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A measurement of Ao(np), the difference between neutron-proton total cross sections for pure
longitudinal spin states, is described. Data were taken at LAMPF for five neutron beam kinetic
energies: 484, 568, 634, 720, and 788 MeV. The statistical errors are in the range 0.64-1.35 mb.
Various sources of systematic effects were investigated and are described. Overall systematic errors
are estimated to be on the order of 0.5 mb and include an estimate for the uncertainty in the neutron
beam polarization. The Aoy results are consistent with previous results from PSI and Saclay. These
data, when combined with other results and fitted to a Breit-Wigner curve, are consistent with an
elastic =0 resonance with mass 2214 + 15 (stat) & 6 (syst) MeV and width 75 + 21 + 12 MeV.
Because of a lack of Aor(np) data between 500 and 800 MeV, it is not possible to differentiate
between a singlet or coupled-triplet partial wave being responsible.

PACS number(s): 13.75.Cs, 13.88.+€, 14.20.Dh, 14.20.Pt

I. INTRODUCTION

The nucleon-nucleon (NN) interaction has been the
subject of extensive experimental and theoretical inves-
tigation since the discovery of the atomic nucleus early
in the century. This work has led to a fairly useful un-

*Now at Argonne National Laboratory, Argonne, IL 60439.

tNow at Los Alamos National Laboratory, Los Alamos, New
Mexico 87545.

Now at Institute of Physical and Chemical Research, Wako,
Saitama 351-01, Japan.

SNow at Kyoto Academy of International Culture,
Katashirakawa, Sakyo-ku, Kyoto, Japan.

INow at University of Texas at Austin, Austin, Texas 78712.

TNow at 127 Eastgate, Los Alamos, New Mexico 87544.

0556-2821/94/50(1)/104(20)/$06.00 50

derstanding of the NN interaction at energies below pion
production threshold (about 300 MeV), which is the re-
gion of “conventional” nuclear physics, where elastic scat-
tering dominates. The data for both proton-proton (pp)
and neutron-proton (np) scattering are fairly copious at
these energies and are generally self-consistent. From a
theoretical point of view, quantitative success has been
achieved in describing this process in terms of potentials
based on field-theoretic formalism involving meson ex-
change. Among these are the Paris [1], Bonn [2], and
Argonne [3] potentials. A review of this work has been
given by Machleidt [4]. Other theoretical studies include
Skyrme [5,6] and quark [7,8] models. The current status
of these models has been reviewed by Vinh Mau [9].

At energies up to about 1GeV, where pion produc-
tion and excitation of the A(1232) resonance are pos-
sible, the situation is not so well understood, however.
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To completely characterize the elastic NN interaction
requires knowledge of five complex amplitudes in both
the isospin-one (I=1) and isospin-zero (I=0) channels.
While the former have been experimentally determined
fairly well at these energies, until very recently the lat-
ter were poorly known above about 500 MeV [10-14].
The major reason for this is that measurements of np
scattering are needed to investigate the I=0 channel,
whereas the I=1 channel is determined from pp scat-
tering. Experiments involving neutrons are considerably
more difficult than those involving only protons because
of the poorer quality of the beams and the difficulty as-
sociated with the detection of neutrons. Consequently,
the amount of np data available has been considerably
smaller and its quality poorer from both a statistical and
systematic point of view. The theoretical description at
these energies is more complicated since the onset of in-
elasticities introduces additional complexity in describing
the interaction. Theoretical studies here have been based
on extensions of work at lower energies, but these have
not had the quantitative success that was achieved there.
Many of these calculations are discussed in Ref. [4].

One feature of particular interest that has emerged
from studies in the higher-energy range is the possibil-
ity of the existence of broad dibaryon resonances. It had
been generally felt that the NN system had no resonances
since both the pp and np unpolarized total cross sections
exhibit no pronounced structure. The first evidence con-
trary to this lack of structure was the discovery by Auer
et al. [15] of peaks and dips in the total cross-section dif-
ference Ao (pp) in pure longitudinal spin states. This,
together with other evidence, suggested the existence of
D, and 3F3, and possibly other, resonances with large
inelasticities, represented by counterclockwise looping of
the phase shifts [10-14]. This type of behavior can also
result from inelastic thresholds, however, so that it is
possible that these structures are related to the onset of
A production and do not represent resonances. These
conflicting possibilities have led to a great deal of con-
troversy. A discussion of the history of dibaryons has
been given by Locher et al. [16] and the current exper-
imental situation is summarized in some of the Parti-
cle Data Group tables [17]. One of the more recent
pieces of evidence is from Shypit et al. [18], who claim
to have ruled out broad dibaryons in these partial waves
at these energies on the basis of an analysis of their data
on pp — nprt in terms of pp — NA. Some objections to
their interpretations have been raised, however [19-23].
There is also a fair amount of evidence for the existence
of narrow dibaryons with a wide range of masses and
widths, but this is also inconclusive [17].

Because of the unresolved nature of this structure in
the I=1 channel, it is also important to carry out sim-
ilar studies in the =0 channel. One important feature
of the I=0 channel is that it does not include A produc-
tion, so that a major complication in this energy region
is removed. Note that both NN — NN* and NN — AA
can occur at higher energies in both channels, however.

There are other reasons for carrying out experimental
measurements to determine the amplitudes of the =0
channel. One of them is that the NN interaction is a

fundamental one for the nucleus and should be under-
stood. Another is related to the work on studies of spin
dependence in nucleon-nucleus interactions, which is in-
vestigating in particular the Dirac character of nucleons
in the nucleus [24]. Theoretical calculations involving
these interactions generally employ NNV amplitudes as in-
puts, so that the poor knowledge of the I=0 amplitudes
above 500 MeV can cause difficulties in the interpretation
of the results.

For an experimental determination of the elastic I=0
amplitudes, measurements of total cross sections and dif-
ferences of spin-dependent total cross sections are im-
portant, as they are for the /=1 channel. Elastic dif-
ferential cross sections and cross-section asymmetries are
generally related to products or squares of amplitudes,
whereas total cross sections are related to sums of am-
plitudes, evaluated at 0°. Without total cross-section in-
formation, there will generally be discrete ambiguities in
model-independent amplitude analyses. Moreover, data
at small angles, as found in total cross-section measure-
ments, can give important constraints for the fits to an-
gular distributions. The slopes of Aoy data, for exam-
ple, are related to the elastic longitudinal spin-dependent
parameter Crr. In addition, total cross-section mea-
surements give direct information on inelasticities, which
serve as important constraints in phase-shift analyses.

There are several published measurements of Ao, (np).
The first of these [25] was carried out at Argonne
and covered the momentum range of 1.1-6.0 GeV/c, us-
ing a polarized proton beam incident onto a polarized
deuteron target, so that the quantity directly measured
was Aoy (pd). Values of Aop(pn) were extracted from
these data including the use of spin-dependent Glauber-
type corrections. After the original publication, ad-
ditional corrections were applied to the data, one by
Grein et al. [26] and another by the Argonne group [27].
Because of the momentum spread of nucleons in the
deuteron (= +60 MeV/c), these results represented aver-
ages over a range of neutron energies. In the energy range
up to 1GeV, the values of Aoy (np) did not show any
pronounced structure; so when Ao (I=0) was extracted
with Aoy (I=0) = 2AoL(pn) — Aor(pp), the behavior
of Aor(pp) = Aor(I=1) resulted in mirrorlike struc-
ture in Aoy (I=0) [25]. A dispersion-relation analysis of
this structure [26] found evidence for an abnormal-parity
dibaryon (1%,3%, ...) of mass 2.25 GeV and width about
100 MeV with high inelasticity. However, this group also
carried out an analysis of the I=1 channel, with results-
disagreeing somewhat with phase-shift analyses.

Measurements of Ao (np) have also been carried out
with a polarized neutron beam and a polarized proton
target (PPT), both at Saclay and at the Paul Scherrer
Institute (PSI). The PSI measurements [28] covered the
energy range 140-590 MeV, while the Saclay measure-
ments [29,30] were in the range 312-1100 MeV. These
seem to be consistent with each other and with the orig-
inally published Argonne results, but not with the Ar-
gonne data as corrected later [30].

