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Charge-symmetry breaking in np elastic scattering at 477 MeV
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The effect of isospin-violating, charge-symmetry-breaking (CSB) terms in the np interaction has
been observed at TRIUMF by measuring the difference in the zero-crossing angles of the neutron
and proton analyzing powers, 4, and 4,, at a neutron energy of 477 MeV. The scattering asym-
metries were measured with a neutron beam incident on a polarizable proton target. To reduce sys-
tematic errors, interleaved measurements of 4, and 4, were made using the same beam and target
(apart from their respective polarization states). Neutrons and protons were detected in coincidence
in the center-of-mass angle range from 59°-80°. The difference in zero-crossing angles was
0.340°+0.162° (£0.058°), which yields AAd=4,— A4,=0.0047£0.0022 (£0.0008) using
dA/df, ., =—0.01382 deg~!. The second errors represent systematic effects. This result is in
" good agreement with recent theoretical calculations which include CSB effects due to the np mass
difference in , p, and 27 exchange, electromagnetic coupling of the neutron anomalous magnetic
moment to the proton current, p-w-meson mixing, and short- and medium-range effects of the up-
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and down-quark mass difference.

I. INTRODUCTION

Understanding the symmetries of a system can be a
valuable guide to the construction of a theory and the
simplifications necessary to make it tractable. In the
study of the nucleon-nucleon (NN) interaction the sym-
metry constraints of angular momentum conservation,
parity conservation, and time-reversal invariance are rou-
tinely invoked. Knowing how these and other sym-
metries are broken can give insight into the details of the
interaction at short distances. This may be particularly
true in forming the bridge between quantum chromo-
dynamics and the effective NV interaction represented by
one-boson exchange.

Isospin was the first internal symmetry postulated for
the NN force.! The very small neutron-proton (np) mass
difference suggested that the neutron and proton could be
viewed as two states of the same particle (the nucleon)
provided that the electromagnetic interaction could be
turned off. By analogy with spin in ordinary space, the
nucleon could have “isospin” T oriented up or down in
“isospin space.” The third component of isospin is relat-
ed to the charge; conventionally the proton has T, = +1
and the neutron has T3 =—1. For an interaction to be
isospin invariant (or charge independent), the Hamiltoni-
an H must be invariant under arbitrary rotations in iso-
spin space,

[H,1]=0, (1

where I is the isospin of the system. For the NN case
with I=T(1)+T(2), the nn, pp, and np forces must be
identical.

Since electromagnetic interactions break charge in-
dependence, violations on the order of the fine-structure
constant are to be expected. Charge symmetry is a less
restrictive constraint than isospin invariance. It only re-
quires that H be invariant for 180° rotations about the 2
axis in isospin space,
inl,

[H,Pr5]=0, P g=e (2)
A charge-independent interaction must also be charge
symmetric, but the converse is not necessarily true. The
charge-symmetry operator reverses the sign of I;, for ex-
ample, changing neutrons into protons, or 7 into 7~
and vice versa. For the NN system the nn and pp forces
should be identical, but there is no relation between them
and the np force. Charge symmetry also requires that
isospin be conserved, so that for the np system there is no
mixing between the I =0 and I =1 states.

Evidence for charge dependence in the NN interaction,
after electromagnetic contributions are subtracted, is seen
in the difference between the low-energy nucleon-nucleon
singlet scattering lengths a,, and a,,, and the effective
ranges r,, and r,, (Ref. 2). Charge-symmetry breaking
(CSB) has been observed in the binding-energy differences
of mirror nuclei, the Nolen-Schiffer effect.>* The ob-
served *H-He binding-energy difference is 764 keV.
After correction for direct electromagnetic contributions,
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80124 keV of this effect remains.’® This is consistent
with the strong-interaction part of the nn interaction be-
ing slightly more attractive than the pp interaction. For
heavier nuclei, the complications of the nuclear many-
body problem make it very difficult to interpret the
Nolen-Schiffer effect in terms of CSB components of the
NN interaction. Comparing the singlet scattering lengths
a,, and a,, (corrected for electromagnetic effects), the nn
interaction again appears to be slightly more attractive
than the pp interaction. However, the corrections for the
electromagnetic effects have non-negligible theoretical
uncertainties, %’ off-shell ambiguities in the Coulomb
corrections being the worst problem. The CSB effects ob-
served in 7m¥d total-cross-section measurements® can be
interpreted in terms of the mass differences of the various
charge states of the A resonance. The same mechanisms
are used to describe possible CSB effects observed in 7d
elastic scattering.’”!! Unfortunately, interpretation of
these data still presents some theoretical difficulty and the
results’ cannot be directly applied to CSB studies of the
free NN interaction.

Henley and Miller!? have classified the terms of the
nucleon-nucleon interaction according to their isospin be-
havior. Class (I) forces are isoscalar in nature and con-
serve both charge independence and charge symmetry.
Class (IT) isotensor forces break charge independence but
preserve charge symmetry. Class (III) isovector forces
depend on [T;(1)+T;(2)] and break both charge in-
dependence and charge symmetry but do not change the
total isospin. Class (IV) forces, the class of interest here,
preserve neither charge symmetry nor charge indepen-
dence nor isospin, and since isospin is not conserved
there is mixing of the 7 =0 and I =1 states of the np sys-
tem.

There are several important reasons for measuring iso-
spin related symmetries. In an optimistic case it is possi-
ble that an effect proportional to the up-down-quark mass
difference  might be found at a scale of
(mgz—m,)/(my;+m,). More realistically, one aims to
test competing conventional models of baryons interact-
ing through meson exchange. Charge-symmetry break-
ing probes an untested aspect of existing theories. In par-
ticular, CSB contributions from one-boson exchange are
sensitive to the low partial waves and therefore depend
on the details of the short-range behavior of the NN po-
tential. The description of CSB may require an explicit
quark-level characterization of the short-distance strong
interaction, where conventional nuclear theory breaks
down.

Lorentz invariance, parity conservation, time-reversal
invariance, and isospin conservation reduce from 16 to 5
the number of possible NN amplitudes for each value of
the isospin. If L is the relative orbital angular momen-
tum of two nucleons, S their total spin, I the total isospin,
and J the total angular momentum, then the generalized
Pauli principle imposes

(_1)L+S+I:_1 .
If parity and isospin are conserved, then the total spin S

is also conserved and there are no allowed spin-singlet-
triplet transitions. For identical nucleons (pp and nn),
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the total spin is always conserved. If isospin is not con-
served spin-singlet-triplet transitions are allowed for the
np system and a sixth amplitude is needed. The scatter-
ing matrix between initial c.m. momentum k; and final
momentum k  is given by

M (k;,k;)=1[(a +b)+(a —b)(c,n)a,n)
+(c +d)(o1)o, 1)

+(c —d)(o;'m)(0,-m)

+e(o,+0,)n+flo,—0,)n]. (3)
The six complex amplitudes are a, b, ¢, d, e, and f, and
k,+k; k,—k; k; Xk
=__f ! , m= f , n= ! S 4)
|kf+kil [kf—ki' |kiXk/‘|

The CSB amplitude f can be expressed in terms of the
nuclear bar phase shifts 8§, and §,, (the singlet and un-
coupled triplet phase shifts, respectively), and new pa-
rameters ¥ ; which are the mixing angles for the singlet-
triplet transitions'* !>

f(0)=—=-3 (2J +1)sin27 ;exp(i&; +i8,,)d1,(0) .
J=1

*
2k
(5)

The d7{,(8) represent Wigner functions.

Effects due to one-photon exchange, p-w-meson mix-
ing, and the n-p mass difference in one-boson exchange
have been extensively examined in a conventional meson
theoretical framework.!*"2! In the NN system CSB
effects are small, the singlet phase shifts §;, and the un-
coupled triplet phase shifts §;; can be taken directly from
phase-shift analyses and the substitution sin2y;=27;,
can be made. The ¥, parameters can be described'*~'®in
terms of radial integrals of functions arising from various
CSB mechanisms.

Only two experimental measurements appear feasible
given the size of the effects to be observed:

d
2F??Aoono-Aooon>:Reb*f, (6)

d
za%(Aoosk—AOOks)zRec*f . (7)

Here a four-subscript notation 4,,, is used to denote the
polarization states of the scattered, recoil, beam, and tar-
get particles, respectively. In Egs. (6) and (7) the index k
refers to polarization along the beam direction, s is trans-
verse to the beam direction in the scattering plane, and »
is normal to scattering plane. )

An investigation of the effects of CSB, isospin-mixing
interactions in the np elastic scattering system has been
carried out at TRIUMF.?2~28 The experiment is the first
direct measurement of class (IV) forces. The difference
between the neutron and proton analyzing powers,
A A= Agono— Agoon = A4, — A4,, was determined at the
angle 6, where the average analyzing power crosses zero.
For A,, the scattering asymmetry was measured using
477-MeV polarized neutrons incident on an unpolarized
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FIG. 1. An illustration of the method employed to extract
AA=A,— A, from the difference in the 4, and 4, zero-
crossing angles for np elastic scattering. d 4 /d0 is determined
from phase-shift analyses; A is determined in the experiment.

hydrogen target. For A,, the polarization states of the
beam and target were interchanged. The value of A 4 at
the zero crossing was determined indirectly from the
difference between the zero-crossing angles of the
separate analyzing-power angular distributions. The
principle of the measurement is shown schematically in
Fig. 1. Phase-shift predictions of d A4 /d6 were used to
relate the experimentally observed angle difference to
A A. The choice of an angle range including 6, was made
to reduce systematic errors to a minimum. In particular,
the 4, and A, zero-crossing angles are independent of
the beam and target polarizations. In any direct absolute
measurement of A 4, uncertainties in these latter parame-
ters can dominate the expected CSB effect.

