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Total Cross Sections for High-Energy Neutrons*
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The total cross sections for high-energy neutrons have been determined for 12 elements (H, D, C, 0, Al,
Si, Cl, Ti, Fe, Cu, Hg, and Pb) for several points in the range between 60 and 110Mev. The good-geometry
attenuation experiment was conducted in the neutron beam produced by the bombardment of a beryllium
target by the internal proton beam of the Harvard 95-in. synchrocyclotron. The angular and energy resolu-
tion permitted by the use of scintillation counter telescope techniques is discussed. Results are analyzed
by using the optical model of the nucleus.
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I. INTRODUCTION

'HE values and the variations of total neutron
cross sections as a function of incident neutron

energy serve as a basis for comparison of various nuclear
models, and, to this extent, permit the determination of
nuclear radii. The cross sections in the region between
50 and 100 Mev are of special interest because the more
rapid variation with energy indicates a transition effect
in nuclear properties. From a phenomenological ap-
proach, this denotes a change from an opaque to a
transparent nucleus. Additional interest is provided by
the presence in this energy region of maxima in the
cross section curves of high-Z elements. Thus, a precise
knowledge of the values of total cross sections in this
region is highly desirable. We therefore felt that cross
sections should be examined with the good energy
resolution aGorded by scintillation counter techniques.

II. GEOMETRY AND APPARATUS

(A) Source of Neutrons and Experimental
Lay-Out

The high-energy neutron beam used in this experi-
ment (Fig. 1) was produced in charge exchange colli-
sions by an internal proton beam bombardment of a
~ in. thick, 1.5 in. high beryllium target. The neutrons
emitted in the forward direction were collimated by
brass tubing of rectangular cross section (1.37 in. by
2.87 in. ) placed in a 6-ft water tank in the cyclotron
shielding (Fig. 2). The beam intensity was constantly
monitored at the exit of this pipe by a coincidence
counter telescope. Approximately 150 cm from the
monitor scatterer the beam passed through the appro-
priate attenuators and continued then through a second
collimator consisting of a pipe, similar to the first one,
encased in a water jacket 4 feet long permanently
cemented in a concrete cube 7 feet thick. At the exit
of this second collimator a scintillation counter telescope
was used to determine the neutron beam intensity for
various energy bands.
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FIG. 1. Neutron spectrum produced in forward direction by
internal proton beam bombardment of ~-in. Be target in the
Harvard 95-in. synchrocyclotron.

*Supported by the joint program of the Office of Naval Re-
search and the V. S. Atomic Energy Commission.

(8) Monitor Telescope System

Originally' ' a triple-coincidence scintillation counter
telescope served to monitor the neutron beam by
counting recoil protons from a polyethylene scatterer.
The telescope, composed of plastic scintillators mounted
on 1P21 photomultipliers, was placed at an angle of 15'
to the neutron beam. By comparison of its counting
rate with the rates of the various channels of the counter
telescope described in the next section, two things were
noted. The Grst was that the telescope had a constant
efFiciency; the second was that there were shifts in the
high energy region of the neutron spectrum. It was
found that results with good internal consistency could
be obtained if the beam intensity was steady and if no
controls of the cyclotron were manipulated. In order to
minimize the effects of any steady drift in the neutron
beam spectrum data were taken in symmetric cycles.
At least five such cycles were made for each energy
band, cross sections being determined for each cycle and
resultant values appropriately weighted and averaged.

' V. Culler and R. W. Waniek, Phys. Rev. 87, 221 (1952).' V. Culler and R. W. Waniek, Phys. Rev. 95, 585 (1954).
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counter telescope itself which is made up of 6 scintilla-
tion counters at a design angle of 6' '7' to the neutron
beam. The other section is a scatterer changer, operated
remotely from the control room, which places a poly-
ethylene or a carbon scatterer in the beam. In addition,
a background or no-scatterer position is used.

The telescope consists of six plastic scintillators
mounted on 1P21 multiplier phototubes. An aluminum
stand supports the counters rigidly and permits careful
alignment of the centers of the plastic scintillators so
that the axis of the telescope can be made to fal] at any
given angle to the neutron beam. This angle is chosen as
small as possible consistent with the necessity of keeping
all counters out of the direct neutron beam, thus keeping
the singles rate of every counter at a reasonable value.
We estimate an error of less than -„"in positioning the
telescope.

