
Memoirs of the Faculty of ScieRce, Kyoto University, Series of Physics, Astrophyslcs,

        Geophysics and Cliemistry, Vol. XXXV, No. 1, Article 1, 1977.

STUDY OF THE rp->nd (1236) REACTION
         IN THE ENERGY REGION
    BETWEEN 744MeV AND 1044MeV

By

Atsushi SASAKI*

Department of Physics, Faculty of Science, Kyoto University, Kyoto

                (Received A, trgt{st 24, 1974)

ABSTRACT

   Tlie momentum spectra of positive and negative pions from the reaction rp->rezlV
haye been measured by a magnetic spectrometer aiid the photon subtraction method
at the Iaboratory angles of 200, 400, 600 and 900 and at the eRergies of 744, 844, 944

and 1044 MeV.
   Both spectra show a peak corresponding to the reaction rp--.nd(l236). The
differential cross sections of the reactions rp-e-rr-zf"'(1236)'  aRd rp->za"riO(1236) have

been deduced from the obtained spectra by the analysis performed with the amplitudes

for the reaction rp-->reA(1236) and tlie phase space background.

   The ratios of cross sections a(rp--n"dO(1236))lo(rp.x-d""(l236)) at each
energy are estimated to be in the range of O.1 to O.8 depending on the energy.

   The obtained centre of mass cross sections dald2*(rp-.rr'd'"(1236)) and da/d2"
(rp-.z"lie(1236)) have been compared with the theoretical calculations by the gauge
invariant one pion exchange model with tke phenomenologica! amplitudes for the
reaction rp.N"->zaA(1236). The theoretical calculations explain our•experimental
resuits qualitatively and show a certain contribution of tke resonance Di3(1525). to the

reaction rp-e-zd(l236),

1. Introduction

    Recently, many experimental investigations on the reaction

have been
    .reactlon

 r+p-->x+n+N
made.iN7) In most of the counter experiments, negative pions

(1.l)

from the

           r+p-> za- -l- rr"+p (1.2)
have been measured to idetify this reaction. The reaction (1.2) Iaas.been also meas-
ured by using bubble chambers. The results of studiesi) show that the cross section
of the reaction (1.2) rises sharply from the zA(1236) production threshold (-v500
MeV) and has the largest value (N80 peb) around the energy of 600 MeV, then
decreases gradualy with the increase of photon energy.

* Now at DepartmeRt of Physics, Faculty of Education, Akita University



2 ASASAKI
   The cross section of the reaction

         r+,p->rr+A(l236)

have been deduced in some of the studies. The results show that
meson threshold (I05e MeV), the reaction

         r+p.rr-+d""(1236)

is dominant in the reaction (1.2). The cross section of the reaction

         r+p--->rc'+dO(i236)

can be estimated from the cross section of the reaction

         r+p-->rr"+AO(1236)

                    -z-+p
which is measured in the bubble chamber experiments.

             a(rp--)n+AO)
          rl=:             a(rp-->z-d"")

is estiraated to be much smaller than 1!10 below 1 GeV by using th

             o(rp ---> rrÅÄAO -> z+z-p)
          t'2= : a(rp->rr-A++-->Z-Z+P) '

   Some theoretical investigations have 'been performed on the
According to the gauge invariant one pion exchange mode18), the ratio
to be about 113 (r2.vl19). The ratio ri for the reaction

         r +p->IV*i/2--> rr -s- A

is evaluated to be 113 (r,••v 119) basing on the isobar model.

ratio ri is evaluated to be 413 (r,.w4!9) for the reaction

          r+p--e-N*3!2->n+d

where Nf denotes a s-channel resonance with isospin I.
   There are some counter experiments9'iO) whic
sistent to or larger than 1!3. In our previous experiment7),
of positive pions as well as of negative pions at th

measured. The results show that the ratio of the yields ''
pions are about unity at the

tum at the photon energies of 85e and 950 MeV. However, the
the reaction (l.5) was not deduced in this experiment.

   Extending the regions of photon energy and the laboratory

and (1.5).

   (1.3)

below the rho-

(1.4)

(i.5)

(l.5')

The ratio of cross sections

             (1.6)

     e data of the ratio4'5)

             (l.7)

         reaction (l.3).
         ri is evaluated

          (l.8)

On the other hand, the

(i.9)

                                      h suggest that the ratio ri is con•-
                                               the momentum spectra
                                       e laboratory angle of 58.20 were
                                              of positive and negative
                     high momentum region and increases in the low momen-
                                                    cross section of

                                                   angle, the present
experiment has been performed to obtain useful informations on the reactions (1.4)
         The momentum spectra ofpositive and negative pions from the reaction
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(1.l) in the energy region of 750-1050 MeV and in the angular region of 200-900
have been measured by using a magnetic spectrometer system and the photon sub-
traction method. The obtained spectra have been analyzed in terms of the amplitudes
of the reaction (1.3) and the phase space background to obtain the cross sections
of the reactions (l.4) and (l.5) and the ratio r,. The results have been compared
with theoretical calculations based on the gauge invariant one pion exchange model
with the phenomenological amplitudes for the reaction (1.g).

   Tlte experimental apparatus and procedure are described in section 2 and 3,
respectively. Section 4 is devoted to the procedure of data reduction. The deri-
vation ofthe cross sections ofthe reactions (l.4) and (l.5) is given in section 5. The

procedure of theoretical ealculations is presented in section 6 and in the appendix.
The results are discussed in section 7.

2. Experimentalapparatus

2-1. Photon beam and hydrogen target

    Experiment has been performed with the bremsstrahlung beam from tbe l.3
GeV electron synchrotron at the Institute for Nuclear Study, University of Tokyo.
The schematic layout of experimental apparatus is presented in Fig. 1. The brems-
strahlung beam was produced with electrons accelerated in the synchrotron and
striking an internal copper radiator of 50e ptm thick. The beam was defined by a
lead collimator of 20 cm long having a circular hole of 2 cm in diarneter located at
le.9 m frorn the radiator. Then the beam was passed through a sweep magnet and
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led into the experimental area with an evacuated pipe. The beam profile was
measured to be 3.2 cm in diameter with the metbod ofphotometry "sing X-ray films
at the position of the iiquid hydrogen target, 17.5 m from the radiator. The beam
intensity was monitored continuously by a Wilson type quantameter. The integrator
of the quantameter was calibrated weekly and confirmed to be within 10/. in the
variation of the gain. The spill time of the beam was kept within Å}1 ms around
the time of a maximum magnetic field of the synchrotron and was monitored con-
tinuously by a spill monitor'i). The liquid hydrogen was contained in a cylindricac 1

container of 5 cm in diac meter and 10 cm in length which was made of Mylar of
O.075 mm thick. A device set on the target enabled us to evacuate the liquid hydrogen
from the container within a few ininutes.

2-2. TIie pien spectrometer

   The spectrometer was set on the rotating platforin and consisted of an analyzing
                     vmagnet, a threshold gas Cerenkov counter C, two groups of scintillation counters,
one (Si, S2, S3) in coincidence and the other (ig, Y2, F,, F2) in veto. The parameters
and functions of the counters are listed in Table 1.