The experiment was done using left-right-symmetric
pairs of detection telescopes®® to observe in coincidence
the scattered and recoil particles from np elastic scatter-
ing. The same equipment and detector configuration
were used to measure both 4, and 4,. The determina-
tion of the angle difference is then a null measurement
where systematic errors common to both measurements
cancel. The 4, and A4, measurements were interleaved
to eliminate the effects of long-term instabilities in.the
detection equipment and beam properties. Use of ap-
paratus symmetric about the neutron beam direction, and
elimination of geometric changes between the 4, and 4,
phases of the experiment resulted in the cancellation of
most geometric systematic errors in A 4 to at least first
order. Further systematic errors not correlated with
beam or target polarization reversal were canceled to at
least first order by frequently reversing the neutron and
proton polarizations. Since the difference in the zero-
crossing angles, A8, does not depend on the beam or tar-
get polarizations nor on the actual values of the scatter-
ing angles, absolute angle measurements were not re-
quired. However, all angular parameters were deter-
mined as accurately as possible to reduce possible sys-
tematic effects and to allow consistency checks to be
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made. In this experiment A4,(0) and A4,(6) were not
measured absolutely since A8 can be determined directly
from the zero crossings of the scattering asymmetries.

The polarized-neutron-beam facility,22 the detection
equipment,?® and the frozen spin target (FST) (Refs.
24-26) have been discussed in detail in earlier papers and
are summarized only briefly in Sec. II. Section III con-
tains a summary of the techniques used in the data
analysis: the extraction of A 4 from the data and the eval-
vation of the contribution of the background asymmetry
to the result. In the conclusion, the results are summa-
rized along with a discussion of the experimental sys-
tematic error.

The values presented here differ by about one-half of a
standard deviation from our earlier publication.?’” They
represent the results of a more extensive analysis of the
experimental data and supersede the earlier results. Part
of the difference from the earlier result for A A stems
from the use of a more recent prediction for the slope pa-
rameter d A /d 6, ,, . More detail concerning the experi-
ment is contained in a thesis.?

II. EXPERIMENTAL DETAILS

A schematic diagram of the proton-beam transport,
and the neutron-beam production system and the ap-
paratus is given in Fig. 2. The neutron beam was created
via the 2H(p,#)2p reaction. Right-handed coordinate
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FIG. 2. Details of the proton-beam transport system and ex-
perimental apparatus. The figure is not to scale.



systems are used with z along the incident proton direc-
tion, y vertically up, and x horizontal. Primes will be
used to denote the final-state neutron system. The experi-
ment required that the proton beam be stable in energy,
position, and direction at the liquid-deuterium (LD,)
neutron production target.

A. Primary proton beam

To maintain a consistent position on the LD, target,
the x and y positions of the primary proton beam were
monitored with two split-plate secondary-emission moni-
tors (SEM’s) situated 0.86 and 2.18 m upstream of the
LD, target. Each SEM consisted of five parallel, 8-um-
thick aluminum foils. The second and fourth foils were
split into left-right and up-down electrically isolated
halves (1-mm gap), respectively, so that each SEM gave
both x and y position information. SEM output signals
were read every 5 sec by a microprocessor system pro-
grammed to calculate left-right and up-down current
asymmetries and apply appropriate beamline element
corrections. Changes in the SEM asymmetries were
directly correlated to the variation of the proton beam
position. The feedback system employed a bending mag-
net, a horizontal steering magnet, and two vertical steer-
ing magnets.

Left-right and up-down SEM beam-current asym-
metries observed during a typical 2-h run are shown in
Fig. 3. Based on beam profile monitor information, the
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FIG. 3. Horizontal and vertical current asymmetry distribu-
tions from the split-plate secondary emission monitors (SEM’s),
illustrating the stability of the primary proton beam. The
dependence of the asymmetry on position is almost linear. The
estimated beam centroid displacements are shown at the top of
the plots.
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size of the proton-beam spot was about 5 mm full width
at half maximum (FWHM) wide and 4 mm FWHM high
near the LD, target. Assuming a Gaussian beam shape,
the position and angular uncertainties of the primary
beam at the LD, target were conservatively estimated to
be o0,<0.15 mm, 0,<0.15 mm, 0,,<0.006°, and
0gy, <0.004°. No unacceptable SEM asymmetries were
recorded. The beam position stability was sufficiently
good that the influence of beam motion on systematic er-
rors in AA is <10~% No significant differences in the
mean proton-beam position for different beam polariza-
tion states were observed.

The polarization was cycled between up, down, and
unpolarized states at the ion source. It was not necessary
to determine the actual proton-beam polarization. How-
ever, it was measured with reasonable precision to help
maintain as high a polarization as possible and to allow
monitoring of other possible systematic errors. The pro-
ton polarimeter (see Fig. 2) was located in a large scatter-
ing chamber. Protons scattered at 17° in the laboratory
were detected in coincidence with the conjugate recoil
particles observed in scintillator detectors at 168.9°.
Left-right scattering asymmetries (corrected for acciden-
tal coincidences) were calculated from scalers for all po-
larization states every 5 min for monitoring purposes and
later averaged for every 2-h data run. Unpolarized beam
was used to monitor instrumental asymmetries. Left-
right scattering asymmetries were corrected for the po-
larimeter instrumental asymmetry and for the effect of
observed pp pairs from (p,2p) reactions on nonhydro-
genous components in the target. The instrumental
asymmetry was —0.018+0.002 and remained stable
throughout the duration of the experiment. The ob-
served asymmetries were increased by a factor of about
1.03 to account for (p,2p) reactions. The average proton
polarization was 0.65 and ranged from a low of about 0.6
to a high of about 0.7. The y polarization component of
the incident proton beam was precessed by 90° with a su-
perconducting solenoid into the x direction for produc-
tion of the neutron beam.

The experiment was designed so that an absolute cali-
bration of the primary proton-beam energy was not re-
quired. However, it was necessary to maintain a constant
proton-beam energy because of the energy dependence of
the np zero-crossing angle;***° d6,/dE, ~0.018°/MeV
(in the c.m.) at 477 MeV. Variation of the mean proton
energy by 0.5 MeV between measurements of 4, and 4,
affects A 4 at the 10~ * level. The proton energy stablhty
was monitored with a beam-energy monitor’! (BEM)
which consisted of range counter assemblies at +17.0°
relative to the beam axis after the forward detectors of
the proton polarimeter. Each range counter assembly
consisted of six 1-cm-thick scintillators separated by 1-
mm-thick copper absorbers preceded by a copper de-
grader. The BEM observed a fraction of events which
triggered the polarimeter and the degrader was chosen so
that the pp elastic protons stopped in the middle of the
scintillator stack. The mean proton-beam energy in each
range assembly was determined from the numbers of pro-
tons which stopped between each of the counters. The
left- and right-energy values were averaged to reduce ki-
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FIG. 4. Distribution of proton-beam energies observed dur-
ing one of the five data-taking runs. The solid line represents
the average energy. The energy scale has not been calibrated
absolutely and has an uncertainty of about +1 MeV.

nematic effects associated with possible lateral movement
of the beam on the BEM/polarimeter target. This sim-
ple, yet effective, monitor allowed the average beam ener-
gy to be checked with an accuracy of 0.1 MeV in only
10 min of data taking.

The BEM scalers were read every 5 min and proton
beam energies were averaged over 2-h periods. A typical
distribution of energies during the 2 weeks spanned by
one of the five data-taking periods is illustrated in Fig. 4.
The largest variation in energy (i.e., width of the stopping
distribution) during a 2-h run observed during the experi-
ment was 0.31 MeV FWHM; the largest observed devia-
tion of a single energy determination (2-h period) from
the global mean was 0.28 MeV. No data were excluded
on the basis of excessive beam energy variation. The
average beam energies for the five major data-taking
periods were consistent within 0.20 MeV. No corrections
to the data were necessary.

B. Secondary neutron beam

The neutron beam was produced via the quasifree
2H(p, 7 )2p reaction. The neutron production target con-
tained liquid deuterium (LD,) at 22 K and 168 kPa with
a density of 0.167 g/cm?. Fluctuations in the neutron-
beam energy due to LD, temperature variations were
below 30 keV. The neutron-beam energy was measured
to be 47712 MeV in a separate experiment. The width of
the neutron energy distribution was estimated to be about
11-15 MeV FWHM (Refs. 32 and 33). The neutron beam
also has a low-energy tail from 2H(p,7)2p events for
which the second final-state proton is no longer simply a
spectator. This tail decreases rapidly in intensity below
the quasielastic peak to a level of a few percent of the
peak intensity.

To denote scattering parameters relevant to the experi-
ment (apart from 4, and 4,) the four subscript notation
mentioned earlier is used. Both the neutron-beam pro-
duction reaction and the CSB measurements involve
scattering in the horizontal plane.

The large transverse-polarization transfer coefficient at
9° in the laboratory of the 2H(p 7)2p reaction,?>3*
(@0t ab,0)"?=0.78 (ag, is relatively small, g,
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is negative), was used to produce a neutron beam with an
x' polarization component of approximately 0.5. In addi-
tion, there was a small yp’ polarization component
(agyoo=—0.06) of the neutron beam from the quasifree
pn scattering polarization parameter. The neutron beam
was extracted at 9° through a 3.37-m-long steel collima-
tor. The magnet which deflected the primary proton
beam towards the beam dump also served to sweep
charged particles out of the neutron beam. Lead bricks
were stacked in the first of the two spin precession di-
poles to form a 0.61-m-long secondary collimator. The
axis of the primary collimator intersected the proton
beam at the center of the LD, target and the collimator
was constructed to give uniform geometrical transmission
coinciding precisely with the length of the LD, target.