The choice of angle is indicated by n —p scattering
results and by energy resolution considerations. In the
laboratory reference system, the diR'erential cross sec-
tion falls o6 rapidly with increasing angle, hence the
choice of a small angle yields a higher counting rate
for a given neutron beam intensity and counter size.
The telescope utilized range differences to determine the
energy of the recoil protons from the polyethylene
scatterer. To achieve suitable energy bands polyethyl-
ene absorbers were placed in front of the dehning
crystal. In order to take advantage of the two-body
scattering component due to the hydrogen in the
scatterer, and thus uniquely determine the energy of
the incident neutrons producing the recoils, it was

1+(1+8„/23Ec') tan'0

where E„ is the neutron energy and E„ the energy of
the recoil proton. For the energy region involved in
this experiment, the expression reduces to

E„=E„/cos'8 (2)

with negligible error. This equation also indicates the
choice of a small angle 0 in order to minimize the de-
pendence of energy on angular variation.

Pulses from each phototube are fed into a cathode
follower and then through about 300 feet of RG62U
coaxial cable (terminated by its characteristic im-

necessary to subtract out the contribution due to
carbon. This was done statistically by placing in the
beam a carbon scatterer whose stopping power for the
protons matched that of the polyethylene scatterer.
Since this meant putting more carbon atoms per square
centimeter in the neutron beam than did the polyethyl-
ene scatterer, only the proper fraction, f, of the proton
intensity recoiling from the carbon scatterer was sub-
tracted. This subtraction simultaneously removed the
same fraction, f, of the background (no-scatterer)
intensity. In order to account completely for this back-
ground a contribution (1—f) of the intensity with no
scatterer was also subtracted, thus getting only that
portion of scattered protons for which the related
neutron energy could be determined exactly, according
to the relativistically correct formula:
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pedance) to a linear amplifier and then passed into a
discriminator. The discriminator outputs are then fed
into standard diode-type coincidence circuits which
permit any combination of coinciding pulses to be re-
corded by conventional scalers and mechanical register.
This equipment (Fig. 4) is in the cyclotron control
1oom.

Coincidences from the first three, four, five, and all
six counters are recorded, the difference counts yielding
the number of protons stopping in the appropriate
counter. The resolution of the entire system, up to the
scalers, is better than one microsecond. The scalers
have a resolution of about five microseconds, hence are
sufFiciently fast to cause no trouble since the coinci-
dence rates are relatively low. Losses due to deadtime,
multiple scattering of protons out of the telescope, and
nuclear absorption were negligible. The eKciency of
every counter was found to be essentially 100%%uo. The
entire system was frequently checked for stability and
for over-all efficiency.

(E) Angular and Energy Resolution

In this type of experiment, angular resolution per se is
only of slight importance since we are measuring a total
rather than a differential cross section. The eftect,
however, of the angular resolution on the energy resolu-
tion must be taken into account as indicated by Eq. (2).
Having decided on an angular resolution commensurate
with the energy resolution requirements a few practical
points in the design of this telescope may now be con-
sidered. The choice of small angles is dictated for best
energy resolution consistent with the necessity of
keeping the counters out of the direct neutron beam.
This avoids both inordinately high singles counting
rates and the high background coincidence rate caused

by proton recoils produced by neutrons in the first
counter. Therefore a preliminary experiment was made
to determine just how well the beam could be col-
lirnated.

By using both photographic plates and counters as
detectors, it was found possible to build a collimation
system such that the beam spread at the exit of the
system was essentially the one geometrically predicted
by the size of the source and aperture system.

An arbitrary minimum distance was chosen for the
defining crystal to clear the beam. In a plane per-
pendicular to the beam axis let us now visualize the
projections of an arbitrarily shaped defining scatterer
and defining crystal, one on each side of a band of
width equal to our minimum separation distance. If
both the scatterer and the crystal lie in planes or-
thogonal to the incident beam, then the tangent of the
angle through which a particle is scattered is propor-
tional to the distance between the two corresponding
points in our projection. Some reAection will indicate
that the optimum counting rate consistent with the
angular resolution requirements is determined by the
circle shown in Fig. 5. The diameter (Dg) of this circle

d
SEPARATION DISTANCE
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DEFINING
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FiG. 5. Dehning crystal-scatterer system.