   The trajectories of charged particles were limited by the veto-counters. The
frame-like counter Vi was used to define the solid angle of the spectrometer. The
counter V2 was also used to define the angular acceptance of the spectrometer. The
counters Fi and F2 were set on the pole face of the magnet so as to reject particles
scattered at the pole piece of the magnet. Flexible adiabatic light guides of silicon
rubber'2) were used to collect the light of the counters Fi and F2 through long pathes

in the magnet. Each veto counter consisted ofa pair ofidentical scintillation counters

which were used in coincidence to reduce the accidental countings. A helium bag
was set aloRg the beam path of the spectrometer to reduce the effect of the multiple
Coulomb scattering. The counter S3 was placed at the forcal point of the magnet
and defined the momentum acceptance oftlie spectrometer. Pulse heights of signals
of the counters Si and S3 were used to distinguish protons from pions at the positive

Table l. Ceunter parameters

Distance from
 H2 target

FuRction Definingaperture Thickness

Veto cottnters

;g,

F2

Y2

197.9 cm
200.9 cm
256.6 cm

351.0 cm

408.5 cm
Teiescope counters

is 547.9 cm
593.4 cm
608.8 cm

angular acceptance
angular acceptance
rejection of surface
 scatterlng
rejection of surface
  scattenng
angular acceptance

proton rejectlon

momentum acceptance
 aRd proton rejection

Thresliold gas eereRkov counter

C 643.8 cm electron rejection

Å}4.0 cm, vertically

Å}9.0 cm, liorizontally

th4.0 cm, vertically

Å}4.8 cm, vertically

Å}15.0 cm, korizontaily
width keight
27.0 cmÅ~21.0 cm
27.0 cm Å~ 27.0 cm

24.0 cm Å~ 20.0 cm

1cm
l cni

1 cm

1 cni

1 cm

O.3 cm
O.3 cm
O.6 cm

24 cmÅ~20 cm
witli the beam window of 50 cm in
diameter and 6.5 mm thick Mylar
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pion run. A copper plate of 3 mm thick was placed in front of the counter S3 to
reduce the room background.
   Characteristics of the magnet were investigated by a fioating wire technique
alld with a flip coil calibrated by a NMR magnetmeter. The solid angle d9 and
the moment"m acceptance Apfp were calculated to be 2.5 msr and O.l, respectively,
by a Monte Carlo simulation taking into account of the results of fioating wire
measurement and field mapping.

        v2-3. Gas Cerenkey counter

   In the present experiment, a Iarge amount of contaminations of electrons or
positrons must be eliminated. A threshold gas {berenkov counter of Freon-l2

was constructed and set on the platform at the down stream of the counter S3 to
detect electrons or posjtrons.
   Tke schematic view of the 6erenkov counter is jilustrated in Fig. 2. To reduce

the multiple Coulomb scattering of electrons at the entrance of the counter, a beam
window of 50cm in diameter was constructed by twenty-six sheets of O.25mm
thick polyester filmi3). The counter was designed to have the horizontal and ver-

tical acceptance of 25cmx20cm in space and l20Å~80 in angle. The gas con-
tainer was tested by capplying a hydraulic pressure of 15kgfcm2 and found to be
         vsafe. The Cerenkov photons were collected through two light funnel of Winston-
Hinterberger typei`) and detected by two phototubes (RCA 4522) attached to the
quartz glass window of 35 mm thick. The accepting angle of the light funnel was
designed to be 120.

   The counter wcfts operated at the pressure of 6 kglcm2 and at the temperature

                     THRESHOLD GAS 6ERENKOV COUNTER
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Fig. 3. Detection eMciency of the gas 6erenkov counter which is defined Ne/N (see
     the text) and normarized to 1.0 at the pressure of 9 kg/cm2.

of 37eC during the experiment. The threshold momentum for pion and muon is
1200 and 910MeV!c, respectively. The results of measurement show that the
detection eMciency of the counter is higher than 98 % for l50 MeVlc electrons and
99 O/. for 300MeV!c electrons as shown in Fig. 3.

3. Experimentalprocedure

3-1. Yield of chargerf particles

   The counters S,, S2 and S3 are used in coincidence (S=S,.S2.S3). The signals
of the counters Vi, V2, Fi and F2 are summed up (X=Vi+V2+Fi+F2). When
the countings of S and S•X are written as Ns and Nsx, respectively, the countings
of available charged particles IV (=:NsX) is obtained as following,

         N(=NsX)=Ns-Nsx. (3.1)
The yield Ns contains the yields due to pions and electrons at the negative pion runs
and the yields due to pions, pisitrons and protons at tlie positive pion runs.

3-2. Subtractien of electron yields

   The yield of electrons or positrons .IVe (=:Ncs.-t) was obtained from the coin-
                                vcidence countings Ncs and Nessc of the Cerenkov counter with S and S.X, res-
pectively,

    Ne( =Ncs-x) == Ncs-Ncsx. (3.2)
The yield of electrons or positrons Ne was subtracted fi'om the yield ef charged
particles N. An example of electron yield is shown in Fig. 4. The yield due to
electrons was about five times of the yield due to pions at the laboratory angle of
200 and momentum of 100 MeVlc. Most of the electrons were created by low
energy photons and eliminated through the procedure of photon subtraction. Thus
the background due to the ineMciency of 6erenkov counter was negligibly small

in most of the runs.
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3-3. Subtractioit of preten yields.

   At the positive pion run the coincidence event S was rejected by the signals of
counter S, with a sufllciently large pulse height compaTed to those ef pions. Thus
the yields due to protons were eliminated partly by the fast electronic logic. For
the complete elimination of proton yields, the pulse height of signals of counter
S, recorded on the pulse height analyzer was used. A typical example of pulse
height distribution is shown in Fig. 5.
   The procedure of proton subtraction is as follows. At first, "cut off channel"
was defined for each mom.entum. Below this channel, the proton contamination
was negligibly small compared to the pion yield(g•1 O/.,see Fig. 5). All the events
lying below the cut off channel were considered to be pions and positrons. Then
assuming a Landau distribution on the pulse height distribution, the number of
pions and positrons above the cut off channel was estimated and found to be about
15 "/, of those below the cut off chacnnel at 700 MeV/c.
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          represent the cut off channel (see the text).

3-4. Subtraction of empty target yield.

   The yields from the materials other than liquid hydrogen was
a well established manner by the empty target run.
target yields were about 20 O/. of that for full target.

3-5. Datacolleetion

   A typical momentum spectrum of positive pions- obtained
subtraction between the photon energies pf 800 and 900 MeV is
The spectrum below 450 MeV corresponds to the reaction

'i 10N

E[D t?,ev/t

The dashed curve

             subtracted in
In most of the runs, the empty

   after the photon
    shown in Fig. 6.
r+p->rr'+rr+N and
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the spectrum above 450 MeV!c corresponds to the reaction r+p.rr'+n. Thus
the positive pion yield due to the reaction r+p->n'+n+N is separated well
enough froin the one due to the reactioR •r +lp-->rr++n when the photon subtraction
with the enregy width of 100 MeV is perforraed.
   A measurement of the cross section of the reaction r+p-->n++n was per-
formed to confirm the reliability of the spectrometer system before the data collec-
tion and found to be .in good agreement with the existing data within the statistical

error. The check of the spectrometer system was performed periodically during
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the experiment.
   The yields of positive and negative pions were measured as a function of mo-
mentum from 100 MeV!c with a step of 25 or 50 MeVlc. The data were collected
at the laboratory angles of 200, 400 and 600 for the bremsstrahlung having the ma-
ximum energies of 700, 800, 900, 1000 and llOO MeV. Moreover, the positive
pions were measured atthe angle of 900 for the maximum energies of 900, 1000 and
1100MeV. The typical curves are shown in Fig. 7.

4. Datareductien

4-1. Formula for the laboratory cross section

   The observed pion yield N. per equivalent quanta is expressed by the followings

          Ne==op'Ii, dpdd2a2'd2•Ap•N.•B(Kk' k) dlc+

                    dos.A2.01"r.lip.N..B(K' kr) (4.1)              +op•e•
                    d2 0p lc,
where the first and second terms represent the contribution from the reaction
r+p->rr+n+N and r+p->rr"+n, respectively, and

           d2a               ==the cross section of the reaction rp->naN
          dpd2
          op, d2, Ap = detection eraciency, solid angle and momentum acceptance
                    of the spectrometer, respectively
          NH ==number of target protons
          K =:maximum energy of bremsstrahlung
          Ko ==minimum photon energy to produce two pions one of which can
                    be detected by the spectrometer
          B(K, lc)11c =number of photons with the energies between k and k+dk,
                    where B(K, lc) is a bremsstrahlung form factor
          4-(?l fgf. Be.ka,:iu,e gl•g: r,y,:

          dOs==cross section of the reaction rp--->rr+n at the responsible photon

          d2
                    energy lc, when the rr" is observed by the spectrometer.