Two dipole magnets (fields along the +y’ and +x’
directions) precessed the large x'-z’ component of neu-
tron polarization into the vertical direction and the
small-y’ component (which does not change sign with the
primary-proton-beam polarization) antiparallel to the
neutron-beam direction. Parity conservation forbids con-
tributions to a left-right asymmetry from longitudinal-
polarization components in scattering from an unpolar-
ized target or one polarized normal to the scattering
plane. The np elastic scattering spin correlation parame-
ters Aooxxs Aooyys and Agg,, are even functions of the
scattering angle and cannot cause a left-right asymmetry
which mimics the effects of A 4. The spin correlation pa-
rameters Ag,, and Ag,, can influence the 4, measure-
ments if there are polarization components of the neutron
beam and the FST in the x'-z’ plane. Fortunately, the
latter spin correlation parameters are very small®®3*
(A, and Ay, =0.03—0.04 at 477 MeV and 70° in the
c.m.). The error in the neutron spin precession was limit-
ed to £6°. From field measurements on the target axis,
the uncertainty in the direction of the proton target po-
larization from the vertical was approximately 1°. The
flaring of the magnetic holding field off the axis results in
a radial polarization component which increases to a
maximum of about 0.06 P, at the bottom extremities of
the target cell. The spatial average of the radial com-
ponent over the target volume is zero due to the cylindri-
cal symmetry of the target and the magnetic field. When
the uncertainties in the precession of the neutron polar-
ization component due to @, and possible target polar-
ization components in the scattering plane are combined,
the effects of Ay, and Ag,, influence the A 4 measure-
ment by <1074

Since the stability of the neutron-beam position was of
great importance, the centroids of the x’ and y’ neutron
beam intensity profiles were determined regularly with a
neutron-beam profile monitor, located 4.32 m down-
stream from the FST (16.9 m from the LD, target). The
origins of recoil protons from a converter scintillator
were determined using two delay-line wire chambers
(DLC’s). The neutron beam has a uniformly illuminated
area ( <10% variation) of 56 mm by .40 mm at the FST
which covers the entire volume of the target cell. The
neutron-beam shape remained stable throughout the ex-
periment and the centroids were constant within approxi-
mately =1 mm. This was also consistent with the SEM
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information which monitored the proton-beam position
stability on the LD, target. The stability of the incident
neutron beam direction was -estimated to be =+0.005°
which affects A 4 only at the 1077 level.

A neutron-beam polarimeter located just downstream
of the profile monitor consisted of four degrader-
scintillator telescopes (left, right, up, and down) used to
measure the x' and y’ polarization components. The
left-right “effective” analyzing power of the neutron po-
larimeter was calibrated while the spin precession dipoles
were at their nominal experimental settings to precess the
neutron spin into the y’ direction. The up-down analyz-
ing power was calibrated while the magnetic fields were
set to precess the neutron spin parallel to the x’ axis.
The effective analyzing powers were =~0.21-0.22 and
differed by about 3% because of the effect of the non-
negligible beam dimensions. The observed asymmetries
were also very sensitive to movement of the neutron-
beam centroid. This provided a second check on the sta-
bility of the primary proton-beam position on the LD,
target.

Neutron-beam polarization components were continu-
ously monitored throughout the experiment. The aver-
age P, was 0.50 and ranged between 0.47 and 0.55. No
evidence for any transverse (x’) component of the
neutron-beam polarization larger than *+0.01 was found
during the experiment. :

C. The frozen spin target

A frozen spin polarized hydrogen target (FST) was
built specifically for the CSB experiment.?* 26 This type
of target allows the proton polarization to be maintained
with a smaller magnetic holding field than other types of
polarizable targets using butanol as the target material.
A small holding field was desired to minimize the bend-
ing of the outgoing protons.

The target cell was a 4.0-cm-diameter, 4.5-cm-high
cylinder which typically contained 50-55 cm?® of 1.4-
mm-diameter butanol beads immersed in a bath of 94%
“He and 6%°He refrigerant. The volume occupied by the
butanol beads in the target canister was determined from
x-ray radiographs taken before and after each major
data-taking period. Material above and below the inner
target canister was kept to a minimum to reduce possible
background sources. The neutron beam illuminated the
entire inner target canister but not the sides of the outer
8-cm-diameter, 12-cm-high, 1.7-mm-thick aluminum vac-
uum shell.

Target polarization took approximately 3 h in a 2.6-T
magnetic field generated by lifting a superconducting
solenoid to surround the target. Once the desired polar-
ization was attained, the temperature was reduced to
about 65 mK to “freeze” the polarization. The polariz-
ing field was then reduced to 0.257 T by lowering the su-
perconducting solenoid out of the path of the neutron
beam and energizing a conventional solenoid above the
target cell. The superposition of the fields from the two
solenoids provided a vertical field (within +1.0°), repro-
ducible and stable to +0.5 mT over a typical 2-week run-
ning period. 4, and A4, measurements with the holding
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field vertically up and down were averaged to reduce the
possibility of systematic errors. The proton target polar-
ization could be parallel or antiparallel to the holding
field direction and all permutations of field and polariza-
tion direction were used.

Target proton polarizations were measured with a
nuclear-magnetic-resonance (NMR) system. An NMR
coil was located in the center of the target canister. Po-
larizations were calibrated against thermal equilibrium
values in the polarizing field at temperature near 1.6 K.
Polarization measurements were made just after the po-
larization procedure and again about 8 h later at the end
of each polarized target cycle. Target temperature was
monitored continuously and only one 2-h run showed any
anomalous temperature variation. Therefore an exponen-
tial decay of polarization between the polarization mea-
surements was assumed. Polarization decay times ranged
between 24 h and several hundred hours depending on
the target temperature, with typical values of about 100
h. The large variation was due to the very steep depen-
dence of polarization decay time on target temperature
and reflected the degree of optimization attained with the
refrigeration system before polarization was started. The
average target polarization was estimated to be 0.77,
varying from 0.90 to 0.50 for individual runs. Comparing
the slopes of the 4, and 4, analyzing power data indi-
cated that the target polarizations were free of major sys-
tematic errors at the 4% level. This degree of precision is
of course useless for a direct measurement of A 4 at the
10~ *level.

Displacement of the cylindrical axis of the target canis-
ter relative to the axis of the holding field could result in
inaccurate reconstruction of both the proton scattering
angle (errors in the line integral of the magnetic field over
the path length of a recoil proton) and the neutron angle
(deviation from the assumed geometry). Radiographs of
the target position were made on several occasions over
the duration of the experiment. Deviations from the
nominal target position in the horizontal plane were less
than 2 mm between the major data-collection periods.
No significant position differences were noted in any one
period. Appropriate corrections were made in the off-line
analysis and possible contributions to errors in A A4 are
negligible.

D. The proton-detection apparatus

A schematic diagram of the experimental detection ap-
paratus is shown in Fig. 5. The proton detection assem-
blies were mounted on rigid booms located at
52.00°t0.02° to the neutron-beam axis. Each proton
detection telescope subtended a laboratory angle range of
approximately 11° straddling 6,. Each boom supported
four 58 cm by 58 cm (active area) DLC’s for proton-track
reconstruction, time-of-flight (TOF) counters for momen-
tum determination, and a range counter assembly to help
separate elastic np recoil protons from high- and low-
energy backgrounds. Each DLC had a single-anode wire
plane between two cathode planes and provided both hor-
izontal and vertical coordinates.

The range counter assembly consisted of a AE counter,
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FIG. 5. Schematic diagram of the layout of the experimental
detection apparatus showing the positions of the neutron and
proton booms relative to the frozen spin target.

a wedge-shaped brass energy degrader which reduced the
energies of elastically scattered protons to a common
value independent of their recoil angle, the E counter, a
thin brass absorber, and a veto counter. The combina-
tion of wedge degrader and thin absorber permitted only
particles with energies higher than that allowed by free
np scattering kinematics to reach the veto counter.

The proton TOF was measured between a small scintil-
lator “‘start” counter (pTOF) near the FST and a larger
“stop” counter (E-counter) 3.4 m away from the FST.
The pTOF time signal was taken as the average of the
two timing signals from photomultiplier tubes (PMT’s)
attached to the top and bottom of the counter. Two
PMT’s viewed the E counter on each of the top and bot-
tom edges. The timing signal from the E-counter was an
average of appropriate combinations of either three or
four PMT signals and corrections were made for position
dependence. Corrections to the calculated proton ener-
gies were also made for energy losses in the FST and the
wedge-shaped absorber.

The four DLC’s on each proton boom were grouped in
pairs, one pair near the pTOF and the second pair near
the AE counter. This gave adequate redundancy and
made the system resolution less dependent on wire-
chamber inefficiencies. Each chamber provided both hor-
izontal and vertical proton track coordinates from delay
lines on the cathode planes. The “picket fence” distribu-
tions of the horizontal coordinates allowed an absolute
calibration of the nonlinearities of all the chamber delay
lines.

The nonlinearities of the chamber delay lines were cali-
brated in a separate measurement using a different
geometry. The four chambers on each boom were
grouped together as closely as possible and located on the
proton boom as far from the FST as possible. The first
and third chambers were rotated by 90° so that their
“vertical” coordinate was oriented to give horizontal po-
sitions. Protons scattered from the FST were observed
over the full active area of the chambers. For the “hor-
izontal” coordinates individual anode wires were easily
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identifiable as sharp peaks in the delay line time
difference spectra (since the anode wires ran vertically).
Each peak was matched with its anode wire whose rela-
tive positions in space were accurate to =0.05 mm. Each
“vertical” coordinate was calibrated against the picket-
fence spectra of two of the other chambers. The horizon-
tal track position resolution of £1.0 mm was limited by
the anode wire spacing. The vertical track-position reso-
lution of 0.7 mm FWHM was somewhat better since it
was not limited by the granularity of the anode wire spac-
ing.

Acceptable proton tracks in the CSB experiment re-
quired at least a single horizontal and vertical coordinate
in each of the front and back pairs of DLC’s. Approxi-
mately 2% of the events did not satisfy this criterion—
most of which had no useful DLC data. When coordi-
nates were observed in the central region of two
chambers, typical inefficiencies were <2% in any of the
four other individual planes. For events that had valid
wire information in at least one chamber, the other
chambers usually had valid data and their overall track
detection efficiency was >99.5%. Approximately 5% of
reconstructed tracks were rejected by later cuts because
of excessive multiple scattering which resulted in a poor
x? for the fit to a straight line.

