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Differential cross sections have been measured for #d and pd scattering at 35.0 and 46.3
MeV. Only cross sections for c.m. angles 2 90° have been measured in this work, which is in
part a higher-precision remeasurement of earlier nd cross sections and whose main purpose
has been to check possible nd-pd differences which appeareéd in the earlier measurements at
36.0 and 46.3 MeV. Absolute nd cross sections of =~ 5% precision, obtained by normalization
to precision np cross sections, are compared with absolute pd cross sections measured at
the University of California at Los Angeles. The differences in this comparison and in the
nd-pd relative cross sections measured here are smaller than indicated by the previous
measurements. However, some systematic differences do appear to exist at angles near

the cross-section minima and beyond.
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I. INTRODUCTION

The neutron-deuteron interaction is one of the
most fundamental three-body problems in nuclear
and particle physics. Both on- and off-energy-
shell aspects of the nucleon-nucleon interaction as
well as possible three-body forces can be tested
in nd scattering. In addition, three-nucleon ex-
periments such as nd scattering may provide an
easier access to information, such as that con-
cerning the neutron-neutron interaction, which is
not available in two-nucleon experiments.

A sound theoretical basis for the three-body
formalism has been given.! The use of S-wave
separable potentials®'® has permitted successful
calculations*~® of low-energy properties of the
three-nucleon system such as the »nd differential
cross section. Higher partial waves are necessary
for the description of scattering at higher ener-
gies.

Sloan’ has shown that multiple scattering series
of the Faddeev type® do not converge rapidly for
the lowest partial waves. Pieper® has recently
calculated the nd scattering with P and D waves
using a two-potential formalism,® and obtains
good agreement with differential cross-section
measurements, o) near 14 MeV.

Kloet and Tjon!® have applied the Padé technique
to the Faddeev formalism and calculated nd scat-
tering using local two-body S-wave potentials.

Up to 22 MeV the agreement with experiment is

|©

good, becoming less good with increasing energy.

Dispersion calculations of the N/D type have
been used to calculate nucleon-deuteron cross
sections over a wide energy range.'! The agree-
ment with experiment at medium energies is
quite good except that above 20 MeV the predicted
minimum is sharper and deeper than experiment.
The calculations of Sloan,'? which use the separa-
ble-potential model of Ref. 4 with spin-dependent
two-nucleon interactions and extend up to 40 MeV
are in better agreement with the data at 31.0 MeV
than the N/D predictions in that the calculated
minimum is not much deeper than experiment.

Calculations'® based on the approximation meth-
od of Sloan'* give fairly good predictions for ¢(©)
up to 40 MeV, and earlier impulse-approximation
methods at 32 and 40 MeV ** and at 40, 95, and
150 MeV !©'17 give fair agreement when multiple-
scattering effects are included, but only at the
highest energies if multiple-scattering effects are
neglected.

The nucleon-deuteron experimental situation
with respect to 0(6) has been reviewed recently
by Seagrave.'® In the medium-energy range of
interest here, pd data exist near 31.0,°"%! 35.0,%
40.0,%° 46.3,%2 and 49.4 MeV,?° and in case of nd
there exist the Los Alamos Scientific Laboratory
measurements® extending up to 23.0 MeV and the
1970 University of California at Davis measure-
ments at 36.0 and 46.3 MeV.?®

In the present work both pd and nd relative dif-
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ferential cross sections have been measured for
O.m= 90°. In each case the same experimental
equipment and setup, data-capture system, and
cyclotron beam have been used, with the purpose
of comparing the shapes of the nd and pd differen-
tial cross sections at backward angles where pre-
viously for 6., 2 125° systematic differences ap-
peared which averaged = 25%+ 15% at 46.3 MeV
and ~ 11%+ 15% at 36 MeV.?® Absolute nd cross
sections are obtained by measuring np spectra at
several angles and using np cross sections for
normalization. The results are that the nd-np
differences are smaller than noted previously,®®
but that some systematic differences do appear to
exist at angles near cross-section minima and
beyond.

