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SMALL-ANGLE NEUTRON-PROTON SCATTERING AT 90 AND 290 MEV .
James Warren Easley

Radfation laboratory, Department of Physics,
University of California, Berkeley, California

September 14, 1954

ABSTRACT

The relative differential neutron=-proton scattering cross section has
been measured in the range of center-of-mass angles from 5¢1© to 36»00 for
approximately 90-Mev neutrons and from 10,7° to 37.8° for approximately
290=Mév‘neutronsc The scattered neutrons were detectéd at small angles to
the beam. Absolute values of the cross section have been obtained by
noermalization to prior resultsf The data indicate an angular distribution
for 90mMev_neutrons that is symmetric about 90° in the center-of-mass system
but an asymmetric distribution for 290-Mev neutroms, for which dcrioo/as"l700

equals approximately 0.7,
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SMALL-ANGLE NEUTRON-FROTON SCATTERING AT S0 AND 290 MEV -
James Warren Easley

Radiation Laboratory, Department of Physics,
University of California, Berkeley, California

September 14, 1954
I INTRCDUCTION

‘The determination of the nature of the nucleon-nucleon interaction is
| g”basic problem of nuclear physics? Onevof the more productive sources of
information has been the scattering of nucleons by nuclecns. Low-energy
investigations alone have led to twc significant results: the spin depend-
ence of nuciear for@esl and the initial basis for the hypothesis of the
charge independence of ruclear forceszo The low-energy data, however, can
only determine two parameters of the interaction39 so that any reasonablel
potenﬁiai can be made to give the observed cross sections by a suitable
- choice of its ramge and depth. In order to determine the more detailed
ngture of the interaction, it is necessary to inmvestigate the scattering at
highgr energies, where the de Broélie wave length in the center of mass
of the two-nucleon system isvof the order of or less than the range of the
nuclear forces. This requifes that the energy be greater thanvabout 20 Mev,
,A large number of ihﬁeétig&tions have been made of the n-p differential-
scatter%ng ecross section in thelhighmenergy region. In the vicinity of 90
Mev the techniques of electronic counting have been employed by Hadley,

Kelly, leith, Segfég Wiegand, and Y@Pk4§ R. H. Fox5§ and Selove, Strauch,

and Tituséa Measurements have also been made’by R Wallace7

s, utilizing

8
nuclear emulsions, and by Brueckner, Hartsough, Hayward, and Powell , utili-
zing a cloud chamber., In the vieinity of 300 Mev De Pangher9 has made a

cloud=chamber measurement, ahd Kelly, Leith, Segre, and W"iegandlO have
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employed counters, Other counter measurements haﬁe been made at 156 Mev
by Randle, Taylor, and WbodllgAat 180 and 220 Mev by Guernsey, Mott, and
‘Nglsonlzg gnd at 400 Mev by Hartzler and Stﬁ.egellB° All these methods have
had the common feature of detectiop of the recoil proton from the n-p col- ‘
lision and determinatibn of the angular distribution of scattered neutrons
from the well=known kinematie felationsAQ As a consequence of the limita-
tion imposed by the short range of the recoil proton for neutron angles
near 009 only the cloud=-chamber measurement at 300 Mev was extended to
aﬁgles of less than about 40° in the center—of-mass coordinate system.

At both QQ_and 290 Mev, previous results indicated a large peak in
the center—of-mass angular distribution of seéttered neutrons at 180°. At
g0 Mgv the available data were‘inﬁerpreted as suggesting the possibility of
arsimilar rise nearloolﬁ; whereas the 290-Mev results showed no peakﬁng at
small angles but indicated an approximately constant cross section from

15° to 45090 The significance of the marked anisotropy of the differential

cross sections in terms of the character of the n-p interaction can be
shown in a qualitative manner through the use of the Born approximation

15

applied to a centrél force™”. The differential cross section is given

in this approximation by

o0 2
dr . W || sin (Ke) v(r) r2ar| »
% |, K

aa
- -
where K= koo 01 ~ ¥inttiel 2

2

= 2k sin (9)9 M is nucleon mass, k=p/A is

the relative propagation vector, and V(r) isvthe neutron-proton potential
function for an ordinary force, Ordinary forces are forces that result in
no interchange of either space or spin coordinates of ﬁhe two interacting
particles, The factor sin (Kr) in the integrand is an oscillating function

of ro Therefore if many oscillations occur within the range of r for which
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V({r) is appreciably different from zero——i.e., within the range of the
nuclear potential--~the value of the integral is negligible. This condition
exists for high energies where the de Broglie wave léngth951==1/k9 is small
.compared-with the range of the nuclear force, and for large values of the
scatteripg angle €, As a result, the value of the integral is negligible
except for small values of ©, and therefore the differential cross section
for ordinary forces has a.strong maximum at 0°. In the center-of-mass
system, if a neutron is deflected through an angle € in a collision, the
proton recoils in the opposite direction at the angle ™ = 6, If we
consider the same collision for a pure exchange potential PMV(r) rather than
for an ordinary potential V(r), the emergent particles will have changed
their identity, since for two-particle systems the effect of the space-~
exchange operator Py is equivalent to reversing the sign of the relative
coordinate. The neutron will consequently emerge at the angle W - € and the
proton at the angle 8, Therefore, since ordinary forces lead to a distri-
bution peaked toward 009 space-exchange forces lead to a distribution
peaked toward 180°, It is then of interest to determine the behavior of
the differential cross section over the entire range of scattering angles.
This requires the extension of the range of measurement into the region
where the major contribution to the scattering is from a force of ordinary
nature.