These new results from PSI and Saclay show structure
in Aor(I=0) that is different from what was initially
seen in the Argonne data, however. A current phase-
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shift analysis [11] indicates no such structure, which re-
flects the poor knowledge of the I=0 partial waves in this
energy region. There is also some disagreement on the
strength of the /=0 inelastic channels at these energies
[11,12,31,32].

This paper describes a set of measurements of Ao, (np)
at energies between 500 and 800 MeV, using a polar-
ized neutron beam with a PPT. The work was carried
out at the Clinton P. Anderson Meson Physics Facil-
ity (LAMPF) of the Los Alamos National Laboratory,
as part of a program of measurements of np scattering
aimed at the determination of the /=0 NN amplitudes at
energies up to 800 MeV. These measurements were also
made in order to compare the values of Ao (np) obtained
with a neutron beam to those derived from Aoy (pd),
to check the validity of the corrections used with these
data, as well as to obtain data having a smaller momen-
tum spread compared with the neutrons in the deuteron.
Preliminary results have been published previously [33].
Details of the experimental setup are discussed in Sec. II,
and the data analysis is discussed in Sec. III. The results
and an interpretation of them are given in Sec. IV, and
a summary is given in Sec. V. Additional details can be
found in Ref. [34], which was based on this work.

II. EXPERIMENTAL METHOD
A. General description

The polarized neutron beam at LAMPF is produced by
the charge exchange, and resulting polarization transfer,
of a polarized proton beam in a liquid deuterium target
(LDT). The polarized proton beam is produced as H™
and is accelerated simultaneously with the more intense
unpolarized HT beam. After acceleration, the two beams
are separated and sent to different experimental areas.

For this experiment, a portion of the polarized H™
beam (P~) was selected by passing it through thin strip-
pers to produce a polarized Ht beam. This beam was
then sent through magnets used to bend, steer, and fo-
cus it, and to orient the direction of its polarization in
the longitudinal direction. It also passed through a po-
larimeter, intensity monitors, and wire chambers used
to monitor the beam profile and position. Signals from
the latter were used in a feedback system to stabilize
the beam position at a location immediately before the
LDT. Downstream of this target, all remaining charged
particles in the beam were deflected with dipole mag-
nets and sent to a beam dump. The forward-going neu-
tral beam, which consisted principally of neutrons and
gamma rays, passed through a long collimator, intensity
monitors, spin-precession magnets, and a polarimeter,
before striking a longitudinally polarized proton target.

The neutrons passing through the PPT were detected
downstream by a hodoscope of thick scintillation counters
arranged in four successive planes that gave transverse
position information. The asymmetry of detected scat-
tered events for beam and target parallel and antiparallel
was found as a function of momentum transfer, as defined
by the geometry of the hodoscope, and extrapolated to

zero momentum transfer. From this extrapolated point
and the PPT parameters, the quantity Ao (np) was cal-
culated. A diagram of the experimental setup is shown
in Fig. 1.

B. The beam
1. The polarized neutron beam

The polarized proton beam was produced with a
Lamb-shift H™ ion source [35], which typically provided a
polarization of ~70%, with a current of ~20nA. For ac-
celeration to the maximum energy of 800 MeV, the duty
factor was typically about 9%, but at lower energies it
was less, as a result of time sharing with the HT beam.
The energies of the beam were determined from the ac-
celerator parameters.

Figure 2 shows the layout of the beam line immediately
upstream of the experiment. After acceleration, the H™
beam was bent by magnets and had electrons stripped
off portions of it by passage through thin foils or wire
mesh, producing polarized H* beams that could be sent
to three beam lines including the one used for these mea-
surements. The relative intensities of these beams was
adjusted by the type of strippers used. Spin-rotation
magnets located at various positions allowed the direc-
tions of the polarizations in the different beam lines to
be adjusted independently.

The neutron beam was produced by passing the polar-
ized proton beam through a 25.4-cm-long LDT and se-
lecting neutral particles produced at 0°. The measured
spectrum [36] of forward-going neutrons was character-
ized by a narrow peak with an energy just below that of
the proton beam, resulting from the charge-exchange re-
action pd — npp, and a well-separated continuum, result-
ing from inelastic reactions. The integrated intensities of
these two regions were found to be roughly equal.

The maximum spin transfer from the polarized protons
to the neutrons was shown in previous measurements
[37,38] to be in the longitudinal direction. Accordingly,
the direction of polarization of the proton beam was ro-
tated to be longitudinal just before the LDT. This was
accomplished with a solenoid (LB-SO) that rotated the
spin from its initial vertical, or normal (V), direction to a
“sidewise” (.S) direction, followed by subsequent preces-
sion to an almost longitudinal (L) direction by the hori-
zontal bending magnets in the beam line. The resulting
polarization of the neutrons in the charge-exchange peak
was ~50%.

A magnet located just after the LDT deflected charged
beam particles into a beam dump. At the same time,
however, this magnet precessed the neutron spin away
from its original longitudinal direction. The original spin
direction was restored (and could also be reversed) by
means of two magnets LORRAINE and CASTOR lo-
cated 6.7m and 4.6 m upstream of the polarized target,
respectively. These magnets have been used extensively
and their spin-rotation properties have been analyzed [39]
with consistent results, so that their effects on the neu-
tron spins are understood. Between the LDT and the
experimental area the neutron beam passed through a
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collimator in a 3.7-m-thick steel wall. This collimator
consisted of cylindrical lead and steel slugs with holes in
them centered on their axes, located inside a row of steel
“gun barrels” in the wall: there was a 2.74-m section with
2.54-cm holes, followed by a 0.91-m section with 1.90-cm
holes. The beam-intensity monitor counters, magnets,
PPT, and neutron counter array were surveyed to be
centered on the collimator axis before the experimental
runs.

Since v rays were also present in the neutron beam,
it was important to attenuate them. Studies of counting
rates with various thicknesses of lead plugs inserted at the
end of the collimator indicated two attenuation curves, a
short one, as expected for -y rays, and a longer one, asso-
ciated with the neutrons in the beam. The attenuation
length for the latter was about 9.5cm. For data taking,
a 2.54-cm plug (4.5 radiation lengths) was used, which
attenuated the neutrons by about 25% and reduced the
~-ray flux by about 97%. The fraction of the remaining
beam corresponding to v rays was estimated to be less
than 1%.

In order to find the size of the beam at the PPT, the
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beam profile was measured near the target using a small
scintillation counter, about 3-mm thick, which was larger
than the beam spot. It was oriented edgewise in the
beam and moved transversely to the beam in both hori-
zontal (z) and vertical (y) directions. Background counts
were measured and subtracted. The resulting beam pro-
files, found at low intensities where most of the data were
taken, are shown in Fig. 3. The full widths at half max-
imum (FWHM’s) were 3.8 + 0.3cm (3.5 +0.2cm) in z
(y) and the full widths at 1/10 maximum (FWM;,’s)
were 4.6 £ 0.3cm (4.6 £ 0.2cm) in z (y). Measurements
at higher intensities gave a FWHM=~3.4cm. These
values were unaffected by the neutron spin precession
magnets. These numbers give a beam profile some-
what smaller than that previously observed [36], which,
when projected to the PPT position, corresponds to a
FWHM=4.7cm and a FWM;0~6.2cm. It should be
noted that a larger-diameter collimator was used for
those measurements, however. For a Gaussian beam pro-
file, these results would imply that less than 3% of the
beam missed the PPT (4.7 cm diameter). The systematic
error due to this was taken to be about half this number.

FIG. 1. Diagram of the experimental setup.
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2. Beam intensity measurements

The intensities of both the proton and neutron beams
were monitored during this experiment (see also Sec.
IIB 4). Since the proton beam was considerably more in-
tense than the neutron beam, the proton beam monitor
was used to normalize the data and the neutron moni-
tor was used as a check. The relative intensities of the
two beams was kept fixed by a servo-steering mechanism
described below.

The intensity of the proton beam was monitored with a
secondary-emission monitor (SEM) that was located just
upstream of the LDT. It consisted of one thin emitter
foil located between two thin collector foils, enclosed in a
vacuum. The emitter foil was maintained at a constant
negative potential, typically —300V, and the charge on
the collectors was integrated by a charge digitizer [40],
the output of which was a frequency proportional to the
beam current. A relative measurement of the beam cur-
rent was obtained by comparing this output with a ref-
erence clock.