is proportional to the tangent of the maximum angle
permitted by the criteria of angular resolution. The two
segments in the circle would represent the ideal shapes
for the scatterer and for the defining crystal. For
practical purposes, though, we selected the rectangles
of maximum inscribed area. The extension to a scatterer
and crystal system of finite thickness is fairly obvious.
The remainder of the telescope would appear to follow
in a logical sequence, each crystal being parallel to the
defining crystal and of sufhcient size to cover the
acceptance pyramid. Such a telescope, however, has a
drawback due to the fact that two protons of a given
energy but scattered at angular extremes would have
sizeably different projected ranges, very possibly stop-
ping in different crystals. The solution of this problem
lies in a rotation of the scatterer and defining crystal so
that the line through their centers is perpendicular to
their faces. This is followed by either a graphical or an
analytical determination of the sizes of the remaining
crystals. In our specific case we felt it advisable to
choose the collimating system rather than the scatterer
as the defining source. We found that 1.5 in. by 3 in.
o.d. wave guide of 0.064 in. wall thickness was suK-
ciently near the optimum rectangular shape. The
scatterers were made somewhat larger in each dimen-
sion thus obviating the complication of precise posi-
tioning apparatus. We now have a defining system
which satisfies two requirements: (1) it gives us definite
minimum and maximum angles through which a par-
ticle may be scattered; (2) it gives us an optimized
counting rate.

Especially if the angular acceptance interval is large
we may wish to know more about what we may term
the angular resolution function of the counter telescope.
In other words, we may inquire as to the relative proba-
bility of seeing a particle scattered through some
angle 0, and, since we know only that the origin of the
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elliptical. This ellipse intersects the counter in an even
number of points. Each of these points determines a
definite ray of the cone since the origin of the cone is
Axed. The intersection of each of these rays with the
reference plane is found. These new points necessarily
lie on a circle. The appropriate arc lengths or angles
subtended may then be easily measured to give the
value of the angular resolution function for this value
of the scattering angle 0.

The angular resolution function is weighted by the
value of sine a' each point to give a new angular resolu-
tion function in terms of solid angle. The Anal angular
resolution function is the appropriate sum of the "point
source" angular resolution functions. %e are now in a
position to consider the effects of angular resolution on
energy. The angular resolution function is first weighted
by the differential I—p cross section, modified because
it is the proton and not the neutron which is seen by
the telescope. A mean proton energy derived from
range energy relations for the telescope is used to 6nd
the equivalent neutron energy for each angle, the
angular resolution function as a result being trans-
formed into an energy resolution function. Finally, this
function is weighted by the spectrum of the incident
neutron beam and a mean or effective neutron energy
determined. In order to estimate the error in this mean
neutron energy deliberate discrepancies may be intro-
duced at any point. It was found that practically any
step in this derivation could be dropped without shifting
the effective neutron energy by more than about
0.2 Mev. On this basis the errors in the efkctive energies
were calculated not to exceed those indicated in Table I.
It should be pointed out that this procedure must be
used carefully. If there are any very large Quctuations
of any component with angle or energy the effective
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energy as well as resultant energy resolution could be

affected.

III. EXPERIMENTAL PROCEDURES

The procedure of a typical measurement consisted in

carefully aligning collimators, monitor and counter
telescopes and the attenuator samples by means of a
cathetometer aimed at the internal beryllium target.
The monitor telescope was then checked for constant
eKciency and the absolute efficiency of each of the
counters in the counter telescope was determined. The
requirements for the counter and for the related elec-
tronics were essentially 100% efficiency and phototube
voltage near the center of an efficiency versus phototube
voltage plateau. The runs were carried out in symmetric
cycles, each being started and finished with a no-
attenuator measurement of the intensity. A typical
cycle was made up of the following beam intensity
measurements: no-attenuator, sample A, sample 8,
sample 8, sample A, no-attenuator. Each of these
determinations was composed of measurements made
with each of the possible scatterers (polyethylene,
carbon and no-scatterer) for the reasons outlined in the
section on the counter telescope system. The purpose
of the symmetric cycles was to counterbalance partially
the e6ects of long term cyclotron beam fluctuations
which could have possibly a6'ected the energy spectrum
of the beam. The time apportioned to each measure-
ment in the cycle was such as to yield optimum statistics
for a given counting time. This required a preliminary
cycle for each set of samples in order to ascertain the
relative counting rates. The, length of time allowed for
each cycle was never more than 3 hours for several
considerations. The most obvious one was the preven-
tion of the loss of much data in the event of machine or
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band, since this data was taken with the last counter
of the telescope. This is also the case for the data at
92.3 and 99.4 Mev with the exception that wider energy
ranges were used with a corresponding increase in
counting rates.

