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The polarized target asymmetry T(0) for the reaction yd~pn has been measured at proton
c.m. angles of 70', 100', and 130 in the photon energy region between 300 and 700 MeV. The ob-
served asymmetry shows relatively small values. A phenomenological partial wave analysis is car-
ried out by using the present T(0) data together with recent results on the difterential cross sec-
tion do. /did, the recoil proton polarization P(0), and the polarized beam asymmetry X(0). The
gross features of do. /dQ, T(0), and X(0) are reproduced reasonably well without dibaryon reso-
nances, but those of P (0) are not, even with arbitrary smooth backgrounds in the present scheme
of analysis. Possible contributions of dibaryon resonances are studied.

I. INTRODUCTION

Since the anomalous structure was observed in the
difference between the p-p total cross sections for two
longitudinal spin states (spin parallel and antiparallel) at
Argonne National Laboratory, ' the two-nucleon system
has been investigated extensively in relation to the possi-
ble existence of dibaryon resonances. Several phase shift
analyses ' were made and several candidates of dibaryon
resonances were proposed such as F3, 'D2 for I (iso-
spin) =1 and 'F3 for I =O.

The deuteron photodisintegration reaction yd~pn is
another important channel with information on both
I = 1 and 0 dibaryon states. In this reaction, an unex-
pectedly large proton polarization P(0) was observed at
0' =90' for the photon energy around 550 MeV. ' To

P
5explain this result, Ikeda et al. performed a phenome-

nological analysis and concluded that it was impossible
to reproduce the large polarization without introducing
two dibaryon resonances, I(J')=l(3 ) at 2260 MeV
and 0(3+) or 0(1+) at 2380 MeV.

In addition to the accurate cross section measure-
ments ' various polarization parameters such as the
recoil proton polarization P(g) (Refs. 4, 5, and 11—13),
the polarized beam asymmetry X(0) (Refs. 14—16), the
polarized target asymmetry T(0) (Refs. 17 and 18) and
the double-polarization parameter T, (g) (Ref. 19) have
been extensively measured. These polarization parame-
ters have several important implications in clarifying the
reaction mechanism.

(i) Predictions by the analysis above indicate that these
parameters are sensitive to the inclusion of dibaryon res-
onance terms.

(ii) These provide important information towards the
understanding of the reaction mechanism of yd~pn.

However, the previous data of T(0) are not systematic
enough to provide the crucial test for the inclusion of di-
baryon resonances in this reaction channel. We have,
therefore, measured T(9) with better accuracy over wid-
er energy and angular ranges, and carried out a phenom-
enological analysis using these data.

The present paper reports the measurement of T(8)
for the reaction yd~pn at 0' =70', 100', and 130' in
the energy region between 300 and 700 MeV. This ex-
periment was done at the 1.3 GeV electron synchrotron
of the Institute for Nuclear Study (INS), the University
of Tokyo. A letter on the experimental data has been
published elsewhere. In the present paper, details of
the experiment are described together with the results of
the analysis.

II. EXPERIMENTAL AP PARATUS
AND PROCEDURES

The layout of the experimental apparatus is shown in
Fig. 1. A bremsstrahlung photon beam was incident on
a polarized deuteron target. Protons in the reaction
yd~pn were detected with a magnetic spectrometer,
and neutrons were detected with a scintillation counter
array.
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FIG. 1. Experimental layout. Trigger counters: Tl, T2, T3 (T3'). Counter hodoscopes: H1„H3 (H3'). Cerenkov counters: CL
(CL'), CG. Hatched area denotes lead blocks.

A. Photon beam

The bremsstrahlung photon beam was produced by
the circulating electron beam of the synchrotron hitting
an internal platinum radiator, 50 pm thick. The beam
was coHimated by two lead collimators with cross sec-
tions of 5.5&5.5 and of 5.7&5.7 mm placed at 5.2 and
6.8 m from the radiator, respectively. The beam profile
thus obtained was a square with a cross section of
15& l5 mm at the target position, 17.8 m downstream
from the radiator. Two bending magnets behind the col-
limators swept out charged particles associated with the
photon beam. The beam path between the second colli-
mator and the polarized target was evacuated to reduce
the background due to electromagnetic processes.

The beam intensity was measured by a thick-walled
ionization chamber to an accuracy better than 3%. A
thin-walled ionization chamber was set between the po-
larized target and the thick-walled chamber for use as a
subsidiary beam monitor. The beam intensity was
(1-3)X 10 eqq/s with a duty factor of about 10% dur-
ing the experiment.