The neutron beam intensity was monitored with a sys-
tem of scintillation counters (FMON) located at the exit
of the neutron collimator. A diagram of the system is
shown in Fig. 4. The neutron beam first passed through
a counter A, used to veto charged particles, and then
through a block of polyethylene (CHy), in which a small
fraction of the beam interacted to give charged particles.
After this were located another counter (M1), a pair of
left-right counters (M2), a set of four counters defining
quadrants (M4), a brass plate with a hole in its center,
and a thick counter (M3) with a hole in its center. Vari-
ous combinations of the signals from these counters were
used to monitor both the intensity and the relative posi-
tion of the neutron beam. A logical OR of the four M4
counters was used to give dead-time corrections for the
data (see Secs. IIT A 3 and III B 2).

3. Beam polarization measurements

The principal means of monitoring the polarization of
the proton beam was based on a particular type of op-
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FIG. 3. Beam profile measured at 500 MeV. The abscissas
represent the (a) horizontal or (b) vertical positions of the
scintillator probe measured from an arbitrary origin. The
FWHM was 3.8 +£0.3cm (3.5 £ 0.2cm) in = (y). The curves
are guides for the eye only.

eration of the polarized ion source. This source was of
the Lamb-shift type, in which polarized H™ ions were
produced in metastable states and selected to be accel-
erated [41]. In its normal or “run” operation, the beam
exiting the source consisted of populations of polarized
ions plus a small background of almost unpolarized ions.
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In the so-called “quench” mode of operation, the source
was detuned so that the polarized ions were blocked, leav-
ing only the almost unpolarized ions. A ratio of the ion
currents in the normal and quenched mode gave an accu-
rate measurement of the polarization of the beam. The
typical mode of operation during the experiment was a
sequence of two 60-s periods of “normal” and “reverse”
spin directions, followed by a 10-s period of quench oper-
ation. This resulted in a measurement of the polarization
of the beam every 130s. The normal spin state is defined
as that state for which the proton spins are oriented an-
tiparallel to the beam momentum, at the LDT.

In addition, there were calibrated polarimeters, located
in both the proton and neutron beams, that were used
principally to set and monitor the directions of the po-
larization. Two polarimeters, separated by a bending
magnet, were located in the proton beam, as shown in
Fig. 2. The first LB-PO-01 was located just downstream
of the last steering magnet and the second LB-PO-02 just
upstream of the LDT. Each of these consisted of groups
of counters used to detect the scattered and recoil pro-
tons from pp scattering in a CH, target block in the
“left /right” and “up/down” directions. Any transverse
polarization in the beam would produce an asymmetry
in one or both of these sets of counters. The laboratory
angle pair for these counters was 17° and 67°, chosen to
give a maximum asymmetry over a region with minimum
background and small sensitivity to angular variation.
Details of these devices are given in Refs. [42,43].

A neutron polarimeter JPAN was located in the experi-
mental area just downstream of the spin-precession mag-
nets LORRAINE and CASTOR. A diagram of JPAN
is shown in Fig. 5. It was used to determine the cur-
rents in these magnets to obtain the desired spin direc-
tion of the neutron beam and it was removed during data
taking. JPAN consisted of a CH, target, followed by a
scintillation counter (N1) used to detect charged parti-
cles produced in the CH;, and four counters (NU, ND,
NL, NR) located at 30° with respect to the beam to de-
tect scattering in the up, down, left, and right directions.
As with the proton beam, asymmetries in the up/down
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FIG. 4. Diagram of the neu-
tron intensity monitor FMON.
Details are given in the text.
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FIG. 5. Diagram of the neutron polarimeter JPAN. Details
are given in the text.

of lower energy. With a 100-ns microstructure, however,
this number would fall to nearly zero.

Accordingly, a bunching system was set up in the ac-
celerator in order to produce a 100-ns microstructure in
the P~ beam. The system consisted of two parts, located
near the beam preaccelerator, which concentrated most
of the beam current that was spread over 20 rf cycles
into one rf cycle and chopped the small fraction of cur-
rent that was not bunched. A more detailed description
of this system is given in Ref. [34], which also describes
a computer modeling of the system. The operation of
the buncher was such that about 90% of the beam that
was accelerated was bunched into one rf cycle, with a net
reduction in average beam flux of about 40%.

An asymmetry in the fraction of the bunched beam
that was within the time-of-flight window for the neu-
tron detector array was measured. Since the principal
beam intensity monitor, the SEM, was not sensitive to
the time structure of the beam, it was necessary to cor-
rect for this in order to avoid a false asymmetry in the
data. The measurements of this fraction were carried out
with a charge-voltage-time analyzer module (QVT) [44]
that was added to the system during the early stages of
data aquisition. It recorded the time difference between
the protons detected at LB-PO-01 and the 10-MHz ref-
erence signal of the buncher. The fraction fqvt of the
proton counts within the time-of-flight window was found

for each beam spin change, and the SEM counts were
multiplied by fqvr to give the corrected monitor value.
The asymmetry in fqvT was typically 1073

5. The beam steering system

A systematic motion of the LAMPF P~ beam with
spin direction at the LDT had been observed. Since the
principal monitor of the beam flux in this experiment was
the SEM, located in the proton beam just upstream of
the LDT, and since this target did not have flat end win-
dows, such beam motion would lead to a varying path
length through this target. This would therefore mod-
ify the neutron-to-proton beam flux ratio systematically
and produce a false asymmetry. Experimental studies of
the resulting neutron-to-proton flux ratio, as the beam
spot position at the LDT was varied, showed that the
systematic error on Aoy could be as large as 30 mb for
changes in the beam spot position of 1 mm. The magni-
tude of this error varies quadratically with the position
changes. A good determination of Aoy, required asym-
metry measurements at the level of £10~%, which in turn
required that the beam position on the LDT be stable to
+0.1mm. In order to meet this need, a beam steering
system based on feedback of beam position information
was designed and implemented [45].

In the operation of this system, the transverse pro-
files of the beam in perpendicular planes were measured
continuously with a beam profile monitor, similar to a
multiwire proportional chamber, and it was located be-
tween the SEM and the LDT. These signals were read
into a beam-line computer, which calculated the centroid
and standard deviation of the beam profiles using sev-
eral separate data buffers. This information was used to
maintain the desired beam position by feedback to hori-
zontal and vertical beam steering magnets. Each of the
data buffers accumulated over a different time interval
for various levels of control. Buffers with short time con-
stants corrected large steering errors quickly, while those
with longer time constants corrected increasingly smaller
steering errors. In addition, separate buffers were used
for normal and reverse spin states. Parameters of the
system were adjusted to control the response time, which
could give either too slow a response or oscillations if im-
properly chosen. The system was capable of reading a
profile every beam macropulse (40 Hz) and could calcu-
late centroids, standard deviations, and steering correc-
tions in about 0.1s. The optimum position of the beam
was initially found by sweeping the proton beam across
the LDT and maximizing the neutron-to-proton ratio,
demonstrated in Fig. 6 for 800-MeV protons. The beam
profile was established by the tune of the beam and was
not adjusted by this system.

The computer software allowed continuous monitoring
with this system. Overall, it was not difficult to maintain
the beam position to the required precision (see Figs. 7~
9). The only problems encountered were related to the
occasional appearance of a long tail on one side of the
beam profile due to the beam being mistuned or occa-
sions when the beam-steering magnets reached the limits
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tional to neutron/proton ratio) vs beam position at the lig-
uid deuterium target (LDT). The abscissas are the beam spot
positions at the LDT for the (a) horizontal or (b) vertical di-
rections. The dashed lines are guides for the eye only. Using
such data, the beam steering parameters were set.

of their allowed range. In such cases, appropriate modi-
fications were easily made.

C. The polarized target

Hydrogen nuclei in the PPT were polarized dynami-
cally by using microwave spin pumping [46]. The lon-
gitudinally polarized proton target consisted of a hori-
zontal 3He-evaporation refrigerator operating near 0.5 K,
a superconducting solenoid magnet with a horizontal
warm bore, a large pump system to circulate 3He gas,
a microwave source, and a nuclear magnetic resonance
(NMR) polarization monitor.

