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Angular distributions for elastic scattering of neutrons by protons were measured with a
counter telescope between 71 and 158° (c.m.) for neutron energies of 24.0 and 27.2 MeV. The
angular distributions agreed with the distributions predicted by Hopkins and Breit. The mea-
sured anisotropies, [0(180°/0(90°)] —1, were 0.135+0.014 and 0,183 +0.015 at 24.0 and 27.2

MeV, respectively.

INTRODUCTION

Groups at Yale and Buffalo® and at Livermore?
have provided phase shift fits to nucleon-nucleon
scattering data at energies below the threshold
for pion production. However, the fits obtained
by these groups differed at low energies. This
discrepancy results partly from the large uncer-
tainties in angular distributions of neutrons scat-
tered by protons for neutron energies below 50
MeV. Breit, Lucas, and Tischler® have shown
that inclusion of a more precise measurement?
aided in resolving the ambiguities between analy-
ses. MacGregor, Arndt, and Wright® have found
that by forcing the phase shifts to reproduce
Rothenberg’s* measurement, the low-energy phase
shifts were in reasonable agreement with theoreti-
cal expectations, with measurements of the deu-
teron quadrupole moment, and with the Yale and
Buffalo phase shifts. There remain, however,
inconsistencies in the n-p scattering data, and
additional precise measurements of the relative
angular distributions should be valuable.

Precise measurements of the angular distribu-
tion in the 20- to 30-MeV range should also help
to improve neutron flux measurements in this en-
ergy range. The uncertainty in the anisotropy of
n-p elastic scattering dominates the total uncer-
tainty in counter telescope measurements of
neutron flux.®

A difficulty in n-p angular -distribution measure-
ments is that different techniques have to be em-
ployed for measurements of forward and backward
scattering. Counter telescopes have been restrict-
ed to measurements in the backward hemisphere
because of the difficulties encountered in detecting
low-energy protons. With the development of thin
solid-state detectors, fast preamplifiers” for
these detectors, and particle identification tech-
niques, counter telescope measurements may ex-
tend into the forward hemisphere to a c.m. scat-
tering angle of about 70°. This overlaps the angu-
lar range of measurements of forward hemisphere
scattering.

EXPERIMENTAL METHOD

Neutron Source

The measurements were performed with mono-
energetic neutrons from the 3H(d, »)*He reaction.
The target was a gas cell containing 1.0 atm of
tritium behind a molybdenum foil, 3.3 xX10™% cm
thick. The neutron energy spread, full width at
half maximum, was 60 to 90 keV.

Counter Telescope

The counter telescope is shown in Fig.1. The
telescope axis could be set at angles to the left
and right of the deuteron beam with an accuracy
of 0.5°. The radiator wheel had positions for six
targets.

The telescope chamber was kept below 0.05 Torr
pressure by a mechanical pump. A liquid-nitrogen
cold trap prevented contamination of the detector
surfaces by pump oil.

The radiator and the aluminum diaphragm, 1.91
cm in diam, defined the angular spread in the count-
er telescope. The angular spread, half-angle,
was 6.2°.

Radiators

The proton radiators in the telescope were poly-
ethylene foils, 22.6 and 67.8 mg/cm? thick, with
a hydrogen to carbon ratio® of 1.98+0.01.

Flexible graphite, 70.4+ 2.3 mg/cm? thick, with
a purity® of 0.02% was used for background sub-
traction. The ratios of carbon atoms in the pro-
ton radiators to carbon atoms in the graphite were
0.83+0.04 and 0.28+0.01 for the 67.8- and 22.6-
mg/cm? radiators, respectively.

The radiators were mounted on 0.25-mm-thick
platinum sheet. The polyethylene was attached by
heating, while the graphite was attached with
Eastman 910 adhesive. Care was taken to use as
little adhesive as possible to avoid hydrogen con-
tamination. The counter telescope also contained
a blank platinum backing.
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FIG. 1. Counter telescope.

Detectors

The counter telescope contained a silicon surface-
barrier transmission detector, 1.0 cm? in area,
and an NE 102 scintillator, 6.45 cm? in area.