B. Polarized deuteron target
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volume). The deuteron polarization was measured con-
tinuously during the experiment by a fast-sweep Q-
meter-type NMR system with a PDP 11/40 minicomput-
er. The absolute value of the deuteron pclarization
was determined by detecting the thermal equilibrium
(TE) signal at nearly 0.9 K and comparing it with the
enhanced signal. A clean TE signal, as shown in Fig. 2,
was obtained by averaging 20000 sweeps after proper

The target material was 95% deuterated butanol
(C4D9OD) and 5% deuterium oxide, doped with about
1% free radical (porphyrexide) by weight, in the form of
frozen spheres of about 1 mm in diameter. The target
beads were packed in a container made of 250 pm thick
FEP (fluorinated ethylene propylene) film with a cross
section of 20&20 mm and a length of 40 mm. The typ-
ical fiHing factor of target beads was 0.65. The target
material was cooled down to 0.5 K by means of a He
continuous-Aow-type cryostat. ' The deuterons in the
target material were polarized by the dynamic method
using microwaves of about 70 0Hz in a uniform mag-
netic field of 2.5 T (

~

b8/B
~

&2 &&10 over the target
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FIG. 2. NMR signals of deuterons. The thermal equilibri-
um (TE) signal averaged over 20000 sweeps and the enhanced
signal averaged over 1000 sweeps.
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Accuracy in the measurement of
the TE signal

Depolarization effect due to
radiation damage

Contamination of dispersive
parts

Drift of circuit
(a) Difference between TE

and enhanced signals
(b) Drift of the base line

during the enhanced signal
measurement

Target temperature

0.04

0.02

0.01

0.01

0.01

0.007

Total (AP/P) & 0.05

subtraction of the baseline and its drift with both
hardware and software subtraction techniques. The
average polarization was nearly 17% during the experi-
ment. As listed in Table I, the total uncertainty in the
target polarization (bPT/PT) was estimated to be about
+5%, where the error in the measurement of the TE sig-
nal dominates.

The direction of polarization was reversed every 4—8
h to avoid possible systematic errors. Irradiation of the
target by the photon beam caused a decrease in the po-
larization during data taking. When the polarization
had decreased to about 90% of its initial value, the tar-
get material was annealed by raising its temperature to
about 140 K for about 60 min. This was necessary when
the total irradiation dose approached 5 & 10' eq q.

TABLE I. Uncertainties in evaluating the polarization of
the deuteron target.

The structure of the cryostat around the target con-
tainer is shown in Fig. 3. In order to reduce the elec-
tromagnetic background, the cryostat walls on the beam
path were made of thin material.

C. Detection system

The reaction yd~pn was detected by observing coin-
cidences between the proton and the neutron in the mag-
netic spectrometer and in the scintillation counter array,
respectively.

The proton spectrometer consisted of a magnet, scin-
tillation trigger counters (T1, T2, T3, T3'), counter
hodoscopes (Hl, H3, H3'), and Cerenkov counters (CG,
CL, CL'). The angular acceptance was nearly 2 msr
which was defined by the T1 counter. The spectrometer
magnet had an entrance of 50 cm in width and 10 cm in
height, and had a central orbit radius of 120 cm with a
bending angle of 49.3. The maximum field was 2.0 T,
with a corresponding central momentum of 700 MeV/c.
Particle trajectories were measured with three sets of
hodoscopes Hl, H3, and/or H3' (Hl, 12 strips of 80&&20
mm; H3, 19 strips of 240&20 mm; H3', seven strips of
240&& 30 mm ). The angular resolution was about +0.8'.
The momentum resolution was about 1% for H3 and
+1.5%%uo for H3', and the total momentum acceptance
was 23%. In high momentum (850 MeV/c) runs, the
central-orbit radius was changed to 142.5 cm with the
bending angle of 42. 8' by shifting H3 ~ In this case the
total momentum acceptance was about 17%. Particle
tlight times were measured between Tl and T3 (or T3')
with a resolution of +0.5 ns, and the pulse height of T2
was measured. Positrons and positive pions were vetoed
by the threshold Cerenkov counters; i.e., CG using
freon-12 gas at the absolute pressure of 4.5 kg/cm

neutron
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9 7
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t container
hield

1 0.25~ FEP
2 0.02 aluminum

3 005 copper

4 0Q7 stainless steel

5 0.2 stainless steel

6 1,0 stainless steel
7 0.04 aluminum

8 0 25 mylar

9 2.0 stainless steel

incident photon beam

0 50 mm
I I I I I I

FICx. 3. The structure of the cryostat around the target.
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(n =1.005) and CL (CL') made of Lucite of 44 mm
thickness ( n = 1.49 ).

Neutrons were detected by 21 blocks of plastic scintil-
lator, each block having a cross section of 10)&10 cm
and a length of 20 cm for N1 —N16 and 30 cm for
N17 —N21. The scintillation counter array was set at a
distance of 210 cm from the target point. The counters
N1 —N16 were placed vertically and N17 —N21 were
placed parallel to the scattered particles in the reaction
plane. The gains of the photomultipliers were adjusted
by use of momentum-analyzed electrons from a Sr
source and the neutron detection threshold was set to
about 10 MeV for each counter.