According to eq. (4.1), the cross section d2o!dpd2 at the energies between K, and
K2 (K2<Ki) is given by

                                            da                             ak           d2. -(YKim Yrc2)rm4' opr'R(Ki, K2, kr)' d2S

                                                            (4.2)          dp. d2- S::R(K,, K,, k)dk

          YK =N./N.A2lipm
          R(Ki, K,, lc) == B(Ki, k)-B(K2, lc) .

                            Ic
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    By using the observed yields, the laboratory cross sections d2a!dpd2 of the
reaction (1.1) werc obtained according to the eq. (4.2) at the mean photon energies

of 744, 844, 944 and I044 MeV. The dependence of cross sections on the momen-
tum is called "momentum spectrum", here after. The counting eMciency of the
spectrometer o and the second term in the numerator of righ side of eq. (4.2) were
eveluated numberically. For the evaluation of n, the decay and absorption of
pions were taken into account.

4-2 Decay correction

    The observed yield Yo is related to the yield Y of pions which are produced in
the target and emitted in the angt}lar and momentum accepance of the spectrometer,

          ]Yl,== (ct+,(9)•Y+ ]EX' (4.3)
where
          a =the fraction of the acceptable pions which are observed before
              decaying into muons.
          P =the fraction of the acceptable pions which are observed after
              decayed into muons.
          Y' :yield of muons from the pions which are emitted out of the an-
              gular and momentum acceptance ef the spectrometer.

The eq. (4.3) gives following equation,

                l-r (4.4)          y= YO'
                a+P
where
          r== Y'f Yo•

    Monte Carlo calculations were performed to obtain the values of P and r.
The values of r were found to be about O.15 and O.1 for 100 and 200 MeVlc, res-
pectively. For the momenta above 200 MeVfc, r was nearly constant and eva-
ltiated to be about O.1. The value of fi was about O.08 for 300 MeVlc. A typicai
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result of calculation for a, fi and r are shown in Fig. 8. The correction for the
decay effect of pions were about 100 %, 30 O/, and 4 O/. for 100, 200 and 300 MeVlc,
respectively, and were negligibly small for higher momenta. The accuracy of these
calculations were about 10 % due to the statistical errors of Monte Carlo simulation.

4-3. Correction due to the nuclear absorption

   The materials taken into account in the calculation of nuclear absorption are
Mylar wall of liquid hydrogen target, air and helium, counters S, and S2 and the
copper plate. For the calculation, existing data of elastic and inelastic pion nuclei
interatcion cross sections are usedi5).

   Some of pions interact inelastically with the carbon nBclei in the counter Si
and S3. Due to these inelastic interactions, those pions are detected as protons in
the positive pion run. Corrections due to this effect were also taken into account.
   The total corrections (lue to the nuclear absorption were found to be about 6 O/.
for both positive and negative pions at the momentum of 300 MeVlc as shown in
Fig. 9. The errors of these corrections were due to the accuracy of the A2/3 law and

the experimental errors of data of pion-nuclei cross sections and estimated to be
about 10 O/. of eorrections.
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    Fig. 9. Correction factors for the nuclear absorption, Solid curve: for negative pions,
          dashed curve: for the positive pions.

4-4 Correction for the contamination frem single pion photoproductien

   As there remains a small number of low energy photons (k<K2) in the sub-
tracted photon spectrum7'24), R(Ki, K2, k), the effect of second term in the numerator

of right side of eq. (4.2) must be taken into account in the positive pion run. This
term was calculated to be about 3 % typically.

5. Cross sectien ef rp->nA(1236)

5-1. Fitting formula

   The obtained mornentum spectra were analyzed by assuming pions produced
through the process (1.3) and a direct process (a three body phase space background).
The spectrum is described by,
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           ,,d,ZSZ, == SiId,3iili•d,3iil:•s`(p,-p,) • {iAg- i2+ iAf [2+ iAf i2+

                   +2Re(Ag•Af")+2Re(AeÅ}•A2'*)+2Re(Ai"•Ag*)}, (5.1)

where

          (Ei, pi), i=i,2,3 =four inomentum ofobserved pion (rri), un observed pion
              (rr2) and the nucleon, respectively,
          Ae=amplitude related to the pion from the phase space background,
          Ai, A2==amplitude related to the recoil pion of the quasitwo body pro-
              cess rp-e•vaA(1236) and the decay pion from li(1236), respectively,

The superscript(E) denotes the charge state of observed pion (n,). The ampli-
tudes Ai and A2 are given by

          A,=aieiS2 sin S2!V rvo,r

          A2== a2eiSi sin 6ilV WoJr'

          6i--tan-ipvgearw, (j--l,2) (s.2)

where

           W,, I" ==the mass and widthi6) of A(l236), respectively,
           PVj--the invariant mass of j-th pion and nucleon.

5-2 Isospin amplitude and fitting procedure

    The a plitudes al= and at'" are decomposed as

          ar = 4/i/ T,(e,)+4/Iiti T,(e,) ,

          at .,. /Vtll/I T,(o,)-iVtitll]s T3(ei) ,

          .if- 4/i/ (VIg/IT,(e,)-4/iltlis T3(e2)] ,

          ai-(V5' T,(e,)+ivltST,(o,))+•vlll'}(-iVi' T,(e2)+/Vil'isT3(e2)) •

                                                            (5.3)
where ei and 02 are the azimuthal angles of rr, and rr,, respectively. The amplitudes
Ti and T2 represent the s-channel isospin amplitudes with I =-ll- and -g-, respec-

tively. The first and second terrns appeared in the decomposition of ai correspond
to the decay z" from A""(1236) and d'(1236), respectively.
    The amplitudes A6nv', T, and T3 were determined so that the eq. (5.1) reproduce
the observed momentum spectra of both positive and negative pions at each photon
energy and laboratory angle by a least square method. In the fitting proc' edure,

the amplitude T3 was treated as a real number because it was plausible that resona-
nges with i=-ll- were scarcely photoproduced below 1 GeV. TIie.amplitudes
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Ti(0i) and Ti(e2) were treated as different from each other. Moreoyer, the am-
plitudes Ti(02) were treated as independent on the angle 0, for the actual fitting
procedure. The parameters fitted are four real numbers, Ao", Aif, T3(ei) and T3(02)

and two complex numbers, Ti(0i) and Ti(ei)•
   The interference terms 2Re(Atr•A'mi"") and 2Re(Att•Ai':*) in the eq. (5.1) were
ignored in the fitting procedure. The cross terms between different charge states
were excluded for the positive pion spectrum. Tlie effect of the reactions rp.pN
and rp->nan7V were not taken into account due to their small cross sections in our

energy reglons.
   The laboratory cross sections d2oldpd9(rp->zd(1236)) oftlie reactions (1.4)
and (1.5) were calculated by using the eq.(5.1) with only the term lAr-' 12 which was

given by the obtained values of Ti(ei) and T3(0i)•
   The differential cross sections daldS2(rp->rrA(1236)) were calculated by in-
tegrating the cross sections dZuldpd2(rp->rcA(1236)) over the momentum. The
centre of mass cross sections doldiS?"(rp->zd(1236)) were obtained by using the
value of Jacobian at the momentum pi which corresponds to the invariant mass
l)V2 == l236 MeV.

