
PHYSICAL REVIEW D VOLUME 44, NUMBER 7 1 OCTOBER 1991

Analyzing power in pion-proton bremsstrahlung,
and the &++(1232) magnetic moment

A Bosshard, C. A~ler, M Dobeli, ' M. Doser, M. Schaad, J. Riedlberger,
and P. Truol

Physik-Institut der Universitat Zurich, CH-8001 Zurich, Switzerland

J. A. Bistirlich, K. M. Crowe, S. Ljungfelt, " and C. A. Meyertt
Lawrence Berkeley Laboratory, University of California, Berkeley, California 9/720

B. van den Brandt, J. A. Konter, S. Mango, and D. Renker
Paul Scherrer Institut, CII-52M Villigen PSI, Switzerland

J. F. Loude and J. P. Perroud
Institut de Physique Nucleaire, Universite de Lausanne, CH-i015 Lausanne, Stoitzerland

R. P. IIaddock
Physics Department, University of California, Los Angeles, California 90024

D. I. Sober
Physics Department, Catholic University of America, Washington, D C. 1002.$

(Received 22 January 1991)

We report on a first measurement of the polarized-target asymmetry of the pion-proton brems-
strahlung cross section (x'+p ~ 7r+pp). As in previous cross section measurements the pion energy
(298 MeV) and the detector geometry for this experiment was chosen to optimize the sensitivity to
the radiation from the magnetic dipole moment of the A++(1232) resonance p~. Comparison to a
recent isobar model for pion-nucleon bremsstrahlung yields p~ = (1.62+ 0.18) ts„, where p~ is the
proton magnetic moment. Since the asymmetry depends less than the cross section on the choice
of the other input parameters for the model, their uncertainties affect this analysis by less than the
experimental error. However the theory fails to represent both the cross section and the asymmetry
data at the highest photon energies. Hence further improvements in the calculations are needed
before the model dependence of the magnetic moment analysis can be fully assessed. The present
result agrees with bag-model corrections to the SU(6) prediction p& = 2 p„. As a by-product, the
analyzing power for elastic z+p scattering at 415 MeV/c was also measured. This second result is
in good agreement with phase shift calculations.

I. INTRODUCTION

Radiative pion-proton scattering (or pion-proton
bremsstrahlung) experiments at energies near the
A++(1232) resonance can probe the magnetic moment

p~ of the A++. Theoretical predictions for p~ can be
obtained from any model which predicts dipole moments
for the baryons. In particular, the quark model predicts
that the ratio of the magnetic moments of 4 and pro-
ton equals the ratio of their charges, p~/pz ——e&/ez [1].
Bag-model corrections to the quark model lead to mod-
ifications, e.g. , the moment of the A++ (p~ = 2 p„) is
reduced by 17-20Fo [2].

Because of the short lifetime of the L, its magnetic
moment is not measurable with the usual spin-precession
techniques. The alternative technique of using mp brems-
strahlung (harp

—+ spy) was proposed by Kondratyuk and
Ponomarev already in 1967 [3]. These calculations rec-
ommended a particular kinematics with backward pho-

ton and forward pion and proton angles. There the ex-
ternal radiation from pion and proton interferes destruc-
tively and the experiments are most sensitive to the ra-
diation from the 4 magnetic moment. Figure 1 illus-
trates this kinematical situation. The observed pattern
can be understood classically [4]: a slowly moving par-
ticle radiates mainly transverse to its path, for a fast
particle the intensity cones are Iorentz boosted in the
forward direction. In the classical low-frequency limit
the radiation from an accelerated charge decreases in in-
tensity with u, while that from the magnetic moment
increases with u.

Previous pion-proton bremsstrahlung experiments
measured a fivefold differential cross section
dso. /dQ dQ~ dE& as a function of photon energy E& and
tried to relate this cross section to the magnetic dipole
moment of the A. The original predictions indicated
that for values of p~ 2p&, one should observe a very
large bump in the x+pp cross section for intermediate
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gles was presented together with the experimental data
[8], yielding 1.7 & p~++/pz & 2.4. This analysis was
suggested by Pascual and Tarrach [10], who confirmed
Musakhanov's [9] observation concerning the cancellation
and designed a formalism, which allowed to derive qan-
titative limits for p~ from the observed cross section for
the restricted kinematics mentioned above. Only in the
mid 1980's a dynamically consistent and gauge-invariant
model for m'N bremsstrahlung was developed at MIT,
which achieved a satisfactory fit to all the existing UCLA
data with 2.5 & p~/pp & 3.5 [11].

The MIT theory [12] is an isobar model which is fitted
to experimental ++p-phase shifts. The model includes
P33, S31, and P31 partial waves. The 7rNA vertex is
parametrized as

gfDg
AND (9 ) —

(1 + 2/ 2)~ )

FIG. 1. External bremsstrahlung radiation pattern for 30
MeV photons, 300 MeV pions, and 70' pion scattering angle
[5]. The proton direction varies within the limits indicated by
the heavy circular segment. The intensity scale is logarith-
mic. The hatched areas indicate the detector position. The
magnetic dipole moment radiation can be observed, where
radiation from incoming and outgoing particles is minimal.

photon energies of 40 to 70 MeV [3, 6]. These predic-
tions led to the first pion-proton bremsstrahlung exper-
iments performed by the UCLA group at the Berkeley
184 inch cyclotron in the 1970's [7, 8]. These experi-
ments found no structure in the cross section other than
the expected 1/E& falloA' from external bremsstrahlung.
The complete data set taken at three pion energies (269,
298, and 324 MeV) for both positive and negative pi-
ons proved rather diKcult to interpret in terms of the
magnetic dipole moments of the A within the existing
models, as extensively discussed by the UCLA group [8].
It became clear at that time however, that for ++pe a
near cancellation of all magnetic moment contributions
occurs only for p~++ 2p„. This was first pointed out
by Musakhanov [9], whose isobar model analysis using
PCAC (partial conservation of axial-vector current) and
neutrino data to fix model parameters actually lead to
the value p~y+ = (1.3+ 0.6) pz based on the earliest
UCLA data [7]. Furthermore, an analysis restricted to
those photon energies where the final A++ mass is at
the peak of the resonance and to backward photon an-

giving two free parameters g and o. for each partial wave
and a given n. In addition a mass parameter (m~) ap-
pears in the spin-2 propagator G~,