Magnetic-field maps of the FST region were made be-
fore the beginning and after the completion of the experi-
ment in several planes above and below the median plane
of the apparatus. The holding field caused a nominal 1.2°
deflection for 156 MeV protons scattered at 52° from the
center of the FST. The actual deflection depended on
holding field direction, the np vertex position within the
target, the proton recoil energy, and the proton energy
loss in the target material and support structure. The
fringe field near the FST of the neutron-beam spin preces-
sion dipole magnets was about 1.1 mT in the x’ direction.
The vertical fringe field of the cyclotron was about
0.5-1.0 mT at the FST. Over the length of the proton
detection apparatus the integrated cyclotron field was
1.24 mT m, approximately 3% of the holding field line in-
tegral. To understand the effects on the detection system,
simulated “average” proton paths were tracked in the
holding field from an assumed position at the center of
the FST through the DLC’s. The small transverse mag-
netic field components were neglected in the analysis.
The simulation included the effects of average proton en-
ergy losses through the system. The results of the simula-
tion were used to define a momentum-dependent correc-
tion to the observed proton angle.

An additional proton angle correction of about 0.1°
was made for experimental biases caused by a combina-
tion of nuclear interactions in the wedge-shaped ab-
sorber, the target holding field, and multiple scattering in
the target. Protons at a given angle which multiple scat-
tered towards the thick side of the wedge had a larger nu-
clear interaction probability than those which multiple
scattered towards the thin side, producing a statistical
bias towards larger scattering angles. The observed in-
strumental biases were reproduced qualitatively using a
Monte Carlo simulation. The actual corrections were
taken from the mean experimentally observed error in the



np opening angle distributions for tightly constrained
elastic scattering events. Separate corrections for left and
right events and for field up and down were used. This
also provided an empirical compensation for the effects of
the cyclotron fringe field.

The small biases observed in the proton angle distribu-
tions do not by themselves have any effect on the mea-
surement of A 4 since both the 4, and A4, distributions
are affected to the same extent. The corrections were
done so that a consistent statistical analysis could be
made for all events in order to discriminate against
(n,np) background. ’

E. Neutron-detection apparatus

The neutron-detection assemblies were centered at
32.00°+0.02° relative to the neutron-beam axis and sub-
tended an 11.4° angular range. Each neutron detector in-
cluded two stacks of seven optically isolated NE110 scin-
tillator bars 1.05 m wide, 0.15 m deep, and 0.15 m high.
The bars were fitted with modified Winston cone light
collectors and photomultipliers at each end. This
geometry accepted light reflected from the inside surfaces
of the bars at angles < 15°. Groups of either three or four
nonadjacent PMT’s on one side of a scintillator stack
were connected electrically as illustrated in Fig. 6 which
shows the neutron-array electronics. The delay line
“daisy chain” allowed time information to be used to
identify the bar in which the neutron interaction oc-
curred and minimized the electronics required. Three
overlapping scintillation counters were placed in front of
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FIG. 6. Schematic diagram of the neutron-detection system
electronics preceding the trigger logic. The ‘“daisy-chain” ar-
rangement of nonadjacent groups of three and four neutron
scintillator bars allows the bar in which the neutron interacts to
be identified with a minimum of electronic modules. The nTOF
and button counters detect fast protons which penetrate the
neutron scintillator bars.

39 CHARGE-SYMMETRY BREAKING IN np ELASTIC. ..

2471

the neutron array in order to veto charged particles.
Small 70-mm-by-64-mm “button” counters were located
behind the center of each scintillator bar of the back ar-
ray. The neutron-array pulse-height (PHT) signals for
the passing protons which penetrated to the button
counters were used to calibrate the gain and timing
characteristics of the scintillator-array PMT’s on a run-
by-run basis. These “button events’” were obtained con-
currently with the np elastic-scattering data. They were
analyzed in a first pass through the data to provide the
necessary calibrations and corrections for timing and
gain fluctuations. A counter (#"TOF) similar to the pTOF
was used to select charged particles coming from the FST
region.

The neutron-detection efficiency was initially depen-
dent on the hardware threshold of the electronic discrim-
inators and later on, in the off-line analysis, on the
software pulse-height thresholds which exceeded the
hardware limits. Shifts in the photomultiplier gains
without a corresponding rescaling of the software
discrimination thresholds would change the neutron
detection efficiency. Button events provided a statistical-
ly stable signal from the photomultipliers against which
gains were calibrated. The button protons deposited
about 60 MeV in the neutron-scintillator bars. The PHT
centroids were maintained at their nominal values by
periodic adjustments of the high voltages. Drifts in gain
between consecutive 2-h periods for each of the 56 PMT’s
could be determined to within about +0.3%. The aver-
age scattering angle (and therefore the energy distribu-
tion) of the button protons was slightly dependent on the
deflection of the particles in the FST holding field. But-
ton event pulse heights were scaled by approximately
10.7% depending on the field direction to compensate
for this effect.

The x’ coordinate of the interaction point in the neu-
tron scintillator bar was determined from the difference
of the time signals from opposite ends of the struck bar.
The lengths of the bars corresponded to a time difference
range of 13.24+0.2 ns. Relative timing drifts of the
PMT’s at either end of a bar affected the position deter-
mination. The discrepancies between the apparent but-
ton proton positions and the physical button counter lo-
cations were used to correct for these drifts for each bar.
The centroids of the button proton positions were deter-
mined to within £0.4 mm during each 2-h data-taking
run.

Uncertainties in the y’ and z’ neutron interaction coor-
dinates both were limited to £7.5 cm by the 15-cm
height and depth of the neutron scintillator bars. The po-
sition resolution along the bars was estimated to be 30
mm FWHM from the difference of the observed positions
of individual button events in the front and back bars.

Neutron time-of-flight information was determined
from the time of the scattering at the FST calculated us-
ing pTOF information and the average of the timing sig-
nals from the struck neutron scintillator bar. The effects
of timing drifts on the extracted particle energies were
monitored using np elastic events. The deviations of the
proton and neutron energies from the values expected by
kinematics (derived from the angle information) were
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determined on a run by run basis. Timing corrections
were made to keep the centroids of the np elastic neutron
energy deviations for each bar smaller than 2 MeV. The
timing resolution in the neutron arrays did not always al-
low unambiguous identification of the original neutron
scintillator bar struck when the interaction products were
detected in adjacent bars. In such cases the interaction
times in the two bars were averaged and a small timing
correction applied to obtain properly calibrated energies.

F. Data collection

The experimental data taking spanned 11 months, in-
cluding four 2-week periods using butanol and a final 1-
week period with graphite in the FST to determine the
inelastic background. During successive 4-day-long cy-
cles, data'were collected with target polarization up and
down and unpolarized neutron beam, and with polarized
neutrons and an unpolarized target. The holding field
was also used in both vertical directions. Each 4-day cy-
cle included all permutations of beam and target polar-
izations, and holding field direction. During the polar-
ized beam portions of the experiment, the proton-beam
polarization was cycled at random under computer con-
trol between up, down, and unpolarized states, the ratio
of times being 3:3:1 for the different states.

Numerous on-line checks were made by the acquisition
program to monitor the operation of the FST, position
stability of the proton and neutron beams, the proton-
beam energy and polarization, and the reliability of the
particle detection apparatus. The long-term stability of
the equipment was monitored with an off-line analysis
that provided feedback within several hours. In this off-
line analysis PHT drifts in the neutron detectors and the
efficiencies of wire chambers were checked. High-voltage
adjustments to the neutron counters were made if any
gain drifts exceeded a few percent.

III. ANALYSIS

The full data analysis progressed through four stages:
(i) calibration of equipment on a run-by-run (tape) basis
with special attention paid to understanding all possible
sources of systematic errors; (ii) selection of np elastic
events based on a statistical analysis of the kinematic pa-
rameters of each event; (iii) calculation of scattering
asymmetries from the angular distributions to extract the
zero-crossing angles and A A4, and (iv) study of the inelas-
tic background and correction to the extracted value of
A A. Most of the procedures used for calibration of the
apparatus have been described above.

A. Selection of neutron-proton elastic events

Neutron-proton coincidences were detected in mirror-
symmetric pairs of neutron and proton detection tele-
scopes. Events will be referred to as “left” or “right” ac-
cording to the side of the neutron beam on which the
scattered neutron was observed (from the point of view of
an observer looking downstream).

For np elastic scattering in the laboratory, assuming
the incident energy to be known, only two kinematical
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variables (including one azimuthal angle ¢, or ¢,) need
to be observed to calculate all the parameters of an event.
Since all of the following observables were measured: T,
T,, 9[,, 0,, ¢p, and ¢,, each event was four times
kinematically overdetermined. This overdetermination
allowed np elastic events to be distinguished from inelas-
tic background. y? variables were defined for the follow-
ing kinematic parameters: the sum of the neutron and
proton kinetic energies, 7,,=7,+7T,; the x’ com-
ponent of the sum of the particle momenta,
P..=(p, tp, ), the np opening angle, 6,=6,+86,; and
the np azimuthal coplanarity, A¢ =6, —¢, —180°.

A typical T, histogram for elastic events is illustrat-
ed in Fig. 7(a). The nominal neutron-beam energy was
477 MeV. The 14-MeV FWHM spread in the incident
neutron energy distribution, the spread of proton energy
losses in the FST, and the resolution of the scattered neu-
tron TOF were the main contributors to uncertainties in
Tym- The tail below the peak is due to a low-energy
component in the incident neutron energy distribution
and the (n,np) background not rejected by cuts on the
other kinematic parameters.
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FIG. 7. Distributions of the kinematic variables used for y?

tests. In all cases events are selected by requiring x¥? <5 for the
three other kinematic parameters. The solid curves are Gauss-
ian distributions with the standard deviations determined from
fits to the central regions. (a) np kinetic energy sum. The cen-
troid is equal to the energy of the incident neutron-beam energy.
With x? cuts applied, the low-energy tail is mainly due to the in-
cident neutron-beam energy distribution, and only partly due to
(n,np) reactions. (b) np horizontal momentum balance. (c) De-
viation between the observed and kinematically expected np
opening angles. (d) Experimental np coplanarity.
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An example of P,. is illustrated in Fig. 7(b). For elastic
scattering, even for low-energy incident neutrons, the to-
tal transverse momentum of the scattered np pair should
be zero. Constraints on P, eliminate only (n,np) events.