II. EXPERIMENTAL

The general experimental facilities and tech-
niquesused are similar to those used in the earlier
nd elastic scattering experiment.?® Briefly, a
protonbeam from the Crocker Nuclear Laboratory
76-in. cyclotron of typically 8 pA is incident on a
"Li target and produces a collimated neutron beam
whose peak is =~ 2 MeV full width at half maximum
and contains =~ 10° neutrons per sec over 2 cm? at
3 m from the "Li target.’® The beam energies

have been measured by a time-of-flight technique .?”

For neutron production the proton beam is
cleared by a magnet into a Farady cup and inte-
grated. With the magnet turned off a proton cur-
rent of less than 1 nA can pass down the neutron
collimator and into the scattering chamber, all
in vacuum. Proton energy losses in the full thick-
ness of the Li target (3.2 mm) and in the polyeth-
ylene (CH,), (64.0 mg/cm?) or deuterated polyeth-
ylene (CD,), (71.9 mg/cm?) targets match on the
average the energy loss in half the target plus the
"Li(p, n)’Be @ value of —1.66 MeV, so that mean
proton and neutron beam energies at the target
centers are the same to within ~250 keV. The
lack of beam-transport equipment in the latter
part of the beam line made it difficult to measure
pd scattering at the most forward angles.

The DE-E telescopes mounted in the scattering
chamber consisted of a solid-state detector and
a Nal scintillator coupled to an RCA 8575 photo-
tube. One telescope was fixed at 15.5° on the
right and two were movable, 20° apart, on the
left-hand side of the beam. Zero-crossing timing
signals, relative to a beam pick-off reference
were used to select the beam peak. These signals
were derived from the Nal-RCA 8575 detectors.
Events in the beam-peak time window were char-
acterized by DE and E parameters and data from
the three telescopes and neutron beam monitor
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were stored in an 8000 data region of the PDP
15/40. Cuts in DE vs E space allowed proton and
deuteron events to be selected, single-parameter
histograms produced, and the elastic peaks fitted
and integrated. The measurement of recoil deu-
terons corresponds to measuring cross sections
for c.m. angles 290°. Cross sections for c.m.
angles <90° were not measured here as they had
been measured ealier.?® The point of the effort
here was to check discrepancies near and beyond
the cross-section minimum.

The neutron beam was monitored by a scintilla-
tion-counter proton-recoil telescope described
earlier?® which was placed in the beam behind the
scattering chamber. Following the "Li production
target the proton beam was magnetically deflected
into a Faraday cup. Integration of this beam pro-
vided a secondary monitor of fairly high precision
(2%). The proton beam which passed down the
neutron collimator and through the scattering
chamber was not measured quantitatively or in-
tegrated. Thus an absolute measure of the pd
cross section was not obtained.

III. DATA ANALYSIS AND RESULTS

The recoil proton and deuteron spectra obtained
by cuts in DE-E space were reasonably clean and
unambiguous. Events due to carbon in the (CD,),
and (CH,), targets were subtracted using spectra
taken with matching carbon targets. In the case
of nd spectra the neutron beam monitor allowed
background normalization. For pd data proton
scattering from carbon was used.

The largest corrections were those applied to
account for nuclear interactions of protons and
deuterons in the Si(Li) and Nal detectors and for
finite solid angles of about +2° lab. The former
correction was assumed to be the same as in
silicon?® and was judged to be accurate to 10% in

_ the correction. For the data points at or near the

cross-section minima an extrapolation from
adjacent points was used to correct for the effects
of finite solid angle. This correction of ~8% was
judged to produce a probable uncertainty of 4%

in the cross sections which had been folded in to
produce the quoted errors. The angular uncer-
tainty is estimated to be less than +0.2° c.m. The
fixed telescope provided normalization for calcu-
lating relative nd and pd differential cross sec-
tions. Absolute nd cross sections were obtained
by using the np differential cross sections recently
measured at 25.8 and 50 MeV 3° and interpolating
between them with an adjusted fit of the Bryan-
Gersten model.®! The lack of a Faraday cup be-
hind the neutron scattering chamber permitted
only relative pd cross sections.
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FIG. 1. The nd cross sections measured here are the
plotted points and the line is drawn through the UCLA
pd measurements, both at 35.0 MeV lab. See the text

for uncertainties in the pd data.