G~ ——(E —m~ —Z~)

where Z~ is a self-energy correction. The free param-
eters obtained from fitting are shown in Table I. For
the P33 wave, two diA'erent sets of parametrizations are
possible. This ambiguity leads to cross sections which
difFer up to a factor of 2 in the kinematical region where
the sensitivity to p~ is largest, and consequently to a
large uncertainty in the value of p~. However, it was
also shown in this model calculation that a measurement
of the polarized-target asymmetry of the bremsstrahlung
process would still be sensitive to p~, but quite insen-
sitive to the choice of the P33 parametrization. It was
this prediction which motivated our polarized-target ex-
periment. The MIT-model results, which entail a nonrel-
ativistic treatment of the xNA and the Np vertex func-
tion, were later confirmed to a large extent by Wittman
[13],who developed a fully relativistic isobar model. The
overall agreement with the UCLA data [8] is similar with
2.0 & p~++/p„& 2.7.

An asymmetry measurement is technically even more
diKcult than a cross-section measurement, since it is not
possible to polarize pure hydrogen, and the additional
bound protons in the target further enhance the already
high background. Therefore we first did a cross-section
measurement with an unpolarized liquid hydrogen tar-
get. It showed that the detection of all three particles in
the final state with sufficient resolution would allow us

TABLE I. Parameters of the MIT theory.

Partial wave

P33
P33
831
P31

1.20 fm
2.20 fm
5.75 fm
2.09 fm

2.12m '"
1.79 m. '~'
0 36m
2.74 m„

1445 MeV
1332 MeV

n=1
n=2
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II. EXPERIMENTAL SETUP
4

The setup was essentially the same as in the cross-

+, , d ~ were detected in three detectors,
but the liquid hydrogen target was replaced with spin

t (QSK) a steering magnet (SSK,
et T.d shieldin (S), and encountered the targe ( ).

et ointin in verti-
cal direction, deflected the beam by 7.8'. Scattered pions

~~E~&had their tracks recorded byfired trigger counters ~ j~, a
(Ml —M4) in the magnetic spectrorn-

eter (AEB) and triggered one of eight pairs o scin i—
(B d A). Scattered protons left position and

~ e ~

array (NaI), which analyzed the photons, was guar e

I"IG. 2. Experimental setup.

A andagainst c arge pt h d particles by anticounters ( C) p
tected by s ie ingh' ld' (S). A scintillator telescope i J2)

~ ~

and another counter (xi) monitored beam intensity.

A. Target

The polarized-proton target consiste oed of 8 cm of

clei of the butanol were dynamically polarize in a 2.5 T
magnetic field. Spin polarizations of typically +58% and
—47% were achieved by applying appropriate microwave
frequencies o . a

olariza ion was memeasured every 20 minutes y nucp l
gnetic resonance met ~a gs usin a fast sweep Q me-

ter, calibrated against the proton polarization signa a
thermal equi i rium. e eThe temperature measuremen im-

heited the re ative accuracyuracy of the calibration to 5 &. e
tb t l b ads were kept in a cylindrical copper cavi yu ano ea

'
h 0.05 mm walls and 22 mm diameter. ywit . mm w

ersed in li uid He,t t ntaining 9 g of carbon inverse in iquiarge, co
t e. Itwas mounted just below in a cavity of the same yp .

d to the beam center for backgroun mea-
unt of heliumsurements. There was nearly the same amount o e ium

in both targets.

B. Pion spectrometer

The scattered pions at angles near 0r 0' were analyzed
in a magnetic spec romtrometer that had formerly served as a

[14 17]. The small vertical aperture ofp air spectrometer, . e
net defined an almost coplanar ge-the window-frame magnet de ne

lane Table II . The accepte so id solid
an le was 125 msr. Four wire chambers

bers were measured to an accuracy o
h eked by analyzing straight-throug h tracks, i.e. , pion

tracks with the magnetic field ofI'. Each
between wires was 2had three planes and the spacing e

mm.
h field at the center of the spectromete geter ma net wasT e e a e

6497.2 G and was monitored with a a pr

front o e rs
ments [time-to-digital converters (TDC s)] ameasurements ime- o-

cr with another ar-

rnent [analog-to-digital conver ters (AD s an e
time of gfli ht from o eE t th AB pairs was also recorded.

momentum was the following: The wire positionspion momen um
and a field map were input to a on e
that tracked a oud about 18000 pions through the spectrom-

these ions and theeter. The initial four-momenta of these pions an
numbers were submitted to a prin-P g
a sis 18 . Hermite or e yc evcipal components analysis . '

ev
polynamia s in e pl the rincipal components were t e o

ion oints.the momenta af the particles and the interaction pain
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TABLE II. Accepted momenta and angles for bremsstrahlung (elastic) events and detector
resolutions plus some other experimental parameters (laboratory system). Momentum is li, o. and
P are horizontal and vertical angles. Values for the carbon dummy target in curly brackets.