To reduce the background events produced from ma-
terials other than the target, the neutron path was
shielded by lead and concrete blocks. Serious sources of
background were pair-created electrons and positrons in
the target or in the cryostat walls. They were deflected
and sprayed by the 2.5 T magnetic field, hitting the neu-
tron counters. To avoid signal pileups in the neutron
counters and to reduce the accidental coincidence rate,
two kinds of absorbers were used, one was an aluminum
plate 22 mm thick and the other was a lead plate 0—30
mm thick which attenuated neutrons by about 20% at
maximum). Additional charged particles incident on the
neutron counters were rejected by veto counters. The
time difT'erence between Tl and each neutron counter
was measured, where constant fraction discriminators
were used. The pulse height of each neutron counter
was also measured. Gain drift of each photomultiplier
was monitored by checking its pulse height with a light
pulser, but no significant drift was observed during the
measurement on each data point.

D. Electronic and data acquisition

The electronics logic was briefly as follows. A trigger
signal P-N was generated by a coincidence between a
signal P in the proton counters and a single N, in any
one of the neutron counters, in anticoincidence with the
veto counters V:

21
P N= $ (P.N, V),

value of the target polarization sent from the PDP 11/40
minicomputer was also registered in the U-400 every 2
min. During the experiment, hit patterns, histograms,
and spectra for each proton and neutron counter were
displayed event by event on a monitor display of the U-
400.

Every 76 events, the data (128 bytes/event) stored in
the U-400 were transferred to the central computer
FACOM M-180 IIAD via the INS on-line data acquisi-
tion system. The tasks of the central computer were (i)
to monitor the events by calculating the reaction kine-
matics and producing various histograms, and (ii) to
store the data on a magnetic tape for further analysis.

III. DATA ANALYSIS

In the data analysis, events due to the reaction
yd~pn were selected from the background events by
using parts of the detector information. Several correc-
tions were applied in the extraction of the true yield
from the polarized deuteron target.

A. Event analysis

The following criteria were required for the selection
of yd~pn events: (i) the trigger logic pattern was P.N,
(ii) the only one counter was fired in each of the proton
hodoscopes H 1 and H3 (H3'), (iii) the pulse height of T2
and the time-of-fiight between T 1 and T3 (T3') counters
were within a predetermined region corresponding to the
proton, and (iv) at least one neutron signal had an ap-
propriate pulse height and an appropriate time of flight.
The contamination of positrons, positive pions, and
deuterons in proton triggers was decreased to be less
than 0'.5% by condition (iii) as shown in Fig. 4. Ac-

No. of counts
280 560 840 1120

deuterons

where

P= T1 T2 T3.CG-CL+T1 T2.T3' CL',
21

V= g (Vz; —t.Vz, ) .

(2)

(3)

4'

640-
C~ 480-

protons

Two kinds of delayed triggers, Pd N and P Nd, were
also generated to monitor the rate of accidental events.

The trigger signal started the data acquisition cycle of
the on-line computer. During this cycle, the following
information was recorded: trigger logic pattern to dis-
tinguish the event type, hit patterns in all hodoscopes
and in the neutron counters, the data of pulse heights
and time of flights, integrated beam intensity, run pa-
rameters, and various sealer counts. These data for each
event were registered in CAMAC modules and
transferred to a PANAFACOM U-400 computer. The

'5 320-
0

160-

200 400 600 800 1000

Pulse height (channel )

FIG. 4. Particle identification in the proton spectrometer.
Pulse height of T2 and TOF between T1 and T3' (0„=100',
P~ =740+80 MeV/c. The large peak in the spectrum corre-
sponds to protons and the residual peak corresponds to deute-
rons.
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cidental coincidences were successfully reduced to be less
than 5% by condition (iv) as shown in Fig. 5, since ac-
cidental events had relatively small pulse heights. The
remaining accidental events were subtracted by using the
off-timing spectrum of the time difference, where the un-
certainty associated with this subtraction is estimated to
be less than 0.5'7o of true events.

Among the hit patterns of the hodoscopes, there were
no-hit and multiple-hit events besides the normal single-
hit events. The no-hit events were mainly due to the loss
of particles in narrow gaps between the hodoscope
counters. Their rates of 3 —4% were almost constant
and independent of the target material. They were not
analyzed since they had no effect on the result of the tar-
get asymmetry. The multiple-hit events were probably
the true coincidence ones associated with one or more
accidental particles. Their rates were 3 —4% depending
on the spectrometer setting. The correction for the
event loss by multiple hit was applied by multiplying an
overall factor for each run; however, this had no
significant effects on the target asymmetry.

The event loss due to inhibit time in the CAMAC
data acquisition system was 6—9%%uo, which was corrected
for each run.

ec™=7OP

FROM
DEUTERATED BUTANOL

o 200-K

FROW

rNORMAL BUTANOL

500 600
PHOTON ENERGY (MeV)

I:I
700

FIG. 6. Typical distribution of pn events from the polar-
ized, deuterated butanol target and from the normal butanol
target as a function of the photon energy, where the photon en-
ergy was calculated from the measured proton momentum by
assuming two-body kinematics for the reaction yd~pn. The
end-point energy of the bremsstrahlung beam was 700 MeV.

