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Neutron-proton scattering. I. Differential cross section at 63.1 MeV
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The neutron-proton differential cross section has been measured at 63.1 MeV. The data span an angular

range from 8, =40' to 165' with a relative precision of 3.0%. .A different angular behavior is

observed in the present results as compared to that in the data between 55 and 65 MeV currently used in

phase parameter analyses.

NUCLEAR REACTIONS H(n, P)n, E„=63.1 MeV; measured o(8} from 39.4 to
165.8 c.m.

INTRODUCTION

Several years ago, phase shift analyses' ' of
n-p scattering data near 50 Me7 revealed that,
although the phase parameters were generally
well determined, ambiguous and/or anomalous
values were obtained for two important phase
parameters. 'The 'S] D1 mixing parameter &,
was undetermined in the range -10' to 3', and the
'P, phase shift disagreed both with values expect-
ed from models and with any smooth interpolation
of 6('P, ) values from adjacent energies. ' In order
to help clarify the situation, the n-p differential
cross section, analyzing power, and spin corre-
lation parameter A„were measured at 50.0 Me7
(Refs. 4-6).

A phase shift analysis' including these mea-
surements, at 50 MeV, led to a value of 5('P, )
near -7'and produced a fit to thep-p and n-p data with
a well-definedminimuminX -vs g, andthevat. ue g,
=+ 0.3+ 1.6'. This value for c, is below that pre-
dicted by various models (2'—3'). In addition, the
best-fit values for e, and 5,('P, ) were found to
depend strongly on the 60.9 MeV differential
cross-section data. ' Removal of these data from
the n-p data set caused e, to increase by about
2.0'.

Another analysis' which used different higher
phase parameter constraints due to boson ex-
change contributions obtained g, = -0.92 and
5('P, ) = -4.2.

This unsatisfactory situation prompted us to
measure the n-p differential cross section at
63 Me7 in order to provide additional data for
phase shift analyses in this energy range and to
allow comparison with the 60.9 MeV data. In this
work, we report differential cross-section mea-

surements at 63.1 MeV for 39' to 166'. A dis-
cussion of their effect as well as that from a sec-
ond measurement of A„„(Ref. 10) on the phase
parameters 6('P, ) and 7, is given in Ref. 11.

EXPERIMENT

The experimental facility and beam production
techniques were similar to those which have been
described in earlier publications. "'"" Figure 1
shows the overall arrangement for neutron beam
production and collimation, proton detection, and
data capture. A neutron beam was obtained from
the 'Li(p, n)'Be reaction and collimated at 0' to
24 mm high by 12 mm wide with an intensity of
=10' n/sec in the full energy peak at 63.1 MeV.
The protons were bent by a magnet into a Faraday
cup, which provided a secondary monitor of the
neutron flux. The neutron beam was incident on
a scattering target 3.5 m from the 'Li target. The
mean energy of neutrons in the high energy peak
was determined to within +0.2 Me& via time-of-
flight (TQF) relative to a beam pickoff just up-
stream of the 'Li target. 'The high energy peak
had an energy spread of approximately 1.9 Me&
full width at half maximum (FWHM) which re-
sulted primarily from energy losses by protons
in the 'I.i target.

Precise monitoring of the neutron beam inten-
sity was obtained from a high stability proton-re-
coil telescope positioned downstream from the
scattering chamber as well as from a &E-E
charged particle telescope mounted outside the
scattering chamber at a fixed angle of 15 ." In
general, the three monitors used (charged parti-
cle telescope, proton-recoil telescope, and Fara-
day cup) showed very good agreement.
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ward angles, the back collimator was 9.9 mm
wide at 250 mm, and the front one 3.8 mm wide
at 70 mm from the target. The background in the
gas target spectra was determined from runs
with the gas cell empty. For the CH, target data,
the yield due to reactions on carbon was estimated
from runs using a carbon target.
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FIG. 1. Overall arrangement for neutron beam gener-
ation and data capture system.

Data were taken using three 4E-E telescopes
mounted inside the scattering chamber. Silicon
detectors were used for the 4E elements and

Naf(Tl) scintillators coupled to RCA 8575 photo-
tubes for the E elements. Each telescope sub-
tended a lab angle of 5' at the target. Timing sig-
nals derived from the E detectors were measured
relative to a beam pickoff. Amplitude and fast
timing signals for 4E, E, and TOF parameters
were transferred to a PDP 15/40 computer via a
CAMAS interface and recorded, event-by-event,
on magnetic tape.