The objective of this experiment was to measure the differential
cross section in the previously uninvestigated region of small angles at
90 Mev, and to re-examine by an independent method this regiom at 290 Mev,
which had been included in the investigation by DePanghére The angular
distribution for n-p scattering was obtained by detecting the neutrons at

small angles to the beam rather than by counting the recoii protons., This
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detection was accomplished"by inserting a polyethylene conveyter”in front
of a scintillation telescope, which was placed at the angle under considera-
tion, s0 that the §cattered neutrons were detected by eéuntipg the high-
energy protons-projected along the axis of the tglescope from n-p scattgring
or neutron-induced nucléar_reactions in this converter. The energy distri-
butions of the neutron beams were broad, and the detector was rendered
insensitive to the 1ownenergy components by the introduction of an absorber
vbetween the counters of the coincidence telescope. ‘Because the energy of
the proton that was counted wais not uniquely related to the energy of the
scattered neutron, the reliability of this method was limited to small
angles, where thé energy of the scattered neutfon is a slowly varying
function of the,séattering angle. |

Slnce the 1n1tia1 report on the work169 a cloud chamber study at
90 Mev has been completed by Chlhlv; and Hartzler et al, 18 have obtained
gma}1=angle cross sections for 400-Mev neutrons with a similar counter

method.
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ITI EXPERIMENTAL APPARATUS

General

T@g ggnera}hlayout of the apparatus is shown schematically in Fig. 1.
The neutron beams employed were produced by interactions of the circulating
beam of the 184-inch cyclotron with a target located at a radius corres-
ponding to maximum particle energy. The beam was highly collimated and
scattered from a target of liquid hydrogen. Scattered neutrons were counted
at small angles to the beam by a detector mounted on a movable azimuth
arm pivoted under the center of the target. Signals from the elements
of the detector were transmitted over approximately 80 feet of coaxial
cable to the counting area, where the major portion of the electronic

equipment was located..

Neutron Beam

The 90-Mev bpay was obtained by stripping 190-Mev deuterons on a
0.5=-inch be?&llium target. The energy distribution of the resuitant
ﬁeutrons has a peak at approximately 90 Mev and a width at half intensity
of about 25 M¢v94 as shown in Fig. 2. The 2§OfMev beam was produced by
forward-direction charge-exchange scattering of 345-Mev protons on e
Zfinch beryllium target. The energy distribution of this beam has a peak
at approximately 290 Mev énd a width at half intensity of 60 Mev,19 as
is shown in Fig. 3.

The beam was collimated by a brass collimator 75 inches long, which
was inserted in a port in the cyclotron shielding. The collimator was
tapered so that the cross section subtended a éonstant solid angle at
the beam source. The axis of the collimator was” carefully aligned with the

beam axis as determined by survey and the orientation of the completed
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Fig. 2. Energy distribution of the primary
neutrons in the beam obtained by stripping of
190-Mev deuterons on 0. 5-inch-thick beryllium.
The vertical bars and shaded rectangles indi-
cate the data obtained by the two methods of
Hadley et al%.
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"Fig. 3. Energy distribution of the primary

neutrons in the beam obtained by charge-
exchange scattering of 345-Mev protons on
2.0-inch-thick beryllium obtained with a 35-
channel magnetic spectrometer by Cladis,
Hess and Balll9.
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collimator was fixed. At the position of the scattering target the beam
was 3.4 inches high by 0.9 inch wide.

A steel shielding block 6 ft long by 6 in. high by 3 in. wide was
placed close to the beam on the same side as the counters to reduce back-
ground. This block was aligned by screw-motion supports so that its face
was 0.1 inch from the edge of the beam as defined by the extension of the
collimator geometry. The face of the block adjacent to the beam was
machined plane, and had a step 0.1 inch deep and 1 foot long at the end
nearest the scattering target, to reduce the possibility of its consituting
a source of scattered particles that could reach the eoﬁntersa

A helium-filled bag of OeOOAPinéh vinyl plastic occupied the region
traversed by the beam from the hydrogen target to a point in the rear of
the neutron counter, in order to reduce the background of particles scattered
by air.

The beam was monitored by a bismuth fission counter placed in the

beam to the rear of the scattered-neutron counter.

