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Neutron-Proton Scattering in the Energy Range of 18 to 21 Mev*

EwART M. BALDwIN

Carnegie Instate of Technology, Pittsburgh, Pennsyhlaniu

(Received February 19, 1951)

The relative cross sections for neutron-proton scattering in the neutron energy range of 18 to 21 Mev
were measured by means of a proportional counter telescope at the laboratory proton recoil angles of 15
degrees and 44 degrees 24 minutes, respectively. From these data a ratio of 2.06~0.16 for neutrons scattered
in the center-of-mass system in the backward direction to those scattered in the sideways direction was
computed.

INTRODUCTION

"EUTRON —PROTON scattering experiments car-
ried out in the neutron energy range of 10 to 30

Mev include those of Fowler' at 27 Mev and a set of
experiments in the vicinity of 12 to 15 Mev by various
investigators. ' ' The results of all the experiments in
the range of 12 to 15 Mev, with the exception of the
experiments by Amaldi, indicated isotropic, or nearly
isotropic scattering. The results of Amaldi indicated a
high anisotropy in favor of neutrons scattered in the
sideways direction in the center-of-mass system. At 27
Mev Fowler found an anisotropy in favor of the
neutrons scattered in the backward direction.

It was the purpose of this experiment to contribute
data in the neutron energy interval between 18 and 21
Mev. In this experiment the detection of recoil protons,
scattered by neutrons, from a polyethylene foil was
accomplished by use of a proportional counter telescope
which selected protons in a given energy range and in
a given direction.

The telescope consisted of an array of four cylindrical
proportional counters (see Fig. 1). Lead sleeves of
~-inch wall thickness were inserted in the brass counters
to stop protons produced in the brass walls. Lead was
used because of its very low (TE,p) cross section. ' The
central wire of each counter was made of 0.0032-inch
nickel, which was shielded at each end by 0.06-inch
Inconel tubing to keep the sensitive region of the
counter con6ned to the central portion.

An evacuated fore-chamber was constructed in front
of the counter telescope and separated from it by a
0.003-inch Al partition. The front end of this fore-
chamber was sealed by 0.006-inch Al foil in front of
which was placed the scattering foil. The dimensions
of the forechamber were such as to place the scattering
foil at the position required by the geometry of the
counter telescope.
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The output of each counter was fed successively
through a preampli6er, linear amplifier, coincidence
analyzer channel, sealer, and mechanical recorder. The
mixing of all four channels and the selection of coinci-
dence and anticoincidence pulses was done in the
coincidence analyzer. The triple coincidence and anti-
coincidence outputs were each fed to a sealer and
mechanical recorder.

The output of a parallel plate thorium 6ssion neutron
monitor' was likewise fed through a preamplifier, linear
ampli6er, sealer, and mechanical recorder. The selectioa
of pulse height was done by a discriminator incorpo-
rated in the sealer circuit.

The source of high energy neutrons was the Uni-
versity of Pittsburgh cyclotron. This is a conventional
cyclotron of 47-inch pole diameter. For this problem,
neutrons were obtained from the (n, PE) reaction with an
alpha-beam and a beryllium target. The cyclotron was
capable of giving alpha-particles an energy of approxi-
mately 30 Mev, and with the positive Q of 6 Mev for
HeG(n, TE)C" the resulting neutron energy spectrum
extended to approximately 36 Mev.

Data was taken at the proton recoil angles of 15
degrees and 44 degrees 24 minutes, measured in the
laboratory system. For these runs the counter system
was 61led with a mixture of argon and 3 percent carbon
dioxide at a pressure of 20 cm of mercury. A counter

AL
ALUhllNUM

WINDOW

*This work was carried out in partial fu161lment of the require- TO PUMPING

ments for the degree of Doctor of Science at the Carnegie Institute TO PUMPING

of Technology and was supported in part by the ONR.
' Bro1ley, Coon, and Fowler, Phys. Rev. 79, 227 (1950}. FIG. 1. Schematic diagram of the counter telescope. A—me-

Amaldi, Bocciarelli, Foretti, and Trabacch, Naturwiss 30~ chanical vacuum gauge, B—proportional counter, C—ilson
582 (1942). seals, D—rubber gaskets, E—StupakofF seals, F—Lucite block,

C. F. Powell and G. P. S. Occhidini, FNndumentul Particles G—absorber wheel, H—aluminum foil, I—polyethylene foil,
(The Physical Society, London, 1947), p. 150. J—lead foil.' J. S. Laughlin and P. G. Kruger, Phys. Rev. 73, 197 (1948}.

~ B. Cohen, "Nuclear reactions, " thesis, Carnegie Institute of B. Rossi and H. Staub, Ionization Chambers und Counters
Technology (1950) (to be published) ~ (McGraw-Hill Book Company, Inc. , New York, 1949), p. 207,
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energy.

found, however, that to within the few percent error
in this measurement it was not possible to detect the
diGerence between the background with the above
lead-carbon foil in place or with just a blank lead foil
in place. Hence, the scattering contribution of the
protons in the polyethylene foil was determined by
subtracting the counting rate with the above lead-
carbon foil present from the counting rate with the
polyethylene foil in place.

IaI ROO-

geometry, it was possible to trace the volume of scat-
tering foil contributing to those protons which emerged
from the inside scattering surface with a given energy
and which were produced by neutrons of a given energy.
The volume of such a portion of the foil was equal to
the cross-sectional area which was eGective for neutrons
of that given energy, times the vertical height of the
foil modified by the vertical aperture contributions.
Furthermore, since both foils had the same vertical
height and the same vertical aperture dependence, it
was sufhcient for any comparison to plot only the
cross-sectional areas of the scattering foil contributing
to the above mentioned protons (see Fig. 5). Such
calculations and graphs were compiled for the scattering
foils used at the angles of 15 degrees and 44 degrees
24 minutes.