The overall recoil proton energy width ranged
from about 2.4 MeV at forward recoil proton ang-
les (7' lab) to about 4 MeV at the largest angles
(70 lab). Data were taken with solid CH, targets
0.144 g/cm' in thickness for 25'& e„„~60; and

with a high pressure (typically 130psi) LN cooled H,
gas target for 25 ~ 8„„70'.This provided overlap
datafor normalizationbetmeen the two cases. In the
case of the gas target a two-collimator system was
used with geometry such that the acceptance angle
of each counter telescope included very little of

, the 0.125 mm thick aluminum walls of the 63 mm
diameter gas cell (a beer can). At backward ang-
les, the back collimator was 9.9 mm wide and 250
mm from the target center, while the front colli-
mator was 10.2 mm wide, at 65 mm. For the for-

The usual method of sorting the 3 parameter
event-by-event data was to first select the par-
ticle type (proton, deuteron, etc.) by making cuts
on each two-parameter 4E vs E spectrum. 'Then

the two-parameter 'TOF vs E spectrum was dis-
played for the events corresponding to the par-
ticle of interest, and cuts made to remove most
of the events associated with low neutron bom-
barding energies. 'The result following these re-
strictions is a histogram containing the recoil
proton peak.

'The peaks are clean, except for a background
which arises from reactions on carbon or alum-
inum depending on the target configuration. Ow-
ing to the rather poor timing characteristics of
the proton beam at this energy (It=3 nsec),
the separation of the peak from the tail is not as good
as for cyclotron tunes at some other energies. The
gas target background was very small due to the pre-
viously mentioned collimation system. The esti-
mation of the background contributions to the peak
constitutes the main uncertainty in the peak ex-
traction. (The criterion which is most important
for the present case is that a consistent method
be used from angle to angle. ) Several methods
were used to determine the number of counts
above background in the peak in each spectrum.
From the dispersion in the values obtained, it
was estimated that the background could be de-
termined at worst to within 3/o of the peak yield
for a single run.

Data were taken in a number of runs, each of
which consisted of angular distribution measure-
ments for a CH, and a gas target. Although the
relative (run to run) target thickness in the LN
cooled gas target could be well monitored, its
absolute value is more difficult to establish. 'The

relative normalization between CH, and the gas
target runs was achieved by minimizing X' for
a fourth order Legendre polynomial fit to the c.m.
angular distributions as well as by using an av-
erage normalization factor only in the overlap re-
gions. The two methods were in agreement within
a percent. The former method was used in the
final normalization.

Corrections to the data were made for the ef-
fects of finite solid angle, effective target thick-



NEUTRON-PROTON SCATTERING. I. 1187

TABLE I. n-p differential cross section at 63.1 MeV.

0, (mb/sr) a

39.4
4S.3
59.2
69.1
79.1
86.2
89.0
99.1

109.1
110.3
119.2
125.2
126.4
129.3
139.4
149.5
150.7
159.7
165.8

11.01
9.61
8.75
8.45
7.91
8.28
8.23
7.97
8.91
8.54
9.40
9.39
9.83

10.08
10.68
11.81
11.77
12.79
13.60

0.68
0.26
0.17
0.18
0.16
0.14
0.15
0.16
0.16
0.28
0.14
0.34
0.16
0.23
0.33
0.27
0.44
0.31
0.46

Data have been normalized to 0'& = 121.6 mb by fitting
a fourth order Legendre polynomial.

ness (for the gas target data), telescope detec-
tion efficiency, and nuclear reactions in the
Nai(T I) detectors. "

'The data were normalized to a total cross sec-
tion of 121.6 mb as predicted by Binstock's para-
metrization' utilizing the integral of the fourth
order Legendre fit to the data. Sensitivity to ang-
les near 0' and 180' is not great due to weighting
by sin8. The results are given in Table I and
shown in Fig. 2 a,long with the 60.9 Me& data' from
ORNI. (open triangles) and the Harwell data (open
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FIG. 2. Comparison of differential cross-section data
near 60 MeV. Solid circles are the present measure-
ments at 63.1 MeV. Open triargles are the OBNL data
at 60.9 MeV from Ref. 8. X's are forward angle and
open squares back angle data from Hef. 17.

squares) at a mean energy of 62.5 MeV."
The uncertainties given for the differential

cross sections are due to counting statistics in
the recoil proton peak (&2/o), estimated uncer-
tainties in background determination (&3%), ef-
fective solid angles (&1%), relative gas target
thicknesses (& 1%), nuclear interaction corrections
(&0.5%), and telescope efficiencies (&0.5%).