The deviation between the observed np opening angle
in the laboratory and the kinematically expected value,
Ad; is illustrated in Fig. 7(c). The width of the elastic
scattering distribution is due primarily to Coulomb mul-
tiple scattering of the protons in the FST. Constraints
based on A8, eliminated (n,np) events, double-scattered
nucleons, and elastic-scattering events originating from
the low-energy neutrons in the beam.

For np elastic scattering the neutron and proton az-
imuthal angles should differ by 180°. The coplanarity
variable A¢, defined as the deviation from 180°, is shown
in Fig. 7(d). The width of A¢ is dominated by proton
multiple scattering and then +7.5 cm uncertainty in the
neutron vertical interaction position due to the size of the
neutron scintillator bars. Only (n,np) events and
double-scattered nucleons are eliminated using this ob-
servable.

Assuming a nominal neutron-beam energy of 477 MeV,
the statistical quality of each event was evaluated by
defining x? variables for the four observables presented in
Fig. 7. The standard deviations for the distributions were
obtained from the data. Adjustments to the standard de-
viations were made on an event-by-event basis to com-
pensate for the angle dependence due to the large relative
variation in the proton energy over the acceptance of the
detection system. The standard deviations varied from
their central values by approximately +10%.

The observed low-energy tail in Fig. 7(a) is due pri-
marily to low-energy neutrons in the incident beam. A 6,
distribution for the events in the tail of Fig. 7(a) shows a
very strong bias to large opening angle and is consistent
with >90% of them being np elastic scattering. The
T m tail is cut off below 300 MeV by the constraint on
6,. The T, distribution of (n,np) events peaks at 455
MeV, with the distribution falling to a relatively flat level
below 380 MeV of about 20% of the peak value. Based
on the width of the coplanarity distribution, a standard
deviation of about 0.75° was expected for AG;. The ob-
served width of 0.85° is consistent with an effective ener-
gy spread in the neutron beam of about 10-20 MeV. A
positive bias of about 0.1° in the centroid of the A6, dis-
tribution, which is not readily apparent in Fig. 7(c), is
also due to the effect of neutrons with energies below the
nominal value.

Several different combinations of constraints on the y*
variables were used in the analysis to verify that the ex-
perimental result was not dependent on the value and/or
type of cut. In some cases, all four y? variables were
forced to be less than a specific value. This condition is
expressed as y? <. Alternatively, constraints were ap-
plied to the sum of the four y? variables; this constraint is
expressed as 3 x* <&. Distributions of the 3x? variable
and of one of the simple x? variables are illustrated in
Fig. 8 for all observed left events. There are no con-
straints applied to the data. In the experiment about
10% of the triggers are due to scattering of neutrons with
energies less than 440 MeV. Nearly 75% of all triggers
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FIG. 8. (a) The np opening-angle error y? distribution for all
left events. An ideal y? distribution with one degree of freedom
is illustrated by the solid curve. Note the larger tail of the ex-
perimental y? distribution. This is primarily due to (n,np)
events with some contribution from the energy distribution of
the incident neutron beam. The positions of the y? constraints
at 4, 5, 7.5, and 9 used in the analysis are indicated by arrows.
(b) The Sx? distribution compared to an ideal y? distribution
with 4 degrees of freedom. The arrows indicate the constraints
at 10, 15, and 20 used in the analysis.

were np elastic events and the remaining events were
(n,np) reactions on nuclei. The various cuts employed in
the analysis, S x*< 10, 15, or 20, and x?<4, 5, 7.5, or 9,
are also illustrated on the figure. The constraint y<5
employed for the quoted result allowed about 1% back-
ground in the elastic np event sample and accepted ap-
proximately 85% of elastically scattered np events. The
distributions displayed in Fig. 8 deviate from ideal y? dis-
tributions because of non-Gaussian multiple scattering in
the target, the low-energy component in the incident neu-
tron beam, and the presence of (#,np) background.

For cases where there was redundant proton track in-
formation from the DLC data, a “goodness of fit” vari-
able A2=3 (x,—x,)?/(N —4) was determined. x, and
x, are the reconstructed and observed DLC coordinates,
and (N —4) is the number of coordinates used in the
track-reconstruction calculation minus the four coordi-
nates necessary to reconstruct a track. The sum was over
the valid horizontal and vertical DLC coordinates among
the eight possible. A cut was placed at A% <40 which re-
jected ~5% of the recorded events coming from the FST
target region. This loose cut eliminated only events with
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large multiple scattering in individual DLC’s or where
there were multiple hits in the chambers.

The z'-y’ projection of the np vertex image was calcu-
lated from the DLC proton track information. The cuts
placed at |y’| <30 mm and |z’| <35 mm were very liberal
and only removed background events. These constraints
on the target image z’ coordinate were intentionally loose
since no corrections were applied to the vertex recon-
struction to account for the deflection of the protons in
the magnetic holding field of the FST. The reconstructed
target image was displaced by =3 mm along the beam
direction depending on the side of the beam on which the
proton was detected, and on the holding field orientation.

The proton telescopes determined the geometrical ac-
ceptance for np elastic scattering events. Only a small
fraction of the top and bottom neutron scintillator bars,
varying from about 8% for the small neutron scattering
angles to less than 1% at the larger angles, was inside this
geometrical acceptance. Since so few elastically scattered
events were observed in the top and bottom bars, they
contributed a disproportionate number of (n,np) events.
Therefore, all events detected in the top and bottom bars
were excluded from the data set used to calculate the
zero-crossing angles for 4, and 4,.

A typical normalized neutron scintillator bar PHT
spectrum with the ADC pedestal subtracted is shown in
Fig. 9. The hardware discrimination threshold is in a re-
gion where the PHT distribution is rising rapidly. In or-
der to check for possible systematic errors associated
with gain changes in the neutron array PMT’s or varia-
tions in the hardware discrimination thresholds, asym-
metry zero-crossing angles were calculated as a function
of several software cuts on the PHT’s. Cuts were applied
at the ADC channels 0, 15, 20, and 25 and compared.
No systematic effects were found even without software
discrimination (ADC channel zero as the lower limit).

B. Asymmetry calculation

The principle of extracting A4 =4, — A, from the
difference between the zero-crossing angles is illustrated

—
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FIG. 9. A typical neutron scintillator bar phototube ADC
response after pedestal subtraction and gain renormalization.
The arrows indicate the PHT cuts at 15, 20, and 25 channels
used in the analysis.
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in Fig. 1. The constant of proportionality is the c.m.
slope of the analyzing power
dA
An—Ap-_——AG—ég . (8)

After constraints were applied the events were sorted into
histograms with 0.25° (lab) wide bins for 6, and 6,. The
left-right scattering asymmetries were then calculated on
a bin-by-bin basis and the slopes of the asymmetries and
the zero-crossing angles determined with a linear least-
squares fit. For convenience the results were expressed in
terms of the equivalent c.m. neutron scattering angle.

Several procedures were used to determine A 4. In the
procedure referred to as the “overlap” calculation the
scattering asymmetry is obtained from

_r—l1
r+1° ®
where r is the ratio
1/2
L*R~
= | (10
RTL™ )

The superscript represents the proton or neutron polar-
ization direction for measurements of 4, or 4,. This
method of calculation cancels all systematic errors not
correlated with target or beam polarization reversals to
at least first order. However, the procedure is only possi-
ble for the angle range common to both left and right
scattered protons. This was approximately 9.5° (lab) be-
cause of the effect of the target magnetic holding field.
Asymmetries were also calculated for left and right
events separately over a larger 11° (lab) range where the
number of events in every angle bin was greater than 50.
The scattering asymmetry in these cases was given by

LT —kL~
€ =——"— 11
L Lt kL an
for left events, and
RT—kR™
L R I — 12
RO R*+«kR™ (12

for right events. The constant «, used to obtain the
correct relative yield normalization, is the ratio of the to-
tal number of events detected for polarization up and po-
larization down in the central 8° (lab) where the accep-
tance was uniform within +3%:

+ +
=L_—+R—~(central 8°) . (13)
L™ +R

The “nonoverlap” calculation benefits from improved
statistics but is potentially more susceptible to systematic
errors. A comparison of the asymmetries calculated via
the two methods provides a means of testing consistency
between the left and right detection systems and is a con-
trol for systematic effects since errors generally enter into
the separate calculations in a different manner.

The analyzing-power zero-crossing angle can be deter-
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FIG. 10. A typical scattering asymmetry angular distribution
calculated with the overlap method. A linear least-squares fit to
the data is displayed. The data shown were obtained during the
first data-taking run with the magnetic holding field pointing
down, neutron-beam polarized, and FST unpolarized. Note
that the laboratory scattering angle is used here.

mined from the scattering asymmetry distribution as a
function of either 6, or 6,. The analysis concentrated on
the proton angle result because measurement of neutron
angles is susceptible to a number of additional systematic
and random errors (discussed later).

A typical scattering asymmetry angular distribution is
illustrated in Fig. 10 along with its linear least-squares fit
using the zero-crossing angle and the slope as free param-
eters. All major runs were analyzed separately to avoid
the introduction of systematic errors. Separate fits (a to-
tal of 48) were made for 4, and A4, data for each FST
field direction before the results could be combined. The
distribution of confidence levels for the fits was flat so
their quality was considered satisfactory. Simulations
showed that no systematic error in determination of the
difference between the 4, and A4, zero-crossing angles is
introduced by ignoring deviations from linearity in this
limited angle range. Zero-crossing angles will be denoted
by 6, when the data are obtained from proton scattering
angles and 6,, when the neutron scattering angles are
used. The differences between the zero-crossing angles
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are denoted by A6,=6,,(4,)—6,,(4,) and A6,
=00,(A4,)—6p,(4,).