B. Backgrounds

Two distinct processes can contribute to the back-
ground: (a) events from carbon and oxygen and nuclei
in the polarized target, and (b) events from other pro-
cesses (such as pion production) from polarized deute-
rons. The carbon and oxygen nuclei are not polarized,
so that the background from those nuclei will only dilute
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true asymmetries. On the other hand, the background
from the polarized deuterons can give false asymmetries.

The background from the type (a) processes was sub-
tracted by measuring P N events from a dummy target
of normal butanol (C4H9OH). The ratio of yields from
normal butanol to those from deuterated butanol varied
from 0.12 to 0.25 depending on data points. Typical
events distributions for both kinds of target are plotted
in Fig. 6.

As for type (b) background, the reaction yd~pn~ is
considered to be the main source in our kinematical con-
dition. For half the data points, the contribution from
yd ~pn~ was kinematically excluded by the proper
choice of maximum photon energy. For the remaining
half of the data points, it was impossible to eliminate
this background only by the kinematical setting, but
those background contributions should be much
suppressed for the following reasons: (i) the events from
the quasifree one-pion photoproduction process were not
detected because of our detecting conditions (small solid
angle for the proton arm and acceptances only for parti-
cles with momenta greater than 500 MeV/c for protons
and 400 MeV/c for neutrons), and (ii) the contribution of
other than the quasifree process was estimated to be less
than 1% by phase space considerations.

200 400 600 800 1000
Pulse height (channel )

FIG. 5. Typical event distribution in the neutron detector.
Pulse height of N12 and TOF between T1 and N12 (0 =100',
P„=840+110 MeV/cj. TOF distribution is displayed against
the events having pulse heights larger than the threshold used
in the event analysis corresponding to the channel number of
250.

IV. EXPERIMENTAL RESULTS

3 ] do+ —do'T=—
2 PT do + +do p+do

(4)

The target asymmetry of the process yd~pn is
defined using three kinds of differential cross sections
do. +, do.p, and do. for the three deuteron spin states,
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The subscript + denotes the deuteron spin direction in
k)&p, where k is the momentum vector of the incident
photon and p is that of the scattered proton.

A. Derivation of target asymmetry

In terms of the measured yields, the target asymmetry
is given from Eq. (l) as follows:

D+ —DT=
P (D+ N)+—P+ (D —N)

where P+ ( j
is the absolute value of the average deute-

ron polarization for each spin direction; D+ ( )
and X

represent the normalized yields from the polarized deu-
terated butanol and the normal butanol, respectively. In
this expression, as we did not measure the yield from un-
polarized deuterated butanol (defined as D), we use the
approximation of D =(D+ +D )/2. This replacement
corresponds to the neglect of an asymmetry caused by
the tensor part of the deuteron polarization. In our
case, however, due to the small values of vector polariza-
tion (

~
P+ ( ~ ~

(20%), the possible error introduced by
this replacement is estimated at less than +1.8%. The
statistical error T was estimated with the formula

(i) Uncertainty in the target polarization: The error
AT/T caused by the uncertainty in the measurement of
deuteron polarization is estimated to be less than +5%.

(ii) Contribution from liquid He: This contribution
was not subtracted by the dummy target measurement,
but it is estimated from the weight of liquid He (at 0.5
K) relative to the deuterated butanol target. The error
AT/T caused by this unsubtracted He contribution is
about +0.9%.

(iii) Uncertainty in the target filling factor: The filling
factors have a possible difference of 10% at maximum
between the deuterated and the normal butanol target.
The error AT/T caused by neglecting this difference is
about +1.3%.

(iv) Uncertainty caused by the replacement of D by
(D++D )/2: As mentioned in Sec. IV A, the error
AT/T is estimated at less than +1.8%.

(v) Uncertainty caused by the dead time of trigger
counters: instantaneous counting rates of these counters
were 0.7 MHz at maximum when the duty factor of the
beam was taken into account, and the resulting dead
time was 1.3%. Since the variation of each counting
rate was kept within 10% during the experiment, the er-
ror T caused by this variation is less than +0.7%.

1.0 d~ pn Gp =70

where

AT+ =b,D+(D —N)/A,

b T~ = AN (D+ D)/3—
2 =[P (D+ N)+P+(D N)7—/(P++—P ) . (g)

adopted
cut off channel

'I'H&y&&tHt tI&Httttttk&yI

B. Uncertainties in target asymmetry

Possible sources of systematic uncertainty are summa-
rized below and listed in Table II. -1.0

100

E~ = 550 - 600 MeV

I I I

200 300 400
cut —off channel

I

500

TABLE II. Uncertainties in the T(0) measurement.
1.0

Uncertainty in the
target polarization

AT/T

& 0.05

y d~pn Gp =130'

Contribution from the
tensor polarization

Uncertainty in the filling
factor of the target

Contribution from
liquid 'He

Uncertainty in estimating
the electronics dead time

Uncertainty in estimating
the other correction factors

Contribution from the
background processes

& 0.018

& 0.013

0.009

& 0.007

& 0.016

& 0.013

0.0
adopted
cut off channel

E&= 450 - 500 MeV

-10
100 200 300 400

cu t —of f channel

I

500

Total uncertainty & 0.055 & 0.022
FICi. 7. Typical dependence of T(0) on the cutoff value of

pulse height in the neutron counters.