Targets

For the measurements at 90 Mev, the target consisted of 1.0 g/cm?
of 1liquid hydrogen, contained in a cylindrical'vessel of 0.004=inch stain-
less steel with vertical axis. The target assembly had previously been
employed in another experiment209 and was modified for this experiment by
the alteratioﬁ of thg vacuun=Jjeacket windows to accommodate the rectangular-
cross=section heutron beam. An identical empty target assembly was
employed to determine the contribution of neutron counts from the hydrogen-
containing vessel and the vacuum-jacket windows, which consisted of 0,17 g/cm2
of steel and 0@07;g/bm? of dural, respectively. The interchange was
accomplished by a lateral tramslation of the targets by a mechanism that

could be remotely controlled from the counting area.,
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~ For the measurements at 290 Mev, the target consisted of 2.8 g/cm2 of
liquid hydrogen_contained in_a rectangular double~walled box constructed of
polystyrene foam., The beam traversed a total of 0.6 g/cm2 of wall thickness,
which was approximately eonstagt over a height equal to twice the depth of
the liquid hydrogen. The contribution of counts from neutrons scattered
by the end walls was then determined by lowering the target assembly to a
point where the neutron beam was above the surface of the hydrogen. The
raising and lowering of the target was accomplished by a motor-driven ele-

vator that could be remotely controlled from the counting area.

Neutron Couhter

§ schematic diegram of the neutron counter is shown in Fig. 4, and the
specifications of the components employed at the two neutron energies are
lisfed in Tables I and IX. A photograph of the counter is shown in Fig. 5.

The neutrons actually counted were those that were "converted®™ in the
polyethylene converter or in the portioms of Counters 1 and 2 adjacent to
the converter. The term ficonverted neutront refers to a neutron that
yieldé 2 high=energy proton in the forward direction by n-p scattering
or nuclear interaction. These recoil protons were counted in coincidence
in Counters 2 and 3. In order to reject charged particles originating in
cther processes, counts coincid;nt in Counters 1, 2, and 3 were determined
and subtracted from the 2-3 coincidences. The neutron-counting efficiencies
obtained were of the order of 1/2%.

Absorber 1 consisted of a thickness of cbpper sufficient to prevent
protons from reaching the scintillation counters diréctlyo Scintillation
Counter 1 consisted of a thin plate of plastic scintillant mounted in a
reflecting aluminum box with 0,00l-in. aluminum foil windows and viewed by

twe 1P21 photomultiplier tubes at opposite ends. The dimensions of the
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Fig. 4. Arrangement of components ‘of
neutron counter.
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CONVERTER COUNTER 3

ABSORBER | COUNTER | ABSORBER 2
ZN-1038

Fig. 5. Photograph of neutron counter. Converter and absorbers
shown are those employed for the 290-Mev measurement.



Table I

R ’:‘.Wr : —

Dimensions.éf Active Volumes of Scintillation Counters

Neutron :
Energy . Dimensions (in.) s
Counter {(Mev) Height Width Thickness
1 S0 400 3.5 : 0,080
290 5,6 bel 0.500
2 20 Rel 1.4 0,118
290 Re2 1.4 0.118
3 - 90 6.6 Le2 0.375
290 6.6 Lo2 0.750
~Table II
Absorber Speeifications.
Neutron
Energy Téi@kness .
Absorber ' (Mev) (g/cm?) Substance
1 90 25 Cu
290 103 Cu
2 (shaped portion) 90 1.8 (max.) Al
290 15.7 (max.) Cu
2 (uniform portion) 90 1.8 (max.) Cu
1,0 (min.)
290 13.8 (max.) Cu
6.5 (min.)
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seintillant wefe such that no undeflected particle could t?aversg

Counters 2 and 3 without having traverse@rcounter 1. The converter was
polyethylene, and at 90 Mev was 1674 g/cm2 in thickness and had the same
eross section perpendicular to the pgth‘of the scattered neutrons as the
active volume of Counter 2. The distance from the center of the target .
to the center of the converter was 70 ihe for laboratory angles of 5.0°
and 2,5° and 40 in. for anéles of 5,0° and larger., At 290 Mev the
converter was 6.53 g/émz'iﬁ'thackness and had the form of a rectangular=
base truncated pyramid, as shown in Fig. 5, to-assist in increasing the
counting rate, The distance from the center of the target to the center
of the converter was 58 in. for all éngles. Scintillation Counter 2

was a thin liquid counter optically coupled to a 5819 photomultiplier

by a lucite light pipé extending from the edge of the active volume. Both
counters were made as thin as possible consistent with the requirements of
vsufficient pulsé smplitude and uniformity over the extent of their active
volumes, in order that the greatest number of neutron counts could be
related to neutrons converted in the converter. The ratio between neutron
counts obtained with the converter in and counts with the converter out was
approximately 4e5. Absorber 2 determined the low=energy cutoff, or the
minimum energy that a neutron in the beam could have and still be caunted
after scattering. As the energy of the scattered neutron is a function

of the scattering angle according to the relation, A

E! (B = B
=8 1+ 1ty ) tan? @,

where M is mass of neutron, the maximum thickness of this absorber was
varied with angle so as to correspond to the range of a proton with energy

E”GEQQQ ) The absorber consisted of a shaped portion, employed at all angles,
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and a yniform-thickness portion, which could be varied with angle.