By measuring the areas enclosed for a given neutron
energy responsible for protons in the detectable range it
was possible to plot the eGective cross-sectional areas
as a function of neutron energy (see Fig. 6).

A neutron energy spectrum was measured for the
(u, n) reaction of the cyclotron alpha-particles on a
beryllium target. The neutron intensity was measured
at several neutron energies in the energy range of
approximately 9 to 21 Mev by means of the counter
telescope. This spectrum checked very well with the
predictions of Cohen. The spectrum is plotted in Fig. 7.

Using the neutron energy spectrum it was possible to
weight the contributions of the two scattering foils for
the proton recoil angles of 15 degrees and 44 degrees
24 minutes. By multiplying the eGective cross-sectional
area (proportional to foil volume) versus neutron energy
curve by its respective neutron spectrum weight, it was
possible to get the "eGective" volume of scattering foil
at the two angles, and hence the ratio between them
(see Fig. 8).

In order to determine the background, contributed
by the (e,P) reaction in the carbon atoms in the poly-
ethylene foil, a carbon foil of equivalent stopping power
was deposited on a lead foil of —,'6-inch thickness. When
the polyethylene foil was removed for a background
count, it was replaced by this lead-carbon foil. It was

where X' and X' are the number (normalized to the
monitor) of protons scattered at the angles of (180—8&)

and (180—82) degrees, respectively; dQ&' and dQ&' are
the elements of scattering solid angles in the center-of-
mass system into which these recoil protons are scat-
tered; and effective f~ and efkctive f2 are proportional
to the "eGective" number of target nuclei presented

by the foils No. 1 and No. 2.
The ratio 1V&/X2 comes directly from the experi-

mental data and has a value of 6.5+1.0. This value is
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FIG. 7. Neutron energy spectrum from Be(o.,n) reaction,

DISCUSSION OF RESULTS

The ratio between the neutron-proton scattering
cross section at a neutron scattering angle of 8j degrees
from scattering foil No. 1 and the neutron-proton
scattering cross section at a neutron scattering angle of
8~ from scattering foil No. 2, both angles measured in
the center-of-mass system, is given by

a(8') X' dQ2' eBective f2R= ~ ~

o(82) S~ dQ&' effective f&
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obtained from six separate sets of runs, using

ZL(&~/&2) /e'j V'

S2 Z(l/e')Z(I/e')
=6.5+1.0,

where e; is the probable error in the ith ratio, (S~/At 2),,
and e is the number of sets.

From the relation dQ', =4 cos8dQI b between an
element of solid angle in the laboratory system and an
element of solid angle in the center-of-mass system,
we have d02'/dQ~'=0. 547.

The ratio of the "e8ective" volume of scattering foil
for a proton scattering angle of 15 degrees to the
"effective" volume of scattering foil for a proton scat-
tering angle of 44 degrees 24 minutes is equivalent to
the ratio of the areas under the neutron-spectrum
weighted curves shown in Fig. 8. This ratio has a
value of 0.298&0.10.

Hence, the product of these three factors is

E= 1.06&0.16.

The results of this experiment seem to be consistent
with the existing data, provided that the results of
Amaldi are discounted in favor of the predominance of
corresponding data presented by numerous other in-
vestigators. That is, there does not appear to be any
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high degree of anisotropy in the neutron-proton scat-
tering at this energy range.
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(d, n) Reactions with 15-Mev Deuterons. Part X. Angular Distributions*t
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Nine elements are bombarded with 15-Mev deuterons from a cyclotron. The resulting angular distri-
butions of 9.25- to 13.1-Mev neutrons are measured by means of a four-proportional counter telescope and
also by threshold detectors. It is observed that all the measured angular distributions are peaked in the
forward direction, some showing a peak at 0' and others peaks at 10'—15' with respect to the deuteron
beam. Different methods of production of neutrons from (d,n) reactions are discussed, and it is shown
that most of the observed neutrons are produced by a stripping process.
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LTHOUGH the interaction between high energy
deuterons ( 200 Mev) and nuclei has been

thoroughly investigated and explained, ' ' the nature of
the interaction at medium deuteron energies is not
clear. Several investigations4 ' have not produced

*Assisted by the ONR.
t This work was carried out in partial fulhllment of the require-

ments for the degree of Doctor of Science at the Carnegie Institute
of Technology.

f Now at Brookhaven National Laboratory, Upton, Long
Island, New York.

' A. C. Helmholtz, Phys. Rev. 72, 1003 (1947).
~ R. Serber, Phys. Rev. 72, 1008 (1947).' S. Daneo8, Phys. Rev. 72, 1017 (1947).' R. B. Roberts and P. H. Abelson, Phys. Rev. 72, 76 (1947).
~ Falk, Creutz, and Seitz, Phys. Rev. 76, 322 {1948).

sufficient evidence to determine whether stripping, '
which explained the high energy reaction, can account
for the nature of the yields in d,e and d,p reactions.

The deuteron beam of the University of Pittsburgh
cyclotron was used to investigate the characteristics of
the yields of (d,n) reactions. These experiments can be
divided into two groups: the investigation of the
angular distributions of neutrons produced by 15-Mev
deuterons, which is reported here, and the study of
neutron energy spectra and neutron yields from d,e
reactions, which will be reported in Part II. The
integrated interpretation of all the data will be pre-

6 P. Ammiraju, Phys. Rev. 76, 1421 (1949).
~ R. Gove, Phys. Rev. 78, 344 (1950).