C. Investigation of systematic errors

The values of A6, averaged over the holding field
directions for the four np elastic scattering data taking
periods are listed in Table I. They are consistent, as are
measurements made with different holding fields. The
small differences between the nonoverlap and overlap cal-
culations using the proton scattering angles indicate that
systematic errors associated with the angle range used in
the fit are under control at the 0.06° level. The compara-
ble difference for neutron angles was less than 0.01°. The
results for the nonoverlap region include portions of the
system where there was rapid variation in detection
efficiency and the potential for systematic errors is large.
The difference in Table I between the overlap and nono-
verlap calculation, especially when the neutron angle re-
sults are considered, is indicative the good control over
systematic errors, but is not a measure of systematic error
in the quoted results. When the proton angle range used
for the two modes of calculation was the same, the mean
difference was only 0.004°. There is no indication of any
uncorrected systematic effect that affected the left and
right events differently.

The asymmetry zero-crossing angle was also deter-
mined from the neutron scattering angle distributions.
Comparison of A8, and A6, is shown in Table II. In the
c.m. system A6, should be equal to A@,. The agreement
is reasonable.

As stated earlier, some undesired polarization com-
ponents could potentially affect measurement of A A.
The target configuration, the choice of beam and target
spin combinations, and the care in preparing the beams
make contributions to AA from Agoys Aooyys Aoozs
Agoz> and Ay, completely negligible, even in the most
pathological cases (which are known not to have oc-
curred since the transverse neutron polarization com-
ponents were measured continuously). The FST subtends
an angle of only +0.1° at the LD, target so the spatial
nonuniformity of the neutron-beam polarization profile is

TABLE 1. Difference between the 4, and A4, zero-crossing angles, A, in the c.m., based on the
proton scattering angles. Constraints applied are ¥? <5, and PHT >20. The column of nonoverlap
values is the weighted average of the left and right events. The error in the least significant digits is
given by the value in brackets. The error for the nonoverlap-overlap difference is an estimate taking
into account the correlation in the data sets. The values have not been corrected for background.

Simple average over FST magnetic holding fields
A6, (c.m. degrees)

Left Right Nonoverlap Overlap Nonoverlap-overlap
Run events events region region difference
1 0.723(440) 0.685(430) 0.704(307) 0.659(316) +0.045
2 0.293(496) 0.480(469) 0.392(341) 0.444(347) —0.052
3 0.156(328) 0.230(336) 0.192(235) 0.086(245) +0.106
4 0.602(424) 0.270(428) 0.437(301) 0.356(299) +0.081
Weighted
average 0.404(204) 0.387(203) 0.396(144) 0.340(147) +0.056(40)
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TABLE II. Comparison of the 4, and A4, zero-crossing angle differences, A6, and A6, in the c.m.
The values are obtained from the simple average over the two FST magnetic holding field directions.
Constraints applied are y? <5, and PHT >20. The values for the overlap region have been used. The
background analyzing power assumes a neutron-beam polarization 0.51+0.01 and the correction is

made using Eq. (15).

AO (c.m. degrees)

Ag, AG,

A6 for run 1 +0.659(316) +0.762(313)

A6 for run 2 +0.444(347) +0.442(342)

A6 for run 3 +0.086(245) +0.194(240)

A for run 4 +0.356(299) +0.480(304)

Weighted average +0.340(147) +0.429(146)

Background analyzing power (A4,) +0.004+0.085 +0.026+0.085

Background fraction (#,) 0.010+0.003

Background-corrected A@ +0.340(162) +0.414(161)
dA/d6 —0.01382

AA +0.0047+0.0022 +0.0057+0.0022

small. Systematic effects from this source, and from pos-
sible nonuniformities in the target polarization cancel be-
cause left and right scattered events were observed con-
currently.

The proton range telescope wedge contributed a small
systematic error to the measurement of 6, as discussed in
Sec. IID. Corrections for this were made, and as for
most systematic errors, the effects cancel when the CSB
difference A6, is formed. The ratio of detection
efficiencies for left and right events was constant within
statistical errors of about +2% in the central 6° (lab) of
the system acceptance, but the left and right event
efficiencies differed in relative value by about 15% be-
cause of nuclear interactions in the wedge degrader. The
ratio of efficiencies changed from 0.85 to 1.15 when the
FST magnetic holding field was reversed. Simulation of
the presence of the wedge in the system did not produce
any bias in A6,.

Asymmetries were determined for a variety of y? cuts.
The x? cuts were selected to accept a large percentage of
np events while reducing quasielastic background to a
level where it had minimal effect on the asymmetry calcu-
lation. Table III shows the results of various Y2 con-

straints on the data set. There is no significant depen-
dence on the details of the 2 cut. This is consistent with
the effect of background contamination being small, in
agreement with other considerations that will be de-
scribed later.

Table IV contains values of A6, as a function of cuts
on the neutron scintillator bar PHT’s after corrections
for gain shifts and the ADC pedestals. The PHT cut at
ADC channel 20 employed in the final results is just
above the hardware discrimination threshold for all the
neutron counters. It yields maximum detection efficiency
but avoids possible systematic effects due to variations in
the hardware threshold due to PMT gain changes or elec-
tronic drifts. The absence of any systematic dependence
of A6, on the PHT discrimination threshold indicates
that it does not influence the result.

D. Background subtraction

The most serious potential source of error in the mea-
surement of A A arises from the presence of (n,np) events
from the nonhydrogenous materials in the path of the
neutron beam. Inelastic processes influence the 4, mea-

TABLE III. 4, and A, zero-crossing angle differences A6, in the center of mass, based on the pro-
ton scattering angles using several different y* constraints. The data for different magnetic holding
fields have been averaged together. No background corrections have been made.

A6, (c.m. degrees)

Constraint

run xi<4 xi<5 x?<1.5 x2<9 S x*<10 I x*<15 I x*<20

1 0.807(338) 0.659(316) 0.661(292) 0.701(289) 0.798(300) 0.556(287) 0.595(286)

2 0.563(355) 0.444(347) 0.429(323) 0.484(317) 0.450(333) 0.478(316) 0.454(316)

3 0.023(259) 0.086(245) 0.093(226) 0.154(222) 0.017(235) 0.136(224) 0.134(220)

4 0.374(312) 0.356(299) 0.365(283) 0.388(227) 0.413(289) 0.358(278) 0.378(273)
Weighted

average 0.376(154) 0.340(147) 0.342(137) 0.387(135) 0.363(141) 0.343(135) 0.349(133)
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TABLEIV. 4, and A4, zero-crossing angle differences, Af, in the c.m. based on the proton scatter-
ing angle using different constraints on the neutron scintillator bar pulse heights. The data for different
magnetic holding fields have been averaged together. (MeV ee= MeV electron equivalent).

A6, (c.m. degrees)

PHT >chl5 PHT >ch20 PHT >ch25
Run No PHT cut (0.84 MeV ee) (1.12 MeV ee) (1.4 MeV ee)
1 0.684(303) 0.618(309) 0.659(316) 0.656(322)
2 0.378(325) 0.470(337) 0.444(347) 0.402(354)
3 0.063(234) 0.000(241) 0.086(245) 0.129(252)
4 0.339(291) 0.299(294) 0.356(299) 0.352(302)
Weighted average 0.321(141) 0.292(144) 0.340(147) 0.348(150)

surement if the quasielastic scattering processes, for ex-
ample, '’C(n,np), >*He(n,np), and '°O(n,np), have
nonzero asymmetries at the elastic scattering zero-
crossing angle. Estimates of background effects were
made by replacing the butanol target beads with graphite
beads during the final data taking period to create a dum-
my target. This removed most of the hydrogen from
within the target but retained the relative mass ratios of
the various background sources. It was assumed that the
effects of carbon and oxygen in the FST are equivalent in
producing background events. Sources of background
within the FST viewed by the proton time-of-flight sys-
tem are listed in Table V.

The number of (n,np) events from target material and
support structure was minimized by the design of the ap-
paratus. Together, the wedge-shaped energy degrader
and the veto counter allowed protons with energies more
than 20 MeV from that expected for np elastic scattering
kinematics to be eliminated. The sides of the FST vacu-
um walls were outside the limits of the collimated neu-
tron beam. The acceptance of the pTOF-E counter com-
bination excluded that part of the vacuum wall intercept-

ed by the beam when entering or exiting the target. Ma-
terial immediately above and below the target container
was also minimized to reduce background. Constraints
on kinematic observables further reduced quasielastic
scattering contamination.

Some modifications to the data-collection procedures
and analysis were necessary for the background run. -
There were an insufficient number of button events to ob-
tain the required accuracy for the usual PHT and timing
calibrations. More important, the energy distribution of
protons produced from the >C(n,pX) reaction differed in
an unknown manner from that for np elastic scattering.
The required button events were obtained midway
through the background run by attaching a special po-
lyethylene (CH,) collar to the FST. Drifts during the
final measurement were small and were ignored. Howev-
er, energy calibrations were less precise than for the bu-
tanol target runs.

The background changes the true A4, such that

A, (measured)—r, 4, (measured)

A, (true)= , (14)

l*rb

TABLE V. Sources of background in the frozen-spin target.

