement of thermal neutron absorption cross
sections has been described,® the use of crystal
spectrometers for velocity selection has been
improved,®~% and the use of the long counter for
the detection of intermediate energy neutrons
has been reported.® Interference effects have
been utilized to investigate further such phenom-
ena as the phase change in neutron scattering®
and the nuclear spin dependence of the neutron
scattering cross section.®® Slow neutron inter-
ference effects have also been applied to the
investigation of the strength of the interaction
between neutrons and electrons.®® The properties
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of the high energy neutrons (E~100 Mev) pro-
duced by ultra high energy accelerators are now
being studied.”®

Among the cross-section data which were un-
published when these curves were assembled,
many have now appeared in the literature. Thus,
references are now available for the undocu-
mented data in Figs. 2,% 5,72 9,2 2147 44 %

) 46'63, 65 51’73 55164 56’20, 64 59,65 61,20,22, 64 and 68.74

New data have been reported for the high energy
cross section of carbon (Fig. 11)™ and the low
energy cross section of iridium (Fig. 59).%

R. F. Taschek has kindly called to our atten-
tion that the data on ¢, of sulfur (Figs. 24, 26),
attributed by us to him, are due to A. O. Hanson
and E. D. Klema. Also, the value of T for the
0.176-ev resonance in cadmium is erroneously
quoted in Fig. 46; it should have been 0.115 ev.
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