The shaped portion was thickest in the center and was shaped so that,

to good approximation, the "minimum energy to count" would be independent
of the angle to the axis of the telescope with which the recoil proton‘”
emerged from the converter. In determining the shape of the absorber, it
was assumed that most of the recoil protons were from n-p processes in the
converter. Consideration was given to the dependence on angle of both the
recoil proton energy and thé average thickness of converter and counter
material traversed by the proton. Counter 3 consisted of a plate of plastie
scintillant mounted in a reflector lined with aluminum foil and viewed by
a 5819 photomultiplier. The approximation that the minimum-energy-to-count
be independent of the angle with which the recoil proton emerged from the
converter required that the disﬁance from the converter to Counter 3 be
large compared with the transverse dimensions of the converter. In order
to satisfy this requirement and maintain the maximm counting rate, the
cross section of Counter 3 was made as large as possible within the liﬁitam
tions_imposed;by the estimated single-count rate and its effect on the

accidental 2=3 coincidence rate,

A block diagram of electronics is shown in Fig. 6, from which power
supplies have been omitted for simplicity. Signals, taken directly froﬁ
the last dynode of each photormultiplier, were first amplified by two Hewlett-
Packard 460-A distributed amplifiefs in the immediate vicinity of the
counters before transmission over coaxial transmission lines to the counting
area, This initial amplification was to reduce ihe effect of pickup. In
the counting area the signals were further amplified by one 460-A émplifier

in each channel and applied to the inputs of two double-coincidence circuits
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supplies are not shown.

. TARGET NEUTRON BEAM MONITOR
— O -C 11—
~ CONVERTER
™~ - ' COUNTER 2
ABSORBER 5 PRE — AMP
~~
COUNTER | .
ABSORBER /
COUNTER 3
AMPLIFIER
AMPLIFIER AMPLIFIER AMPLIFIER
MONITOR
SCALER
-3 i 2-3
COINCIDENGE 1| GOINGIDENGE
2-3
SCALER
|-2-3
GOINCIDENGE
[ 1-2-3
SCALER
Muy-8i40
Fig. 6. Block diagram of electronics. Power
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21, having a resolving time of the order of 4 x ILO“”8 sec¢

of the Garwin type
wi@h the input pulses employed. The 1-3 coincidence and 2-3 coincidence
output signals were approximately 1 p sec in width and 10 volts amplitude,
and were fed to a double~coincidence circuit to provide 1-2=3 coincidence.
gignals° This circuit was of conventional type with a resolving time of

the order of 2 y sec. The 2-3 and 1-2-3 coincidence signals were each

fed directly to scalers.
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. ITT ‘EXPERIMENTAL PROCEDURE

Pregar;torvaréc§§g;g _ _ _ 4 _
.VThe preparation fér a typicai run coﬁsisted‘of tﬁé following steps,
afranged in chrohglogicél 6fder;. ” |

The edge.éf the iﬁternai‘neutronmproducing target, collimator axis,
and catheiometer axis were aligned obticallyo- Thén the shielding block,
target center, and zero-azimuth index were élignéd on thevdeterhined
beam axis with the cathetometer. Photographic plates preceded by a few
g/@m2 of polyethylene converter were exposed in the neutron beam at the
ends of the steel shielding block, target center, and cathetometer teo
check this alignment.

Curves of counting rate versus discriminator bias and collection
voltage were obtained for the bismuth fission monitor and operating values
were selected. In order to obtain counting rates that woula allow prepara-
tory steps to»be accomplished in a reasonable time, the converter and
Absorber 1 were removed and subsequent tests were made by counting recoil
protons from a polyethyléne target of standard thickness. The use of a
standard target permitted relatively rapid comparison of the performance
of the apparatﬁé at different runs or at differént times within a run,

With photomultiplier voltages set at reasonable values, the timev
delays of the signals in each channel were equalized by the insertion of
short lengths of cable to maximize the 1--3 and 2-3 coincidence counts per
unif beam, where unit beam was determined by an arbitrary number of monitor
counts. Operating points for the photomultiplier voltages were obtained on
the plateaus of curves of coincidence counts per unit beam versus applied

voltage. Theée plateaus were determined by independently varying the voltages
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epplied to Counters 1 and 2 while the voltage on Counter 3 was held constant
at a reasonable value, and similarly by varying the voltage applied“to
Counter 3 while the voltages applied to Counters 1 and 2 were held constant
at the values_determined from the preceding step.

Additional’preparatory steps or tests on the performance of the
equipment that were not required at each run are described in a subsequent

section.