FIG. 2. As in Fig. 1, both at 46.3 MeV.

TABLE 1. Differential cross sections for nd and relative pd elastic scattering.

c.m, angle o(nd) c.m. Rel. errors o(pd) c.m. (rel.) Rel. errors
(deg) (mb/sr) (%) (mb/sr) (%)
35.0 MeV

169.3 21.00 2.67

159.8 12.69 3.00 13.45 5.2

149.7 5.67 3.99 5.91 5.4

148.9 5.73 3.00

139.6 2.27 3.55 2.38 4.9

134.6 1.54 7.10

129.5 1.43 6.90 1.563 5.0

119.4 1.76 3.89 1.93 5.9

109.4 2.90 4.57 3.00 5.9
99.4 4.52 3.29 4.50 4.9
89.2 5.23 4.14 6.17 4.7

46.3 MeV

169.9 13.33 4.66

159.9 8.18 4.23 8.21 4.4

149.8 3.34 4.96 3.95 5.2

148.8 3.25 3.08

139.8 1.55 4.45 1.66 5.1

129.8 1.13 6.72 1.28 4.9

119.7 1.50 5.44 1.60 4.8

109.7 1.95 4.81 1.97 5.4
99.7 2.62 4.20 2.74 5.0
89.7 3.55 4.06 3.69 4.8
79.7 ©5.25 4.9
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The measured nd differential cross sections are
plotted in Figs. 1 and 2 along with the pd cross
sections from the University of California at Los
Angeles (UCLA).?? The line is through the UCLA
data points which were taken approximately every
5° c.m. and have relative uncertainties of 1-2%
for ©<123°. For the back angles © > 124° the
relative errors are in the ranges 4-7% at 35.0
MeV and 2-4% at 46.3 MeV. The absolute error
in each case is ~2%. There is a systematic
tendency for the nd values to be smaller than the
pd at large c.m. angles. The average difference
at O, >130° is =~ 10% at 35 MeV and ~9%% at 46.3
MeV.

Table I gives the numerical results for nd and
relative pd differential cross sections measured
here. The pd are normalized to those from UCLA
at 100- 110° c.m. The relative errors given are
due mainly to statistics in foreground and back-
ground spectra which ranged from 2 to 4% and
uncertainties in peak fitting and integration. The
scale error due to uncertainties in normalizing to
the np differential cross sections is ~ 2.5% and that
due to target compositions is ~1% resulting in a
net probable scale error or nearly 3%.

In Fig. 3 are shown our pd cross sections and
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FIG. 3. The pd data of this work are the plotted points
normalized to the UCLA data over the range 100-110°
c.m.; the UCLA pd data are indicated by the line (see.
the text), both at 35.0 MeV.

those from UCLA at 35.0 MeV. The latter are
given by the line and the former are normalized
to the UCLA values in the range 100-110° c.m.
It can be seen that the UCLA back-angle pd cross
sections are slightly higher, by an average of
3.5% than the pd measured here. However, the
corresponding normalization uncertainty is =~ 3%.
The lack of a Faraday cup and other technical
limitations of the neutron line such as the lack
of certain beam-transport facilities limited the
range of angles and the precision of our pd re-
sults. Within over-all uncertainties, they agree
with the shape of the higher-precision UCLA
data which include more angles and extend to
larger c.m. angles.