2428 Y. OHASHI et al. 36

(vi) Uncertainty in the correction factor: The correc-
tion for the event loss due to multiple-hit events in hodo-
scopes, accidental events, and inhibit time of the CA-
MAC system had an overall uncertainty of 0.3%. The
error AT is about +1.6%.

(vii) Uncertainty caused by background processes: As
described in Sec. III B, this contamination to the true
events is estimated to be less than 1%, and the resulting
error AT is +1.3%%uo at maximum even if background
processes have asymmetries of +100%%uo.

A total systematic error (AT) becomes +8% at max-
imurn.

1.0

CL

LLJ

X
X

0.0 I

300

KP~rr fl

++=105

600
l I

400 500
PHOTON ENERGY (MeV)

C. Some considerations on the reliability of T(0)

To assure the reliability of our T (8 ) measurement, the
following checks were made.

(a) As the pulse height spectrum of the neutron
counter had continuous distribution as shown in Fig. 5,
we set a cut level at a certain value above the back-
ground pulse height in the off-line analysis stage. The
effect of the cut value on T(0) was examined and typical
results are shown in Fig. 7, where no remarkable depen-
dence was seen over the wide range of the cut values.

(b) To check the effect of the background processes,
the data were taken at different end-point energies of the
bremsstrahlung beam. The results are consistent with
each other within statistical errors.

FIG. 8. Target asymmetry in yd ~~+n(n) at a m. + c.m. an-
gle of 105'. Data points are from Kharkov (Ref. 24) ( f ),
Daresbury (Ref. 25) ( / ), Nagoya (Ref. 26) (100', f ), and the
present experiment ($). The curve is the prediction by the
phenomenological analysis of Arai and Fujii (Ref. 27) for the
target asymmetry parameter in the yp~~+n process.

(c) As a check of the whole detection system, we mea-
sured a target asymmetry of ~+ photoproduction from
the polarized proton bound in a polarized deuteron
(y "p"~~+n), detecting rr+ and n with the same ap-
paratus. The measured data point was at the ~+ c.rn.
angle of 104' and a photon energy of 400 MeV, where a
large asymmetry was expected. The result is in good
agreement with the existing data as shown in Fig. 8,

TABLE III. Results of the polarized target asymmetry in the reaction yd~pn. The errors are sta-
tistical only.

Photon
energy

bin
(MeV)

320-350
350-400
400-450
450-500
500-550
550-600
600-650
650-700
300-350
350-400
400-450
470-500
500-550
550-600
600-650
650-695
330-350
350-400
400-450
450-500
500-550
550-600
600-650
650-700

Average
photon energy

(MeV)

337.1

372.0
424.9
472.6
525.9
573.8
623.4
668.5
323.6
371.6
421.5
486.6
523.8
573.6
621.6
670.9
342.4
377.1

423.7
474.7
522.5

572. 1

621.9
671.6

Proton
c.m. angle

(deg)

72.0+ 1.9
73.3+3.0
71.5+3.2
71.8+2.9
71.0+3.1

71.4+3.0
72.6+2.2
73.1+1.3

100.0+2.6
101.6+2.9
103.4+2.2
98.3+2.7
99.4+3.3

100.8+3.0
101.7+2.6
102.0+ 1.6
129.9+2.8
130.2+2.9
130.4+ 3.0
130.0+2.9
130.3+3.0
130.7+2.9
131.3+2.6
131.9+2.3

Target
asymmetry

~()
—0.08+0.12
—0. 14+0.11
—0. 19+0.11

0. 18+0.14
0. 15+0.10

—0. 14+0.12
—0. 12+0.14

0.43+0.22
—0.02+0.10
—0.05+0.14
—0.04+0.26
—0.04+0.18
—0.02+0.16

0. 11+0.18
—0.04+0.22
—0. 16+0.53

0.02+0.23
0.34+0.14
0. 14+0.16
0.36+0.09
0.21+0.11

—0. 12+0.13
0. 12+0.17

—0. 18+0.30
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0.0

-1.0
& 1.0
lX

Vl~ 0.0
LU
c9E

ecJYl. 70

100

il
)pi I~ 'l l

reported. Overall features of these new data are not
reproduced by any solution of their analysis.