Beam

p (MeV/c)
n (deg)
P (deg)
p (Mev/c)
n (deg)
P (deg)
p (MeV/c)
n (deg)
P (deg)
p (MeV/c)
n (deg)
p («g)

Target polarization —0.47 0.58

Acceptance or range
Low High

160 (250) 300 (320)
68 (68) 110 (110)
—7 (—7) 7 (7)

4oo (41o) sso (svo)
—6 (—22) —42 (—46)
—10 (—10) 1o (1o)

20 125
—129 —109
—10 10

414.6, T=298 MeV (411.6)
0
0

Resolution or error

3.o (3.s)
1.7-0.8 (1.8—0.9)
o.v-o. 2 (0.9-0.4)

8.1-9.3 (14.6-15.3)
1.V1 (1.77)
1.64 {1.69)

3.0—4.9
1
1

1.4 (1.9)
0.73 (0.75}
O.41 (0.45)

5'

The Monte Carlo coeflicients were then used for real data.
The pion momentum and angles could be calculated by
first transforming the wire hits into principal components
and then evaluating the corresponding polynomials [14,
17, 19]. A two-dimensional target traceback could be ob-
tained with this method, too. However, a straight line
through the first two chambers, neglecting the curva-
ture of the pion path, was accurate enough. The exact
position of the interaction point was unknown, because
no second particle was traced back. An average path
through target and target field had to be assumed, lead-
ing to an error in momentum and angle. This, together
with multiple scattering, limited the angular resolution
(Table II). The polynomial fit contributed Ep/p=0. 01 to
the momentum resolution [14].

C. Proton detector

The protons were analyzed in forward direction with
three 15 cm thick scintillator blocks P, read out with
photomultipliers on top and ADC's for energy measure-
ment [20]. Particles escaping the blocks were vetoed by
a second row of scintillators V. Energy loss, time of
flight and direction of the proton were determined with a
twelve-strip hodoscope II. The horizontal direction was
obtained from the strip number including an energy de-
pendent correction for the deflection in the target field
ranging from 5.7' (at T=160 MeV) to 8.0' (at T=80
MeV). The variation of this correction with energy was
small compared to the 4.4' width of a hodoscope strip.
The strips were viewed by 19 rnm diameter phototubes
on both ends. Vertical elevation of the proton hit was
reconstructed from the time difFerence of the TDC sig-
nals from the two tubes. This elevation measurement had
been calibrated with a radioactive source. Total-energy
and dE/dz measurements were calibrated with protons
from elastic xp scattering: the pions were analyzed and
the proton energies were calculated kinematically. Linear
relations between deposited energy and ABC readings
were established. The detector stability was monitored

by sampling elastic xp events with a pion in a narrow an-

gle and momentum band, and hence the proton in narrow
energy band. The calibration coeKcients were adjusted
if the monitor signals drifted. The calibrations were re-
peated several times during the experiment. Light from
a light-emitting-diode (LED) pulser was fed to all three
energy blocks and was used to monitor the most forward
block, because no protons from elastic scattering in co-
incidence with pions were seen in this block (Fig. 3, at
E~ =0). For calibration of this block, the proton detector
was rotated to more backward angles. The stability of the
light pulser signal assured that this calibration was rate
independent. At its forward position, the block accepted
a rate of 10 particles per second from the beam halo. In

fact it was this rate which prevented us from increasing
the incident pion Aux and from moving to more forward
proton angles, and therefore limited the acceptance at
high photon energies. Errors in the energy measurement
arose from uncertainties in energy loss corrections, ac-
curacy of the calibration adjustments and a I'%%uo contri-
bution from the scintillator resolution (Table II). The
latter contribution was determined from the kinematic
fit (Sec. III B) to elastic events by comparing the "im-
proved, " fitted energy to the initial measurement from
the ADC reading. The changes in proton energy follow
a Gaussian distribution if the resolutions are correctly
entered into the fit [21].

D. Photon detector

Photons were detected at backward angles, relative
to pion and proton. An array of 8x8 NaI(T1) crystals,
each 63.5x63.5x406 mms (15.4 radiation lengths long),
covered a 50.8x50.8 cm area at 101 cm from the tar-
get. The detector was wrapped in 35 cm thick shielding,
made of borated polyethylene and lead [22]. Scintilla-
tors guarded against charged particles (backscattered or
cosmic) on five sides. The trigger electronics accepted
all possible combinations of 2x2 adjacent crystals and
fired the detector when more than about 15 MeV was
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its are given where it was necessary to parametrize the
resolution as a function of the particle energy or momen-
tum. The angular coordinates used in Table II are n,
the particle direction measured in the horizontal plane,
relative to the direction at the interaction point of the in-
coming pion, and P, the elevation out of that plane. The
limits in angular and momentum acceptance for brems-
strahlung and elastic events are also given. The detector
acceptance was not exactly limited by square boundaries,
but it will be demonstrated in Sec. IVC that the limits
given in Table II suffice for comparison with future the-
oretical calculations. Figure 3 indicates that beyond 100
MeV the photon energy acceptance begins to decrease be-
cause protons miss the proton detector near the forward
direction and because more pions decay before they are
detected. Since the acceptance cancels in the evaluation
of the cross-section asymmetry, it does not need to be
known (Sec. IV B).

0 I I

40 80
Photon Energy tMeV]

120

FIG. 3. (a) Proton emission angle relative to the incoming
pion direction at the target. The average energy loss in the
target and the deflection in the magnetic field of the target is
taken into account. The direction of the unscattered outgoing
pions and the position of the three proton detectors is indi-
cated (left scale aud solid lines). Outgoing pion momeuta are
given too (right scale and dashed lines). The upper and the
lower curves correspond to the limits of the pion spectrometer
acceptance. (b) Cross section measured with a liquid hydro-
gen target [14] (75' & n & 95')(left scale, ~) and number
of events measured in the present experiment with a polar-
ized target, uot corrected for acceptance losses (right scale, ~,
offset by 2 MeV).

E. Detector resolution and acceptance

Table II lists various detector parameters, including
Che resolution of the three arms. Lower and upper lim-

deposited. There were attenuators (factor of 10) in all
64 ADC channels and each individual crystal could be
calibrated with sources (ssY and "Cs) with the atten-
uators switched oA'. A further calibration point at 29
MeV from cosmic muons was also used [22]. Calibra-
tions were done typically twice per week during the 32
days of data taking. The energy resolution of the crystal
ensemble was tested with the 129.4 MeV photon line from
the reaction x p —+yn. The linewidth was a=5.0 MeV,
indicating about 40'%%uo deterioration of the light collection
compared to earlier use in a x+ ~ e+v, y decay experi-
rnent [23]. The energy resolution can be parametrized as
o —0.018(129—E&), where E& is the energy in MeV [22].
The crystal containing the largest part of the electron-
photon shower essentially determined the photon direc-
tion. The spatial resolution could only be slightly im-
proved by calculating an energy-weighted average over
all bars that had been struck [22].