A& each laboratory angle considered, measurements were made of 23
coincidence counts per unit beam and 1-2-3 coincidence counts per unit beam

for the following arrangements of the experimental apparatus:

1. Hydrogen target = converter in
2. Dummy target - converter in
3. Hydrogen target - converter out

4o Dumy target - converter out
The angle was changed after each sequence, and the countihg time allotted
was regulated so that a set.of measurenents inéluding all considered angles
could be repeated a large number of times during a rur in order to minimize
the effect on the relative cross sections of any drift in counter or moni tor
efficiency. This procedure also served as a check on the over-all performance

of the apparatus by providing a measure of the reproducibility of the data.

Tests of Apparatus

For each of the two liquid-hydrogen targets employed, the ratio of
neutron counts per unit beam obtained with the hydrogen target empty to
those cbtained with the durmy target was measured at 50 laboratory angle and

was assumed to be independent of angle.
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The counting efficiency of the thin aﬁticoinciden@é cbunter was
determined by removing Absorber 1 and the converter and placing the counters
so that a scattered proton would traverse them in the order 2-1-3. Because
Counter 2 pre§ented a smaller cross seétioﬁvtO'scattered particles than
Counter 1, a comparison of the 2-3 and 1=2-3 coincidence counts per unit
beam provided a means of determining the efficiency of Counter 1. This
was found to be 100+ 2% |

The change in neutron energy with scatﬁe?ing anéle amounted to about
10% for the range of angles measured. _A measurement was made of the effect
©n>the eountingvrate at a given angle of a éhangé of about 10% in the
minimummenergybtomcount‘as determined by the thickness of absorber 2. The
observed change of about 20% in neutron counts per unit beam due tc hydrogen
was in agreement, within statistics and the experimental uncertainty of the
known neutron energy spectra, with that calculated on the‘assumptions of
(1) a 1/E energy dépendenee of the conversion process and (2) & mififmum-
energy-to.count - that was independent of the angle with which the recoil
proton emerged from the converter. This energy dependence was based on
the known behavior of the total n-p eross section as a function of energylz
and the similar behavior expected on the basis of the Goldberger model23
for high-energy protons eje@ted from carben. In view of this agreement, it
was considered reasonable that these assumptions were valid to good approxi-
mation, and therefore that the semsitivity of the neutron counter did not
vary appreciably over the range of angles measured from ﬁhat predicted on
the basis of a 1/E energy dependence of the comversion process,

The contribution from accidental coincidences to the counting rate\was

determined to be negligible at both energies. At 90 Mev the mumber of neutron

counts from hydrogen per unit beam was consiant, within counting statistics
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of 2%9 o&er a fivefold variation of beam intensity. At 290 Mev the beam
inteng%ty and pougting rates were about 1/10 those at 90 Mev, énd no
difficulty from accidental coincidences would have been expected. A check .
was made with one input of the 2-3 coincidence delayed by one rf cycle of

the cyclotron, The instantaneous single-—counting rates of the two counters
were therefore unaltered, but any coincidence count Would of necessity

ﬁe due. to the chance occurence within the resolving time of the coincidencg
gircuit of two pulses not_related to the same particle° This check indicated

that the contribution from accidentals was less than 1% of the observed rate.
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IV REDUCTION OF DATA

Relative Differential Cross Section in laboratory System
The number of neutron cmunts'per;ﬁﬂitf%mamg R, for -any experimental .

arrangement is given by

ReVp-lo3=-N o4 |

iy

where for a given period of scatﬁering

N3

1=2=3

. =number of 2-3 coincidence counts observed,

N = number of 1-2-3 coincidence counts observed, ’
Nﬁoﬁ = number of monitor counts observed/256. (The counting
‘rate of the bismﬁth fission monitor was such that it

was convenient to define a unit of beam in terms of

the scaling multiple of 256.)

If the various experimental arrangements are then iﬁdicated by the
subseripts
H for hydrogen target,
D for dﬁmmy target,
i for converter in,
o for converter out,

the number of neutron counts per unit beam due to hydrogen at the labora-
tory angleﬁ} is given By

Afos Engi - RDgi] 0

and the number of neutron counts per unit beam due to hydrogen that can be

gpecifieally attribufed to the converter is given by

&g = [(Rﬁsi - Rm) - (RH,Q - RD,@> o
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Theruncorrected relative differential cross section in the laboratory
system determined in these two ways is then given by

Z},H(} MNB~1 and SI{C)/é;HCDQ
whereé}“ is the referente angle, i.e., that angle at which the relative
cross sections were normalized to_the previous data of Hadley et al, at
90 Mev4 and of Kelly et al. at 290 MEVIOc The reference angle was 17.6°
at 90 Mev and 17.9° at 290 Mev.

Because the  energy of the scattered neutrons depends on the scattering
angleg‘these ratios mist be corrected for the approximate 1/E energy depend-
ence of the conversion proéesse‘ The energy of the scattered neutron is
given, in the nonrelativistic approximation, by E cos® 699 vhere E is the
energy of the neutron in the beam. The correction factor corresponding to

the angle C) is then given in this approximation by

1 1 = 0032 @ °
E cos? (' / B cos? cos® () !

