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                            ABSTRACT

   The differential cross sections for the process r+n-.rcOH}n have beeR measured
at six pion ceRter of mass angles; 450, 600, 900, 1050, 1200 [and 140e. Vaiues were
obtained with a liquid deuterium target at intervals of 50 MeV from approximaÅíely 500

MeV to 900 MeV for incident photon energies.
   To determine the kinernatics of the above process completely, the momenta of
both rce mesons and recoil neutrons were measured accurately. ze mesons were detected

with a pair of photoR detectors, each of which consisted of a lead glass Cerenkov
couRter and a lead sandwiched spark chafnber. Neutrons were detected with an array
of l6 plastic scintillation counters aRd their fiight times were measured.

   The obtained data were compared with the result of the phenomenological partial

wave analysis by Walker. On tke whole, angular distributions around the second
resoRance could be weli fitted by Walker's resonance parameters. And these support
the conclusion that Di3 (1520) resonaRce can be excited from nucleons main}y by
isovector photons. As for Pii (1470), no remarkable enhancement of the cross section
was fouRd for the process rHFn-->rr"+n.
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I. IntroGuctien

I-1. General • •    The photoproduction of single pions from nucleons has long been a fruitfu1 source of

informations about the pion-nucleon and the photon-nucleon interactions. Many experi-
mental and theoretical investigations of the photQproduction processes have been performed

in the pion-nucleon resonance regions (E,<1.5 GeV). And their rgsults haye provided useful

knowledges to the models of elementary particles such as a SU (3) symmetry, a. quark model,

and a current algebra. The purpose of this experiment on the photoproduction of neutral
pions from neutrons is to offer the informations for clarifying the isospin character og the

photoproduction amplitudes.

    Among four processes of the single pion photoproduction from nuclepns;

               r+p ----> z' +n (rr'n) - (1)•
               r+p >zO+p (zOp) (2)
               r+n ---) rd +p (n-p) (3)
               ?-+n >rce--Fp (ROil>, (4)
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the experimental knowledges on the processes (n"n), (nOp) and (rr-p) have been extensively

accumulated. The differential cross sections for the processes (n'n), (rrOp) and (rr"p), the

polarizations of the recoil protohs for the processes (rr Op) and (rr-p), and the polarized photon

asymmetry for the proces.ses (rr"n) and (xOp) have been measured and the experimental
results until 1966 were complied by Beale, Ecklund and Walker.i} The data for the proton
target processes are more abundant and precise than that for the neutron target processes.2)

Among the neutron target processes, the process (rrOn) has been scarcely investigated.3H6)

    The investigations of the neutron target processes can provide the useful imformations

on the isospin dependence of the photoproduction arnplitude. A matrix element of the
electromagnetic interaction for the single pion photoproduction can be decomposed into
an isoscalar part S and an isovector part V in the isospin space. Using Watson's formalism,7)

the matrix element for the single pion photoproduction can be written in a general form as;

                A :M(T(t, t3))S+ Yl y(n, n3)), (5)
where v(n, n3) and T(t, t3) are the isospin function of the initial nucleon state and the final

pion--nucleon state, respectively. If we define the isoscalar and the isovector amplitudes by

the following expressions;

                AS ==M(r(112, th112)ISIy(l/2, Å}l12)) (6)
                FAVi =M(T(112, Å}l12)IVIv(112, Å}1/2)) (7)
                AV3==M(T(312, ti l12)IVIv(112, ll/2)), (8)
the amplitude for each pion photoproduction process can be expressed as follows;

                AO!EE!A(r +p->ze+p) == v'i17ii3AV3+ Vi'7rt(AVi -AS) (9)

                A"i-i=A(r +p- rr"+n) =Vif7rtA"3- Vi7Tt (AVi -AS) (1 0)

                A-=-A(rÅÄn->n- +p) == vtii7TtAVi- VM!3(AVi -YAS) (l l)

                A"oiiA(r+n-.nO+n) == V-273AV3+ Vift(AVi -FAS) . (12)

    In these expressions, AS is the isoscalar amplitude which leads to a T= 112 pion-nucleon

final state. AVi and AV2 are the isovector amplitudes which leadto T=:112 and T =312 pion-

nucleon final states, respectively. These three amplitudes are'the function of the energy

and the transfered momentum, and depend on the total angular momentum. In partial
wave analysis, the'se complex amplitudes are expanded in several electric and magnetic
multipoles.

    In order to determine 'these isospin amplitudes separately, one must investigate ail four

processes. Especially 'for the separation of AS and AVi, the measurements on both proton
and neutron target processes a!e necessary.

    As is shown in eqs. (6)-(8), T ==3/2 resonances in the pion-nucleon state can be excited

from nucleons by the isovector interaction only. On the other hand, T==l12 resonances caR

be resulted from both isovector and isoscalar interactions. Our main purpose of this experi--

ment on the zO photoproduction from neutrons is to study the isovector and isoscalar con-

tributions to the photo-excitation of T=:112 pion-nucleon resonances. For the'detailed
analysis of the electromagnetic structure of nucleon resonances, oRly the resonance con-
tributions must be extracted from the photoproduction arnplitude. Erhe interactions of the

initial particles in the neutral pion production are sornewhat Iess complicated than those of

charged pion preduction, because the charged pion photoproduction amplitude contains
a pion exchange term (also known as a Born or a retardation term). For the simplicity of
the analysis, our efforts were cop.ceptrated pn tl?e investigatiop Qf th.e neutral pion prodvction

processes,
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    In the energy range below E, =1 GeV, the existence of several pion-nucleon resonances

are well known from the pion-nucleon scattering experiments. These are summarized in
Table 1.8> In the single pion photoproduction, some of them, P33 (1236), Di3 (1520), Dis(1670)

and Fis (1688), appeared as prominent peaks in the energy dependence of the total cross

section, which are usualiy called the first, second and third resonances. However two T==
112 resnances, Pii (1470) and Sii (1535), which were found from the phase shift analysis of

the pion-nucleon scattering data, haye not been established in the photoproduction process.