The transmission detector!® was 100 um thick
for experiments with 24.0-MeV neutrons, while
for the experiments with 27.2-MeV neutrons, it
was 200 pum thick. The resolution of a new detec-
tor was less than 50 keV for 5.5-MeV « particles.
The detector was replaced when the leakage cur-
rent had tripled. The NE 102 scintillator was
thick enough to stop 30-MeV protons. It was cou-
pled to an RCA 8575 photomultiplier tube.
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Electronics

A block diagram of the electronics is shown in
Fig. 2. A time-to-amplitude converter (TAC)
served as a fast-coincidence circuit with a resolv-
ing time of 5 nsec. A window was placed on the
TAC peak, and the linear pulses were gated by
this single-channel analyzer (SCA). The gated
linear signals were fed into an on-line computer
where a particle-identification routine analyzed
them. The transmission detector spectrum and
the TAC spectrum were also monitored on line.

Computer

Initially a particle-identification program, based
on the Bethe-Livingston expression'! for stopping
power, provided on-line analysis. This program
calculated the particle masses. Two windows,
corresponding to two masses, could be set. The
energy spectrum of each mass selected was
stored.

A second program which calculates the thickness
of the transmission detector from a range-energy
table!? was finally used. This program was faster
than the initial program and also could identify up
to five particles.

The range of a particle with the total energy de-
posited in both detectors and the range of a parti-
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FIG. 2. Block diagram of the electronics.
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cle with the energy deposited in the scintillator
are extracted from the range-energy table. The
difference in the ranges, 7, identifies the detec-
ted particle. If the detected particle is the one
whose range-energy table is stored, 7 is equal to
the actual thickness of the transmission detector.
For a different type of particle, 7 will differ from
the detector thickness. Therefore, there will be
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FIG. 3. (a) Typical mass spectrum using the first
particle-identification program. (b) Typical front de-
tector thickness spectrum calculated by the second
particle-identification program. The triton range-en-
ergy table was used. The arrows indicate the cutoff
points for protons and deuterons. E,=24.0 MeV. 8;,;
=0°. 22.6-mg/cm? polyethylene radiator.

a peak in the calculated thickness spectrum corre-
sponding to each type of particle. Up to five
windows, corresponding to five particles, could
be set on the calculated thickness spectrum. For
each particle selected, the energy spectrum was
stored.

Figure 3(a) shows typical mass spectra obtained
with the first program, while typical T spectra
are displayed in Fig. 3(b). The apparent low-mass
peak below channel 15 in Fig. 3(a) is beam-associ-
ated background.

Procedure

Data were taken with the telescope at various
angles, both left and right of 0°, up to 53.5° (lab).
At each angle spectra were collected with the pro-
ton radiator, the carbon subtraction sample, and
a blank. None of the pulses with the blank in posi-

T T ] T L T
Ep= 24.0 MeV
- ENERGY SPECTRUM .«
22.6 mg/cm?2 CH,
®
0.15 * 4
L ]
o.lo} i} o
6, =0°
L
0.05 | . -
L ]
° e
Q A 1 1 seal L_ond
3 0 20 30 40 50 60
w
- T T T T T T
z °
3
o » * .
° °
0.04} . =
LN ] L]
hd L]
- . -4
¢ . 8, =45°
PY (]
0.02} =
L]
- * L4 ——
l L]
XX X .:l 1 1

10 20 30 40 50 60
CHANNEL NUMBER

FIG. 4. Typical energy spectra. @, polyethylene;
x, carbon. The carbon background has been multiplied
by the ratio of carbon atoms in the polyethylene to car-
bon atoms in the background subtraction sample, 0.28.
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tion occurred under the proton peak. Chance co-
incidences were determined by inserting a small
delay in one arm of a fast-coincidence circuit.
The chance coincidences did not occur under the
proton peak and were always less than 3% of fore-
ground. Also, the beam-~associated background
was observed with the proton radiator in position
and no tritium in the gas cell. The beam-associ-
ated background was never under the proton peak
and was neglected.

The spectra for a given target, detector, and
angle, both left and right, were added. Figure 4
displays typical energy spectra. The background
was subtracted in two steps. First, the background
spectra were compared with the foreground spectra
to determine the channels at which foreground
and background merged. The proton peaks in the
background-corrected energy and mass spectra
were integrated. The two values obtained were
compared and the limits of integration adjusted
until there was good agreement.