The apparently low value in the cross section of
deuterium at 101.1 Mev may possibly be attributed to
counting errors.

For purposes of comparison, contemporaneous meas-
urements made at Harwell' and at Berkeley' have been
indicated in Figs. 7—10. This is the only data in this
energy range, to our knowledge, taken with energy
resolution comparable to ours, and the agreement is
good. The maximum in the lead cross section falling at
about 82 Mev appears to be defined more sharply than
in the Harwell data. Comments on the signihcance of
these peaks have been made by Lawson" although the
situation is not completely understood.

It seems that future experiments with better absolute
energy resolution and smaller counting errors are re-
quired to investigate the possibility of a more detailed
structure. The total cross sections obtained in this

2200—
equipment failure, the second was the beam drif t
possibility mentioned before and the third was to
permit an easy check of the internal consistency of the
data. In general, the cycles were repeated until a cross
section with about 2.5% standard deviation was
obtained.
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IV. RESULTS AND ANALYSIS

The values of the cross sections are listed in Table I
and are graphically presented in Figs. 7—10. DiRraction
corrections were calculated either according to the
theoretical procedure given by McMillan and Sewell'
and outlined by Cook et al. ' or, in the cases where experi-
mental data was available, from the value of the
differential elastic scattering cross section extrapolated
to 0'.r The correction was about 1%%A for the heaviest
elements, lead and mercury, and smaller for all others.

Corrections for impurities were negligible in every
case, including that of titanium.

The cross sections of carbon and lead were taken
with diRerent thicknesses of sample material to check
the exponential dependence of the absorption. This
indicates the absence of beam degradation effects
(increases in beam transmission due to in-scattered
neutrons) other than those predicted by the diffraction
correction.

The values at 106.8 Mev were taken at the extreme
tail of the neutron spectrum where beam energy Ructua-
tion effects and low counting rates impair the accuracy
of the results. In this case the maximum energy of the
neutrons (Fig. 1) defined the upper limit of the energy

I'E. M. McMillan and D. C. Sewell, U. S. Atomic Energy
Commission Report MDDC-1558, November, 1947 (unpublished).' Cook, McMillan, Peterson, Sewell, Phys. Rev. 75, 7 (1949).

7Bratenahl, Fernbach, Hildebrand, Leith, and Moyer, Phys.
Rev. 77, 597 (1950).
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s A. E. Taylor and E. Wood, Phil. Mag. 44, 95 (1953).
s B. Ragent, Phys. Rev. (to be published).
rs J. D. Lawson, Phil. Mag. 44, 102 (1953).
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FIG. 11. Analysis of the ex-
perimental data at (a) 66.1
Mev, (b) 81.2 Mev, using the
optical model of reference 11.
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experiment were used to investigate the reliability and
the range of applicability of the theory describing the
nucleus in terms of an analogy out of physical optics.
The optical model" "describes the nucleus as a sphere
of uniform density, with an appropriate absorption
coe%cient and an index of refraction for the Schrodinger-
de-Broglie neutron waves. The main limitation imposed
is that the wavelength of the incident neutron should
be much smaller than the nuclear radius, a high-energy
approximation. This is already nearly the case for
neutrons of several tens of Mev and will therefore hold
even better around 100 Mev. This concept represents
an oversimplification of a more realistic picture as it
"Fernbach, Serber, and Taylor, Phys. Rev. 75, 1352 (1949).
'2 S. Fernbach, University of California Radiation Laboratory

Report UCRL 1382, 1951 (unpublished).

does not investigate any structural e8ects nor does it
take care of interfacial reflections. The values of the
propagation vectors outside and inside the nucleus,
k and )'s+0, , respectively, are calculated (the change in

the phase velocity upon entering nuclear matter is
related to the nuclear potential well of depth determined
from the Fermi gas model of the nucleus). An absorption
coefFicient, E, is determined from the knowledge of

p —p and e—p cross sections, the Pauli principle being
taken into account. If we retain the expression,

E=roA'&&10 "cm, (3)
for the radius of a nucleus, it is necessary to use other
than the predicted k& and K.