Figure 4 shows a comparison of nd and pd cross
sections measured here at 46.3 MeV. The pd
have been normalized to nd at 100 and 110° c.m.,
since over this angular range no discrepancies
were seen previously between nd and pd.2®> The
line merely gives the trend of the pd values. For
angles at the minimum and beyond, systematic
differences are seen as in the comparison with
the UCLA pd values. Comparison with a recent
calculation of Kloet and Tjon'® at 46.3 MeV is
shown in Fig. 5. The local two-body potential
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FIG. 4. The nd and pd cross section from this work
at 46.3 MeV with the pd normalized to the nd at 100 and
110° c.m. The line through the pd has no significance.
Several points for »d and pd at the same angle are dis-
placed horizontally to avoid overlapping.
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FIG. 5. A comparison of the calculation of Kloet and
Tjon (Ref. 10) and the cross sections measured here,
both at 46.3 MeV.

used is S wave with a repulsive soft core in both
the spin-singlet and -triplet states.

The effect of the Coulomb interaction has been
examined by Harms.3? He finds that the addition
of Coulomb effects produces destructive inter-
ference at forward angles, ~ 7% at 90° c.m., and
constructive interference averaging ~ 4% at
6.m.>125°. A single intersection occurs at
6:m.>123°. The particular numbers are model-
dependent but the general behavior is as described.

Based on comparisons of our absolute nd cross
sections with the absolute pd values of UCLA
and on the comparison of nd and relative pd cross
sections measured here we conclude that sys-
tematic nd-pd differences exist at c.m. angles
near the minimum and beyond. However, these
differences which average ~ 9% are less than
those reported earlier.?® Part of the discrepancy
between the latter and the present results can
be traced to the normalization procedure. For
the present results we normalize to new »p mea-
surements?®’3° while the older data?® were normal-
ized, it appears, to too small a total cross sec-
tion.®® The scale error assigned to the older
nd data is ~ 10% so that the two sets of data do

TABLE II. nd nonelastic total cross section, o

Energy 0 o1 (Ref. 32) 0 =[0(0)dQ 0pe=0;—0, Ope

(MeV) (mb) (mb) (mb) (mb)
35.0 3424 203+132 139+13  117P
36.0 3313 203+13°¢ 128+13
46.3 251+3 147+ 82 104+ 8 934
46.3 2513 145+ 6°¢ 106+ 7

2 Present data and forward hemisphere data from
Ref. 25. No correction has been made for the 1-MeV
difference in the beam energy for the 35- and 36-MeV
data.

b Reference 12,

¢ From Ref. 25. Table VIII (and henceforth Table IX)
of that reference should be corrected because of small
numerical errors in the value of the g,’s in the Legendre
polynomial fitting. For the case of nine parameters, the
new values are a;=16.1+1 (old value=16.0) and q,
=11.6+0.5 (old value =11.3) for 36 and 46.3 MeV, re-
spectively. From these one obtains o, =4ra,.

dReference 10.

have at most angles overlapping absolute errors.

As discussed in Sec. I the theoretical situation
is that recent calculations produce fairly good
but not quantitative agreement with differential
cross sections at these energies.'°"'? The Coulomb
force is not usually included in the calculations.
Harms®? is considering Coulomb effects as well
as those due to charge-symmetry violations in
the nuclear interaction.’?

The total elastic cross sections can be obtained
from integrals of the differential cross sections.
Subtracting these from the nd total cross sections
measured recently®® one obtains the total non-
elastic cross sections. Sloan'? has calculated
the nonelastic cross section up.to 40 MeV and
the prediction at 35.0 MeV is 117 mb (given in
Table II) and a straight-line extrapolation produces
a prediction of 92 mb at 46.3 MeV. In Ref. 10
the total elastic and total nonelastic cross sec-
tions are predicted to be 201 and 93 mb, respec-
tively, for an energy of 46.3 MeV. A summary
is given in Table II.
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