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Abstract. TRIUMF Experiment 3G9, a measurement of charge sym-
metry breaking in np elastic scattering at 350 MeV, has completed data
taking. Scattering asymmetries were measured with a polarized (unpo-
larized) neutron beam incident on an unpolarized (polarized) frozen
spin target. Coincident scattered neutrons and recoil protons were de-
tected by a mirror symmetric detection system in the center-of-mass
angle range from 50° - 90°. A preliminary result for the difference of
the zero-crossing angles, where analyzing powers cross zero, is A9cm =
0.445° ±0.054°(stat.)±0.051°(syst.) based on fits over the angle range
53.4° < Bcm < 86.9°. The difference of the analyzing powers AA =
An — Ap, where the subscripts denote polarized nucléons, was deduced
with dAldem = (-1.35 ± 0.05) x lO-'deg"1 to be [G0±7(stat.) ±
7(syst.)±2(syst.)]xlO-'1.

INTRODUCTION

Tbc study of isospin symmetry breaking is of fundamental interest since
it relates to the mass difference of the quarks of the first generation, the up
and down quarks with mi-m„> 0, in addition to the well-understood elec-
tromagnetic interaction(l). Early evidence for charge independence break-
ing and charge symmetry breaking (CSB) came from the differences in the
nuclcon-nuclcon lSo scattering lengths(2) and from the binding energy dif-
ferences of mirror nuclei(3). The latter is the well-known Okamoto-Nolen-
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Schiffer anomaly. Theoretical interpretations of these observations carry un-
certainties due to the subtraction of electromagnetic interaction effects. CSB
in the np system belongs to a different class of charge symmetry breaking. It
has the advantage of the absence of the Coulomb interaction.

Charge symmetry in the np system leads to the complete separation of the
isoscalar and isovector components of the np interaction. This in turn leads to
the equality of the differential cross sections for polarized neutrons scattering
from unpolarized protons and vice versa. As a result, AJß) = Ap{9) where
A denotes the analyzing power and the subscript represents the polarized
nucléon. A nonvanishing asymmetry difference is directly proportional to the
isospin triplet-singlet, spin singlet-triplet mixing amplitudes and therefore
direct evidence of a charge-asymmetric interaction, anti-symmetric under
the interchange of the two nucléons in isotopic spin space.

The scattering matrix for np elastic scattering can be expressed in terms
of the formalism of LaFrance and Wintemitz(4) as
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with ki and kj the initial and final state center-of-mass nucléon momenta.
The amplitudes a,b,c,d,e, and / are functions of center-of-mass energy E
and scattering angle 6, with / the isotopic spin mixing amplitude. Written
explicitly, the difference in the analyzing powers

AA{8) =An{8) -Ap{6) = — (3)

is proportional to / . The quantity a0 is the differential cross section for the
scattering of unpolarized neutrons from unpolarized protons.

The first measurement of charge symmetry breaking in np elastic scat-
tering was performed at TRIUMF(5). The measurement of AA = A„—Ap,
at the zero-crossing angle of the average analyzing power, at an incident
neutron energy of 477 MeV, yielded AA = (47 ± 22 ± 8) x 10~\ an effect
just over two standard deviations. More recently the results of a similar ex-
periment at a neutron energy of 183 MeV performed at IUCF have been



reported(C). The measured value of &A = An — Ap, averaged over the an-
gular range 82.2° < 6cm < 116.1° over which < A{8) > averages to zero, is
(34.8 ± 6.2 ±4.1) x 10"*, where as above the first error represents mainly
the statistical uncertainty and the second error the systematic uncertainty.
The IUCF result differs from zero by 4.5 standard deviations. It differs from
the value expected from the electromagnetic spin-orbit interaction by 3.4
standard deviations. This difference represented the most unambiguous ex-
perimental evidence of charge symmetry breaking in the nuclear interaction.