F. Pion beam

The polarizing field around the target deflected the
beam by 7.8' as determined from the field map with
a Monte Carlo tracking routine and checked with elas-
tic scattering events, where Che kinematics is overdeter-
mined.

The beam momentum was measured using the time-of-
flight difference of pions and protons in the beam. These
are simultaneously produced at 19.75 ns intervals (50.63
MHz accelerator radio frequency) at the production tar-
get. Normally the protons were ranged out by a 6 mm
carbon absorber, placed before the first bending magnet.
If this absorber was taken out, pions and protons of the
same momentum reached the experiment, where a small
fraction was registered with a tiny scintillator. The scin-
tillator signal stopped a TDC that had been started with
every fifth pulse from the cyclotron frequency. The TDC
was calibrated with the 19.75 ns time difI'erence Chat sep-
arated the five pion peaks, or the five proton peaks, that
appeared in its time spectrum and a time-of-flight dif-
ference Dr=8.929 ns between pions and protons was de-
termined with 0.7% accuracy. The beam momentum at
the production target was determined by comparing the
measured time diA'erence to the one expected near 420
MeV/c:

p = 420 MeV/c+ (A7 —4742p)/(M, 7./Bp), (1)

The length of the beamline and the position and thick-
ness of all vacuum windows had to be considered, and
insensitivity of the TDC to pulse height had Co be guaran-
teed to compute the expected time with Ar4go ——6.86 ns
+3.3% and ctAr/Bp = —0.283 ns/(MeV/c). Corrected for
energy loss, the momentum p was 414.6 MeV/c at the
target center, with a systematic error of + 0.9 MeV/e
(Table II). The momentum spread was calculated to be
+ 1.2 MeV/c, using a ray tracing program and the known
slit settings.

At low intensities the scintillator ~r (Fig. 2) inter-
sected and monitored the beam. It could however not
be operated at typical rates of 40 x 10s tr+P during the
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experiment. A scintillator telescope 3q J2 was installed
which monitored beam Aux by counting pions backscat-
tering from xq. The telescope was calibrated against x~
at low-beam intensities.

the beam pulse causing an elastic scattering event, and
from x+p —+ ++pe .

A. Event reconstruction

G. Trigger and data taking

The individual trigger signals from the three detectors
could be combined to trigger on bremsstrahlung (trpb) or
on elastic (trp) events. All information was collected by
a PDP ll/40 computer via a CAMAC interface and was
written to magnetic tapes for later ofF-line analysis. One
elastic run for every five bremsstrahlung runs was taken,
and the polarization of the butanol target was switched
about once a day. Measurements on the dummy carbon
target were made at five times during the experiment.

III. DATA REDUCTION

Out of the 2x10 bremsstrahlung triggers recorded
on tape, only about 1400 were genuine vr+py events.
Most of the triggers arose from elastic x+p scattering
events in coincidence with a random photon. True events
were selected with a kinematic fit. The random back-
ground events were checked with pion-proton pairs co-
inciding with a photon from a preceding or subsequent
beam pulse. As evident from the photon time spectrum
(Fig. 4), the random contribution under the real timing
peak is quite high. The events not contained in any of
the peaks are associated either with neutrons or with
positrons from the x+ —+ p+ —+ e+ decay chain, started
by a pion scattered into the photon detector. The in-time
photons stem mainly from charge exchange x+n ~ m p
on bound nucleons in coincidence with a second pion in

In the oA'-line analysis, protons in the pion spectrom-
eter were suppressed by cuts on time of Right and pulse
height. The four wire chambers were then searched for
multiple hits and up to three pions per event were re-
constructed. Each wire chamber had three wire planes,
so that a pion could be reconstructed even if one of the
planes had not reported. The eKciency of a wireplane
was calculated from the number of times the plane had
been missing in a good pion event. The e%ciency of
all four chambers together was typically 70%%uo. A tar-
get traceback cut removed events from vacuum windows
and heat shields. In the proton detector, the energy loss
measurement from the hodoscope was used to suppress
pions. The hodoscope was too close to the target to sepa-
rate pions from protons by time-of-Bight cuts. A photon
time cut was necessary to pick only photons correlated
in time with the pion and the proton (Fig. 4). Random
background was analyzed by combining pion-proton pairs
with photons from a neighboring beam pulse. The car-
bon target was analyzed likewise.

Elastic pions, i.e., pions from the reaction ~p ~ ap
with a free target proton, could easily be spotted by
comparing the reconstructed pion momentum to the mo-
mentum of an elastic pion going in the same direc-
tion (Fig. 3). For bremsstrahlung pions the measured
momentum was lower, and in a bremsstrahlung analy-
sis most elastic events were removed with a cut above

p —p„(elastic) = —6 MeV jc (Fig. 5).
After that cut, the bremsstrahlung events emerged in

the spectra of other kinematical quantities: these were
for instance the energy balance

16000-
in- time off - time

Eb t = (E;„+m~) —(E + E„+E~)

or the "target mass"

12000-

8000-

4000-

~ 60000

& 4oooo-

~ 20000-

cut

0 I I I I I

20 40 60
photon time ot flight [ns]

-160
l i I

-120 -80 -40 0
p~ - p~ (elastic) [MeV/c]

40

FIG. 4. Photon time spectrum. Photons correlated in

time with the pion and the proton were in the central peak,
photons from the previous or the next beam pulse in the
side peaks. Uncorrelated background stemmed from Michel
positrons at the end of the decay chain of backscattered pions
(s+ —+ p+v, y+ —+ e+vv), from slow neutrons, etc. Photons
from the "oR'-time" window served for background estimation.