DISCUSSION AND CONCI, U SIONS

'The present differential cross-section data,
regardless of normalization, exhibit a different
angular behavior than existing data at 60.9 (Ref. 6)
or 62.5 MeV."This can be seen in Fig. 2. The ORNL
data (open triangles) at 60.9 MeV have a more
rapid increase with angle for 8, & 90'. Since
the QRNL data have only appeared in preliminary
form" with no experimental details, it is dif-
ficult to determine the origin of the present dis-
agreement.

'The forward angle Harwell data taken with neu-
tron detectors are shown as X's in Fig. 2 and the
backward angle recoil proton data as open squares.
The back angle Harwell data obtained by detecting
recoil protons agree with the present experiment;
however, the contribution to determining phase
parameters is slight due to the greater uncertain-
ties quoted in that experiment. At angles forward
of 80' cm the Harwell data obtained by detecting
neutrons are not in agreement with the present
experiment. Although the Harwell data set en-
compasses a greater angular range than the pres-
ent experiment, its overall shape as given by a
least square fit disagrees in that a deeper mini-
mum near 90' is apparent. The Harwell neutron
measurements were based on an absolute effi-
ciency calibration and the back angle data renor-
malized to give agreement with a total cross-sec-
tion measurement. This resulted in a change in
angular shape near 90' cm. The present experi-
ment did not utilize neutron detectors and did not
require significant energy (angle) dependent cor-
rections. Allowing for the energy dependence, the
shape and magnitude of the present data are con-
sistent with the angular distribution at 50 MeV of
Ref. 4 which spans 20 & o, & 173'. This leads
one to conclude that some systematic errors ex-
ist in the forward angle Harwell data.

Figure 3 contains the present data as solid
circles and recently published forward angle data
of Bersbach, Mischke, and Devlin. " The Bers-
bach et al."data have been averaged into two
energy bins, open circles 54.6 to 63.1 MeV and
open triangles 63.1 to 72.1 Me&. The solid line
is the result of a recent phase parameter fit which
includes the present data (see Ref. 11) and can be
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FIG. 3. Comparison of differential cross-section
measurements from the present work (solid circles) and
forward angle measurements at averaged energies over
54.6 to 63.1 MeV (open circles) and 63.1 to 72.1 MeV
(open triangles) from Ref. 18.

used to represent the anticipated forward angle
behavior of the n-p differential cross section. Al-
though the present measurements and the Bers-
bach et al."data appear to have different abso-
lute normalizations, the relative differential cross
sections appear to be consistent, particularly the
lower energy bin centered at 58.8 MeV (54.6 to
63.1 Mev).

The influence of the recent measurements of the
n-p observables including the present data in re-
ducing the ambiguities and uncertainties in the
isoscalar phase shift parameters near 50 MeV,
particularly 5('P, ) and the 'S, 'D, mixing p-ara-
meter q„are presented in Ref. 11.There is found
a marked dependence of g, on the differential cross-
section measurements included in the overall data
set. In Fig. 4 the present measurements are shown
with a parametrization by Binstock" (dashed line)

FIG. 4. Present measurements with the differential
cross-section parametrization of Bef. 8 (dashed line)
and a phase parameter fit of Ref. 11 (solid line).

and a phase parameter fit (solid line) obtained in
Ref. 11. The absolute normalization was allowed to
vary in the phase parameter search. The normal-
ization factor obtained was 1.0117, and the data
shown in Fig. 4 have been renormalized by this
factor. The parametrization by Binstock agrees
well with the OHNI 60.9 MeV data. 'The differ-
ence therefore between the phase parameter fit
and the parametrization further serves to illus-
trate the disagreement in angular behavior between
the present results and the earlier measurements.
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