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The differential cross section for neutron-proton scattering has been measured at 152 =1
MeV. Protons were detected in the angular range of 5 to 50° relative to the incident beam
direction, corresponding to neutron scattering angles of 169 to 78° in the c.m. system. The
angular distribution is consistent with earlier data at the smaller proton angles, but signifi-
cant discrepancies are apparent at angles greater than 25°,

INTRODUCTION

Recently we have performed several experiments
using the monokinetic neutron beam of the Harvard
University synchrocyclotron.! These have includ-
ed studies of the reactions *He(r, p)*H (described
earlier?), p(n,d)y, dn,dn, d@n,p)2n, and *He(n,d)-
3H. In order to normalize the differential cross
sections for these reactions, elastic n-p scattering
was studied with the same equipment, with the in-
tention of normalizing all the cross sections to the
values determined by Measday® at 150 MeV.

When the comparison was made, however, the
present experiment took on added significance be-
cause the angular distribution of the n-p cross sec-
tion disagreed significantly at the larger proton
angles from the earlier results.®

APPARATUS AND PROCEDURES

The relative cross sections were determined by
detecting protons knocked out of a liquid-hydrogen
target by monokinetic neutrons. The neutron beam
was collimated by a 1.875-in. (high)x 0.875-in. rec-
tangular aperture and had an intensity of 4% 10*
neutrons/sec. Details of the beam characteristics
have been presented earlier."® The target was
liquid hydrogen contained in a vertical cylinder
which had a diameter of 2 in. and a length of 5 in.,
with walls of 0.002-in. Kapton polyimide film.

Because the apparatus was designed primarily
for use in other experiments, runs were made with
two different configurations for the telescope which
detected the recoil protons. In both cases, a plas-
tic detector® was placed in the neutron beam in
front of the target as an anticoincidence counter
to assure that any stray protons in the beam would
not contribute to the scattering process under ob-
servation. A diagram of the arrangement is dis-
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played as Fig. 1; telescope parameters are given
in Table I. The sodium iodide crystal® was used
with a DuMont 6363 photomultiplier. All other
scintillators were plastic? and were viewed by RCA
7850 photomultipliers. A 2-in.X1-in. detector was
the defining counter for each telescope, and the
angular resolution ranged from +1.5° (lab) at small
angles to +2.2° at larger angles.

Each telescope included a thick detector (3 in.)
to measure the rate of energy loss (dE/dx) for a
particle traversing the telescope. For each par-
ticle satisfying the coincidence ABCD, the pulse
heights in the dE/dx and Nal (energy E) detectors
were recorded using a PDP-1 computer (Fig. 2).
As described later, a comparison of E and dE/dx
for a particle made it possible to distinguish pro-
tons from deuterons in those reactions in which
both particles were produced.

Data were accumulated in two runs, one for each
telescope. At the start of each run the beam was
located in the target region by placing a 2-in. X 1-in.
X &-in. plastic scintillator in the beam in such a
way that the beam struck the 2-in.X %-in. edge.
The counting rate as the detector was moved
through the beam in small horizontal and vertical
steps provided profiles of the beam in both direc-
tions. A theodolite and a plumb bob were used to
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FIG. 1. Experirnental arrangement (not to scale).
Detector A is an anticoincidence counter.
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locate the target in the center of the beam (+0.05
in.) and to place the pivot of the telescope arm be-
neath the target (+0.05 in), At the target the beam
was symmetrical horizontally with a full width at
half height (FWHH) of 1.1 in.

Vertical and horizontal beam profiles were mea-
sured in a similar way at the defining-counter dis-
tance from the target; the beam was symmetrical
in both directions, with FWHH of 3 and 1.75 in.,
respectively. These profiles were used to deter-
mine the appropriate height for the defining count-
er and the location of the horizontal beam centroid
(+0.05 in.), which represented a scattering angle
of 0°. The telescope arm (beam on which the de-
tectors were mounted) was set at various scatter-
ing angles by means of a sine bar® which located
the defining counter within a lateral accuracy of
0.005 in. Spirit levels on the arm were used to
maintain its levelness at all angles.

The neutron beam was monitored by an ioniza-
tion chamber” which measured the intensity of the
proton beam incident on the deuterium target used
in the production of the neutron beam. Earlier
measurements® indicated that the variations in the
monitor response never exceeded =1%.

In each run scattering data were taken in three
steps. Background measurements were taken at
all angles with an evacuated target. The target
was filled with liquid hydrogen, and foreground
measurements were made with several observa-
tions at each angle. Then background scattering
was observed again at most angles. The beam
position was rechecked at least once during the
run; no significant deviations were observed.