FIG. 5. Measured pion momentum minus the momentum
of an elastic pion going in the same direction. About half
of the events that had a pion, a proton, and a photon re-
constructed were elastic m'p scattering in coincidence with a
random photon. Most of these were removed with a cut above
—6 MeV/c. There were no free protons in the carbon target
and no elastic signal is seen in the carbon spectrum. The
carbon scale is magnified (x20).
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m, = (E;„—E. —E„—E,)' —(P —I» —P& —Ii~)' 600

500
where E and p are energies and momenta of the incoming
and outgoing particles. For true bremsstrahlung events,
where the incoming pion had interacted with a free pro-
ton, Eb t should be zero (Fig. 6) and mi should equal the
proton mass mz (Fig. 7).

~ moo

CU

500

200
B. Kinematic fit

The experiment measured the direction, and momen-
tum or energy of all three outgoing particles. Kith the
known momentum of the incoming pion and the assump-
tion of a free proton target, the kinematics was overdeter-
mined and the measured quantities generally did not sat-
isfy energy and momentum conservation, either because
it was not a true event, or because the measurements were
not infinitely accurate. A kinematic fit was performed.
Figure 8 shows the confidence level (C.L.) distribution,
which should be uniform for the true events. False events
appeared at low C.L.'s. In the final data set, only events
with C.L.)0.2 were included. This implies that 20% of
the true events were lost by this cut [24].

All events that had passed the cuts from the previ-
ous section were submitted to a kinematic fit and were
entered into a three-dimensional histogram with the di-
rnensions C.L., pion angle, and photon energy. For each
run, this histogram together with other information like
scalers, wireplane efFiciencies, average target polariza-
tion, number of events that had passed the various stages
of the analysis, etc. , were appended to a database. This
database allowed fast calculation of A at confidence lev-

300

0 -80 -40 0 40
target mass [MeVj

FIG. 7. Distribution of reconstructed target mass minus
proton mass, m~ —m„. The histograms are otherwise as in
Fig. 6. Again, the bremsstrahlung events appear in the peak
at zero.

els other than 0.2 and, if desired, with restricted pion
angles, without reanalysis of the tapes.

C. Bremsstrahlung backgrounds

As apparent from Fig. 8 and Table III, the number
of background events was quite low after the confidence
level cut. The total number of random events is only
3', concentrated in the two lowest photon energy bins.
For the carbon dummy target the number of events sur-
viving the confidence level cut is consistent with zero
after random subtraction. Vfe believe that these random
events and dummy target data provide a good estimate of

600

500 I I

120-

~ 400

~ ~00

cD 200

D

(D
O'
Q)

80-

40-

0 0.2 Q4 0.6 0.8 1.0

'%00

0 -40 —20 0 20 40
energy balance [MeV]

FIG. 6. Energy balance Eb &, before and after the C.L.
cut of Fig. 8. Bremsstrahlung events were in the peak around
zero. For the background data (harp pairs with an oR'-time p)
the signal was absent (32 events with E~ ) 20 MeV survived
the C.L. cut, Table III) The carbon spectra for in-time and
oR'-time photons were the same; there was no indication of
an enhanced in-time signal around zero. Carbon spectra are
given before the C.L. cut.

5200-
Oo 2400

1600-)
8QO-

00 0.2 0.4 0.6
confidence level

0.8 '1.0

FIG. 8. (a) Confidence level (C.L.) distribution for brems-
strahlung triggers (after the cuts from Sec. III A). 9270 of all
entries were in the lowest bin. The true data sample (in time)
is compared to the background sample (off time). The C.L.
cut was at 0.2. (b) C.L. distribution for z p events, for butanol
and carbon. The carbon scale is magnified (x20).
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TABLE III. Statistics for the bremsstrahlung analysis. Beam flux (including corrections) is
given in arbitrary units for negatively (—), positively (+), and unpolarized (0) target. The events
that had a pion and a proton, and a photon in the correct time windovr are labeled "good x'p7."
These events were passed to the "elastic cut" (Fig. 5). Good bremsstrahlung events (C.L. ) 0.2,
E~ ) 20 MeU) were found in the data sample with the prompt photons (in time), some fake events
survived in the sample with an out-of-time photon (off time), and also in the data from the carbon
dummy target.

No. of runs
Flux n

+

Flux o total
Triggers
Good ~pp
After elastic cut
C.L.)0.2

+
0

C.L.)0.2 total

In time

43 300
23 300

681
436

27
1144

Butanol

76
339
271
20
630

2.12 x 10

OR' time

39 300
15 000

18
14

0
32

In time

8140
6870

Carbon

14

120
4.83 x 10

OR' time

6730
5520

the background in the polarized target data, for reasons
which we will now discuss briefly.

True background coincidences (with an identified pion-
proton pair) could arise from vr+ p ~ vr+ pmo, from s.+p ~
++pe on a bound nucleon, and from the breakup of a
bound quasideuteron z+M(Z, A) —+ z+pn M(Z —1, A—
2) with the neutron misidentified as a photon.

As shown in our previous paper dealing with liquid hy-
drogen [14],x production can easily be removed by kine-
matical considerations. In our present experiment (with
more backward pions on average), the relevant protons
are missing the proton detector in most cases. Brems-
strahlung on bound protons can be measured with the
durnrny target which contains i2C and sHe (with bind-
ing energies of 16.0 and 5.5 MeV). Our resolution on the
reconstruction of the target mass is o=4.3 MeV (Fig. 7)
sufhcient to remove this background. The butanol target
contains 8% oxygen atoms (binding energy 12.1 MeV)
not present in the dummy target, for which the same
statement can be made.

Slow neutrons are removed by the photon time-of-flight
cut, and for fast neutrons it is hardly possible to balance
energy and momentum. Furthermore this signal should
be present in the dummy target.