Best fitting values of kI and K are determined by an
iteration procedure in which the nuclear radius obtained
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from these parameters and the experimental data is
plotted as a function of A&, a straight line passing
through the origin being required by Eq. (3). Figures
11(a), (b), and 12(a) represent the best results for the
square nuclear potential well,

Heckrotte" has applied the optical model to a
parabolically shaped nuclear well of maximum depth Vo.
Figure 12(b) shows the best fit for the present data
using this model. X is essentially the average value of E
while P may be taken as 4/'3 the quotient of the average
value of k& and E.

The fact that forced fittings of the data at 66.1 and
81.2 Mev, as well as similar fittings by two types of
wells at 97.2 Mev are possible, serves to point out one

"W. Heckrotte, Phys. Rev. 95, 1279 (1954).

of the strongest limitations of the present optical
models, specifically that they do not yield unam-
biguously the dependence of total cross sections on
neutron energy.
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An investigation of the average reduced neutron width to spacing ratio, or strength function, (yo )/D,
of nuclear energy levels has been carried out as a function of atomic weight and neutron energy. The experi-
ment was performed by measuring deviations from exponential attenuation of a beam of neutrons passing
through samples of various elements. Deviations from exponential attenuation were observed by com-
paring transmissions of thin samples for neutron beams filtered through thick samples with transmissions
of thin samples for unfiltered beams.

1. INTRODUCTION

A MONG the features of the neutron-nucleus inter-
action which depend strongly on the nuclear

model is the average neutron width to spacing ratio
I' q/D of levels of the compound nucleus. For levels
formed by neutrons of zero orbital angular momentum,
the strong interaction model' predicts an average width
to spacing ratio:

I' o/D= 2k(yos)/D 2k/rrE, (1)

where k is the wave number of the emitted neutron and
E is the wave number corresponding to the average
kinetic energy of the neutron inside the nucleus.

(y )/oD is the average reduced neutron width to spacing
ratio or strength function' for levels formed by 5-wave
neutrons. The complex square well model of Feshbach,
Porter, and Weisskopf, ' on the other hand, predicts
sharp maxima in I'„o/D as a function of atomic weight
and energy. These maxima occur near the positions of

*Work supported by the U. S. Atomic Energy Commission
and the Wisconsin Alumni Research Foundation.

f National Science Foundation Predoctoral Fellow.' Feshbach, Peaslee, and Weisskopf, Phys. Rev. 71, 145 (1947);
V. F. Weisskopf, Helv. Phys. Acta 23, 187 (1950).' R. G. Thomas, Phys. Rev, 97, 224 (1955).

s Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1954).

the giant resonances attributed to 5-wave neutrons
in the average total cross sections. ' Between peaks
the predicted values of I'„o/D fall to a fraction of the
values expected from the strong interaction theory.
Wigner, Lane, and Thomas' have come to similar con-
clusions concerning the reduced width density (yP)/D
of levels formed by neutrons having l units of orbital
angular momentum. They have interpreted the giant
resonances in the average total cross sections in terms
of oscillations, over wide energy and atomic weight
intervals, of (yP)/D.

Carter et a/. ' have performed a survey of slow neutron
resonance parameters for nuclei having atomic weights
between 100 and 200 in an attempt to investigate the
dependence of (y )/oD on atomic weight The. ir results
show a maximum in (yos)/D for values of A near 160,
in agreement with the predictions of the complex
square well model. A similar collection of data which
show a maximum in (y )/Dosfor elements having atomic
weight near 55 has been reported. ' However, the in-

4 H. H. Barschall, Phys. Rev. 86, 431 (1952); R. K. Adair,
Phys. Rev. 94, 737 (1954).

s Wigner, Lane, and Thomas, Phys. Rev. 98, 693 (1955).
'Carter, Harvey, Hughes, and Pilcher, Phys. Rev. 96, 113

(1954).' R. Cote and L. M. Bollinger, Phys. Rev. 98, 1162(A) (1955).