The PPT material was 1,2-propanediol doped with
EHBA-CrY paramagnetic complex [47] to a level of
6 x 109 spins/cm®. The material was frozen in the form
of ~1-mm-diam beads, which were contained in a thin-
wall cylindrical holder made of FEP Teflon. The holder
was perforated to allow free circulation of the 3He, which
was contained within a somewhat larger cylindrical vessel
made of TFE Teflon. At room temperature, the holder
was 4.75 + 0.10cm in diameter and 12.54 + 0.08 cm in
length, and was oriented with the cylinder axis along
the beam. Microwave power at frequencies near 70 GHz
was distributed along the PPT length by using a slot-
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FIG. 7. Typical time history of the beam position at the
LDT with the feedback steering system for proton beam spin
states normal and reverse. The (a) z and (b) y positions were
kept fixed to within +0.1 mm.

ted waveguide. Reversals of the PPT polarization were
accomplished by a small change of microwave frequency.

The iron-free, superconducting polarizing magnet [48]
operated near 4.2K and generated a solenoidal field of
2.5 T, which was uniform to 10~ over the volume of the
PPT. The magnetic field vector was in the direction of
the beam momentum.

An existing horizontal 3He-evaporation cryostat was
modified to cool this relatively large target and also to
provide a low-mass, axial, 5-cm-diam beam access to the
target. A high-cooling capacity target insert was built
and used with a 9600-m3/h-displacement pumping sys-
tem. The cooling capacity was 280 mW at 0.5 K, achieved
with a 3He circulation of ~7 mmol/s.

The PPT polarization was continuously monitored
with a frequency-sweep NMR system using a PDP-11/23
microprocessor [49]. Three separate NMR coils were used
to sample the proton polarization at different regions in
the PPT. The scattering data for this experiment were
taken during two LAMPF running periods that were sep-
arated in time by a few months, and the sampling region
for one of the coils was changed between these different
sets of runs. For the first set, all three coils were wrapped
around the outer circumference of the target holder, two
hairpin coils at each end and a saddle coil around the
middle part. For the second set, the end coils remained
the same, but the saddle coil was changed to a hairpin
immersed in the beads along the PPT axis in order to
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the LDT. The dashed lines are guides for the eye only. Note
systematic difference between normal and reverse spins.

sample the target interior more effectively. The calibra-
tion of the NMR system was checked at approximately
weekly intervals by measuring the thermal equilibrium
signals at 1 K. The polarization direction was reversed
at 6-8h intervals.

The polarization achieved was typically 63% for PPT
spin parallel to the magnetic field and 70% for the an-
tiparallel case. This asymmetry is somewhat greater than
is usually experienced and is attributed to the large size
of this target relative to the cooling provisions. The po-
larizations have an estimated uncertainty of 6.2% of the
measured values, mainly due to uncertainty about the
spatial uniformity of the polarization within the target.

D. The neutron counter array

Neutrons passing through the PPT were detected
downstream in an array of thick plastic scintillation coun-
ters that consisted of 24 counters arranged in planes of six
counters each, with a charged-particle veto in front. The
active volume of each counter was 11.4x25.4x61.0 cm® of
NE-102 plastic scintillator. Including the dimensions of
the scintillator containers and cushioning, the total area
of each counter plane was 76 x 61 cm? facing the beam. A
32-cm-long Lucite light guide was glued onto each end of
the scintillator blocks and 12.7-cm-diam photomultiplier
tubes were optically coupled to the light guides with op-
tical grease [50]. The photomultipliers were offset 5cm
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tal-to-analogue converter) signal, which is proportional to
magnet current, for the beam steering magnets. The dashed
lines are guides for the eye only. Note systematic difference
in magnet currents required to maintain the beam position at
the LDT for normal and reverse spins.

from the counter center along the beam direction to allow
the counters to be close packed. The counters were ori-
ented with the 25.4-cm dimension along the beam and
adjacent planes of counters were oriented perpendicu-
lar to each other. More details of the arrangement are
given in Refs. [34,51]. The full array could be rotated
through 360° and moved horizontally, vertically, or along
the beam direction.

Two independent methods were used to determine the
interaction point of a neutron in the counter array. The
first method used the information from coincidences be-
tween counters in adjacent planes to localize the event.
The second method used fast time-to-digital converters
(FTDC’s) [52]. These determined the interaction point
in a counter from the time difference between the signals
from the photomultipliers on the two ends. Each of these
two methods defined the interaction points in a square
grid pattern formed by the counters.

In order to reject most low-energy neutrons in the
beam, cuts were made on the time of flight from the
LDT to the neutron counter array. By using the neu-
tron beam, signals from each neutron counter were in-
dividually delayed so that they were all synchronized to
within +0.5ns. A logical OR of these signals was formed
and its timing relative to the 10-MHz buncher signal was
determined with a FTDC. The position of the sharp
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peak corresponding to the desired neutrons in the beam
was continuously monitored with scalers. Overall timing
drifts of a few nanoseconds were often observed and cor-
rected. Some causes of these drifts were changes in the
accelerator operating conditions needed by other exper-
iments and temperature changes of propagation velocity
in long cables carrying the 10-MHz signal to the exper-
iment. The FTDC output, corresponding to a timing
window of 2.2 ns, was used as a requirement for the de-
sired events in the electronic logic.

The gains of the counters were set, and monitored
during data taking, with cosmic-ray signals in order to
ensure that there were no sudden changes. If cosmic-
ray events, which were mostly minimum-ionizing muons,
were selected with electronic logic that required a coinci-
dence in three adjacent counters in a plane, the resulting
photomultiplier pulse-height spectra showed clear peaks.
The positions of these peaks indicated the relative gains
of the counters. Since the angular distribution of cosmic
rays is strongly peaked in the vertical direction, the peaks
seen in counters oriented vertically were greater in pulse
height (by a factor of 1.25-1.4) and broader than in coun-
ters oriented horizontally, due to longer path lengths.
This behavior was computer modeled [34,51], with re-
sults that were in satisfactory agreement with what was
observed both in peak shape and relative pulse heights.
This calculation also predicted that the cosmic-ray rates
in the horizontal counters should be greater than those
in the vertical counters by a factor of about 3, compared
with the experimental value of 3.4. The gains of the pho-
tomultiplier tubes were reasonably stable over long peri-
ods of time, with variations <5% over periods of several
weeks.

A measurement [51] of the detection efficiency of these
counter arrays was performed for neutrons of energies 289
and 435MeV. The PPT was replaced with a liquid hy-
drogen target and the neutrons that were elastically scat-
tered from this target were detected in coincidence with
the recoil protons, which were detected in a range tele-
scope of scintillation counters and identified with time-
of-flight methods and by their range in the scintillators.
The results indicate that the total neutron detection effi-
ciency at these energies for three layers of the array was
nearly 50%. The detailed results were compared with a
simulation using the Monte Carlo neutron detection pro-
gram of Sailor et al. [53], which predicted values 5-15 %
higher than the measured efficiencies. Knowledge of the
absolute detection efficiency was not necessary for the
determination of Aoy.

III. DATA ANALYSIS
A. The experimental trigger logic
1. General description

The data for this experiment were collected entirely
from scaler information, as opposed to event by event
recording. As mentioned above, the interaction points of
neutrons in the detector array were determined by two

methods. In the first method coincidences between sig-
nals from counters in each plane that registered a hit were
recorded. The interaction point of an event was taken to
be the square area defined by the geometrical intersec-
tion of the profiles of counters in adjacent planes. In the
second method, the time difference between signals from
the photomultiplier tubes on the two ends of each counter
were sent to FTDC modules, for each event. The outputs
of these modules corresponded to various values of these
time differences, which in turn corresponded to different
regions along the length of the counters. The spatial res-
olution given by this method was similar to that of the
coincidence method. Because the first method required
an interaction to give a signal in two adjacent planes,
whereas the second method required a signal in only one
plane, the number of events recorded using the second
method was greater. Values of Ao (np) determined by
the two methods were consistent, but the final results
reported here are based on the time-difference method
since the statistical errors are smaller.