The random contributions could be checked with the
analysis of the neighboring photon time peaks. Their
primary source is vr+p elastic scattering with a random
photon, for which the kinematical constraints can be ful-
filled only for low photon energies and with both the pion
and the proton in the tails of their resolution functions.
For the second class ~+n ~ z p, x —+ yy in coincidence
with a scattered a+ on a bound or free proton from a
second pion in the same beam burst (35% probability),
the photon energies are quite high and kinematical cuts
easily remove these events. If the random sr+ is coming
from a bound proton or neutron, this contribution should

be observed with the dummy target, too. If the pion is
scattered by a proton, the elastic cut already removed
this type of event. Lastly, the decay of a scattered x+
into a p+ within the pion spectrometer, leading to an ap-
parent lower pion momentum, could be accompanied by
a random photon. This type of event should (a) be con-
tained in the random sample and is thus subtracted and

(b) normally fails the kinematical reconstruction (except
at very low photon energies), as checked by Monte Carlo
simulation [14].

As a further check we have given in Fig. 3 the num-
ber of events observed, summed over both spin directions
versus photon energy. The results agree quite well with
the unpolarized data, bearing in mind that no attempt
has been made to correct for the acceptance loss at the
very high photon energies.

IV. RESULTS

This section defines the analyzing power and describes
how it was calculated as the solution of an ordinary maxi-
mum likelihood problem. Results for bremsstrahlung and
elastic scattering are given.

A. Definition of analyzing power A

The analyzing power, which we want to measure is
defined as

(4)

o(+) and o(—) refer to the cross sections for proton spin
eigenstates ~+) and

~

—), and spin components o, = o n,
where n is a unit; vector defined with the momenta of the
incoming and the scattered pion, n = p,„xp /~p;„x p
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k+ ——Ea+ (I + AP+) + Ba+,
k = En (1+AP ) + B~

The result for A is

n k+ —n+k
n+P+k —n P kp —(P+ —P )n+o. B

(7)
(8)

(9)

Here it was assumed that background B is polarization
independent, i.e. , that b+ —Bn+ and b =Bn for the
two background data samples. For the ideal experiment,
with n+ ——n, P+ ——1, P =—1 and no background, Eq.
(9) reduces to A=(k+ —k )/(k+ + k ).

B. Likelihood fit

The calculation of A was complicated by a continu-
ous, 10% overall decrease of the polarization amplitudes
P+ and P due to radiation damage in the target, and
by variations in wire chamber eKciencies. Therefore, an
average polarization P; was calculated for each run and
n; was defined as the product of beam flux and cham-
ber e%ciency for that run. All other detector ef5ciencies
as well as the solid angle are contained in the factor E
(and B) and need not be known as long as they are not
changing. The probability of observing k; events in run
number i is given by Poisson statistics,

pk;
W; = ', exp( —A;),k;! (10)

where A; is the number-of events that is to be expected
for run number i,

A, = En;(I+AP;)+ Bc; .

Positive scattering angles are associated with p [25].
For a target, with polarization (o, ) = P, a cross sec-

tion,

cr(P) = o(0)(l+ AP), (5)

will be measured. o(0) = 2[o.(+) + o(—)] is the cross
section for an unpolarized target.

The number of events k that will be observed in a mea-
surement is proportional to the cross section and propor-
tional to the number of incoming pions (beam flux cx).
With background proportional to beam flux one has

k = En(1+ AP) + Bn .

The background B can be determined from the number
of events b found in the background data sample, Bn = b.
The two other unknowns A and E then can be found from
two measurements at two diferent target polarizations
P+ and P by solving the equations

W2

2

C. Bremsstrahlung analyzing power

Figure 9 shows the analyzing power A for the vrp ~
spy process in 15 MeV photon energy bins from 20 to 125
MeV compared to the MIT theory. Theoretical curves
were obtained with a Monte Carlo program that took
actual detector acceptances into account, using the code
from the MIT group [27] to compute the differential cross
sections o(+) and cr( —). From about 2500 simulated
events, theoretical asymmetries were calculated for sev-
eral values of p~.

To determine which p~ best fits the data, a y2 fit was
performed. Dropping the last data point at E&——117.5
MeV, this y~ was minimal for

p~ = 1.62 + 0.18 pp (14)

(Fig. 10), where p& is the magnetic moment of the proton

(pz ——2.793 eh/2m&). Table IV lists the results for both
MIT models, with fits which include between three and
all seven data points. Representative curves are shown
in Fig. 9. The predicted decrease in IA~ at the highest
energies, where the theory may be no more applicable
[11],does not seem to be confirmed by the data.

The predicted A is independent of p~ at both low and
high photon energies. At E~=60 MeV, the final-state

1.0
A

0.5-

0.0—

-0.5—

The likelihood function 8 depends on the unknown pa-
rameters A, E, and B. A maximum likelihood fit de-
termines a set (A, E, B) that maximizes Z. The search
for the maximum and the estimate for the parameter er-
rors used standard program packages [26]. The errors of
the n; were neglected. Equation (9) suggests that A is
roughly proportional to 1/P. So a 5% error was added
linearly to the statistical error of A, to account for the
5% calibration error in the polarization P Eq. uation (9)
is the maximum likelihood result for A in the special case
of only two runs.

This is identical to Eq. (6), except that there the expecta-
tion value was already replaced by the best guess, namely
k;. The expectation value for the number of background
events b2 in run j is

-1.0—

-1.5-
0

I

40
I I

80
E, [MeV]

I

120

A2
—Bn2 . (12)

The probability of observing exactly (ki, . . . , kIv) events
in N runs and (bi, . . . , b~) events in M background runs
is the product of all R'; and R&.

FIG. 9. Bremsstrahlung polarized-target asymmetry ver-
sus photon energy. The curves are predictions from the MIT
theory for several values of p~. The dashed curve is for model
II (see text for explanation).
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x'
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/ C)

/

() /
1 ~ 62-+0.18 I'j '~ 1.9-+0.3

~..r~

0.8 1.2 1.6 2+0 p /p P

FIG. 10. y fit of the bremsstrahlung asymmetry to the
MIT theory. y is a minimum for p~ ——1.62+0.18 p,„with five
degrees of freedom (E~ ( 110 MeV). A fit to the cross section
from our previous experiment [14] (dashed curve) agreed with
this result if photon energies were restricted to E~ & 80 MeV
and pion scattering angles to 75' & n~ & 95

TABLE IV. Results of the y fits of the MIT theory to
the measured analyzing powers. For MIT models I and II,
and with restriction to low photon energies.