Extracting an angular distribution of AA(8) is more difficult. This follows
directly from the expression for the difference in the asymmetries for beam
and target polarized, respectively, or

- tt(0) = A(6) > (Pb - P,), (4)

pointing to the need for calibration of the beam and target polarizations (Pb
and P() with an accuracy unattainable at present. In the analysis of the IUCF
experiment this difficulty was overcome by' adjusting the ratio of (Pi,/Pt)
applying a minimal variance procedure to AA(0) over the angular range of the
experiment(6). Following this procedure a twelve point angular distribution
was obtained. The procedure does not work at 477 MeV where AA(G) and
< A(6) > have zero-crossing angles in close proximity and consequently the
angular dependencies are no longer orthogonal. If the theoretical calculations
were precise in their predictions of the zero-crossing angle of AA{8), one
could in principle also determine AP/ <P> with AP = Pt, — Pt and <P>
= (/>(, + -P|)/2, and consequently the angular distribution of AA{8) would
follow.

The measured analyzing power differences of the IUCF and TRIUMF ex-
periments are well-reproduced by theoretical predictions based on meson ex-
change potential models, which indirectly incorporate quark level effects(7).
The calculations include contributions from one photon exchange (the mag-
netic moment of the neutron interacting with the current of the proton), from
the neutron-proton mass difference affecting charged one n and p exchanges,
and from the more interesting isospin mixing p° — ui meson exchange. Some
other smaller effects (like 2jr-€xchange not included in p-exchange) have also
been evaluated(8). The effects of 7:7 exchanges have not yet been calculated.
The effects of inelasticity amount to about 10% at 800 MeV but are vanish-
ingly small at lower energies(9).

EXPERIMENT
A new experiment at 350 MeV has been performed at TRIUMF in order

to delineate the various contributions to CSB. The experiment is similar in
most aspects to the earlier TR1UMF measurement at 477 MeV. Designed

as a null measurement, the difference of the zero-crossing angles where the
analyzing powers An and Ap cross zero, respectively, is determined. With
the slope, dA/dO, from phase shift analyses, or determined experimentally,
the difference of the analyzing powers is obtained. Figure 1 illustrates the
method to determine AA from the measured difference of the zero-crossing
angles.

A 350 MeV neutron beam was produced using the (p,n) reaction on deu-
terium. The proton beam, polarized up to 80% and normal to the scattering
plane, was obtained from an optically-pumped polarized ion source and ac-
celerated by the cyclotron to 369 MeV, with polarizations up to 78%. The
proton beam had an intensity of about 2 [*A and was incident on a 0.217 ±
0.004 m long liquid deuterium (LD2) target. Figure 2 shows a schematic lay-
out of the beam line and experimental set-up. The polarization, the energy,
the position and direction of the proton beam were monitored throughout
the experiment and controlled (in the case of position and direction) using
a feedback system coupling two sets of split-plate secondary electron emis-
sion monitors (which determined the median of the intensity distribution)
with steering magnets upstream in the beam transport line. At the two sets
of split-plate secondary emission monitors (SEMs), the beam position was
kept fixed with a standard deviation of ±0.05 mm in both x and y intensity
profiles. The proton beam polarization was measured by two polarimeters.
The beam energy monitor, based on range determinations, allowed the beam
energy to be kept constant with a standard deviation of less than 36 keV
(through minute changes in rf of the cyclotron and stripper foil position).

The polarization was transferred
from the proton to the neutron by
making use of the large sideways
to sideways polarization transfer co-
efficient r,(-0.88 for <f(p,n)2p at
364 MeV). The proton beam po-
larization was rotated into the hor-
izontal plane by a superconduct-
ing solenoid magnet. The neutrons
passed a 3.3 m long, tapered steel
coltimator placed at 9° before im-
pinging on a frozen spin type polar-
ized proton target (containing bu-
tanol beads) positioned at 12.85 m
from the center of the LDj target.
The neutron beam polarization was
rotated to the longitudinal direction
and then to the normal direction by

FIGURE 1. An illustration of the
method employed to extract A A from the
difference of the An and Ap zero-crossing
angles for up elastic scattering. dA/dO
and Ado are determined in the experi-
ment.
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n combination of two dipole
magnets. The neutron beam po-
larization was monitored by two
polarimeters, one at the exit
of the collimator and the other
3.6 m downstream of the frozen
spin target. The frozen spin tar-
get (FST) had typical polariza-
tions of 80 to 90%. After be-
ing polarized, the spin of the
"free" protons in the butanol
beads was held "frozen" with a
reduced, normal direction hold-
ing field of 0.22 T at a temper-
ature of about 55 mK. For fur-
ther details see Ref. (10).
The scattered neutrons were
detected by scintillation detec-
tor arrays, each consisting of
two banks of scintillator bars,
one behind the other, with
seven horizontally-stacked bars
in each bank. Two additional
bars with the same dimensions
were placed vertically on each
6ide beside the main arrays to
enlarge the detection angle cov-