The data aquisition system consisted of a computer
and CAMAC modules read via a microprogrammable
branch driver [54]. This computer also was used to mon-
itor the quality of the beam bunching, the steering of the
beam at the LDT, the beam intensities as indicated by
the beam monitors, the beam polarization as indicated
by the quench method and by the beam polarimeters,
and the PPT polarization. As noted above, the gains of
the neutron counters were measured during data taking
with cosmic-ray events, which were gated between beam
pulses.

Scaler information was recorded for each beam spill.
During the data taking, various scaler ratios and beam
spin direction asymmetries were calculated in either a
differential form, for specified time intervals, or an in-
tegral form. The most important of these ratios were
those corresponding to possible beam instabilities, such
as the proton and neutron beam intensities, the time-of-
flight operation, and the beam buncher and/or chopper
operation. The computer also calculated quantities pro-
portional to Ao for each successive pair of beam spin
directions.

2. The coincidence logic

Since there was a total of four planes of six counters
per plane, the intersection of counters in adjacent planes
divided the xy planes (perpendicular to the beam direc-
tion) into sets of 36 bins at three different 2 positions
(located between adjacent planes along the beam direc-
tion). The nominal area of a bin was 12.7 x 12.7 cm?.
Only 24 of the bins were used in the analysis, however,
since the acceptance of the outermost bins was limited
by the size of the counters. Both real and accidental co-
incidences were scaled, so a total of 216 scaler channels
were needed.

The logic system used with this method is detailed in
Refs. [34,51]. The inputs were the time-averaged coinci-
dences between signals from the photomultiplier tubes on
the ends of each neutron counter. The appropriate coin-
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cidences, and the corresponding accidental coincidences,
which were of the order of 1% of the signal, were formed
with a set of strobed-coincidence modules, all gated with
the neutron time-of-flight signal. This rate was not de-
pendent on beam spin direction.

3. The FTDC logic

The LAMPF accelerator timing is based on a 201.25-
MHz reference frequency. With the beam chopper op-
eration, a stable 10-MHz timing signal was used as a
reference. The second method used the time difference
between photomultiplier signals from the two ends of
each neutron counter. This difference was found with the
FTDC'’s and, together with the time-of-flight gate, gave
position information for neutrons near the beam energy
interacting in each counter. Each FTDC had eight out-
put channels, two of which represented underflows and
overflows, so that six channels were available for position
information. The bin widths for the time differences were
1.25ns, which corresponded to bin widths in position of
~10cm. This was checked by moving the counters lat-
erally in a beam. A dead time of 250 ns was required
for the FTDC’s to reset after digitizing a signal, so the
system was gated off during this time. The logic was set
so that a plane of counters having a signal vetoed signals
of planes farther downstream. Three of the four planes
were instrumented with this logic.

B. The analysis of the data
1. Filtering the data

Scaler data were recorded on tape on a spill-by-spill
basis, so that systematic effects could be studied and re-
duced. For each run, ratios of scalers representing various
pieces of information were calculated and studied for pos-
sible systematic variations. These included the proton
beam monitors, the neutron-to-proton beam ratio, the
fraction of the beam within the time-of-flight window,
and the buncher and/or chopper fraction. A statistical
method based on Chauvenet’s criterion [55] was used to
reject portions of the data. Less than 10% of the data
were rejected in this manner. In some cases, systematic
effects were clearly present, or many spills were found to
have large variations from the mean, so that such por-
tions of the runs were rejected, or occasionally the entire
run was rejected.

2. The calculation of Aoy,

The number of neutrons detected in each geometri-
cal bin in the neutron counter array was normalized to
the proton beam monitor (SEM), which was corrected
for dead time as measured in the neutron beam moni-
tor system (FMON), which was gated to give the ratio
of live time to total time. For the coincidence method,
corrections were made for accidental counts, which in all

cases amounted to only a few percent. Accidental counts
in the FTDC method were corrected for as indicated in
Sec. IIIB3. If T* represents the normalized numbers
of neutrons detected in a bin for spins parallel (+) and
antiparallel (—), an asymmetry € was calculated using

T+ -T~

il e ol

(1)

with a statistical uncertainty given by

5o [OT)2(1 =) + (6T 7)*(1 + 0?]?
€= T 1T .

(2)

The errors §T* contain the errors on the numbers of
detected neutrons, taken to follow a Poisson distribution,
and the errors on the beam dead time, taken to follow
a binomial distribution. The uncertainties in the beam
monitor (SEM) were not included in the statistical error
calculation since they stemmed from a systematic effect.
This uncertainty corresponded to a dark current that was
present even in the absence of beam and it was estimated
from the counts in the SEM digitizer as found in the run
and quench modes of beam operation. This is discussed
further below.

Each geometrical bin corresponded to a different mo-
mentum transfer ¢, where ¢t = (p; — p3)?, and p; and
p3 are the four-momenta for the incident and elastically
scattered neutrons, respectively. The value of ¢ corre-
sponding to a bin was taken to be the unweighted value
for that bin, given by

(t):i/tds, (3)

where s is the total area of the bin. The linear extrapo-
lation of € to (t) = 0 was found to be insensitive to how
(t) was defined.

For small ¢, the total cross-section difference Ao (np)
is related to the extrapolated asymmetry €(0) by

AO’L = o_tot(__) _ Utot(+)
24
= ——¢(0), 4
where P, and P, are the neutron beam and PPT polar-
izations, and A is the target constant. If the target beads
are uniformly distributed within the target holder, and
letting a be the cross-sectional area of the holder and Ny
the total number of hydrogen nuclei in the target, then

A a 7wD? My
" Nu  4fMNg4
1315D?
= ———— (5)
fM

where N4 is Avogadro’s number, My the atomic mass of
hydrogen, D the diameter of the holder, M the total mass
of the target, and f is the weight fraction of hydrogen in
the target material.

The target beads were loaded into the target holder at
liquid nitrogen temperature; therefore, the warm holder
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diameter given in Sec. IIC must be corrected for the
thermal shrinkage of 1.7% for FEP Teflon. Allowing
for some uncertainty in the shrinkage factor, one has
D = 467 + 0.12cm. Two different batches of beads
were used during the two running periods and chemical
analyses were performed on each. For the first target,
the measured value of f was 0.0995, and for the second,
0.1063. There is no reason to believe that the two batches
were actually of significantly different composition nor
that either should have departed significantly from the
weight fraction (0.1043) as estimated from the nominal
chemical composition of the target material. The calcu-
lation for A therefore uses the value corresponding to the
nominal composition and assign an uncertainty equal to
one-half of the difference between the analytical results:
f = 0.1043 £ 0.0034. At the end of both periods, the
target material was recovered and weighed. For the first
target, the measured mass was 154.2 + 0.1 g, and for the
second, 137.2 + 1.4g. The target holder volume was es-
sentially the same for the two periods. (The NMR coil
that was inserted in the holder for the second period oc-
cupied negligible volume, <1cm3.) Since the mass of the
first target was close to that expected for a well-packed
target, it must be assumed that the second target had
voids in the bead packing. For the first target, the target
constant [Eq. (5)] is

_ 1315(4.67 & 0.12)?
~ (0.1043 £ 0.0034)(154.2 + 0.1)
=1780+110mb . (6)

Since any voids in the second target would be expected
to be predominately at the top of the target where the
beam profile was relatively small, this same value for A
has been used for the second period, but the estimated
uncertainty has been expanded by half of the difference
between target masses: A = 1780 &+ 150 mb.

The neutron beam polarization P, was obtained using
the proton beam polarization components and the spin
transfer functions Kz, and Kyy. If Popt and Opt are
the proton polarization and spin direction at the LDT,

TABLE I. Spin directions for the protons at the LDT, spin
transfer functions K and Knn, and the corresponding de-
rived effective spin transfer K. as a function of energy (see
text). The pairs of angles listed correspond to the proton
spin directions during the normal and reverse spin states, re-
spectively. The coordinate system defining Orpr is given in
Ref. [39], with the +L-type spin corresponding to 0° and the
+S-type spin to 90°. The magnitude of the polarization of
the neutron beam is K.q times the polarization of the proton
beam.