In order to check whether the disagreement between
the data and their prediction is due to inappropriate pa-
rameters of dibaryon resonances or not, we tried to fit
the data by adjusting the coupling parameters of the res-
onances, whereas the nonresonant amplitudes are un-

changed. Results showed that the data could not be
reproduced even if four dibaryon resonances were in-
cluded. This suggested the necessity of revised treat-
ment of the nonresonant amplitudes.

Therefore, we first examined the nonresonant ampli-
tudes in detail. Next, the amplitudes of dibaryon reso-
nances were superimposed on them.

-1.0
1.0 130

A. Model

0.0 I

II

-1.0 I I I I I

400 500 600
PHOTON ENERGY (MeV)

and the reliability of the whole detection system includ-
ing the polarized target system was assured.

D. Results

FIG. 9. Energy dependencies of the polarized target asym-
metry T(0) in yd~pn at 0~=70, 100', and 130'. Curves are
the predictions by Ikeda et aI. (Ref. 5). The full curve corre-
sponds to the solution without dibaryon resonances, the dashed
curve includes the dibaryon resonances 1(3 ) at 2260 MeV and
0(1+) at 2380 MeV, and the dash-dotted curve includes di-

baryon resonances 1(3 ) at 2260 MeV and 0(3+) at 2380 MeV.

In the present analysis, the amplitudes of the reaction
yd~pn is composed of following four terms: (1) the
nucleon-exchange Born amplitudes [Fig. 10(a)], (2) the
one-pion reabsorption amplitudes [Fig. 10(b)], (3) the ad-
ditional background amplitudes, and (4) the dibaryon
amplitudes [Fig. 10(c)]. Formulations of terms (1), (2),
and (4) are the same as those ones represented by Ikeda
et al. The nucleon-exchange Born amplitudes were
evaluated by adopting the dNN vertex function given by
Wynn. The one-pion reabsorption amplitudes were cal-
culated by following Ogawa et aI. , where yN~mN
part of the diagram was replaced by the phenomenologi-
cal amplitudes of the single-pion photoproduction.

An additional background amplitude was introduced
for each multipole transition amplitude, EI ( +'lJ ) and
MI ( +'lJ ), where L, S, I, and J are the orbital angular
momentum of the yd system, total spin, orbital angular
momentum, and total angular momentum of the NN
state. Forms of the background amplitude are discussed
later.

We assumed that the dibaryon amplitudes have the
following Breit-Wigner form:

The experimental results for the target asymmetry are
listed in Table III, and plotted in Fig. 9. As seen in Fig.
9, the T(9) values are small and fiuctuate around zero
for all measured energies and angles, and no significant
dependence on the incident photon energy is found.
This features is remarkable, being in marked contrast to
the proton polarization which has large values and
shows a strong energy dependence in the same energy re-
gion.

The curves shown in Fig. 9 are the predictions of the
phenomenological analysis made by Ikeda et al. There
is no solution which fits the present T (6) data con-
sistently at all energies and angles.

EL( +'lJ) or ML( +'lL )

I 1/2I 1/2
1 1= e p(2xiy )a

Ro 8' —iI /2

with

B2

(9)

V. PHENOMENOLOGICAL ANALYSIS

The partial wave analysis of the reaction yd~pn was
first done by Ikeda et al. To explain the large proton
polarization which is observed, they introduced dibaryon
resonances. Recently, in addition to the present mea-
surement on T(g), several new measurements have been

N d

(b)

FIG. 10. Diagrams in the yd~pn. (a) Nucleon-exchange
Born, (b) pion-reabsorption, and (c) dibaryon terms.
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2L k2+ 2

I 2+&2 (10)

r, =-,'r p
po

2l+1 2 2
pp +x
p +x

where k, p, W I, and x are c.m. photon energy, c.m.
nucleon momentum, total c.m. energy, total resonance
width, and angular momentum barrier parameter, re-
spectively. Wo is the mass of the resonance, and ko and

po are the values of k and p at the resonance energy
W = Wo. The coupling parameter and the phase param-
eter are denoted a and y, which are to be determined by
fitting the data.

B. Calculation without dibaryon resonances

For the first stage, we evaluated the amplitudes due to
the nucleon-exchange Born term and the one-pion reab-
sorption term following the analysis by Ikeda et al.
The main contribution to d o. /d 0 comes from these
terms and the results for do. /dQ agree with the data
around 90. However, above 400 MeV, the calculation
shows a sharp rise in the cross section at forward angles,
while the data become smaller. Hence, we searched for
the amplitudes which reproduce the behavior of the data
by modifying these terms in the following way.

(i) The amplitudes for the single pion phot-oproduction.
We calculated the one-pion reabsorption term with two
different amplitude sets by Moorhouse et al. and by
the Nagoya group. ' No remarkable difference was ob-
served between the cross sections obtained by use of
these two amplitude sets. We adopted those by the
Nagoya group in the following calculation, because their
analysis included more recent data.

(ii) The deuteron tvave function As for th. e eff'ect of
the deuteron wave function, we examined the wave func-
tions given by Hulthen and Sugawara, Lacombe
et al. , and Buck and Cxross to reproduce the do. /dB
data. We adopted the one by Lacombe et al. because it
gave a relatively better fit to do. /dA data at photon en-
ergies from 500 to 600 MeV.