FIGURE 2. Schematic layout of the
beam line and experimental setup.

eragc. The recoil protons were detected by time-of- flight (TOF)/rangc tele-
scopes, each consisting of a TOF start counter, four delay line wire chambers
(DLCs), two scintillation counters, a wedge-shaped brass absorber and a veto
scintillator. Only high energy protons from background processes can pene-
trate the absorber and trigger the veto counter. These events were rejected
off-line by software. Figure 3 shows a detailed view of the detection sys-
tem. To study the background (mainly due to quasi-elastic (n,np) scattering
off the carbon of the butanol beads and other surrounding materials), the
butanol beads were replaced by carbon beads having an equivalent target
thickness with the rest of the target unchanged.

DATA ANALYSIS

The procedure of the data analysis was as follows: i) in order to identify
possible sources of systematic errors, a study was made on a run-by-run basis
of all system parameters recorded during data taking: beam energy, proton

Neutron Dstection Arrays

Bro» Wedge

Delay Line Chambers

Time of Flight Start Counters

Froj«n Spin Torgat

FIGURE 3. Detailed view of the detector system.

and neutron polarizations, SEM asymmetries, neutron profile, holding field
strength and FST parameters; ii) clastic scattering np events were selected;
iii) the asymmetry angular distributions and the zero-crossing angles were de-
termined; and iv) corrections were made for contributions from quasi-elastic
(n, np) background and for the effective average neutron beam energy differ-
ence of the polarized and unpolarized beam reflecting the energy-polarization
correlation.

To select elastic scattering np events, proton and neutron tracks were
reconstructed and their kinetic energies were calculated from their TOFs.
Proton tracks were reconstructed from the information in the DLCs. At least
one pair of coordinates (x and y) from each pair of DLCs (front and rear)
was required. A loose cut of 40 mm on the total residuals of the proton tracks
was applied to remove apparent multiple hits (about 3% of the total data).
The proton energy was calculated from the TOFs between the TOF start
counter and both scintillation counters. Event-by-event corrections were ap-
plied to the reconstructed proton angle and the proton energy to account
for the proton deflection in the FST holding field, multiple scattering, and
energy loss in the FST and detectors. The corrections were obtained from a
Monte Carlo simulation of these processes. Neutron tracks were determined
by their impact points in the neutron detector scintillator and the presumed



scattering points in the FST. The hit position of a neutron at the scintilla-
tor and its urrival time were determined by the difference and the average,
respectively, of the timing signals recorded on both ends of each bar. The
neutron origin in the FST was assumed to be along the central normal axis
(y), and yno was determined by the proton track reconstruction. The neutron
energy was calculated from its TOF. The software energy threshold of the
bars was varied by applying various cuts on the ADCs after gain matching
and pedestal subtraction. Four kinematic variables: opening angle, copla-
narity angle, energy sum and horizontal momentum balance were used to
test for np events. The momentum-dependent sigmas of these variables were
obtained from their distributions and the chi-squares (x?) were calculated
for each event. Various chi-squaxe tests including the individual x? ^ 6> 7.5,
9 or the four variable combined xLm — *0» **>, 20 were applied to the data
(Figs. 4a - 4e). Roughly 25% of the total data passed these cuts. The se-
lected events were dominated by elastic scattering np events with a small
contribution from the background.

Asymmetries were calculated based on the proton angle {&p) distribu-
tions (Fig. 4f). An "overlap" method(5) was used to obtain the asymme-
tries e = j=|, where r = y^r^r and zero-crossing angles (0U) were deduced
from fits of the asymmetry angular distributions. To calculate AA from the
measured A0Oi dA/dO is required. Because the dAJdO from phase shift anal-
yses show large discrepancies among different phase shift analyses and the
FST polarization is known to about 2.5%{11), the experimentally determined
dA/dO is considered superior to the one from phase shift analyses.