Density Thickness Radius Mass
Item Material (g/cm®) (cm) (cm) (g)

Refrigerant Helium? 0.075° 2.00 2.0 5.2
Microwave cavity Copper 8.96 0.005 2.0 3.1
Teflon sleeve Teflon (CF,) 2.2 0.013 2.0 2.0
Inner vacuum can Stainless steel 7.87 0.038 2.2 22.7
Insulation Mylar (CsH,0,) 1.39 0.001 2.4 0.1
Inner heat shield Copper 8.96 0.013 2.5 10.1
Insulation Mylar (CsH,0,) 1.39 0.003 2.5 0.2
Middle heat shield Aluminum 2.70 0.013 2.8 4.1
Insulation Mylar (CsH,0,) 1.39 0.013 34 2.1
Outer heat shield Aluminum 2.70 0.013 34 0.1
NMR coil® Copper 8.96 43
Resistor? Graphite-epoxy 1.2 0.1
Total mass of nontarget material 54.1
Butanol (C,H,0OH) (2C and '°O only) (Normal run) 24.8+1.3
Carbon (Graphite-target run) 29.7+0.1

2A solution of 6% *He and 94% *He.
A packing fraction of 0.6 was assumed.

°A 0.051-cm-diameter, 3-cm-long copper wire at the target center.
90.082-cm’ resistor, located in the base of the target canister.
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where 7, is the ratio of background rate to the total ob-
served event rate and A4, =¢€, /P, is the background
effective analyzing power with a polarized neutron beam.
P,..., is the neutron-beam polarization. The factor r, 4,
should remain <1073 if corrected background effects on
A A are to remain negligible compared to the experimen-
tal statistical accuracy. An unpolarized neutron beam
impinging on unpolarized target nuclei does not produce
any left-right scattering asymmetry. Therefore back-
ground events only decrease the slope of the observed
€,= A,Pr asymmetry distribution (appearing to reduce
the effective FST polarization, Py ), but do not affect the
actual determination of 6,.

It was impossible to determine reliably the contamina-
tion fraction r, from the butanol data alone. Even at
large x?, background events cannot be distinguished
unambiguously from np elastic scattering events. Non-
Gaussian proton multiple scattering and the low-energy
tail in the incident neutron energy distribution cause the
observed event y? distributions to deviate from the ideal
case.

Ideally, in the background run all hydrogen should
have been removed from the FST so as to observe only
the contribution from inelastic events. Unfortunately,
small amounts of hydrogen remained within the graphite
target and np elastic scattering events dominate the data
sample because of the large np elastic scattering
differential cross section. The primary sources of hydro-
gen in the graphite target were a resistor located in the
base of the target canister (used as a thermometer), and
the Mylar superinsulation around the target walls. The
epoxy resistor contained approximately 11 mg of hydro-
gen. To eliminate the majority of the np elastic events,
the target was subdivided into two sections during the
off-line analysis using the reconstructed proton tracks.
Only events originating from the top half of the target
were used to estimate the background.

Several procedures were used to check the ability to es-
timate the background contribution in the np data sam-
ple. The dependence on the y? cuts is most easily seen by
examining ¥ x2. 3 x? distributions for events detected
from the top and bottom halves of the graphite bead-
filled target are illustrated in Fig. 11. In Fig. 11(b) there
is a pronounced peak due to np elastic scattering events
from the epoxy resistor. A sample 3 x? distribution from
the butanol target is shown in Fig. 11(c) for comparison.
The estimated contribution from (n,np) background is
also shown in Fig. 11(c). The normalization of the curve
assumes that all events with 3 x*> 40 are due to (n,np)
reactions. Since there are neutrons with energies <360
MeV in the beam, this overestimates the background.
The effect of a 3 x? cut on the loss of good np elastic
events and the fractional background contamination is
demonstrated in Fig. 12. This figure is derived from the
results shown in Fig. 11(c). For a cut 3 x*><10, the
background would be <29%. This constraint is slightly
less restrictive (more background) than the constraint
x? <5 actually applied to select the np elastic events.

The second procedure to estimate the background used
the observed event coplanarity. It assumes that the very
noncoplanar events in the butanol-filled target data are
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FIG. 11. (a) The 3 x? distribution of events collected from
the top half of the target during the graphite-target run. (b) The
3 x? distribution of events collected from the bottom half of the
graphite target. The np elastic peak is more pronounced here
than in (a) because of the presence of an epoxy resistor in the
base of the target canister. The tail is lower because a screen in-
serted into the target to prevent the carbon beads from blocking
the He pumping lines did not allow the bottom of the target to
be completely filled. (c) The 3 x? distribution of all events col-
lected with the butanol target. The lower curve is the estimated
distribution from background events alone. The np elastic
events with poor 3 x*( =15) are due primarily to low-energy
neutrons in the beam.

due to (n,np) processes. A plot of the np coplanarity pro-
duced from the butanol is shown in Fig. 13. All events in
the top histogram are from data taken with the butanol-
filled FST. The cut x? <5 was applied to the three other
kinematic observables to reduce the inelastic contribu-
tion. Scaled data from the top half of the graphite target
are shown in the center distribution for comparison. An
elastic scattering peak atop a wide, relatively flat back-
ground is seen. Events from the butanol target which
triggered the proton telescope veto counter are shown in
the lower curve. Outside the region of the elastic peak
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FIG. 12. The estimated fraction of lost np elastic-scattering
events and the remaining fraction of background as a function
of the I x? constraint. These estimates are based on the data
shown in Fig. 11.

the shape of the “veto” events agrees well with the data
from the graphite target. The background fraction was
estimated using a polynomial fit to the data from the
graphite target with the central region between *3° ex-
cluded. The number of inelastic events in the tails of the
graphite data was normalized to the tails of the butanol
data. The integrated background between the limits
defined by the )(,2 <5 cut on the coplanarity was then cal-

100000 F— Butanol data

-~ Veto events from Butanol
— Carbon dummy data

10000 E

1000

Counts

100 £, gt

Coplanarity (deg)

FIG. 13. The np coplanarity distribution for butanol target
data is shown in the upper curve. The lower curve is obtained
from the butanol-target data when the proton boom veto
counter was triggered. These are necessarily inelastic-scattering
events. The center curve is from the top half of the FST during
-the graphite-target run. A residual np elastic-scattering peak is
seen. The butanol- and graphite-target data have been normal-
ized in the tails of the distribution.
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culated from the fit and found to be about 1.5%. Again,
this procedure overestimates the background because
multiple scattering can cause some np elastic events to
have coplanarities in the tails of the distribution.

The most accurate estimates of the background frac-
tion were obtained by scaling the background in the
graphite target run to correct for the differences in the
amount of nonhydrogenous material in the graphite tar-
get and the butanol-filled target, and to normalize the rel-
ative integrated neutron beam fluxes. Estimates were
made separately for both holding field directions and for
both left and right events from the graphite target data to
check for any dependence on the angular acceptance of
the left- and right-detection systems. The acceptances
differed because the target magnetic holding field
changed slightly when it was reversed because of the cy-
clotron fringe field. With the y?<S5 constraint it was
found that the ratio of inelastic to total events from the
top half of the graphite target was 0.30+£0.04. This ratio
was averaged for left and right events and for the two
magnetic holding field directions since no statistically
significant dependence on these conditions was observed.
By comparison, for the y?<9 constraint, the ratio was
larger, 0.52+0.04.

The estimated contamination of inelastic events in the
butanol target data for the y? <5 constraint was found to
be 0.010+0.003. The good agreement between the three
procedures shows that the background contributions
were well understood. Estimates based on published qua-
sielastic cross sections and a Monte Carlo simulation of
the experiment also gave comparable results and the
simulations of background events have 3 x? distributions
very similar to that of the lower curve in Fig. 11(c).

The graphite target asymmetries were evaluated using
the same y? <7 and 3 x? < £ conditions as for the butanol
target data. There was no significant dependence on the
conditions chosen and the background asymmetry was
consistent with zero within the experimental accuracy.
The correction for the background asymmetry was ob-
tained from the y? <5 data. The results are summarized
in Table II.

Unlike the np elastic-scattering data, the (n,np) back-
ground asymmetries based on proton and neutron angles
are not correlated. The background asymmetry at the
elastic scattering zero-crossing angle was calculated for
both the proton and neutron scattering angle distribu-
tions for several kinematic constraints. The overlap
method of Eq. (10) was used.

Using the definition of AO and the fact that 4, (np
elastic) in Eq. (14) is zero by choice at 6,,(4,), the
corrected A6, for np elastic scattering can be written

ry Ay

(1—7,)dA/d6 ’ 15

A6, (true)=A6,(measured)+

where A, (measured) is the effect with the butanol-filled
target, A, is the measured analyzing power for the
graphite target data at the zero-crossing angle, and r, is
the ratio of background to detected events satisfying all
cuts applied to the np elastic-scattering data.

At the c.m. zero-crossing angle 6y( 4,), which was
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TABLE VI. Summary of the experimental A6, and A6, systematic errors. The error estimate is ob-
tained from the sample standard deviation of all different tests for that item. The total is summed in

quadrature.
Item A6, A6,

Fitting procedures 0.008° 0.009°
x* constraints ‘ . 0.019° 0.028°
Neutron scintillator bar discrimination threshold 0.025° 0.033°
Background subtraction 0.020° 0.020°
Independent analyses 0.045° 0.050°
Neutron scintillator bar TDC length 0.010°
Fluctuations in neutron scintillator bar timing 0.040°
TDC nonlinearities 0.060°
Total 0.058° 0.100°

determined to be 69.95°+0.20 (this value may have sys-
tematic errors associated with it), the proton-angle-based
scattering asymmetry for the (m,np) background was
found to be €,(6,,)=0.002£0.042, and similarly, the
neutron angle based background asymmetry was
€,(0;,)=0.013%£0.042. The average proton-beam polar-
ization during the background run was 0.66+0.01, re-
sulting in a neutron-beam polarization of 0.51%0.01.
The correction for background is summarized in Table
1L

E. Summary of systematic errors

Possible systematic errors in the data and the off-line
analyses have been investigated in detail, primarily by us-
ing a variety of cuts on the selected events. The condi-
tions examined include: (i) the y? constraint was varied
between Y?<4, 5, 7.5, and 9; (ii) a 3 x¥*>< 10, 15, or 20
was used in place of a y? constraint; (iii) the cut on the
neutron scintillator bar pulse-height distribution was
varied between PHT >0, 15, 20, 25 channels; (iv) the
number of neutron scintillator bars used in the data set
was varied and the results from individual bars com-
pared; (v) different angle ranges and calculation pro-
cedures were used in determining 6,; (vi) two independent
analyses of the data were made; and (vii) results derived
from the neutron or proton scattering angles were ob-
tained. Estimates of systematic uncertainty associated
with background subtraction were also made in a similar
fashion. It is emphasized that geometrical biases caused
by the apparatus do not affect A6, or A6, because the
effects cancel for the CSB difference 6y( 4, ) —6,( 4,,) pro-
vided that the biases do not change between the 4, and
4, parts of the experiment.