(iii) The vertex form factors In the prese. nt model, the
amplitudes for the yN~~N vertex in the one-pion reab-
sorption diagram are replaced by the ones for the real
process y N ~~N. The ofT'-shell property of the ex-
changed pion was taken into account by using the fol-
lowing form factor,

C. Calculation with dibaryon resonances

The dibaryon amplitudes were superimposed on the
above-mentioned nonresonant amplitudes which repro-
duced the der ldQ, T(0), and X(0) reasonably well. The
resonance parameters o. and y were determined by the

fit to do IdII, T(0), X(0), and P(0) in the photon en-

TABLE IV. Data used in the fit with phenomenological
models with dibaryon resonances.

Institute Reference
Number
of data

Weight
factor

Tokyo
Bonn
Bonn

Present work
Ref. 17
Ref. 18

24
2

12

Total 38 2.50

do. /d 0 Lund
Tokyo

Ref. 6
Ref. 8

124
50

Total 174 1.00

term. However, P(0), X(0), and T(0) data cannot be
reproduced with these nonresonant amplitudes only.

In the second stage of the analysis, we tried to intro-
duce additional background amplitudes to reproduce the
spin parameters consistently. The constraints to the
background amplitudes were as follows: (i) they should
vary smoothly with energy, (ii) their magnitudes should
be relatively small, (iii) they were all real, and (iv) they
should be added only to low partial waves; namely to the
dipole and quadrupole transition amplitudes with an NN
orbital angular momentum of l (2.

First, we examined various combinations of back-
ground multipoles with constant amplitudes. It is found
that the T(0), X(0), and do. ldA data are reproduced
well by the introduction of at least three background
multipoles, E&('P, ) = —200 pb'~, M, ( S, )= —310
pb'~, and Ez( S&)=400 pb'~ . However, the P(0) data
were not reproduced with any combination of constant
backgrounds. The contribution of the above background
amplitudes to the total cross section is less than 5%
below 500 MeV, but a higher energies, it becomes larger.
We also checked the fit to the data by trying background
amplitudes which varied linearly with the photon ener-
gy, but no remarkable improvement was observed for
P (0).

h (t) =(A' —m' ) llA' t), — {12)

for the ~NN and ~AN vertices. We used cutoff parame-
ters for the ~NN and ~AN vertices as ANN= 880 MeV
and A zN

——745 MeV. Another cutoff parameter of a
closed loop integral appearing in the calculation of the
one-pion reabsorption diagram (it is referred as A3 in
Ref. 29) was chosen to be A,„,=265 MeV. These values
are also determined to fit the do /dA data.

With these modifications, we obtained the amplitudes
which reproduced the do. /dA data well without intro-
ducing any additional term and s-channel resonance

Standford
Bonn
Tokyo
Tokyo
Kharkov

Frascati
Kharkov

Ref. 11
Ref. 12
Ref. 4
Ref. 5

Ref. 13

Total

Ref. 14
Ref. 15

Total

11
3
8

19
40

4
47

1.47

1.85



36 TARGET ASYMMETRY MEASUREMENT IN yd~pn AT PHOTON. . . 2431

ergy region from 300 to 700 MeV. The data used in the
fit are listed in Table IV. The weighting factors were in-
troduced to reduce the possible imbalance between the
contributions to 7 among the different observables.
Those were determined by taking into account the num-
ber of data for each observable, and given in Table IV.

At first, two dibaryon resonances, 1(2+) at 2140 MeV
and 1(3 ) at 2220 MeV, were introduced, which mani-
fested themselves clearly in the pp elastic channel. The
do /deal, T(8), and X(8) data were reproduced rather
well, while the results for P(8) were not satisfactory.
Although P(8) data below 450 MeV were reproduced,
those above 500 MeV were not. This result suggested
the necessity of dibaryon resonances with higher masses
if one wants to get better fits in the present scheme.

In the second step, we added one more dibaryon reso-
nance to improve the fit to P(8) at high energies. We
considered the following three candidates: 1(4+), 0(1+),
and 0(3+). The first one was suggested from the investi-
gation of the pp channel the others were from the
study of the y d ~pn reaction. We tested the following
three combinations of resonances:

Solution A: 1(2+ )+ 1(3 )+ 1(4+ ),
Solution B: 1(2+)+1(3 )+0(1+),
Solution C: 1(2+)+1(3 )+0(3+),

The resulting parameters are listed in Table V and the
results are shown in Fig. 11 together with the solution
without dibaryon resonances. In these fits, we fixed the

mass 8 0, width I, and parameter x. The values of 8'
and I are given in Table V, and x was taken to be 200
MeV/c. Although the overall fit to the data is still unsa-
tisfactory, the gross structures of P (8) are improved by
the inclusion of these dibaryons.