F =

The center-of-mass relative differential cross section dd}a/ac¥¥
at the angle © is then obtained by application of the relatiomship

ao(e) o 1 [L+(shy2) 12202
dcr() 4 co8 () 1+ E/2m«32) |

where M is mass of neutron. The center-cf-mass angle € correspond-

ing to the laboratory angle () is given by
' 1
- o3, v 2
| 6=2 tan _1 [1 + E/2M02] tan.,
The relative cross section is then placed on an absolute scale by normsli-
zation to the previous data at the angle 8' to give the center—of-mass

differential cross section for n-p scattering at the center-of-mass angle

® in units of 10°°/ cw®/steradian.,
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-V RESULTS AND DISCUSSION OF ERROR

A summary of the data is éiﬁen in Tables III, IV, and V for 90=Mev
mmﬂm@né and in Tables VI, VII, and VIII for 290=Mev neutrons. For each
angle eonsidered the following quantities are»listedz

(a) néutron counts from hydrogen per unit beam for each runj

(b) neutron counts from hydrogen per unit beam relative to the
same quantity at the‘referen@e angle for each rung

_ (@) the statistically weighted average for all rums of the data
of (b)s
(d) the center-of-mass relative differential cross section;
(e} +the normalized center—of-mass differenfial cross section

in 1027

gmz/steradiano

In Fige 7 the 90=Mev center-of-mass differential cross sectionm,
obtained with 60 Mev as the minimum neutron emergy to count is plotted in
conjunction with results of the prior %ofk at larger neutron angles%s5:6,7,8
and with the recent results of Chihl’, which includes the region of small
angles. A similar plot for the 290-Mev cross section, obtained with
200 Mev as the minimum neutron energy to count, is given in Fig. 8, showing

10 and DeiPanghergo

the data in.rélation to the prior results of Kelly et ai.
The angular resolution of the neutron counter, obtained from

consideration of the finite extent of both the source of scattered neutrons

and the converter, was depen&ent upon the scattering angle. For 90-Mev

neutrons the resolution in the center—of-mass system was approximately

+ 3% at 10° and + 5° at 36°, For the measurement at 5° the target—

converter distance was increased to give a resolution of about + l°5°°

For 290-Mev neutrons the resolution was approximately * 3 at 10° and

i’ 6 at 37.8°.
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‘Fig. 7. 90-Mev differential neutron-proton
cross section in the center-of-mass system
in 10'27cm2/steradian.
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mass system in 10'27cm2/steradian.



o 3o

Ag'a fUrther check on the reliability of the method, a determination
was made at all considered angles of both AH @ s- the number of neutron
counts due to hydrogen with the converter in place, and.SHC)9 the number
of neutron counts per unit beam with converter in less the number of counts
with the converter removed. The relative differential cross sections
obtained by these two methods are in excellent agreement, as is shown in
Fig. 9 for 90 Mev and Fig. 10 for 290 Mev. The normalized cross sections
shown in Figs. 7 and 8 are those determined frbm the first method.

In @rde? to ascertain whether the relative differential cross sections
were particularly sensitive to the value of the minimum energy for detection
of the scattered neutrons, a measurement was made with this energy set at
two aifferent values for each of the neutron beams employed. At 90 Mev

this low-energy cutoff was 60 Mev for the major portion of the measurement,
and a check was made at 66 Mev so that neutrons constituting approximately
15 %_of those counted at 60 Mev were not included”in'the measurement . The
relative cross sections obtained were im good agreément; as is shown in
Fig. 11, At 290 Mev the low=energy cutoff was selected at 200 Mev, and a
check was made at 225 Mev. The relative cross sections:obtained were in
égreement at 2104o but ecould not be considered to be in agreement at 10.709
where the difference between the two values is equgl to three fimes its
statistical standard deviation, as is shown in Fig. 12. Portions of both -
the 200-Mev and 225-Mev cutoff data were obtained at each of two diffefenfk
runs., No anomslous behavior of the apparatus was indgcatedg and values of
the relative cross sections were consistentiy higher at the 225=Mev cutoff
than at the 200-Mev cutoff. Approximately 25% of the neutrons counted
with a 200-Mev cuteff are not counted when this is increased to 225 Mev,

so that a difference between the measured cross sectioms, which afe averages

over the energy spectrum of the counted neutrons, is not precluded.,
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) The 9r;0rs-shown in all figures and taples are the standard deviations
- of the counting statistics, and for the normalized data include the statis-
tical error introduced by the fitting t@ previous results,