The beam-energy determination depended ulti-
mately on a range-energy measurement. The
range in copper of protons in the external cyclo-
tron beam was measured, and a beam energy of
161.0 MeV was found using range-energy tables of
Janni.® (Range measurements in aluminum yield-
ed an energy of 159.3 MeV from the same tables.)
These beam protons lose on the average 2.4 MeV
in the deuterium target before reacting to produce
neutrons, and an additional 3.5 MeV is consumed

DETECTOR  DISG. COIN,
ABGD
A > > > SCALER
B > >
c > >
D > > >
L 6-s |—— 1 ADC|—»dE/dx
TO
< PDP
NoI —» 6-S > ——E

FIG. 2. Simplified block diagram of electronic system,
The coincidence circuit is triggered by the combination
ABCD. The unit G-S refers to a gate and pulse stretcher
circuit., ADC is the analog-to-digital converter which
digitized signals for the computer inputs.

in the d(p,n)2p reaction,®® resulting in an energy
of 155.1 MeV at the peak of the neutron beam spec-
trum. This method of calculating the neutron
beam energy has been checked within 0.3 MeV

by comparing the result with that found from the
energy of small-angle protons from elastic n-p
scattering.

CALCULATIONS AND RESULTS

The data for each of the observations at each
angle were stored on magnetic tape as a 256X256
array, corresponding to dE/dx versus E. For all
proton (lab) angles greater than 10°, there was in
this array a single “band” of cells which contained
significant numbers of counts. These cells corre-
sponded to those events for which dE/dx and E
were appropriately related for protons traversing
the telescope. At the smallest angles a second
band was evident, with larger dE/dx for a given
E, corresponding to deuterons detected as a result

TABLE I. Telescope characteristics.

Telescope I

Telescope II

Size Position P Size Position P
Detector (in.) (in.) (in.) (in.)
A 6X7x0.125 4x2.5%0.063
B 3% 2x0.031 13 3x2x0.,031 15
C 4x2,5%0.063 21 2Xx1x0,063 27
D 2x1x0.50 29 3% 3% 0.50 31
Nal 3x 3 (diam) 303 3x 3 (diam) 325

2 As indicated in Fig. 1.

bDistance from center of target.
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of the radiative pickup reaction p(rz,d)y. This be-
havior of the detection system is illustrated in
Fig. 3, which represents an E versus dE/dx den-
sity plot produced from (1,p) and (z,d) reactions
with a helium target.

Computerized calculations were used to select
events from the “proton band” and produce an en-
ergy spectrum of detected protons at each angle.
Channel -by-channel combination of foreground
and background data at each angle produced a raw
spectrum to which various corrections had to be
applied. The background-to-foreground ratio was
about 10% at 5° and less than 6% at other angles.

The spectra were distributed into 256 cells or
channels, representing equal increments in the
pulse height produced in the Nal scintillator. Rel-
ativistic kinematics and range-energy relations®
were used to determine the energy the recoil pro-
tons were expected to have at each angle as a re-
sult of the elastic scattering of 155.1-MeV neu-
trons. Comparison with the actual spectra showed
that the NalI crystal was slightly nonlinear. A cu-
bic relationship between Nal energy and channel
was found and used to determine the energy repre-
sented by each channel. The spectra were then
redistributed into new channels corresponding to
equal energy intervals (3 MeV) in Nal energy.

A correction has to be made to the proton spec-
tra because of reactions in the Nal detector. Ob-
servations have been made!! of the spectra pro-
duced by monoenergetic protons incident on each
of the telescopes used in this experiment. Not on-
ly is the fraction of protons removed from the ex-
pected peak known as a function of peak energy,
but also the shape of the resulting tail of the spec-
trum. Therefore each spectrum was corrected
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FIG. 3. Oscilloscope scatter plot of E vs dE/dx, with
E plotted as the ordinate. The left band represents
protons, the other represents deuterons, produced by
neutrons incident on a helium target.

by starting at the highest channel, increasing the
number of counts in it by the appropriate factor,
and subtracting the added counts from the appro-
priate lower channels. The procedure was repeat-
ed for successively lower channels until the entire
spectrum had been corrected. This telescope-de-
pendent correction to the number of counts in the
peak of a spectrum varied from 2% at 50° to 23%
at 5°.