RESULTS

The mean laboratory recoil angle, 0, was ob-
tained from the relationship
cosf,=C(6,)cosb,, 1

where 6, is the setting angle and C(6,) is the cor-
rection factor derived by Nakamura's:

C(6,)=1=[(R2+R,?)/L?+(R,/D)*(0.75 — 2 sin%6,)
+(R2/2LD cosé,)(1~1.5sin%6,)]. (2)

(See Fig. 5 for the geometry.) For the present

measurements R, =0.95 cm, R,=1.27 cm, L=16.2
cm, and D=10.5 cm. Table I summarizes the re-
sults. The finite angles subtended have the largest
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FIG. 5. Geometry of the counter telescope. R, is the
radius of the exposed portion of the radiator as seen
from the energy (E) detector aperture, R, is the radius
of the E detector aperture, D is the distance from the
neutron source to the radiator, L’ is the distance from
the radiator to the E detector aperture, and 8, is the
angle between the deuteron beam and the telescope axis.

effect on the mean angle at 0°.

Dead-time effects were less than 0.1% at all
angles, and no correction was applied. The cor-
rection for the attenuation of the neutrons by in-
elastic processes in the platinum backing and
window amounted to 0.7% in the ratio of o(158°)/
o(71.3°).

The effects of Coulomb scattering were estimated
as follows: (1) Inscattering compensates outscat-
tering within 0.1%; (2) losses from single scatter-
ing were less than 0.2%; and (3) multiple scattering
at the edge of the diaphragms increased the effec-
tive radii of the diaphragms by less than 0.1%.'4:!%
Inelastic scattering of protons in the detectors
was less than 0.5%. No corrections for these
small effects were applied.

The laboratory count rates were transformed
relativistically to a c.m. angular distribution.'¢
The c.m. angles and the lab-to-c.m. transforma-
tions are summarized in Table I. The data were
fitted by the least-squares method to a second-
order Legendre polynomial expansion and nor-
malized to the total cross sections calculated by
Hopkins and Breit.!” The fit and normalized dif-
ferential cross sections, 0(6.,, ) are summarized
in Table II. The uncertainties in the differential
cross sections include uncertainties in areal den-
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FIG. 6. (a) Angular distribution at E, =24.0 MeV. The
solid line represents the three-parameter fit to the pres-
ent data and the data of Masterson and Rothenberg. (b)
Angular distribution at E,=27.2 MeV. The solid line
represents the three-parameter fit to the present data.
The arrows represent the differential cross section for
an isotropic distribution: @, present data; O, Ref. 8;

O, Ref. 4; ---, Hopkins and Breit Yale phase shifts;
--~, Hopkins and Breit LRL 10 phase shifts; -..-,

071 +Bcos?0) /4m (1 +1B); .-, 04(1 - $ Bcoso +$B cos?0)/
4m(1+4B). B=2(E/90)%
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TABLE I. Mean angles, and lab-to-c,m, transforma-

tion,
Lab-to-c.m,
Neutron conversion
energy 0y Oy Ocm. for

(MeV) (deg) C(0y) (deg) (deg) 0(0cm.)

24.0 0.0 0.982 11.0 157.9 0.253
37.5 0.989 38.3 103.0 0.318
45.0 0.992 45,5 88.7 0.353
53.5 0.983 54.2 71.3 0.428
27.2 0.0 0.982 11,0 157.8 0.252
30.0 0.986 31.3 117.0 0.294
33.0 0.987 34.1 1114 0.301
45.0 0.992 45.5 88.6 0.357
53.5 0.983 54.2 71.2 0.426

sities and compositions, statistics, and the un-
certainty in normalization. The total cross sec-
tions calculated by Hopkins and Breit are based
on the LRL 10 constrained phase shifts.

There are additional uncertainties in the coef-
ficients A, and A, because of the choice of the
second-order Legendre polynomial expansion.
For example, the data may be fitted equally well
to a distribution of the form Aj+ A,P,(cos6). Such
a fit would yield 4,=0.93+0.01 and A4,=0.08+0.01
at 24.0 MeV and A,=0.913+0.006 and A4,=0.11
+0.01 at 27.2 MeV. The effect of neglecting high-
er-order Legendre polynomials may be estimated
from the fits to fourth-order Legendre polynomial
expansions made by Hopkins and Breit.}” The un-
certainty in A, owing to neglecting higher-order
terms is 20%, while the uncertainty in A, is 10%.