6. Theoretical calculation of cress sections

6-•1 Amplitudes for the reaction rp--e-zti

    Several resonances below 1.1 GeV whiclt can decay into nd(1236) are listed
in Table 2. The total cross sections of the reaction (1.1) through these resonances
were calculated by using the photoexcitation amplitudes presented by Walkeri7)
with the assumption that the znN decayiS) occurs througla the process N*---DFrrA(l236)

->rcrcN and the calculated values are also listed in Table 2.
   The resonance amplitudes corresponding to the reactions (1.8) and (l.9) are
treated coherentlyt with the amplitudes of gauge invariant one pion exchange mode18)
in this section. The total s-chaimel siospin amplit"des Ti and T3 corresponding to
isospin I={l- and {l-, respectively, are presented as

                                     '
          Ti,..Bi+Ri

               Table 2. ResonaRces photoproduced below 1100 MdV

Name JP
i

   1+P,5
   3+D,3 ' T
   l+S,i 7

   5+F,s - IT

75-
Dls

Mass
(MeV)

1460

1525

1560

1688

1690

ResonaRce
 energy
 (MeV)

650

760

780

1050

1050

Multipolarity of
   photon
  J' Name

1 Ml

I 5k
l El

2 E23 M3
g iME.

  Retative
ang. momentum
between rc & A

     L'
1

O, 2

2

1, 3

2, 4

g(rp->N*.
 n"d"")
   ptb

O.4

21

O.5

6

O.7

t See reÅí19 in which the s-chanRel resonances are treated differently from the present procedure.
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T3..,B3+R3 (6.1)

15

where

  
  
.,N              -,)>-N

<

Bi, B3xisospin amplitude of gauge invariant one pion exchange terms
    for i==-l- and -:L, respectively

          22
Ri,R3==resonance amplitude corresponding to the reaction rp->N*
    .rrd(1236) with isospin I =L and 2, respectively.

                           22

        XN XX         N 1N                                       1                                      !Å~

     I II III IV V    Fig. 10. Feynmanndiagramswhichcorrespondtothereactionrp.nd(1236). Graphs
           IAvlV present the gauge invariant OPE terms8). Graph V correspond to the
          reaction rp-eFN*-rrli(1236).

   We present the amplitudes of the reaction (l.4) by H!, IIii, HXiZ and H!V
corresponding to the each graph of gauge invariant one pion exchange model
(see Fig. 10). Then the amplitudes Bi and B3 are decomposed as follows,

             vzx
              3 (-Hr+3Hii-H'iii+4H!v)          Bi.=

             vro
              3 (-Hi-Hiii+lliV). • • (6.2)         B3...

The amplitudes for the reactions (1.4), (1.5) and rp-->neA"(1236) are given by

          .++ ,,. ,vi'Il,ll .i.,v,"tS .3

          T+-=-Vi/ Ti+V?s T3

          To .. ivtJl/IITi-,vl;sT3. ' (6.3)

   The resonance amplitudes Ri and R3 are expanded in multipoles and then
the cross sections of the reaction (1.3) are calculated by suing the phenomenological

amplitudes for each resonance. The multipole expansion of the amplitude R was
performed in terms of helicity amplitudes and was given in the appendix.

6-2 Numerical calculatien ef cross sections

   The resonances P,,(l460), D,,(1525), S,,(l550), F,,(1688) and D,s(l670) were
taken into account in the numerical calculations. Parameters used are listed in
Table 3. The helicity amplitudes of the reaction (1.4) for the gauge invariant one
pion exchange terms given by Locher and Sandhas2e) were used for the calculations.
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Table 3. Parameters for the phenomenological amplitudes

Resonance

Pll

D13

Sll

Fls

Dls

Parameters

M
1}>.,L(lt

1

2

o

ai- 3.Ei'"3

aim3.Mi3

2

fi ,'",• E i-3

fif,•M,-,

E,",

X'
2

3

l

a,+,•E,g

ai' s•Mi"s

3

B,+,•Ei+s

B,ÅÄs •M ,+,

X'
2

3

2

ais . Mfs

ai- s.Ei-s

4

P,ms•M,-,

B,-,•E,-,

values of l
parameters

M,+, •== T 1 .0

E ,-, = Z9

aiww3 =1

Bf, ==O

E,ÅÄ, == 1D

E,+s = 4.5

ai",--1

B,temo

Mirs==1•9

 ct,-, == 1

 Bi,==O

Restriction
taken into
 account

M,:, -- E,',' !V-3'

Miis ==Ei+;./VT

E,-, -- M,-,!V -i2-

Phase angle

rm6oo

-28o

rm23o

Oe

Oe

   In the calculations followings were assumed or introduced.
I) The resonances D,3(1525), F,s(1688) and D,s(1670) are photoexcited only through
   the initial states with helicity Å}-:t (see appendix).

                               2
2) The angular moment"m of pion of the reaction rp-i>rrA(1236) was restrigted to
   be L' =O for D,3(1525), L'===l for .F,s(1688) and L'==2 for D,s(1670)l respectively.

3) Constant phase factors e`cb were introduced for the resonance amplitudes. Val-
   ues of the phase angles Åë are chosen so that the'interferen'c'e between the am-

   plitudes Ri and B' becomes largest at the ener,gytt of 6QO MeV and listed in

   Table3. , ,,• i,,                                            /'l4) The width of d(l236) was treated energy dependentlyi6). '
5) A form factor eX(t-"2) is introduced at the vertices nArli and nN*d, where tis
   the momentum transfer squared, pt is the pion mass and 2 is a parameterttt and

   taken to be X--O.8 (GeV/c)-"2.

7. Result and diseussion

7-1. Result of the experiment

   The obtained momentum spectra d2a!dpd2 of positive and negative pions
are tabuiated in Table 4 and shown in Fig. 11. Errors indicated are due to only

tt See that the cross section of the reaction rp.xmx'p is largest arround this energy.

ttt Present model gives the cross sections o(rp--.N*-->n-A"'(1236)) listed in Table 2 wheR 2 iS

  taken to be a=:O.
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 IVable 4a. Laboratory momentum spectra
         e. =2oo

17

 Ev
(MeV)

 p.'

<MeVlc)

  d2a
  dpd9
(nblsr • MeV/c)

2044.

-350
-400
-450
-500
-550
-600
-650
-700

-5.3,f,11.0
19.6Å} 7.9
27.6ri, 8.5

40.9Å} 6.6
93.2Å} 6.5

l31.3,i, 5.0

151.5,i, 3.7

119.5Å} 3.1

'844

-150
-2oe
-250
-300
-350
-4eo

•- 450
-500
-550
-600
-650
-7eo

19.0Å}22.6
30.7Å}12.2
63.3Å}10.2
44.5Å} 8.0
85.4Å} 6.4

l20.3-i- 4.3
l80.1rllt 4.0

142.2Å} 3.3
57.1Å} 2.4
15.91- 1.8

 6.6Å} 3.5
-O.Oth O.2

 Ev Pf
(MeV) (MeV/c)

  d2a
  dpd2
(nblsr•MeV/c)

944

-300
-350
-400
-450
-500
-550
-600
-650
-700

42.3 th

45.4Å}
49.2Å}
85.8Å}

l52 ,I
177.1,t
l28.1,I,

56.6Å}
18.7,lt

il

I

744

-150
-2eo
-250
-300
-350
-400
-450
-500

28.1Å}23.7
58.9Å}12.2
48.3th 9.2

122.1Å} 6.2
155.3Å} 5.3
128.6Å} 3.4
63.3Å} 2.8
17.0Å} 1.9

l044

300
400
450
500
550
600
650
700

98.1Å}28.9
72.9th19.8
73.5,l,11.9

87.7Å}10.6
120.5,l, 9.3

l45.5-F 8.2
145 Å} 5.5
l56.3Å} 6.1

844

200
250
300
350
4eo
450
500
550
600
650
700

98.4Å}23.5
l39.2,l 22.0

123.4Å}14.9
150.7Å}10.5
137.7Å} 8.7
l60.1,E12.1
132.3-FIO.O
46.3Å} 5.1
IO.8,i, 5,9

21.4Å}10.0
 4.8Å} O.5

944

200
250
300
350
400
450
500
550
6eo
650
7eo

20.5Å}25.5
41.9Å}23.7

104.6Å}15.4
95.1,l,13.3

ll7.8-l- 6.9

124.9Å}13.7
120.9ti,11.5

153.4Å} 7.0
113.3Å} 6.1
67.4Å} 4.4
49.6Å} 5.2

744

150

200
250
300
350
400
450
seo

19.6Å}25.7
60.5Å}16.2
65.0Å}14.5

127.1,i,l3.5

164.6,l, 9.1
171.8,l, 9.1
109.2Å} ' 7.3
46.0Å} 6.6
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Table 4b. Laboratory momentum spectra
  e. =4eo

Ey

(MeV)

P.