The incident neutron beam energy was measured in two ways: the first
was from the TOF between the cyclotron rf phase stabilized timing signal
at the LD2 target and the timing signal from the proton TOF start counter,
the second was from the sum of the neutron and proton kinetic energies. To
correct for the different effective average energy of the polarized and unpolar-
ized neutron beam due to the energy dependence of the neutron polarization,
Monte Carlo simulations were made (Figs. 5a - 5b). Comparisons with the
experimental distributions were made after folding in the experimental reso-
lution (taken to be a Gaussian). Good agreement was achieved as shown in
Fig. 5c. The difference between the average effective neutron beam energy for
polarized and unpolarized beams is calculated, based on these distributions,
to be 0.4 MeV. A dB0/dE = -0.055°/MeV deduced from phase shift analyses
was used resulting in a correction of +0.022° (cm) for the zero-crossing angle
ofyln.

Background data obtained with carbon beads replacing the butanol beads
were analyzed in an identical fashion. To remove some hydrogen contamina-
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FIGURE 4. (a - d) kinematic variable distributions after \? < 6 cuts; (e) proton
momentum versus opening angle distribution to determine the momentum depen-
dence of the sigmas; (f) asymmetry distribution as function of the conter-of-mass
scattering angle.
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FIGURE S. (a) and (b) simulated distributions of the neutron beam energy and
neutron energy versus effective r, for the reaction D^p, ff)2p; (c) comparison of
the simulated and experimental measured neutron beam energy after applying a
Gaussian distribution to the curve in (a) reflecting the experimental resolution; (d)
opening angle distribution for ttie butanol target data, shown as the upper curve;
the lower curve is obtained from the carbon target data. The carbon target data
have been normalized to the butanol data by matching the tails of the distributions.



tion due to a hydrogen-containing resistor of the FST and supcr-insulation
material around the target cell, various methods were used including applying
additional cuts of x? ^ 1 or subtracting the hydrogen peak with normalized
butanol target data. It was determined that 4% of the events whicli passed
the A'? 2 7.5 cuts were from the background (Fig. 5d) and that the analyzing
power of the background is Ah = -0.004 ± 0.007. A correction of AA =
(+1.6 ± 2.8) x 10~4 for background contribution was applied to the result
based on this evaluation.

PRELIMINARY RESULT AND DISCUSSION

A preliminary result of the data analysis shows the difference of the zero-
crossing angles to be &0cm = 0.445° ± 0.054°(stat.) ± 0.051°(syst.) based on
fits over the angle range 53.4° < 0cm < 8C.9°. With dA/d0m = (-1.35 ±
0.05) x 10~2 deg"1, as determined from the measured asymmetries with the
target polarized, the value of AA = An - Ap, is [60±7(stat.) ± 7(syst.)
± 2(syst.)] x 10"*. The second systematic error reflects the uncertainty in
dA/d6cm.

The triptych in Fig. 6 shows the •experimental results for A A H An — Av for
np elastic scattering, at 183 MeV(C), at 350 MeV, and at 477 MeV(5). The
horizontal lines present the theoretical predictions of Iqbal and Niskanen (IN)
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FIGURE 6. Experimental results for AA = An— Ap for nj> elastic scattering at
183 MeV, 350 MeV and 477 MeV. The horizontal lines represent theoretical predic-
tions of Iqbal and Niskanen (IN) and Holzenkamp, Holinde and Thomas (HUT).

and Holzenkamp, Holinde and Thomas (HHT). Note that the contributions
corresponding to one photon exchange and to the np mass difference affecting
charged T and p exchanges together suffice to give a theoretical prediction in"
agreement with the 350 MeV and 477 MeV TRIUMF results. This is because
at these energies the angular distribution of the contributions due to p° — u>
meson mixing crosses zero close to the zero-crossing angle of <A(6)>. The
contribution due to 2n exchanges is small at all three energies. Reproduc-
ing the 183 MeV result from IUCF with the present calculations requires
inclusion of the p° — L> meson mixing contribution, an approximately two
standard deviation effect. Excluding the p° — u> meson mixing contribution
will change the theoretical angular distributions of AA(9) = An(ff) — Ap(8)
at 350 MeV and 477 MeV. A great deal of controversy has arisen regarding
the role of p° — u» meson mixing in CSB(l). Consequently it is most impor-
tant to extract any information regarding the angular distribution that can
be obtained from the experimental data. More extensive data analysis is in
progress and a more definitive systematic error for the 350 MeV data will be
deduced.
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