Figure 6(a) shows the present data, the differ-
ential cross sections obtained by Masterson,!®
and the angular distribution measured by Rothen~
berg? at 24.0 MeV. Only the differential cross
sections measured by Masterson are absolute.
Also shown in Fig. 6(a) is a fit to a second-order
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FIG. 7. Measured values of [0(180°/0(90°)] —1 as a
function of neutron energy. The solid line is from
Table VII of Ref. 17. The dashed line is the anisotropy
suggested by Gammel, 2(E/90)%.

Legendre polynomial expansion of the present
data at 24.0 MeV and the data obtained by Master-
son'® and Rothenberg.* The coefficients of the fit
were A =31.5+£0.1 mb/sr, A, =~1.4+0.2 mb/sr,
and A4,=1.8+0.3 mb/sr. Figure 6(b) presents the
data and the three-parameter fit at 27.2 MeV. The
other curves in Fig. 6(a) and (b) illustrate the
cross sections calculated by Hopkins and Breit!?
and those suggested by Gammel.!® The arrows
indicate the differential cross section for an iso-
tropic distribution. All the cross sections, except
those derived from the Yale phase shifts, were
normalized to the same total cross section.

The rms deviations of the present angular dis-
tributions from the relative angular distributions

TABLE II. Summary of data,

Neutron
energy Ocm, 0(6 cm.) o (6cm.) op ? op/4TA,
(MeV) (deg) 0 (158°)/,, (mb/sr) Ay A, (mb) (mb/sr)
24.0 157.9 1.00+£0.01 34.4+0.,7 0.92 +0.02 —-0.06+0.04 0.03+0,03 397+4 34.4+0.7
103.0 0.90+0.03 31.0x1.2
88.7 0.91+0.02 31.40.8
71.3 0.88+0.02 30.4+0,7
27.2 157.8 1.00+0.,01 30.8+0.5 0.889+0.005 -~0.08+0.01 0.05+0.01 3443 30.8+0.4
117.0 0.92+0.,03 28.3+1.0
1114 0.89+0.,04 27.4+1.3
88.6 0.86+0.01 26.6+0.4
71.3 0.85+0.02 26,1+0.7

2 The total cross section o, was interpolated from Table VII of Ref. 17.
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calculated from Tables VI and VII of Hopkins and
Breit!” are 1.4% for the Yale phase shifts and 1.5%
for the LRL 10 constrained phase shifts. These
deviations are consistent with the 1.5% mean un-
certainty of the data. The rms deviation from the
symmetric distribution, 1+2(E/90)%cos?6, sug-
gested by Gammel*® is 1.7%.

Figure 7 summarizes the measured values of
the anisotropies, [0(180°)/0(90°) —1], in the 10-
to 50-MeV range. The points shown were mea-
sured at Los Alamos in 1951,%° 1955,2! 1962,22
and later,?® at Oak Ridge,?* at Kyoto,!® at Berkeley,?®
at Harwell, ¢ and at Wisconsin.* Most of these
points were obtained from angular distributions
fitted to A(1 + Bcos?6), a distribution suggested by
Gammel’® as a phenomenological fit to the data
available in 1957 from 14 to 90 MeV. The present
values at 24.0 and 27.2 MeV were obtained from
the fits to a two-parameter symmetric distribution,
A, +A,P,(cos). The anisotropies were 0.135+0.014
and 0.183+0.015 at 24.0 and 27.2 MeV, respective-
ly. The weighted mean of the present value at
24.0 MeV and Rothenberg’s* measurement is 0.139
+£0.011. The dashed curve is the Gammel'® sug-

gestion, 2(E/90)?, while the solid curve is from
Table VII of Hopkins and Breit.!”

It is not surprising that there should be good
agreement between the present and Rothenberg’s*
measurements and the LRL 10 constrained phase
shift calculations, since MacGregor, Arndt, and
Wright® forced the phase shifts to reproduce
Rothenberg’s measurement. MacGregor, Arndt,
and Wright found, however, that if the phase shifts
are not constrained, the calculated anisotropy at
24 MeV is 0.08. This value is 40% lower than the
present measurement and Rothenberg’s measure-
ment.
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