(MeVlc)

  d2a
  dpd2
(nb!sr•MeV/c)

l044

-1OO
-150
-200
-250
-300
-350
-400
-450
-500
-525
-550
-600
-650
-700

24.3th29.4
 6.9dr19.4
 2.3Å}15.8
-O.8Å}12.6
25.6Å}10.2
33.6Å} 8.7
17.7Å} 7.3
42.9Å} 6.5
58.5Å} 5.3
65.9th 3.9
75.6Å} 3.8
41.7Å} 2.4
17.1,t 1.7

-1.0Å} 3.8

844

-1OO
-150
-200
-250
-300
-350
-400
-450
-500
-550

 6.3Å}23.3
23.5Å}14.4 ,
16.6th10.5
31.7,l 9.1
39.4Å} 6.9
74.1Å} 4.7

104.8Å} 4.1
57.5ti 2.9
13.2,l 2.1

 4.1Å} 2.9

l044

100
l50
200
250
300
350
400
425
450
500
550
600
7oe

8.3Å}42.9
33.6Å}28.6
67.7hr26.7
42.6Å}22.9
69.4Å}17.9
69.3,l 16.9
30.5ti l3.5
38.8Å}12.3
36.8Å}11.1
79.8Å} 9.6
71.9Å} 8.7
42.0Å} 7.3
50.0Å}12.0

844

1OO
150
200
225
250
275
300
350
400
425
450
500
550

12.8Å}27.8
27.3Å}20.3
28.2Å}18.4
78.2Å}16.8
61.5Å}17.7
83.2Å}16.8
83.8Å}12.5

110.3Å}11.2
93.6Å} 8.5
56.2Å} 9.0
57.9Å} 7.0
19.0Å} 6.1

 5.3 th 10.4

Ev

(MeV)

P.

(MeV/c)

  d2a
  dpd2
(nblsr•MeV/c)

944

-100
-150
-200
-250
-3eo
-350
-400
-450
-500
-525
-550
-600
-650

-1.9Å}27.9
-2.5Å}16.8
48.4Å}l2.3
37.7Å}10.6
20.9Å} 8.5
18.4Å} 6.3
54.2Å} 6.0
86.9Å} 4.7
87.8Å} 3.4
65.3Å} 3.1
36.3th 2.4
11.0Å} 2.0

-1.6Å} 8.5

744

-100
-150
-200
-250
-3eo
-350
-4eo
-450
-seo

-8.8Å}18.9
20.8Å}11.9
59.0Å} 9.4
67.4Å} 6.9
78.I,l, 4.7
68.3th 3.5
28.7Å} 2.4

 5.2Å} 1.9
 4.4Å} 6.0

944

100
150
200
225
250
300
350
400
425
450
500
550
600

-30.2th35.0
 31.6Å}24.5
 56.8Å}22.2
 41.4Å}19.1
 97.5Å}21.4
 58.8Å}15.2
 56.1Å}14.0
 72.7th10.9
 70.9Å}11.2
 81.5Å} 9.1
 65.3th 7.7
 47.0Å} 6.9
 33.6Å} 6.9

744

100
l50
2eo
225
250
275
300
350
400
425
450
500

16.3Å}23.6
51.6Å}16.7
90.1Å}l3.7
82.2Å}12.8
93.6Å}14.2

122.2,b13.1
142.7th10.0
I04.2dL 8.5
68.9Å} 6.5
63.7th 5.9
21.7Å} 6.3
84.3Å}22.0
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 Table 4c. Laboratory momentum spectra
          e.==6oe

19

 Ey
(MeV)

 P.
(MeV/c)

d2a

  dpd2
(nb/sr•MeV/c)

l044

-1OO
-150
-200
-250
-300
-350
-400
-425
-450
-475
-seo
-550

34.9Å}21.4
23.0Å}12.3
17.3Å} 9.2
21.3Å} 7.3
27.2Å} 5.7
22.0Å} 4.4
25.6Å} 4.8
38.9Å} 4.3
37.5Å} 3.4
27.5Å} 2.8
14.2Å} 2.0
4.0Å} 2.0

844

-100
-150
-200
-250
-300
-350
-400
-450

-10.5Å}19.5
 17.1 ti, 1O.2

 36.6Å} 5.5
 31.8Å} 4.9
 45.9Å} 3.1
 47.3Å} 2.2
 16.4Å} l.6
 O.7Å} 1.7

l044

55.5Å}24.1
74.5Å}19.6

108.2Å}19.0
65.0Å}18.0
30.4Å}18.6
62.0,El5.4
37.9Å}22.9
33.9Å}10.3
51.4Å}16.8
19.9Å} 7.5
41.1Å}12.g
41.6Å} 7.2
36.5Å} 8.8
35.4th 6.0

 7.0Å} 4.7
-4.1,lt, 5.1

23.4Å} 9.5

844

1OO

150
175

200
250
300
350
400
450

27.7rk21.7
12.5Å}18.7
24.0Å}l8.i
74.9th17.1
67.8Å}13.3
57.3Å} 9.5
38.6Å} 6.5
26.7Å} 4.9

-4.0Å} 7.1

 Ev Prt
(MeV) (MeVlc)

d2a
  dpd.9
(nblsr•MeV/c)

944

-100
-150
-200
-250
-300
-350
-375
-400
-450

-1.5Å}23.8
i2.8Å}10.l

 4.6Å} 7.0
 9.8,l, 5.5
21.9,li 4.4

38.9Å} 2.5
42.8Å} 3.7
45.3Å} 3.1
14.0Å} l.8

744

-1OO
-150
-200
-250
-300
-325
-350
-400

16.9,i,13.9

45.9Å}10.1
49.5Å} 5.9
54.4Å} 4.8
37.5Å} 2.5
'2e.1Å} 2.4

10.7Å} 1.9
9.1Å} 2.6

944

ilil -36.2Å}19.5
 22.5Å}17,9
-11.4,i,l7.4
 50.5Å}15.5
 92.4Å}15.8
 50.1Å}12.3
 76.7th18.9
 58.4Å} 9.0
 52.4Å} 6.3
 20.8Å} 9.9
 26.5Å} 5.2
 29.3Å} 8.0
 7.7Å} 4.6
 14.2Å} 7.0

744

100
150
i75

2eo
250
300
35e
400

-3.0th22.2
91.6Å}18.1

124.0,l,17.1

92.4Å}17.3
121.4Å}i2.3
94.9Å} 8.9
44.6Å} 6.I
32.0Å} 9.4
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Table4d. Laboratorymomentumspectra
           e.==goo

 Ev
(MeV)

 P.
(MeV/c)

   d2g
   dpd2
(nblsr•MeVlc)

1044

150
l75

200
225
250
275
300
325
350
375
400

47.4Å}32.7
39.8Å}26,2
25.2Å}24.7
38.5Å}18.9
19.5Å}l4.9
17.3Å}10.5
41.7Å} 9.3
26.5Å} 9.3
14.5Å} 8.9
14.9Å} 8.2
O.9Å}ll.7

 Ev
(MeV)

 P.
(MeV/c)

   d2a
   dpd2
(nblsr•MeV/c)

944

150
175

200
225
250
275
300
325
350
375
400

38.6th27.5
29.2Å}22.7
67.5 th 21.3

4LlÅ}15.8
38.9th12.6
48.8Å} 7.7
 6.4th 7.4
19.6Å} 6.9
6.2Å} 7.3

11.4,l,13.4

O.3Å} O.6

counting statistics. The yields and the spectra of positive and negative pions are
consistent with those of the previous experiment7) at the laboratory angle of 600.
The negative pion spectra agree well with the Caltech data3) and show a peak cor-
responding to the reaction (l.4). A peak corresponding to the reaction (1.5) is
also seen in the positive pion spectra especially at the laboratory nagle of 200 and
at high energies. Tliis peak was not so clearly observed in the bubble chamer ex-
periments`N6); whole the yields from the reaction (1.5) are observed in our experi-
ment, whereas only one third of the yields from the reaction (1.5) which correspond
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Fig. 1la-c.
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Laboratory momentum spectra of negative pions from the reaction
rp-e-zrcN. -o-: Caltech3), -o-: Kusumegi et a7), 1-e-[: present.
The solid curves are the calculated spectra to fit to our data by using the
isospin amplitudes (see section 5 of the text). The dash-dotted curves are
fitted ones by the separate fitting (see the text). The dashed and dash-
two-dotÅíed curves present the recDil pion spectra (iAA2) qnd the inter-
ference terms (2Re(At.A2)), respectively.
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Fig. 11d-g. Laboratory mornenturn spectra of positive pions from the reaction

        rp.zzaN. -@-: Kusuraegi etal.7), ]-e-1: present. Tlie curves shown
        have the same meanings with those in Fig. 1la.vc.