Beg. of
freedom (MeV)

&65
&80
&95

&110
&125

1.1
1.2
2.0
4 4
7.2

Model I

1.66 + 0.27
1.71 + 0.20
1.64 + 0.19
1.62 + 0.18
1.59 + 0.17

1.1
1.1
2.1
4.0
6.6

Model II

1.54 + 0.32
1.59 + 0.24
1.50 + 0.21
1.46 + 0.19
1.46 + 0.17

x+p system is at the peak of the A mass distribution
and the sensitivity maximal. This is why the result of
the fit does not depend too strongly on the upper limit
of the fit, even though the y2 gets worse (Table IV). At
low energy the Low soft-photon theorem [28] assures that
the analyzing power for bremsstrahlung is tied to that for
elastic scattering.

The present result for p~ is not consistent with the
value p~ = 2.8 + 0.5p~, that was extracted from our
cross-section measurement [14]. A repeated fit to our
published cross-section data [14], with the photon en-
ergies restricted to less than 80 MeV (four data points),
where the theory should be more reliable, and pion angles
between 75 and 95', overlapping with the present po-
larized target data, yielded p~ ——1.9+0.3 p& for model I
and (1.8 k 0.3) pz for model II and hence diminished the
discrepancy.

The results are tabulated in Table V, with which the
analyzing power could be calculated using Eq. (9). All re-
sults quoted come from the likelihood fit, however, which
also included a few unpolarized runs (P; =0) and did not
use the average polarizations P, P+. Our experimental
results are compared here to the MIT predictions. For
future comparison with other theories, the approximate
detector acceptance, given in Table II, can be used. We
also performed a "point calculation, " i.e. , we calculated

the theoretical asyrriinetry for a fixed geometry at the
average pion and photon angles (Table V, caption and
last column), and compared it to the correctly averaged
result (Table V, second last column). The deviations are
small.

D. Elastic analyzing power

As already mentioned, most of the bremsstrahlung
triggers arise from elastic vr+p —+ x+p scattering in coin-
cidence with a random photon. Furthermore a consider-
able amount of data was taken with an elastic xp trigger.
These elastic events were easily analyzed with the same
programs and the asyrrunetry could be calculated.

All events with an identified pion and proton were
analyzed under the elastic scattering hypothesis. Kine-
matical quantities, like the ones defined in Eqs. (2) and

(3), were simply calculated by setting (E~, p&)=(0, 0)
(Fig. 12). The cuts in Fig. 5 had to be set to select
rather than to remove elastic events, and the kinematic
fit treated 9 instead of 12 parameters. Again the events
with C.L.(0.2 were rejected (Fig. 8).

The important source for background was quasielas-
tic scattering, i.e., scattering oR' a bound proton with
the proton then knocked off the nucleus. Since He has
the smallest binding energy, the helium background is
hardest to remove, and it was assumed that it was the
only contribution surviving the kinematic fit. The car-
bon dummy target runs were used to calculate the helium
contribution: The number of events 6& that passed with
C.L.)0.2 (Fig. 8) was multiplied by 0.88 to correct for
the small difference in the helium content of the carbon
and the butanol target, and then entered into the likeli-
hood fit as background. The background level was low
(Table V), and the alternative assumption, that not he-
lium but only carbon was its primary source, would have
led to a 0.1 o effect on the Anal result.

To combine the results from bremsstrahlung and elas-
tic trigger runs, the sampling rate of the bremsstrah-
lung trigger was taken into account. The sampling factor
(photon detector rate times gate width 0.006) was mul-

tiplied with beam flux and chamber efFiciency to form the
n; of Eq. (11). Since the contribution of true three par-
ticle events to the photon trigger rate is negligibly small,
no photon time-of-Bight cuts were applied to remove the
events with prompt photons.

The elastic scattering asymmetry is given in Fig. 13
and Table VI. It can be compared to phase shift pre-
dictions based on the KA84 phase shifts [29]. The eight
data points fitted the phase shift calculations with a y
of 7.8. Consequently the agreement with previous mea-
surements at similar beam energies [30] is good. With
the approximation P~ 0, the proton parameters are
fixed by the pion scattering angle o. , and no averaging
over detector acceptances is needed before comparing.

V. DISCUSSION OF RESULTS

The bremsstrahlung analyzing power measurement
was performed to obtain a less model dependent result
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TABLE V. Analyzing power A as a function of photon energy. k and k+ are the number of
events found for positive and negative target polarization. b and b+ are the corresponding number

of background events. Beam Rux a is in arbitrary units. Our result is compared to the NIT theory
averaged over the detector acceptance (p~ = 1.6, model I), and point calculations (a~ = 90,
n~ = —120', P = P~ = 0').

E~
(MeV)

Events
k

Backgr.
b b+

Crass-section asymmetry
Experiment MIT avg. MIT pt.

1
2
3
4
5
6
7
Total
Flux n
Pol. I'

27.5
42.5
57.5
72.5
87.5

102.5
117.5

159
141
135
100
71
64
11

681
339

—0.47

155
102

84
52
23
18

2
436
271

0.58

12
3
1
2
0
0
0

18

5
6
3
0
0
0
0

14

0.21+0.13
—0.09+0.13
—0.24+ 0.14
—0.39+0.17
—0.78+0.21
—0.86+0.22
—1.11+0.44

0.08
—0.04
—0.26
—0.49
—0.60
—0.52
—0.38

0.10
—0.06
—0.27
—0.49
—0.59
—0.52
—0.36

for the magnetic dipole moment of the A. The dif-
ference between the two parametrizations of the mNA
vertex function allowed from analyzing elastic scattering
data with the isobar model leads to a systematic error
of bp~ & 0.16 p&, smaller than the experimental error of
bp~ ——0.18 p&. The result is independent of the upper
limit on the photon energy, while the cross-section fit is
not. As shown in Fig. 11 the cross section for the two
parametrizations differ by 25%, while the asymmetries
differ by only 6% at 60 MeV, where the sensitivity to p~
is maximal. The model I parametrization is preferred,
because it leads to a smaller difference between the bare
and the dressed A mass. In Ref. [11]it is explicitly stated
that the theoretical model becomes less certain when E&
is comparable to I'~ 120 MeV. From the relativistic
extension of the MIT model no curves for our kinematics
are available. However, for 298 MeV pion energy, a pion
angle of 50.5' (UCLA geometry) and a coplanar pho-
ton at o.&

——120' we found that Wittman's published

curves [13] for p~/pz ——2.0 and 2.3 agree quite well with
the MIT model for photon energies below 80 MeV. For
higher energies the curves diverge, in line with what the
comparison of our data with the MIT model indicates,
too.