D. Discussion on the results of the analysis

In Fig. 12, the angular dependence of T (8 ) at 550
MeV (Ref. 18) is compared with results of the present
analysis. Interpolated values of our data are also shown.
Gross features of the angular dependence are reproduced
reasonably well, but a detailed comparison between the
three solutions is impractical.

In the present analysis, we have tried to fit the data on
do IdII, T(8), P(8), and X(8) consistently by including
the effect of two or three dibaryon resonances. By in-
cluding three resonances, the overall fit improved, but
discrepancies are still large for P (8).

It should be noted that the present analysis contains
some ambiguities in evaluating the nonresonant ampli-
tudes: First, the subtraction of the photoproduction
Born term from the phenomenological yN~~N ampli-
tudes was made to avoid the double counting of certain
Feynman diagrams. This subtraction introduces an am-
biguity in the evaluation of the yd~pn amplitudes, be-
cause the Born amplitudes are not always a good ap-
proximation. Furthermore, we took into account only
the one-pion reabsorption diagram, while it seems that
the contribution of heavier mesons (such as p and co) is
not negligible in this energy region.

TABLE V. The results of the fits for the three hypotheses giving the smallest P values. The cou-
pling parameter a is given in units of pb'

Solution A
1(2+)

Solution B
1(2+ )

Solution C
1(2+ )

Wo
r
y
E2('D2)
M]('D~)
M3( D2)

2140 MeV
100 MeV
16'
360
—338
—49

Wo
r
y
Ez('Dz)
M, ('D, )

M, ('D, )

2140 MeV
100 MeV
24'
288
—171
85

Wo
I
y
E2('D2)
M] ('D2 )

M3( D2 )

2140 MeV
100 MeV
18'
263
—348
84

1(3 )

Wo 2220 MeV
r 120 MeV

y 24'

E3( F3) —57
MP( F3 )

M4( F3) —71

1(3 )

2220 MeV
120 MeV
50'

Wo
r
y
E3( F3) —12
M2( F3) 223
M4('F, ) 44

1(3 )

2220 MeV
120 MeV
48'

Wo
r
y
E3( F3) —80
M(F ) 97
M4('F3 ) 110

1(4+)
Wo 2430 MeV
I 160 MeV
y —3
E4( 'G4 ) —182
M3( 'G4 ) —1 80
M5( 'G4 ) 40

0(1+)
Wo 2350 MqV
I 200 MeV

y —2

E,('S, ) 258
E2( D, ) —3

M]( S] ) 91
M, ('D, ) —60

0(
Wo
r
y
E2( D3)
E,('G, )

E4( D3)
E4('63)
M3( D3 )

M3('G3)

3+ )

2350 MeV
200 MeV
—5

113
—60

4
47
158
20
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FIG. 11. (Continued).

Because of the above nature of the analysis, the non-
resonant amplitudes calculated with the nucleon-
exchange Born term and the one-pion reabsorption term
have some uncertainty in low partial waves. This is the
main reason for the introduction of the additional back-
ground term. Considering the fact that X(8) and T(8)
are reproduced rather well and the fit to do /dQ is part-
ly improved by including the background, the major part
of the discrepancy seems to be reduced by the back-
ground amplitudes given in Sec. V B.

Other theoretical analyses were made for the reaction
yd~pn by Laget, Anastasio and Chemtob,

Huneke, and Kisslinger and Cheung. All these anal-
yses indicated that the large P(8) data cannot be repro-
duced without dibaryon resonances. These are in agree-
ment with the present results.

Recently, Leidemann and Arenhovel calculated vari-
ous observables of the reaction yd~pn by treating the
final state interaction in a coupled channels approach
with inclusion of 6 degrees of freedom. They have
shown that P(8) is very sensitive to the proper treat-
ment of 6 and better agreement with the experimental
data can be obtained. However, they could not fit the
cross section data at the same time.
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FIG. 12. Angular distribution of the polarized target asym-
metry at Er =550 MeV. Data are from Ref. 18 (f ) and inter-
polated values of the present data ( f ). Curves in the figure
correspond to those in Fig. 11.

term.
(ii) The gross features of the X(0) and T(0) data can

be reproduced by the addition of the constant back-
ground amplitudes.

(iii) The behavior of the P (0) data cannot be repro-
duced by the nonresonant amplitudes only, even if addi-
tional monotonic background amplitudes are assumed.

(iv) The P(0) data can be explained by the introduc-
tion of dibaryon resonances. Two resonances, l(2+ ) and
1(3 ), are not suScient to explain the large recoil pro-
ton polarization. Inclusion of three dibaryon resonances
can improve the fit, but the agreement is still unsatisfac-
tory.

For further study on dibaryon resonances in the reac-
tion yd~pn, it is important to investigate the non-
resonant amplitudes. For this purpose, systematic accu-
mulation of various types of experimental data is neces-
sary. In particular, high precision measurements of
der /d6 and P (0) covering all angles are desired.
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