The systematic errors are summarized in Table VI. Al-
though a systematic error entry for the background
correction is included separately in the table, contribu-
tions from this source are also included implicitly in the
tests associated with the y? cuts since the background
fraction changes by about a factor of 5 for the conditions
chosen.

An additional effect due to uncertainty in the neutron
scintillator bar length expressed in TDC units must be in-
cluded in the calculation of the systematic error for A6,

since it scales proportionally. Timing drifts from run to
run in the PMT’s viewing the neutron scintillator bars
also affected the determination of the neutron angles
directly. These were typically +0.05° in 6, (lab) for any
given bar. Corrections for the drifts were obtained from
the button events, but this adds an additional statistical
component to the error in A8,. Other known contribu-
tions affecting only 6, were not studied in detail.

Systematic error estimates were determined by using
the sample standard deviation for A6, for the groups of
individual conditions investigated. The total systematic
error estimate is obtained by combining the individual
conditions in quadrature. This is realistic because there
is no evidence of systematic trends when the parameters
are varied, and all fluctuations were of a statistical na-
ture. ‘“Theoretical” estimates of contributions to sys-
tematic errors in A A obtained from the observed beam
and target properties, and geometrical imperfections are
all much smaller than the statistical error.

Finally, as a check against errors in the analysis, two
independent analyses were made for all but the final
stages of extracting A 4. They were compared for most
of the conditions summarized in Tables I-IV. In general
the differences between the two analyses were comparable
to their internal fluctuations and there is no evidence for
any significant discrepancy. The value summarized in
Table VI is the sample standard deviation of all compar-
isons made and is only § of the statistical error. This is
considered to be very reasonable agreement considering
the known differences in procedures and the resulting
event samples.

IV. CONCLUSIONS

The experimental values of A0 and A4 =4,— 4, at
the analyzing power zero-crossing angle were determined
from the observed values of 6,

AGI, zeop( An )—OOp( Ap)
=+0.340°%0.162°1+(0.058°) (16)
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for the proton scattering angles and
AB,, =60"( An )“‘eon( Ap)
= +0.414°10.161°£(0. 100°) (17)

based on the neutron scattering angles. The first error
quoted is the statistical uncertainty and the second is the
estimate of systematic uncertainty. The appropriate
corrections for background from (n,np) reactions have
been applied.

The slope of the analyzing power at the zero-crossing
angle is needed in the interpretation of this experiment.
It was determined from a linear fit to various phase-shift
predictions for a =1° region about the predicted cross-
over angle. The Saclay-Geneva analysis®* gives
dA/dO=—0.01382 deg™! and a crossover angle of
69.44° while the Arndt et al.?° phase-shift analysis (SP88)
gives d A /d9®= —0.01254 deg™ ' and a crossover angle of
71.69°. Differences in the slope of the analyzing powers
between the two phase-shift analyses are large compared
to their estimated statistical uncertainty and the effect on
A A4 is not negligible (10) compared to the error in the
present experiment. It appears that there are inconsisten-
cies in the analyzing power data base between 400 and
500 MeV and the selections of data in the two phase-shift
analyses are probably not equivalent. 3

Preliminary results®® of new measurements at TRI-
UMF at 425 MeV indicate that the Saclay-Geneva
phase-shift analysis gives a slightly better prediction for
the analyzing power. This is also confirmed by the better
agreement between the observed zero-crossing angle and
that prediction. The observed slopes for €, and €, were
—0.0105+0.0002 deg ™! and —0.0069+0.0002 deg ™!, re-
spectively. The derived values of d 4 /d6 are —0.0136
deg™! and —0.0135 deg™'. These also favor the Saclay-
Geneva solution. Therefore the Saclay-Geneva value was
used to obtain the final results for A 4 which are found in
Table II. Note however, that at 188 MeV, the energy of
the on-going Indiana University Cyclotron Facility
(IUCF) experiment,*’ the Saclay-Geneva predictions do
not appear to give a reasonable value of the zero-crossing
angle. No systematic error is included in the interpreta-
tion of the present result for the phase-shift uncertainties
since changes in the slope of the analyzing power can
easily be incorporated in the future and it is preferable to
separate errors of a random nature from such subjective
uncertainties.

Using the Saclay-Geneva value, d A4 /d6=—0.01382
deg ™!, the difference between A4, and 4, at 6, is

A A(6,)=+0.0047+0.0022(+0.0008) , (18)

based on the laboratory proton scattering angles, and
AA(6,)=+0.0057+0.0022(+0.0013) , (19)

based on laboratory neutron scattering angles. A scale
error of about 10% for the present uncertainties in the
phase-shift solutions is appropriate. This should dimin-
ish considerably in the next iteration of fitting. The result
derived from the proton scattering angles is preferred be-
cause the additional systematic errors associated with the
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neutron scattering angles could not all'be evaluated in de-
tail.

The preliminary result of the present experiment has
stimulated several calculations of A 4. The calculation of
Williams, Thomas, and Miller!” (WTM) is summarized in
Table VII. Their calculation used the Reid soft-core po-
tential to evaluate contributions from one photon ex-
change, the neutron-proton mass difference (Am) in one
pion and p exchanges, and p-» meson mixing. They ob-
tained A4 =50X10"* at 477 MeV near the analyzing
power zero-crossing angle. At the zero-crossing angle,
A A is dominated by the contribution of Am in one-pion
exchange while the one-photon-exchange term is small.
The p-w term is also small, which is unfortunate. Igbal
and Niskanen® have also included the effects of the o, o,
and A, mesons and find all the contributions to be small.

A similar calculation by Ge and Svenne'® (GS) using
the Paris potential yielded A 4 =74X 104, This calcula-
tion did not include the effect of Am in p exchange and
there were deficiencies in the calculation of the one-
photon-exchange term. The effect of Am in one-boson
exchange has also been investigated by Holzenkamp,
Holinde, and Thomas!® (HHT) using a momentum-space
version of the Bonn potential. Taking the one photon ex-
change and p-w-mixing terms from WTM, the HHT re-
sult with an “exact” calculation for one boson exchanges
is AA=47X10"* at the zero-crossing angle. The three
“conventional’ calculations are in reasonable agreement
although one can identify differences in the details that
account for the small variations in the sizes of the indi-
vidual terms. This agreement suggests that model depen-
dence of the strong distorting waves is negligible for mod-
els based on one-boson exchange. There is one exception
to this: Beyer and Williams®® have shown that the
coordinate-space Bonn potential prediction does not
agree with the present experiment. Since the primary
difference in the models is the short-range behavior, there
would appear to be some deficiency at short range in the
coordinate-space representation of the Bonn potential.
Beyer and Williams also show that the Virginia-Mainz
hybrid quark-meson potential yields reasonable predic-
tions. The contributions of the dominant CSB mecha-
nisms in a system of six valence quarks appears to be
negligible. !”?® The angular dependence of the WTM pre-

TABLE VII. Calculations by Williams, Thomas, and Miller
(Ref. 17) of 10°A 4 as a function of laboratory energy to show

the relative importance of various contributions at the
analyzing-power zero-crossing angle.
Energy 477 MeV 350 MeV 188 MeV
6y (c.m.) 70° 72° 96°
1y exchange S. 3. 8.
17 exchange 43. 42. 7.
21 exchange —0.4 0.1 —0.5
p exchange 8 6 1
p-© mixing —6 -3 5
Total 50 48 17
Experiment 47+22(1£8)
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FIG. 14. The analyzing-power differences A A4(6)
= A4,(0)— 4,(0) for np elastic scattering at 477 MeV from Wil-
liams, Thomas, and Miller (Ref. 17) and Holzenkamp, Holinde,
and Thomas (Ref. 19) are shown with the result of the present
measurement.

dictions are compared with the experimental result at 477
MeV in Fig. 14.

Igbal, Thaler, and Woloshyn?! (ITW) have used a pure-
ly relativistic approach starting from the Bethe-Salpeter
equation and a covariant representation of the NN on-
shell scattering matrix and get A4 =11X10"* Much of
the disagreement with the other predictions has been at-
tributed to the soft value used for the pion form factor,

which causes the dominant CSB contribution from one-
pion exchange to be suppressed.®®* *° This has been
demonstrated in both the calculation of Ref. 38 and by
Igbal*® where it is emphasized that a reliable model for
the form factors is needed. There is also ambiguity in the
prescription used for the off-shell extrapolation of the T-
matrix in the relativistic approach. It can be shown that
the conventional and relativistic treatments are formally
equivalent. !

The experimental result is the first measurement of a
class (IV) charge-symmetry-breaking effect in the free NN
interaction. It is in reasonably good agreement with
theory, but possibly excludes one version of modern po-
tential models. The value observed confirms the exten-
sion of the conventional one-boson-exchange potentials to
the previously unmeasured class (IV) NN interaction.
Work is currently underway to measure the CSB parame-
ter AA=A,— A, at lower incident neutron-beam ener-
gies, 350 MeV at TRIUMF (Ref. 41) and 188 MeV at
IUCF (Ref. 37). Additional precise measurements are re-
quired to extract information regarding the individual
terms contributing to the charge-symmetry-breaking in-
teraction. The p-w term is of particular interest, since it
relates directly to the one-boson-exchange description of
the NN interaction at short distances.
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