Corrections also had to be applied for scattering
of protons in the target and the telescope. Known
elastic and inelastic total cross sections for neu-
trons'® !2 and protons'® were used to calculate the
fraction of protons scattered at the appropriate
energies in the target, counters B and C, and in
the air along the path of the telescope. The loss
in counter D was determined experimentally by
comparing the number of BCD coincidences with
the number of counts recorded in the Nal detector
in a calibration run in which monoenergetic pro-
tons were incident on the telescope.!* The total
correction for telescope losses ranged from 2%
at 5° to 8% at 50°.

The relative differential cross sections were
calculated by summing the corrected counts in
each spectrum from the channel corresponding to
elastic scattering of 120.1-MeV neutrons to the
highest channel with counts in it. In the run with
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FIG. 4. The neutron-proton differential cross section
near 150 MeV. Between 125 and 170° the Measday results
agree with the present results and are not displayed.



3 NEUTRON-PROTON SCATTERING AT 152 MeV 147

telescope II the electronic circuits were misadjust-

ed in such a way that some counts were lost at the
top of the spectra at small angles; corrections
were made, decreasing from 4+ 1% at 5° to 3% at
12.5° At the widest proton angle (50°) only, it
was necessary to add a correction of approximate-
ly 6+2% because of the low-energy cutoff of the
telescope.

Because of the inclusion of counts from below
the peak in the determination of the cross sections,
the average energy of reacting neutrons was less
than the energy of the peak in the beam by about
3 MeV. Therefore the effective energy for this
experiment is 152.0+ 1.0 MeV. (The error in this
parameter arises from the variations in range
measurements and in the steps described earlier
for determining the neutron energy from the pro-
ton energy. Had the range measurements in alu-
minum been used, the effective neutron energy
would be lower by about 1.7 MeV.)

For each of the two runs the cross sections
were normalized by comparing the results at pro-
ton angles of 73 to 25° with the 150-MeV results
of Measday,® which in turn had been normalized to
values from phase-shift set YLAN4MP of Breit et
al.®* The results, averaged for the two runs, are
presented in Table II and Fig. 4. The experimen-
tal uncertainties of the present results include
statistical errors and contributions (added qua-
dratically) of % each due to alignment, monitor-
ing, and telescope-Nal corrections. At the small-
er proton angles, the effective angle of scattering
is larger than the telescope angle because of the
finite heights of the defining counter and the beam.
The deviations from the nominal angles (5, 63,

73, 10, 123°) were calculated by numerical inte-
gration.

TABLE II. The differential cross section at 152+1

MeV.
Neutron
Telescope  scattering Current Measday
angle angle results results
(deg) (c.m.,deg) (mb/sr) (mb/sr)
5.15 169.3 10.98+0,22  11.04+0.47
6.61 166.3 10.06+0,10
7.60 164.2 9.67+0.14 9.78+0,19
10.07 159.1 8.70+0.,12 8.54+0,13
12.56 154.1 7.57£0.11 7.61+£0.17
15.0 148.9 6.93+0,11 6.99+0.22
20.0 138.5 6.18+0.09 6.14+0.18
25.0 128.2 5.01+0,08 5.05+0,15
30.0 118.0 4.20%0.07 3.91+0.12
35.0 107.8 3.43+0.08 3.12+£0.07
40.0 97.8 2,82+0,07 2.63+0.06
45.0 817.7 2.47+0.05 2.29+0.07
50.0 77.8 2.45+0.07 2.23+0,08

DISCUSSION

It is apparent that there is a significant discrep-
ancy between the results of Measday?® and the pres-
ent work at proton angles greater than 25° In both
runs of the present experiment the wide-angle
cross sections are substantially larger than in the
earlier work.

Wilson has suggesteds that the charge-exchange
differential cross sections at various energies
should behave similarly when considered as func-
tions of the four-momentum transfer, —¢. This
behavior is shown in Fig. 5, in which are dis-
played the data of Ashmore et ql.'® at 350 MeV,
Measday® at 150 MeV, and the present work. The
excellent data (+13%) at the highest energy are
represented by a smooth curve through 15 points.
Normalized 199-MeV results!’ (not displayed)
agree very well with the 350-MeV data. For —¢
less than 0.06 (BeV/c)? the various sets of data
are consistent. For larger values of —f, the Meas-
day results deviate significantly below the others.
The 129-MeV data (not displayed) of Measday®
deviate similarly. The present results are more
consistent with those at the higher energies.