      Table 5a. Result of fitting (procedure with isospin amplitudes)

e*

(deg)

Lab.crosssection
gl}S(ptblsr)

Lab.crosssection
Sl}i5(ptblsr)

CM.crosssectioR
tiltl{li*(peb/sr)

x21Nf
Ev

(MeV) rp.za-
(n"p)

rp-re+
(rc-POrreOn)

rp.
n- dÅÄ+

lrp->n+do rp.
a- d++ rp->zYo

1044

37.7
69.6
94.9

l23.5

37.8Å}O.2
17.3thO.2
8.6Å}O.2
8.1Å}O.6

62.3thO.3
25.0Å}O.3
11.6Å}O.2
6.9thO.4

28.1Å}O.816.9Å}1.0
8.8Å}O.74.7Å}O.3
1.6Å}O.22.6Å}O.5
2.0thO.71.0Å}O.3

9.6Å}O.3
4.3Å}O.3
1.2ti,O.I

2.8Å}O.9

5.8Å}O.4
2.3thO.3
1.9Å}O.4
1.4thO.5

11.7
2.l

3.3
O.9
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2.1

1.7

1.9

1.5

844

-mp--unur
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67.6
•92.5
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18.7Å}O.9
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22.0Å}1.0
16.0thO.6
13.7Å}O.7

12.2Å}O.3
9.7Å}O.5
6.8Å}O.5

8.5Å}O.4
8.3Å}O.3

10.lÅ}O.5

1.8

2.5
4.0

to the reaction (1.5') are observed in the bubble chamber experiments because of
the decay of dO(i236).

   The solid curves in Fig. Il show the calculated spectra by the method of sec-
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Fig, 12a.

26

2e

   40k'

20

rtt

80 744MeV 844MeV
.

-:rc-

. e:nt

o40 o
•

e
oo

. e

o

80 e 944MeV 1044MeV
.

o

o

40 .
.

o
o

s .o

o o

      o 2o 40 60 so e zo 4o 6e sD
                  LAB ,ANGLE ( degree)

                      a
Laboratory differential cross sections daldLO.(rp-e•nnN)
iRtegrating eq. (5.1) of the text with the obtained parameters,
reaction rp-rem(rc"p), O: for the reaction rpex"(reN).

obtained by
  e: for the

todrr

10

5

E   N

i

.i/Nij.i

    "x

 rt- K =741, Mev
          ti1.F
          !S .F
          I STFD
E          e DESY
          ICIT
    ELx--•'-l
isiS-S SL-Eg"ts-EitN.irS:r-.

60 cr

co-
d ft'

10

5

o 120

evM44=9K-T"

-

       -f
ll l

  
--`Sl

  
i-'gixx

 "
i,lli}lx

d id

10

5

rt-  K = 844 Mev

o 60 120 Deg ct

!

tSe
#'"iS"x/.

/-NP?-l`sr-.

o 60 120 cr

do
arr

10

5

{

ixl"i

T:- IK =1044MÅ}--v

>N
Å~Å~
  xSN N
  gxr'--'
   I x.
     ffy

 - ----
S-s

=.
I-;

b

o 60 120 e"



24 A. SASAKI

$
10

5

o 60 120 et

co
drr

10

5

l

E
E

'r:' K=844Mev

7"
-':-epm'"  --S  vs-'-lt

        ""r - -s .
         I             N-                -M-                   S- li -

-o 60 120 of

dedfi`

10

5

Mb/sr

    aj
Z?-- N    Nts

rd K=944Mev

E:! .F

!:S.F

-scL-- - .-

 g--- -- - -g. te-. r- .--

o

to
drr

10

5 g

iz' K=1044Mev

lf"'  "tsx' xt.fK Fsi:..3J[ -.pt--

Fig. I2b,c.

60 120 Deq ct` O 60 12o eN
                      c
 CenÅíre of mass cross sectioRs db!it2" of the reaction (b) rp.n"d""(1236)

and (c)rp-.re"dO(l236). I-<-l:Stanford2), l-o-1:DESY?), 1-x-1:Caltech3>,
 1-o-I: present data by the fitting procedt}re with isospin amplitudes, I-@-[:

present data by the separate fitting. The curves are calculated by the
gauge invariant OPE model. Solid curve: witkout form factor, dash-dotted
curve: with form factor, dashed curve: with the phenomenological ampli-

 tudes giveii iR'section.6 of the text and with form factor at the rrNd and
 rrN*A vertices. The form factor used is given by eX(twwy2), t: inomenturn
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tion 5 with the obtained parameters. The curves reproduce well the observed ones.
   The obtained. centre of mass cross sections dald2"(rp->rr-d""(l236)) are
listed in Table 5 and shown in Fig. I2 together with the existing data. The obtained
vaiues of dafd2"i(rp->zmd""(l236)) are consistent with the rest}lts of other ex-
periments at the energies of 944 and I044 MeV. At the energies of 744 and 844
MeV, oL}r cross sections have larger valt}es than those of other experiments. At
these energies, the momentum distribution of reeoil pions (rr-li"'") is considerably
overlapped by the one of decay pions (dO-->nmp). Thus the interference between
the recoil and decay pions plays a impotafit role at these energies. Ft}rthermore,
the amplitudes are determined by .using not only the negative pion spectra but also
thq positive pion ones, in which the large contribution due to the decay rr" from
d""(1236) is included. In the futing procedure, the interference of recoil and
decay rr" is also taken into account for the final state of (T'nOn) which is observed
in our experiment. Moreover, for the sake of the overlapping of recoil pion, decay
pion and.the phase space pion in the mome'ntum speÅëtra, some umbiguities arise
in the fitting procedure even if the interference effect is ignored. These situations
are clarified by using the different fitting method. In tlais futing, the amplitudes
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 Result of additional fittiRg procedure (separate futing)
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Table 6. Result of fitting procedure: s-channel isospiR amplitudes

 k
MeV

'

1044

944

844

744.

etr

deg

37.7
69,6
94.9

123.5

37.0
68.5
93.6

122.3

l2g
36.7
67.6
92.1

T,(e,*)n

(ptblsr)i12

 4.3Å}O.04
-1.8deO.2
-l.2,l,O2
-2.4Å}O.2

 O.1thO.06
 1.7l,O.1
 1.7Å}O.1
-l.4Å}O.4

-1.5Å}O.3
-O.6thO.3
 3.1 ,i, O.I

-O.6thO.1
 O.5Å}O.07
-O.6Å}O.1 •

T,(e,*)r

(ptblsr)i12

L

 4.3Å}O.04
 2.6thO,1
 1.5Å}O.1
-O.9Å}O.7

3.1tLO.I
O.4Å}O.6
O.6Å}O.4
O.7Å}O.2

5.3Å}O.04
4.2ti,O.I

o.3gio.3

4.6Å}O.1
1.0Å}O.3
2.4Å}O.i

 T,(e*,)

(!2blsr)i12

1.1Å}O.1
O.5Å}O.2
l.1ti,O.2

O.2Å}O.2

2.4itO.1
2.4Å}O.1
O.8Å}O.l
O.6Å}O.]

i.5Å}O.2
O.7Å}O.3
1.2 l O.1

2.8Å}O.1
4.2Å}O.1
3.8Å}O.1

a," and aS"' are not decomposed into isospin amplitudes; namely, by ignoring all the
interference terms in the eq.(5.1), the positive and negative pion spectra are fitted
separately. This fitting is called the separate fitting. The obtained cross sec-
tions da/d2*(rp--bFz-A"'(l236)) by two different methods agree with each other
at the energies of 944 and 1044 MeV. At these energies, the separation of recoil
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pions from decay and phase space ones is good. Furthermore, at the energies of
744 and 844 MeV, results by the separate fitting agree well with the ones of bubble
chamber experiment`). Two different fitting showed nearly the same confidence
level of z2-value.