In a recent article [31] the soft photon technique for
calculating pion proton bremsstrahlung was extended to
higher energies and p~ radiation included. A reasonable
fit to our cross-section data (11 data points in 10 MeV
bins in photon energy, 55' & 0 & 95') [14] was ob-
tained with pn, ——1.70 + 0.09 pz (y /nD = 2.4). Predic-
tions for the asymmetry are not available. The At to the
UCLA data leads to 1.33 & p~++ /pz & 1.51. The overall
agreement with the data is quoted as good, for the exam-
ples shown it is indeed the case. The predictions for our
backward cross-section data, corresponding more closely
to the geometry of this experiment are shown in Fig. 11.
Taken at face value, these results are reassuring, but the
discrepancy between the MIT model and this model is

TABLE VI. Elastic m. +p scattering analyzing powers at 298 MeV. n is the pion center-of-mass
scattering angle. The scattering plane was perpendicular to the target field (P 0'). The number
of events for positive and negative target polarization and the number of surviving carbon target
events are given. Beam fiux a is in arbitrary units. The last column gives the phase shift prediction.

n c.m.
(deg)

Events Backgr.
b

Cross-section asymmetry
Experiment KA84

87.5
92.5
97.5

102.5
107.5
112.5
117.5
122.5

Total
Flux n
Pol. I'

5 883
8 165
7 665
7 116
8 599
9 357

12 581
12 798
72 164

180
—0.47

5 742
7 431
7 186
6 117
6 868
6 399
8 007
7 409

55 159
112

0.58

23
53
51
47
24
42
65
74

379
88

0.438+0.039
0.372+0.034
0.393+0.035
0.319+0.033
0.244+0.028
0.095+0.020
0.028+0.015

—0.068+0.017

0.435
0.444
0.412
0.334
0.223
0.109
0.015

—0.050
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FIG. 11. Results of theoretical cross-section predictions
for various values of p~/p„. Our measured cross section [14]
[75' & rr~ & 95', Fig. 3(b)] is compared to MIT predictions
and to recent soft photon calculations for the same data by
Lin and Liou [31].

FIG. 13. Analyzing power A for x+ p elastic scattering ver-
sus pion center-of-mass scattering angle at 415 MeV/c. The
dashed line is the KA84 prediction [29]. Our data (o) is com-
pared to results from previous experiments by Dubal et ol.

(~ ) at 408 MeV/c, and Gorn (x) at 417 MeV/c [30].

24
x)Q

20-

16-

CU
12

8

~butanol

still large, even at moderate photon energies. The new
calculations seem to give a better fit to the high-energy
data points. The theoretical articles however do not of-

fer any clues as to what might cause these diA'erences.

Only for the UCLA data set [8] G6 (pion energy 298
MeV, photon angle n& ———140', P& ———36', e = 50')
all three calculations published curves, Wittman's [13]
best fit curve for 2.0 p& is nearly identical with Lin and
Liou [31] best fit curve for 1.5pz and below 80 MeV also
with the MIT [11] curve for 2.0 pp. This would indicate
typically a 25'%%uo relative error contribution from the theo-
retical model, if the magnetic dipole moment is extracted
from the cross-section data. The difFerence between the
two parametrizations used in the MIT model is almost as
large as the dift'erence to the soft photon predictions for
the cross section, but applied to asymmetry data only
a 10'%%uo error contribution results for the magnetic mo-
ment. We therefore also expect that switching models
will have a smaller efFect for the asymmetry analysis. But
it would certainly strengthen our conclusions if asymme-

try predictions from all three calculations confirming our
conjecture became available.

Awaiting these calculations, we conclude by observ-
ing that our result p~/pz —1.62 + 0.18 (expt) +0.16
(theor) is in good agreement with bag-model predictions.
The naive, static constituent quark model gives:

1 4
pJt = 3 pu —

3pd t pn = —
3 pu + 3 pd )

It was pointed out by Brown, Rho, and Vento [2] that
the pion cloud contributions to the nucleon magnetic
moments contain two-body terms (&& of the total cloud
contribution), which cannot be absorbed in the quasipar-
ticle moments of the naive quark model. Since the two-
body contribution is antisymmetric in the quark spin and
isospin indices, it has a nonvanishing expectation value
only for the nucleon moments, but not for the moments
of L, A, Z, or =. Measuring the L moment therefore de-
termines the real quasiparticle moments without the two-
body contribution, or vice versa the L++ moment should
be smaller than what the naive quark model predicts by
about 17 to 21% for values of a parameter 6 between 0.4
and 0.5. b is defined such that the quark-bag contribu-
tions to the isovector nucleon moments are (1 —b) times
those given in the above formulas. Our experimental re-
sult would indicate 6 0.4, as suggested by the chiral
bag model. For this value the equality p~- ——p=- = pA
should hold, which is nearly fulfilled for = and A.

—40 0
target mass [MeV]

40

FIG. 12. Reconstructed target mass minus proton mass,
m& —mJ„ for the xy system. For all bremsstrahlung triggers
with a good pion and a proton, and for the accepted events
with C.L.)0.2. The butanol is compared to the carbon. The
carbon scale is magnified (x10).
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