OLpT
Tieb (degrees)

(MeV)  Normal Reverse KL Knn Kes
484 182.0 +2.0 —0.580 —0.186 0.580
568 177.0 -3.0 —0.643 —0.135 0.642
634 173.0 —-7.0 —0.691 —0.086 0.686
720 167.8 —-12.2 —0.717 —0.090 0.701
788 163.6 —-16.4 —-0.713 —0.092 0.684

respectively, then the neutron polarization magnitude is

|Pn| = Keg|PLDT|,
Keg = [(KLL cos GLDT)z + (K nn sin GLDT)2] 1/2 . (M

Recently, measurements at LAMPF [56] of the longitudi-
nal spin transfer in the d(p,n)X reaction at 300, 484,
634, 720, and 788 MeV found values of K; that are
about 15% larger than those previously published [37,38].
Values for the spin transfer functions have been adopted
that are essentially weighted averages of the results of
Refs. [38,56]. An extensive analysis of this question will
be presented in a forthcoming paper [57]. Table I lists the
values for the K functions used in the present analysis,
as well as K.g, for each energy.

3. Correlation studies

In order to reduce any residual systematic effects, cor-
relations between the extrapolated asymmetry €(0) and
various experimental parameters were studied for a large
number of runs at each energy. For this work, a modifi-
cation of the relation between €(0) and Aoy, given in Eq.
(4) was used:

P.P, T
6(0) = 2—14PAUL + QEQVT + ﬁCSEM €T/Csem

CBCC
N ecacc/N + 6 ’ (8)
where a, 8, v, §, and (Aor/2A) were the fitted param-
eters. The quantity eqvr was related to the fractions
fév,r of the beam bunched within a single rf cycle for

+7

beam spins normal and reverse, so that eqvt was given
by

févr — fovr
equr = L _“QVT

(9)

f&LVT + fqur .

Values of fqyr were typically 90-95%. The quantity
T/Csgm and its associated asymmetry €r/cggy,, defined
analogously to the above, is the ratio between the counts
from the SEM proton beam monitor and the time dura-
tion of a data run 7. It was used to account for both
the beam-independent dark current in the SEM and the
cosmic rays detected in the neutron counters during data
taking, both of which were related to the fraction of time
the beam was on during a run. The quantity Cyc./N
and its associated asymmetry ec, /v Wwere used with
the time-of-flight logic to account for accidental counts,
which were not corrected for but should be proportional
to the ratio of accidentals to beam neutrons (Cacc/N)
as seen in the coincidence logic. The quantity § repre-
sents a constant offset term that was found necessary to
give good x? values to some of the fits and represents an
unknown systematic effect (see below).

Data from the FTDC logic and the coincidence logic
were fitted separately to Eq. (8), grouped according to
energy. Data sets corresponding to separate planes in
the detector array (or pairs of planes for the coincidence
logic) were treated separately. Whenever one of the fit-
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ted parameters was found to be consistent with zero, the
terms corresponding to that correlation were removed
from the fit.

Results of these fits are given in Table II, which in-
cludes values of the reduced x2 for each case. In addi-
tion to Aoy, the only fitted parameter that was found
to be large was a, which was determined to be the order
of unity. All other parameters were found to be small or
nearly consistent with zero. The offset term § was found
to be nonzero in some cases. Since it was independent
of the orientation of the polarizations of the PPT and
the neutron beam, it must have originated in the proton
beam. Attempts to identify a source for this effect have
been unsuccessful.

A large number of systematic errors that might af-
fect € were considered. These included (1) the losses of
beam between the SEM and LDT, which could be dif-
ferent for the two spin states because of possible beam

width changes (see Fig. 8) or beam angle changes caused
by the beam feedback system (see Fig. 9); (2) changes
in the number of neutrons at the collimator exit due to
beam width or angle changes with spin, and with the
LDT shape and collimator acceptance; (3) changes in the
fraction of beam missing the PPT related to (1) and (2)
above; (4) slight differences in beam or PPT polarization
magnitudes; (5) the effects of random coincidences with
cosmic ray events and unequal normal and reverse beam
intensities; (6) the effects of CASTOR and LORRAINE
fringe fields on beam spin in different parts of the beam
spot; and (7) errors in the definition of ¢ due to slight
differences in average timing from the two photomulti-
pliers on a single counter. These differences would lead
to offsets of the counter center signal from the center of
the FTDC range. In essentially all cases, the estimated
magnitude of the effect on Aoy was much smaller than
the error on Aoy, although there is some possibility that

TABLE II. Results from correlation fits to data. The “scheme” column indicates the method: i refers to the FTDC plane
and i xj refers to COINC planes. With the exception of Aoy, only those parameters > 30 from zero were included in the fits.

The quantity Kegs is the effective spin transfer, from Table 1.

7-‘lab
(MeV) Scheme Aop(Keg/2A) 1000« 10003 1000y 10006 \/§2/df
484° 1 —0.001 38+0.000 39 1.47
2 —0.000 93+0.000 30 790470 0.95
1x2 —0.00170+0.000 50 1.59
2x3 —0.001 3240.000 59 9704130 1.14
484 1 —0.001 3940.000 28 1.77+0.23 1.40
2 —0.000 53+0.000 27 1.16+0.16 1.43
1x2 —0.001 82+0.000 30 1.45+0.20 1.40
2x3 —0.001 06+0.000 43 1.44+0.29 1.38
568° 1 —0.001 11+0.000 31 904469 1.14
2 —0.000 70+0.000 38 1193499 1.25
3 —0.00091+0.000 35 1443484 1.37
1x2 —0.001 02+0.000 43 949+94 1.21
2x3 —0.000 60+0.000 63 13644141 1.14
3x4 —0.00093+0.000 61 16334142 1.23
634¢ 1 —0.000 20+0.000 25 1183480 —0.6510.12 1.30
2 —0.000 77+0.000 28 1245+92 —0.84+0.14 1.31
3 —0.000 37+0.000 33 15014107 —0.7140.17 1.24
1x2 —0.001 09+0.000 32 11074104 —0.68+0.16 1.10
2x3 —0.000 92+0.000 44 1185+145 —0.55+0.23 1.27
3x4 —0.000 70+0.000 43 11344138 —0.91+0.22 1.12
720¢ 1 —0.001 27+0.000 22 1420+480 +0.39+0.11 1.16
2 —0.001 3740.000 32 1.29
1x2 —0.001 30+£0.000 28 3640+530 +0.76+0.14 1.13
7884 1 —0.001 36+0.000 22 0.52+0.10 1.36
2 —0.000 94+0.000 23 —0.55+0.12 1.28
1x2 +0.000 25+0.000 30 —0.7440.15 1.38
788° 1 —0.001 62+0.000 17 —0.71+0.08 1.28
2 —0.001 160.000 20 1.21
3 —0.000 72+0.000 31 939499 1.64
1x2 —0.001 66+0.000 22 1.44
2x3 —0.001 60+0.000 31 1.13
3x4 —0.001 92+0.000 31 1.21

?First running period.

®Detector moved, first running period.

“Second running period.

9Buncher was not monitored, first running period.
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the quantity é in Eq. (8) may be related to a beam angle
or width change with spin [effects (1)—(3)]. In general,
the large number of runs at each energy (50-100) with
different PPT spin direction and CASTOR field direction
canceled out most of these systematic effects.

Several tests of other systematics were also performed.
For example, the measured asymmetry with the PPT
unpolarized was consistent with zero, as expected. A
nonzero effect would indicate either a systematic error
or a parity violation. Another test involved combining
the data from the first, third, fifth, etc. pairs of normal
and reverse beam spin periods into “fake normal” counts
and from the even pairs into “fake reverse” counts. The
resulting asymmetries were computed and are expected
to be consistent with zero if systematic errors are small.
The observed fake asymmetries were consistent with zero
in all cases. In addition, the np total cross section was
measured at 568 (two runs) and 634 MeV (three runs) us-
ing a combination C/CH, target mounted vertically on
a pneumatic piston, which was controlled electronically
using the normal and reverse accelerator signals. The
thickness of the CH, target was 1.4 cm and the thickness
of the C target (=0.5 cm) was such that both targets had
the same areal density of carbon. Although the statistics
were poor, the cross sections derived from the measured
normal and/or reverse asymmetries were approximately
44 + 13 mb and 25 + 7mb for 568 and 634 MeV, respec-
tively. These are consistent with the known [58-60] val-
ues of o(np) to within one or two standard deviations,
respectively.