Although it is difficult to identify reasons for the
discrepancies between the results of two experi-
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FIG. 5. Comparison of charge-exchange-scattering
results. The solid line represents the data at 350 MeV
(Ref. 16), multiplied by a factor of 1.171 to provide
appropriate normalization, Between 125 and 170° the
Measday results agree with the present results and are
not displayed.
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ments, there are several points worth noting. In
the Measday experiment, the relative cross sec-
tions were determined from the number of detect-
ed protons which had sufficient energy to have re-
sulted from elastic scattering by beam neutrons
of at least 130 MeV. Because of the broader peak
in the proton spectra at the wider proton angles,
it was necessary to “correct” the cross sections
at these angles by 5.7%. In order to obviate this
correction, the neutron cutoff energy was taken
as 120 MeV in the current experiment; calcula-
tions based on cutoff energies of 115 and 110 MeV
produced variations in the relative cross sections
which were much less than the experimental er-
rors. The earlier experiment also had a separate
normalization factor at the smallest proton angles
because of the effect of the presence of the anti-
coincidence detector on beam monitoring. Final-
ly, the corrections in the earlier experiment for
protons scattered out of the peak in the Nal spec-
trum were based on measurements'® for an ideal-
ized system; recent observations! have shown
that this type of correction is quite sensitive to
actual telescope parameters.

In order to investigate the internal consistency
of the present results, an attempt was made to de-
termine the beam neutron spectrum from the ob-
served proton spectrum at each angle. “Known”
n-p differential cross sections were determined
from the results of Measday® at 129 and 150 MeV
and of Scanlon ef al.'® at lower energies. The de-
termination of the tail in the neutron spectrum
depended mainly on the Scanlon data, and excel-
lent agreement was observed among the data at
various angles. The peak of the neutron spectrum
depended on the 150-MeV results, and naturally
the same wide-angle discrepancies occurred as
indicated earlier.

ACKNOWLEDGMENTS

We thank Professor Bernard Gottshalk of North-
eastern University for devising and assembling
the electronic system used in the collecting and
recording of data. We are grateful to Andreas
Koehler and the staff of the Harvard University
Cyclotron Laboratory for their cooperation. Cal-
culations were performed primarily at the Oberlin
College Computer Center.

*Research partially supported by the U, S. Office of
Naval Research and the National Science Foundation.

TResearch partially supported by the National Science
Foundation Undergraduate Research Participation Pro-
gram, Present address: Peace Corps, Monrovia,
Liberia, West Africa.

D, F. Measday, Nucl. Instr. Methods 40, 213 (1966).

’D. F. Measday and J. N. Palmieri, Phys, Letters 25B,
106 (1967).

’D. F. Measday, Phys. Rev. 142, 584 (1966).

4pilot B, manufactured by Pilot Chemicals, Inc.,
Watertown, Massachusetts.

5Type 12B14, manufactured by Harshaw Chemical
Company, Cleveland, Ohio.

63, N. Palmieri, A. M. Cormack, N. F. Ramsey, and
R. Wilson, Ann, Phys. (N.Y.) 5, 299 (1958),

™D, F. Measday, Rev. Sci. Instr. 36, 1263 (1965).

83, F. Janni, Air Force Weapons Laboratory Tech-
nical Report No. AFWL~-TR-65-150, 1966 (unpublished).

%C. J. Battey, R. S. Gilmore, and G, H., Stafford, Phys.
Letters 16, 137 (1965).

p, F, Measday and J. N. Palmieri, Nucl. Phys. 85,
129 (1966).

13, N, Palmieri and J. Wolfe, Nucl, Instr. Methods 76,
55 (1969).

2R. G. P. Voss and R. Wilson, Proc. Roy. Soc. (London)
A236, 41 (1956); P. H, Bowen, J. P, Scanlon, G. H,
Stafford, J. J. Thresher, and P. E. Hodgson, Nucl. Phys.
22, 640 (1961).

3R, Goloskie and K. Strauch, Nucl. Phys. 29, 474 (1962);
R. Goloskie and J, N. Palmieri, ¢bid. 55, 463 (1964),

4G, Breit, A, N. Christakis, M. H. Hull, H. M. Ruppel,
and R. E. Seamon, Bull. Am. Phys. Soc. 9, 378 (1964).

15R. Wilson, Ann, Phys. (N.Y.) 32, 193 (1965).

186, Ashmore, W. H. Range, R. T. Taylor, B. M.
Townes, and R. F, Peierls, Nucl. Phys. 36, 258 (1962).

A, R, Thomas, D. Spalding, and E. H. Thorndike,
Phys. Rev. 167, 1240 (1968).

p, F. Measday, Nucl. Instr, Methods 34, 353 (1965).

93, P. Scanlon, G. H. Stafford, J. J. Thresher, and
P, H. Bowen, Nucl. Phys. 41, 401 (1963).