   The result of fitting procedure with isospin amplitudes gives us some informa-
tions on the s-channel isospin amplitudes of the reaction (l.3). The present pro-
cedure shows that the amplitude T,(e,) has a certain amount of imaginary part
(see Table 6) and suggests the existence of s-channel resonances which decay into
rcd(1236).

   In the present experiment, cross sections da!d2"(rp-T"AO(1236)) are also
deduced and shown in Fig. 12c. These cross sections have similar angular behavi-
ours as those of dald2*(rp->n-A""(1236)) except at the energy of 744 MeV.
lrhe values of da/d2"(rp-e-n'Ae (l236)) are not so small as shown by the results of

bubble chamber experiments4'v6) in the present energy region.
   The obtained ratios ri are illustrated in Fig. 13. The mean values of ri at each
energy are calculated by taking into account of statistical weight and found to be in

the range of O.1 to O.8 depending on the energy. On the contrary, the values of
r2 at DESY`) indicate that the ratio ri is much smaller than O.1 in our energy region.
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7-2. Comparisien with the theeretieal calculatiolts

   The solid curves in Fig. I2 present the calculated cross sections by the
invariant one pion exchange model8) ((}.I.OPE model). The dash-dotted
                                                               gauge
                                                               curves .
show the calculated cross sections by the G.I.OPE inodel with the form factor given
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in section 6. The dashed curves give the calculated ones by the gauge invariant
one pion exchange model with the phenomenological amplitudes described in sec-
tion 6 and with the form factor (present model). The calculated cross sections
dold2"(rp-->TmA""(l236)) by the present model explain our experimental results
qualitatively. The agreement for the present modeHs better than the ones for the
G.I.OPE model with and without the form factor. At the energy of 744 MeV, the
calculated cross sections dold2"(rp->rr-A"'(1236)) by the present model agree
well with the ones obtained by the separate fitting. The large difference between the
calculated cross sections by the G.I.OPE model and by the present modei at the
energy of 744 MeV is due to the resonance amplitude of Di3 (1525) which is taken into
account in the present model.
    The present model gives about 75 O/. of the value listed in Table 2 for the cross
section o(rp->Di3(1525).rr"-d"'(1236)) because of the form factor. The present
model also gives nearly fiaÅí cross sections for the reaction (1.3) below 1.1 GeV when

the form factor is ignored. Thus the form factor plays an impotant role in the

present model. .    The observed cross sections doldL2"(rp->z'AO(l236)) are explained qualita-
tively by the present model at the energies of 944 and 1044 MeV. But the agreement
is poor at the energies of 744 and 844 MeV.
    The calculated ratios r, by the present model and by the G.I.OPE model are
shown in Fig. 13. At the energy of 744 MeV, the obtained ratio r, by both fitting
procedures are larger than the theroetical calculations. These differences may due
to the systematic error of the fitting procedure which was inentioned above.
    The results of futing procedure of observed spectra with isospin amplitudes show
that the amplitude T3(0,) has the values nearly equal to those of the real part of
T,(e,) in our energy region (see Table 6). The ratio of amplitudes 1 T3ViRe(Ti)l
is IN2 for the present model when the parameters listed in Table 3 are used. In
G.I.ePE model, the ratio [ T3[1lRe(T')I == ]B3l!lBiI is about V3- below 1 GeV;
see eq. (6.2), where Hr and Hiii contribute mainly below 1 GeVi).
    As mentioned above, there are some discrepancies between our experimental
results and the theoretical ones. In order to clarify these discrepancies, more
experimental and theoretical investigations on the reactions (1.1) and (l.3) are
required. The G.I.OPE model gives small cross sections for the reaction r+
p--epzO+A"(1236) below 1 GeV (about 1/100 of the cross section of the reaction
(1.4)) owing to the followings; only tlie amplitude fliV contributes to the reaction

r+p--->nO+A"(1236) and is much smaller than the amplitudes lli and Hiii in
these energiesi); whereas H! and .EIii! contribute mainly to the reaction (l.4). Thus

the investigations on the reaction r+p-->ze+A"(1236) will give valuable informa-
tions on the contributions of s-channel resonances and on other diagrams to the
reaction (1.3).

    For the isospin analysis of the reaction r+N-->z+ti(1236), experiments on
the reaction r+n-z+d(1236) are desired.
    The phenomenological amplitudes will be determined more precisely when the
data on the, decay density matrices4) are taken into account.

                           Acknowledgement

    The auther would like to express his sihcere thanks to Dr. M. Mishina for the



28 A. SASAKI
guidance throughout this work. He is deeply grateful to ProÅí S. Fukui and
Dr. K. Ukai for their continuous encouragement in this work.
   The auther is particularly indebted to Mr. K. Ueno for his partnership in every

stage of this work. •
   Thanks are also due to ProÅí A. Kusumegi, Prof. Y. Murata, Dr. K. Takama-
tsu, Dr. S. Iwata, Dr. I. Sato, Dr. T. Miyachi, Mr. Y. Inagaki and Mr. T. Ohsuka
for the colaboration in the early stage of this work.
    He is indebted to Prof. K. Miyake and Prof. T. Nakamura for their valuable
discussions.

   The auther thanks to Prof. S. Yainaguchi and the menbers of synchrotron
operation crew of the Institute for Nuclear study for their operating efforts.
   The numerical calculations were done on the computers FACOM 230-60 at
Nagoya University Computer centre Nagoya University and TOSBAC 3400 at
Institute for Nuclear Study University of Tokyo.

                              Appendix

         Helicity amplitudes for rp--e-nd through s-channel resonances

    In this appendix the helicity amplitudes for the reaction

          r+p->N"->rr+d (A.l)
are presented.

(1) Formalism .
' The particles in the initial and final states of the reaction (A.1) are called par-

ticle 1 2, 3 and 4 corresponding to the photon, proton, pion and A, respectively.
The three momemtum of the i-th particle is presented by Pi in the centre of mass
system. We choose the z- and y-axes along the direction of Pi and PixP3, res-
pectively, in the cms. If we quantize the initial and final spins along the direction
of P, and P3, the helicities of the initial and final states are given as follows,

          Z==k,-2, (A.2)
          ite =R3-A4 (A.3)
where Ri denotes the helicity of the i-th particle. The total helicity amplitude
for the reaction (A.1) is given by the formula2i'22),

                  '
          -Rpx(e) =2il.T :ll(2J+1)<JM2,R,IR(J)IJMz,A,>d/.(e), (A.4)

                                                          '
where J and M denote the total and third component of angular momentum, res-
pectively. Therefore, J represent the spin of the s-channel resonance N" in the
eq.(A.1). For the amplitude <JMa3R4IR(J)IJMI,a2>, the following expansionis
Presented2i,22),

          <JM232, l R(J) VMA,2,>= Z <JMR,2, I JML'St>•<JMLtSi I R(1) I
                               StLIJ'te