At 90 Mev it was determined experimentally that the contribution of
neutron counts from recoil protons scattered from the hydrogen target
did not exceed 5%, These protons can yield high-energy neutrons in the
forward direction by inelagtic collisions with the Cu nuelei of Absorber_la
The determination was accomplished by making a measurement of ZlHQp with
Absorbgr 1 displaced towards the hydrogen target frop its normal positiqne
A comparison of the obseyved change in ZSHZG? with‘that expected from the
alteration»of geometry then yields an upper limit to counts from this
source., The greatly redﬁced counting rate at 290 Mev made a similar
experi@ental determination impraética19 but an estimate of this effect
indicates an upper limit of the same order of magnitude at this energy.
From thg experimental inelastic cross section of Cu for 305-Mev proton522
approximately 35% of the incident protons experienced an inelastic collision
_before their energy was reduced to a value lower than the minimum-energy-
to-count.. The findings of G. Bernardini et 31023 on the nﬁmber and
energy of protons resulting from inelastic collisions of 300-Mev neutrons
incident on emulsion nuclei indicate that approximately 20% ofvthe proton
collisions yield neutrons of energy greater than 200 Mev in the forward
direction, Therefore, about 7% of the recoil protons from the hydrogen
target yield neutrons that may subsequently convert and be counted.

The effect of this proton contribution on the relative cross section
at 90 Mev is negligible because the numbers of scattered neutrons and
recoil protons at a given angle are approximately equal. At 290 Mev, for
small neutron angles, the number of recoil protons is approximately 1.5

times the number of scattered neutrons. Consequently, an error of about
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3% in tpe djrection»of ﬁoovlarge a relative cross section“is introduce@
in the measured valugs from this source. The data presented in the tables
and figures are the measured values, to which no correction for this érror
has been applied.

‘Other systematic errors were eétimated t0 be small compared with the

statistical uncertainty of the measurements.
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Fig. 9. Ratio of the 90-Mev differential neutron-proton cross
section in the center -of-mass system at the angle 0 to that at 360,
as obtained (a) with the converter in, (b) by the difference between
converter-in and converter-out data.
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Fig. 10. Ratio of the 290-Mev differential neutron-proton cross
section in the center-of-mass system at the angle © to that at 37.
as obtained (a) with the converter in, and (b) by the difference
between converter-in and converter-out data.
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Table IIT

90=Mev Data Obtained with the Converter In

And 2 Minimum Neutron Energy to Count of 60 Mev P

WA R M A Mo ulee oupms G

25 - ¥12-7-53 127.2+10.4 1,60 7,14 1.60% .14 1.68 £ .14 501 12,9%1.2

5.0  12-5-53  113.1%5.0 1.46%.08  1.511.06  1.58%.06 10.3 12.0+0.7
12-7-53 123.6+ 7.3 1.56 .10
#12-7-53 12504+ 8,7 1.58 T,12

.10.0 12-5-53 102.2% 4.4 1.32%.07 1.321.05 1,361 .05 20,8 10.3+ 0.6
12-7-53 103,81 3.9 1.3121 .06

17.6 12-5-53 77.4F 2.3 3640 7061 0c4

12-7-53 79.3% 2.0

% The data in these rows have been corrected by the ratio betweem solid angle subtended by the neutron - -

counter for the angular range of 5.0° — 17.6° and that for the angular range 2.5° = 5,09

“~\

mAEu—»



Table IV

90-Mev Data Obtained with the Converter In

And a Minimum Neutron Energy to OCount of 66 Mev

Lab. Angle Date VAN DU AXU do—_ /do— C.M.. Angle

® @ee) B Saree 27 %5 o (deg.)
5.0 12-5-53 101.2* 5.5 1.61+,10 1.69%,10 10.3
10.0 12-5-53 86,01 4.0 1.36 T .07 1.40 .07 20.8

17,6 12-5-53  63,0t1.8 3640

m8€m



Table V

90-Mev Data Obtained from the Converter<In Minus Converter-Out Subtraction

And a Minimum Neutron Energy to Count of 60 Mev

Lag (é\gg%i Date ) H@. S !@/ S B, o Wid. Av. do—e/dO‘B‘ ¢ c,ré. (g.zgﬁ
2.5 #12/7/53 108.51t13.0 1.73t .22 1.73%.22 1.81%.23 501
5.0 12/5/53 73.2%6,1 1.16%.11 1.361.08 1.42T.08 10.3
12/7/53 95,619,/ 1.52 Y.16
| #12/7/53 97.318.0 1.55% .14
10.0 12/5/53 80.215.3 1.27 1,10 1.28% .07 1.32% .07 20.8
12/7/53 80.0% 4.5 1.28 .09
17.6 12/5/53 63.272.7 36.0
12/7/53 62.712.6

# The data in these rows have been corrected by the ratio between solid angle subtended

by the neutron counter for the angular range of 5.0° — 17,6° and that for the angular

range 2.5° — 5.,0°.