IV. RESULTS AND INTERPRETATION

The final results for Aoy (np), which were found by
taking a weighted average of the FTDC values in Table
I1, are given in Table III and plotted in Fig. 10 along with
the data from other sources. The weights were taken
from the statistical errors and increased by the square
root of the reduced x2 shown in Table II to account for
beam monitor (SEM) uncertainties. The normalization
uncertainty for Ao (np) is estimated at 9.3% of its ab-
solute value for the data of the first set of runs and at
10.8% for those of the second set. Table II indicates
the distribution of the data between the run sets. The
uncertainty in Table III includes contributions from the
target constant (6.1% and 8.2%, for the respective sets),
the polarizations of the proton beam (1%) and the PPT
(6.2%), and the error due to having a target of finite size
(1%), which was taken to correspond to one-half of the
measured fraction of the beam missing the PPT. The un-
certainty in the polarization of the neutron beam (~3%)
is also included. However, this depends on the existing
np analyzing-power data [38], which differ in the relevant
kinematic regions by ~10%, as described in Ref. [57].
Thus there is some chance that the systematic error on
the neutron beam polarization is considerably underes-
timated. A 10% change in the K parameters will not
change the values for Aoy (np) by more than essentially
one sigma of the statistical error.

The Aoy (np) results are consistent with data mea-
sured at PSI [28] and Saclay [29,30], but are at variance

TABLE III. World Ao (np) data. The errors are given in the order statistical and systematic,
respectively. The Ao (I=0) data are calculated from the np data using an interpolation of Ao (pp)
values to subtract the /=1 part. In some cases, the existing data have been rounded to fewer
significant digits than are given in the original references.

Tiab Aoy (np) Ao (I=0)

(MeV) (mb) (mb) Reference

180 —31.1+£9.44+2.0 —35.2+18.9+4.0 [28]

225 —26.6+3.4+1.6 —25.5+7.0+3.2 [28]

277 —22.0+£2.7+1.2 —16.21+5.5+2.5 [28]

312 —21.745.940.31 —17.3411.940.62 [30]

332 —17.94+1.840.95 —11.0+3.7+1.9 (28]

390 —14.84+1.040.82 —9.94+2.1+1.6 [28]

459 —9.14+0.8+0.60 —4.6+1.6+1.2 (28]

484 —6.07+1.14+0.56 —0.35+2.294+1.12 Present work

537 —7.9140.6+0.54 —6.1+1.2+1.1 [28]

568 —5.26+1.353+0.57 —0.87+£2.71+1.14 Present work

630 —4.95+1.12+0.48 +1.9242.26+0.96 [30]

634 —2.23+1.09+0.24 +7.40+2.20+0.48 Present work

720 —6.60+1.10+0.61 +3.73+2.23+1.22 Present work

788 —6.65+0.641+0.67 +3.91+£1.34+1.34 Present work

800 —9.51+1.04+0.52 —2.24+2.124+1.04 [30]

840 —9.89+0.724+0.40 —4.03+1.50+0.80 [30]

880 ~9.8+1.5+0.36 —4.6£3.0+0.72 [30]

940 —9.35+0.60+0.33 —4.82+1.291+0.66 [30]

980 —9.2+2.6+0.55 —5.04+5.3+1.1 [30]
1000 —8.89+0.78+0.42 —4.80+1.62+0.84 [30]
1080 —4.94+2.34+0.35 +2.0+4.6+0.70 [30]
1100 —7.80+0.7240.44 —3.95+1.50+0.88 [30]
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FIG. 10. World Aor(np) data as a function of incoming
kinetic energy of the neutron beam in the laboratory frame,
including the results of the present experiment, given with
statistical errors only.

with the Argonne Ao (np) data as derived from Ao, (pd)
[25]. The source of this discrepancy is not known, but
it may be related to the forward NN — NN ampli-
tudes used to obtain Aor(np) from the Ao (pd) mea-
surements. A new dispersion relation analysis of these
amplitudes is in progress [61], using all available Ao, (np)
and Aor(np) results. It is planned to calculate the pd to-
tal cross sections using these amplitudes, Glauber theory
[62], and Fermi smearing corrections.

It is straightforward to extract Ao (/=0) cross sec-
tions from Aoy (np) data by using the formula

Ao (I=0) = 2A0L(np) — AoL(pp) - (10)

This has been done using the present data combined with
the PSI and Saclay data. Values of Ao (pp) were found
with an interpolation curve [15,63-65], shown in Fig. 11.
The results for Aoy (I=0) are given in Table III and
shown in Fig. 12. Note that there is reasonable agree-
ment among the three data sets, which were measured at
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FIG. 11. Selected AcoL(pp) data and interpolation curve
used to extract the /=0 component from Aoy (np).

10 ] T T ?/ 7 —
23 $\§ 1
E #X Ty T
5 Claoe=0) 3 KT ] &
\g T _ /Lé/é —L@ = ‘
c—10 r B LN L A
2 e soN
@ Tv? v N
AT
V=20 i Y A (I=1)
g ;Q }/ ® This experiment
— i /
O i A1 01 PSI (1990)
-30 P i < SATURNE (1987)
, d 5 SATURNE (1991)
P I
0 200 400 600 800 1000 1200

T (MeV)

FIG. 12. Comparison of interpolated Ao (pp) (solid line)
and Ao (I=0) (dashed line) data. The curve drawn through
I=0 data is to guide the eye only. Note the similarity between
Aoy for both I=0 and I=1 channels.

different laboratories.

In comparing Aoy (pp) = Aor(I=1) and Ao ([=0), a
striking similarity in the energy dependence is seen. Fig-
ure 12 shows both Aoy (I=0) data and the interpolation
curve for Aop(pp) data. Since the I=0 channel does
not include md or NA production, this similarity sug-
gests that the structure in Aoy (pp) may be related to
some other process. Bystricky et al. [31] studied various
NN inelastic cross sections and found that, in contrast to
common prejudice, inelastic processes in the /=0 chan-
nel play an important role even below 600 MeV, so they
cannot be neglected (see Fig. 13). They also observed,
in general, that isosinglet cross sections are smaller than
isotriplet ones, while the opposite is true for two-pion
production processes in some energy regions. This allows
for the possible existence of I=0 dibaryon resonances or
inelastic threshold effects.

An attractive aspect of total cross-section data is that
they are linear in the imaginary parts of the NN scatter-
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FIG. 13. Inelastic total cross section for /=0 NN scatter-
ing. The curve is calculated using parameters from a global
fit to NN inelastic cross sections [31].
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ing amplitudes, thereby providing valuable information
concerning inelasticities. In addition, differences in total
cross sections are free of large backgrounds. Expanding
Aoy, in terms of partial waves,

4
Aoy = k—ZImz[@J +1)(R; — Ryj) + Ryt1,0
7

—Ry10—-4/J(T+1) RJ] , (11)

while Ao and o*°t in terms of partial waves are given

by
4r
Aop = ﬁlmZ[@J + 1)RJ —_ (J + 1)RJ+1’J
J

—JRy_15+2/T(T+1) RJ] (12)

and
ot = —Im [(2J +1)(Rs+ Ry_
k2 E J J—1,J

+ Ryt1,0 + Ryy)] (13)

where k is the c.m. wave number, J is the total angu-
lar momentum of the NN system, R; represent singlet
partial waves, Ry are triplet partial waves, and R” are
mixing amplitudes associated with the coupled triplets.

According to Eq. (11), the singlet Ry contributes pos-
itively (can give bumps) to Aoy, while the uncoupled-
triplet Rj; contributes negatively (can give dips) to
Aoyr. The contributions to Aoy, from the coupled triplets
Rjyit1,7 and RY are more difficult to determine. From
the behavior of the Ao (I=0) data, it is tempting to
describe the observed structure as a bump centered at
about 625 MeV. It therefore seems possible that the R;
might be the source of this bump. If contributions from
other partial waves constitute a smooth background, this
also suggests that a bump should be seen in o*°*(/=0) as
well, according to Eq. (13).