                  STUDY OF THE rp--brcd(1236) REACTION 29

              l JMJ'e -il-> • <JMI'e t ] JMRiX2>

          -- z cltpfK,e•<JML'-iiLIR(J)IJMJ'e -L>, (A.s)
             vJtE 2 2
where J' denotes the total angular momenturn of photon, E(E==e or 1) charac-
trizes the type of photon, namely, e=O corresponds to the magnetic radiation, and
e = 1 corresponds to the electric radiation. L' is the orbital angular momentum
of ' particle 3, S' denotes the total spin of the final state and has the value of -g- in

the present reaction. Irhe coeMcient Ci,tw}tE is given as,

                                                     '          CLipaJX9 --<JMR,R,IJMLt -il->•<JMJ'-ll-[JMR,2,>. (A.6)

    The left side of eq.(A.5) corresponds to the transition amplitude with the de-
finite J but a mixed parity. The parity of the initial state is given by the parity
of electro-magnetic multipole radiation23). The positive and negative parity states
of the final state are given:

                  1                     {iJMR,1,>+(-IY+31211MZ,Z,>} , (A.7)                vzx

                                                             '                  1                     {IJMR,2,>+(-IY+il2IJMR,R,>} . (A.8)
                VIT
                                          '                'Thus we can assign the amplitude <JML'-g- l R(J) [ JMJ'e {IL> to the each resonance

with the definite spin and parity according to the conservation low of angular
momentum and parity. In the preceeding formulae, the helicity of particle 3
(pion) is zero,

          Z,=O. (A.9)
    There are sixteen combinations of initial and final states helicities. The tran-
sition amplitudes Tpx of the reaction rN->Tli is connected to T.ju-x by the conser-
vation low of parityZi),

          T.(e)==(-1)ge-xT-.m,(e). (A.le)
Then the number of independent combinatlon of helicities is reduced to eight.
We can restrict the values ofZ and pt as follows,

                                                             '          2,,.-E}-, --L, ' (A.11)
             22 .
          .=2, l, ml, fi2, (A.n)
             22                       22
where the helicity of proton (R2) is fixed to -th.
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   The above mentioned formalism is used to define the helicity amplitudes RPx
and R3.N which correspond to the reaction (A.1) with the s-channel isospin of
-L and 2 , respectively.

22
(2) Cross section formula

   The amplitudes Ttt, T"A and TRx corresponding to the reactions rp->rr-A""}",
rp->nOA+ and rp-->rc"AO are ebtained by using the amplitudes RLx and R?bx accord-

ing to the manner mentioned in section 6 of the text. The cross section for the
reaction rp->nAis given,

          do .,,, -glN.G2M M' -!Z.. x Silii I T,,, I2 (A.l3)
               8rc s lc K=3/2, -"i/2 u=-3f2          d2
where

          a ==fine structure constant,
          G ==zlVzi coupling constant, G== 15.4,
          m, m'===mass of nucleon and A, respectively,
          s==total cms energy squared,
          k, q =rnagnitude of momentum Pi and P3, respectively.

The amplitude Tva in eq.(A.l3) denotes T"xt, Tpa"x or T2A•

<3) Assignment of amplitudes for resonances

   In this section we introduce the amplitude "F" which corresponds to the am-
plitude <JML'-:LIR(1) [ JMJ'El> with the definite spin and parity. The amplitude

            22
Fis written:

          I7S,E,2f==F{?j (A.14)
where p, I and J denote parity, isospin and spin of the resonance, respectjvely•
   The arnplitude F9•?i is described by E{,i or M?•,i according to the electric (e== l)

or magnetic (e=O) transition. For the resonances which are allowed to have
two values of L', we introduce the decay fractions of the resonance IV*(IP) into
lower and higher values of L',

          Iae•,iI2 and Ipe•,i]2,

respectively, with condition

          Ia?•,A2+lf?e•,il2 =l. (A.ls)
Using E9•,j, M{,i, a9•,i and fie•,i, we can describe the amplitude Fin terms of

          ag•.••E?•,,•, pe•,,••Ee•,,:, ae•,,-•M{,i or fie•,i•M?•,b

Examples are listed in Table 3 for some resonances.

(4) Energy dependence of the amplitades

    The energy dependence of the amplitude F is presented by the formula,
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           F( w) == F( wo)'( ICkO eqO )ii2' ,,Pil-',(i i.4 i);i.iZ. (A•16)

with .           r..r,.( i,)2d'i•(geillllli)`' (A•l7)

           rv == r,•(i(l;)2L(2o2, it illi)J' (Ati s)

where

           PV= :VT, total cms energy,
          r =totai width of resonance,
           oro, re, lco and qo= values of W, r, k and e at the resonance energy, re-

              spectively. '          I2 =parameter discussed by Jacksoiti6).

The values of Wo, ro and X2 given by Walkeri7) are used for the numerical calcula-
tiOR.

    We can introduce a constant phase factor to the amplitude of each resonance
multiplying to F( PV) :

          F( W) •e'di. (A.19)
(5) Conditions on the amplitudes for some resonances

    Investigations on the single pion photoproduction show that the resonances
Di3(1525) and Fis(1688) are scarcely photoexcited through the initial states with
helicity Å}1. We assume here after that these conditions stand strictly for the

         2
resonances Di3(l525), Fis(1688) and D,,(l670). Then following equations are given,

          D,3(1525): CS2,1i3)twm"(i12)i•Er2+cL3/22)P-(i12)O•Mf3 :o (A.20)

          F,,(1688): CS5ti22)"-(il2)i•Ei"s -i-CÅí5132)"-(if2)O•Mi"s ==O (A.21)

          D,s(1670) : CS5,/22)"-('i2)O• Mrs +C25,'32)-"- (ii2)i• E rs ==O (A.22)

    Due to the conservation law of parity (see eq.(A.10N12)) and the above con-
ditions, the initial Iielicity is restricted to only one value (R =g) for the resonances

Di3(1525) F,s(1688) and D,s(l670). The initial helicity for the resonances Pii
(1460) and Sn(1550) is restricted to one value (R=:--lt) because the spin of these

two resonances is !. We give the foHowing expression to the coeMcient CIftfXf

                2
for all the above resonances using the Clebsch-Gordan coefllcients,

          cl,tK,e -- iV(2L' 22F })+/K,' + i) •<lv l Lt-il- ; opt> <JM [ J'-S- ; 2,-R,> ,

                                                           (A.23)
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with

          M==Z =R,-12. (A.24)
                              'Then the eqs.(A.20N22) are reduced to the. followings,
                                              ttt      '
          D,3(1525): Er3/Mr3==Vun3- (A.2s)
          F,,(1688): E,+,IM,+, =V-2- (A.26)
          Dis(1670): MrslErs==Vwr2-. (A.27)
(6) Order ofamplitudes
   ..If only.the rg4gtign (A.1) through regonances with I=JS- is taken into account

           ttt                                            'in the reaction rp-z-li"+", the cross section is presented by tke equation,

                                      '                                            '                                   '                               '          dd20 "= 2:4G.2)3'M,M' -i,i- -Srm',.,;l,lll, -l, ,, tpt/,,,l * [(2J+l)' .Il.;,,C`"r'"IX'E'

            •Ff,,f•4,i.(e)] ]2. (A.28)
The total cross section for the reaction rp.N*e->rr-A+-` throdgh the resonance
       1with l=- iii- and with the definite spin and parity is obtained by integrating eq. (A.28)

over the angle e,

          a(N*e(,Jp)) = (24`(J4S)12) ' aG2 ' M kM' tlitlma ', .. ,IIi, l, - ,i, .t/ll.i23!21 L;JtE

            Ci,ptIX,e•F,P,E,II2. (A.29)
We can estimate the order of amplitudes FiP,E2i for some resonances using eq. (A.29)

and the yalues of cross sections for the reaction rp--->z-AN given in Table 2.
The estimated values are listed in Table 3. In those calculations, conditions on
the amplitudes FiPS,2f presented in the preceeding section are used. }For each
:•,eStO,nka,n.Cein)7ghC,1:,i.S.a.ltlOillY,egh82,h,a,Vle,.tlW,Oti,V.a,1.ues of L', only the lower value of L'

ii
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