—g g
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Table VI
290-Vev Data Cbtained with the Converter In
And a Minimum Neutron Energy to Count of 200 Mev
Ia@‘i)o. (ézgﬁ Date AH® AH® /AH17.90 Wtd. Av, do—g/do'B‘,?‘ 40 | C.Me. (ﬁ’e’if‘i % i—) 4% 72;2)
5.0 1/22-25/5/, 4s55% .53 1.171.16 1.52 t.oé 1.56 509 10.7 5.6T1.1
2/15-17/54, 5,60 .34 1.70X.15
| L/1=18/54 4:251.,20 1.61%,12
10,0 1/22-25/54  4.85%.20  1.25t.15  1.16%.07 1,19 1,07 21.4 431 0.9
2/15-17/54  3.47Y.28 1.06t.11 |
L/L4=18/51, 3.2oi_r.24 l.21t.11
17.9 . 1/22-25/5, 3.881.29 37.8 3.610.7
2/15-17/54 3.29%.22
4/1-18/54, 2.641.15

mO?m



‘Table VIr

And a Minimum Neutron Energy to:Count of 225 Mev

Lab. Angle

b dee’s Date AH® AI@AHW&O Wtd. Av. doy’dcgvleso. CaMe. (3:253
5.0 2/15=17/54 4eloX,27 2.61%, 33' 2,12 i,18 2,18+ .19 lo;;z
LU-18/5  3030t.21 1.861.2 | "
10,0 2/15-17/54, 1.75 +.29 1.12+.21 1.23%.16 1.271.16 21.4
4/14-18/54, 2.45%.36 1.38 .25
17.9 2/15=17/54  1.57*.15 37.8
4/14-18/54, 1.77 .19 |

=-'[17.,



Table VIIT

290-Mev Data Obtained from the Converter-In Minus Comverter=Out Subtraction

And a Minimum Neutrom Energy to Count of 200 Mev

Lab, Angle Date

) el | SH ® ,&F@/&H‘imgo Wtd. Av. do’e‘/dogvaso cf,lvg. ézglj
5.0 1/22-25/54  3.59% .56 1,18 F.23 1.42%.11 L4611 10,7
2/15-17/54  3.58E.50 1.34%.23
4/L4=18/54, 3.80%.23 1.56t.15 .
10.0 1/22-25/54 3,95 +.61 1.30+.25 1,08 X,10 1.12%.10 21.4,
2/15-17/54 245136 0,92%.17
4/14-18/54 2.73%.29 1.12%.15
17.9 1/22-25/54 3.05 t;zé 37.8
2/15-17/54 2,68X,28
4/ L4-18/54 2.431.19
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VI CONCLUSIONS

_ The daﬁa aﬁ 90 Mev, when compared yi@h the_crossgsections gt iarger
gnglesa show a marked symmetry of the angular distribptipn?of scattered
neutrons about 9000 Tpis had been explained by Christian and Har‘t14 in
terms of a potential that is half-ordinary and halfnexchangeg-%(lj'PM)V(r)?

. frequently termed the Serber potential. ?Mg the space-exchange operator,

has the value of +1 for even-parity states and ~1 for odd-parity states
of orbital angulap momeptumo' Therefore this potential has the value zero .
for odd angular momentum states and yields no séattering in these states;
the differential gfoss section is therefore symmetrical about 90°, The
phenomgnologiealntreatment by Case and Pais259 who employ an.igg’interaction'
in triplet states,‘and by Jastrow26, who employs a repulsive hard core in
the singlet states, seek to provide a possible single potential for both
n~p and p-p interactions. Both treatments have the common feature that the
additional types of interactions introduced to‘obtain_thgoretical agreement
with the observed isotropic p-p angular distribution leave unaltered the
fact that the calculated n-p angular distribution is dominated by a Serber
potential, .
At 290 Mev the results are in disagreement with those of De Pangher9
with respect to.the value of the cross section at approximately 10° center-
of-mass relative to its value at approximately AOO° The De Pangher data
indicate a cross section that is approximately constant over the range of
angles from 15o to BSO, whereas the results of this experiment indicate a
cross section at 10° that is 1,56 1,09 times that at 38° (See Fig. 10).
There is a qualitative agreement, however, in an absence at 290 Mev of the

symmetry of the differential cross section about 90° observed at 90 Mevs
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tge differenge‘between the two experiments is one of degree that is not
outside the limits of the combined experimental errorsu(See Fig. 8).

Recent rgéults in the 400-~-Mev rang_el8 alsg exhibit a similar behavior at
small neutron angles. This lack of symmetry at the higher energy must then
require a departure from the half-ordinary, half-exchange Serber potential,
which has provided the basic character of the angular distribution of n-p
scattering,vand the consequent inclusion of an appreciable contribution
from scattering in angular momentum states of odd parity.

At the present time the n~p differential scattering cross sectionnfor
90-Mev neutrons is known with a reasonable degree of certainty. Preliminary
reports of work at Harvard (93~M9v) for the mid- and large-angle ranée aqd
at Harwell (104 Mev) for the small-angle range indicate an agreement with
prior data and with the results hére reported. The results in the 300=Mev
region are, hbwever, not as complete. This is particularly so in the'region
of small angles. The statistical accuracy of the absolute cross sections of
this experiment was limited by the large uncertainty in the value determined
by Kelly et al:.LO at the common angle. Further; there is a disagreement
between the results of this experiment and those of De P'angher9 in the
relative values of the cross sections at angles less than 40° in the

center-of-mass system.
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