Values of this total cross section were derived from np
and pp data and the relation o(I/=0) = 20(np) — o(pp).
Using experimental values of o*°*(pp) [66,67], a spline-fit
routine was used to produce the curve through the pp
data shown in Fig. 14. The np data in the energy range
200-1200 MeV are shown in Fig. 15. While the data of
Grundies et al. [58] agree with those of Lisowski et al
[59], a systematic normalization difference with the data
of Devlin et al. [60] is suggested in the region where they
overlap. The resulting extracted /=0 total cross sections
are shown in Fig. 16. A small change in slope at about
600 MeV is suggested here, which may be related to the
rise of the inelastic cross section shown in Fig. 13.

According to the partial wave expansion for the cross-
section observables [Egs. (11) and (13)], the contribution
of R to Aoy and ot is in the proportion 2:1, respec-
tively. From Fig. 12, the structure in Ao r,(/=0) centered
near 625MeV could be viewed as a 6-mb bump. If it is
due to Rj, structure at the 3-mb level might be seen
in the total cross section near 625MeV as well. Such
structure is present in o*°*(I=0) near 650 MeV (see Fig.
16). In the presence of a strongly energy-dependent back-
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FIG. 14. Selected pp total cross-section data from Ref. [68]
and an interpolation curve used for extracting the /=0 com-
ponent from np total cross-section data.
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FIG. 15. Selected measured np total cross-section data
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ground such a small shift in the position of a bump is
possible.

A previous paper [33] reported results from fitting
Breit-Wigner resonance curves to the Aoy data. It is
appropriate here to describe these fits in more detail. A
partial wave with a resonance at c.m. energy Eg, with
elastic width I’ and total width I', can be parametrized
at c.m. energy E in terms of a Breit-Wigner formula

Te Felﬁ mR—s)—*-'ry
20Ep—E)—il = T (m%—s)2+~

where Ep + E = 2Eg, /s = 2E, mp = 2ER, and v =
4m%T2. For a singlet resonance (R; = a),

a =

s (14)

‘g(w +1)Im Ry

4m Ty
==__ "1 _ 15
Bmg iy
with ¢ = (2J + 1)I¢;/I’, which is sometimes referred to
as the elasticity. The coupled-triplet partial waves were
parametrized in terms of a mixing parameter ¢; in Ref.
[26] as

RJ_LJ RJ _ a 1 €J (16)
RY Ry ) 1 +€e3 \ € et |

and so, for coupled-triplet resonances,

res res __ res __
Acr® = Aoy’ = 2040 =

AOJ‘CS —_ _LIEESE_‘__ ’Y e
BT (mh )7+
X—1+€3—4€J\/-J(J+]j
1+ € '
. 41 Fel Y
Aa_l'eh —
T kzl’(m%—~s)2+’y
oI (J +1)e2 +2e5/T (T +1)
1-{-63- !
2w Ty
e e 17
Utot k2 (m2R_S>2+7 ( )

The database of the cross sections used in the Breit-
Wigner fits of Aop, Aor, and o' is given in Ref.
[68]. A linear background was assumed for Aoy and
Aor and a quadratic one for ot°t. Fits were made
over the region of pi,, from 0.8 to 1.8 GeV/c. The I=0
data used were extracted from cross-section data. When
necessary. cubic splines were used to interpolate miss-
ing data For a singlet resonance, the best fit to the
data from the three cross sections was obtained with
mp = 2214 £ 15 (stat) 6 (syst) MeV, ' =75+ 21 +12
MeV, and = = (2J + 1)I'q/T = 1.01 + 0.15 + 0.15. The
systematic error includes a +10% uncertainty in the neu-
tron beam polarization for these new Aoy data. For
J=1, this resonance couples much more strongly to the
elastic channel (T /T" == 0.3} than the I=1 dibaryons do,
while for J=3, it couples about the same. The resonance
parameters are fairly insensitive to the errors associated
with the data.

Attempts were made for a fit of both J=1 and J=3
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FIG. 17. Breit-Wigner fits to Aoz (I=0) data. The singlet
(solid line) and triplet (dashed line) curves are similar.

to a coupled-triplet resonance. For both values of J, €;
came out close to —4/(J +1)/J. The resonance con-
tribution therefore is similar to the singlet case with
Aoy = 20%* = —Aop. The resonance parameters of
this fit are mp = 2203 MeV, I' = 34 MeV, z = 0.654, and
ey = —1.41.

The difference between the two fits is hardly visible in
o and Aoy (see Figs. 16 and 17), but, for Aor (Fig.
18), the difference is obvious. In A7, this resonance ap-
pears as a bump of the same size as in Ao, but positive
for the singlet case and negative for the coupled-triplet
case. The existing Aot data are consistent with either
such a bump or dip. To clarify this situation, more mea-
surements of Aor(np) are needed in the 1.2-1.5-GeV/c
momentum region.

Recently, Hoshizaki et al. [10] published /=0 phase
shift analyses that included the present data. They
pointed out [69] that the peak position in Aoy (I=0) co-
incided with a peak in the I=0 reaction cross section re-
ported three decades ago by Dunaitsev and Prokoshkin
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FIG. 18. Breit-Wigner fits to Aor(I=0) data, showing
that the singlet partial wave (solid line) produces a bump
and the coupled triplet partial wave (dashed line) gives a dip.
The existing data are consistent with either curve.
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[70], while, twenty years later, Dakhno et al [71] did not
find such a peak. They used the globally fitted total re-
action np cross sections of the Saclay-Geneva group [31]
in calculating their phase shifts. Two analyses were per-
formed: one with no inelasticity and one with the inelas-
ticity allowed to vary for the 3S;, Py, and 3D, » 3 states.
They conclude that inelasticity in the =0 channel is im-
portant above 600 MeV. Since the np database is incom-
plete, they did not insist on uniqueness of the solution.
They also reported finding a resonance in the P, partial
wave, and, after fitting with a Breit-Wigner curve, they
obtained the resonance parameters mp = 2168 MeV,
I' = 25MeV, and I'q;/T = 0.2. They also pointed out
that measurements of Aor(np) are needed to confirm a
predicted peak in the I=0 total reaction cross section.

V. SUMMARY

The quantity Aor(np), the difference between
neutron-proton total cross sections for pure longitudinal
spin states, has been measured at LAMPF for the five
laboratory energies: 484, 568, 634, 720, and 788 MeV.
The work was carried out as part of a program of mea-
surements of np scattering aimed at determining the 7=0
NN amplitudes at energies up to 800 MeV.

The I=0 NN amplitudes can be determined in a
straightforward way from the measured np and pp data.
The spin-averaged total cross section o*°*(np) together
with Ao (np) directly measure the imaginary parts of
two forward np amplitudes, while Ao (np) measures the
imaginary part of a third amplitude.

Measurements of Ao (np) using a free neutron beam
can be compared to values of Aoy (pn) as derived from
Ao (pd) data. Comparisons can check the validity of the
corrections used in extracting the Aoy (pn) results.

The experiment entailed the use of several separate
specialized techniques: the generation of a polarized neu-
tron beam, strict monitoring of the proton and neutron
beam intensities and polarizations, the operation of a
beam buncher and beam steering system, the operation
of a polarized proton target, and a neutron counter array.
The beam buncher and beam steering system were new

additions to LAMPF and helped to reduce systematic
effects due to the P~ beam.

The coincidence and FTDC logic used to obtain the
positions of scattered particles were described, as well as
the off line analysis of the data and estimates of the sys-
tematic errors. The results of the coincidence and FTDC
methods were essentially consistent with each other. Sys-
tematic effects were reduced by frequent beam and po-
larized target spin direction reversals. In addition, data
with the target empty and C/CH; target comparisons
were used to study systematic effects. The estimated
magnitude of the systematic effects on Ao is small.

The extraction of Aoy (I=0) from the Aor(np) data
was described and compared to its I=1 counterpart,
which has a similar energy dependence. It was argued
that inelastic thresholds or resonances are not likely to
be responsible for the structure in /=0 near 650 MeV. A
Breit-Wigner fit, which included other cross-section data,
was discussed. When combined with other data, the Ao,
data were found to contain structure consistent with a
Breit-Wigner resonance in the singlet or coupled-triplet
partial waves. As measurements of Aor(np) between 500
and 800 MeV are lacking, a determination of which par-
tial wave is responsible for the structure, either a singlet
or coupled triplet, is not possible without a phase-shift
analysis.
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