Table 1. Summary of tlie pion-nucleon resonances8). Multipoles for the photo-excitation are
        also presented.

Resonance Width
(MeV)

            Multipole amplitude for the
Elasticity photo-excitation
        CGLNampiitude Helicityamplitude

T= 112

T ua3/2
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    The detailed investigation of the photo-excitation of these resonances from protons and

neutrons can play an important role in checking the symmetry theories9) and current com-
mutator sum rules.iO)

I-2. Survey of the phenomenological analysis on the singie pion photoproduction

    Theoretical analyses of the single pion photoproduction from nucleons have been
extensively developed ill the resonance regions. The first resonance, P33 (1236), has been

well established. However, the analyses around the second and third resonances are limited

to be pheBomenological.
    In the low energy region, from the pion production threshold to the first resonance,
analyses have been performed by many authors in terms of dispersion relations following
Chew, Goldberger, Low and Nambu.ii) This region is dominated by the P33(1236) resonance
only, and which is purely elastic. Therefore the photoproduction amplitude is related to the

pion-nucleon scattering amplitude and the dispersion relations can be evaluated. AIong this

line, Schmidt and Kohler,i2) Berends, Donnachie and Weaver,i3> and Kondo et al.i4) have

been made the detailed evaluation of various inultipole amplitudes. In general, the quan-
titatively good agreements between the experimental results and the theoretical analyses were

obtained. The gross feature is that the P33 (1236) resonance is excited mostly by the magnetic

dipole radiation, Mi+ and the electric quadrupole amplitude Ei+ is small. (Hereafter EiÅ}

and MiÅ} denote the electric and magnetic multipole amplitudes leading to the pion-nucleon

final states of total angular momentum J=lÅ}l12).

    Recently, Sanda and Shawi5) suggested the presence of the isotensor amplitude in the

pion photoproduction in the P33 (1236) resonance region by analyzing the experimental
results on the processes (z+n) and (rr-p). To clarify these problems, more accurate experi-

mental studies on the neutron target processes are needed. Especially the large effect in

the process (nOn) was pointed out by these avthQrs,
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    In the second resonance region (500 MeV<E,<90e MeV) there are three T=1/2 reso-
nances, Pii (1470), Di3 (l525) and Si! (l535), which are known to be appreciably inelastic.

Therefore the analysis becomes inevitably more phenomenological. A number of analyses
of pion photoproduction data have recently been presented. Gourdin and Salini6) analyzed
the processes (z'n) and (zOp) with an isobar model in the energy region from 200 MeV to

800 MeV. In their analysis, only P33 and Di3 resonances and some background terms were
considered. As the experimental data have been accumulated, their theory can not reproduce

the differential cross sections in the whole energy region. Yamakii7) also presented the
calculation based on the C.G.L.N. amplitudes and by assuming the phenomenological form
on the E2" and M2m amplitudes. His analysis of the process (Ti Op) suggested that the datawere

fitted when the Roper's set of rrN phase shifts was used and the ratio E2mlM2- was taken to
be 5•xi3. He also calculated the differential cross section on the process (aOn) by neglecting

the isoscalar amplitudes.

    Chau, Dombey and Moorhousei8} (hereafter we will refer to as CDM) also analyzed
the processes (rrOp) and (rr'n) with the generalized isobar model. Proia and Sebastianii9)

made a phenomenological analysis of the process (rr-p) using the CDM isobar model. Com-
bining the results of CDM, they showed that the isovector part was clearly dominant in the

T==112 resonant amplitude. By separating the photoproduction amplitude into isoscalar
and isovector components, they presented the previsions on the process (rrOn). Walker20)
also performed the partial wave analysis on the processes (rr"n), (rr Op) and (x-p) phenomenol-

ogically. His resUlts also suggested that the most significant and well-determined T==l12

resonance were excited by mainly isovqctor photons in accordance with the Proia's results.

    Recently, Moorhouse and Rankin2i) made re-analysis using the more recent data on
the processes (z'n) an'd (z Op) based on the scheme of CDM. Their result of the phenomenol-

ogical analysis on the electromagnetic excitation of the Di3 (1520) resonance agreed well

with the Walker's result. The Di3 (l520) resonance is excited mostly by the helicity 312
amplitude or E2-IM2-= 3. Therefore, the second resonance has a small effect on the cross
sections at OO and 1800. As for the Pn (1470) aRd Sii (1535) resonances, however, the dif-

ferent conclusions from the Walker's analysis were presented. The solutions of CDM
showed large Pii contributions both in the processes (n'n), (rr Op) and (z-p), but Walker found

a very small amplitude for the Pii resonance. Moorhouse obtained both solutions. The
analyses based on the dispersion relations by Berends and Donnachie,i3) and Kondo et aLi4)

recendy suggested a small contribution in both proton and neutron processes. From the
present stage of the analysis, the Pn (1470) and Sii (1535) resonances have not well been

established in the photoproduction. The more accurate experimental data, especially on
the neutron target processes are necessary in addition to the recoil Rucleon polarization,

polarized photon asymmetry and polarized target asymmetry.

I-3. Previous experiinent on the "O photoproduction from neutrons

    Previously in order to investigate the isospin character in the pion photoproduction
processes, we measured' the differential cross sections for the process r+d.nO+d in the

energy raBge from 500 MeV to 800 MeV.22) For the elastic pion photoproduction from
deuterons, only the isovector photons can contribute to the T= 1 pion-deuteron final state,

because the isospin of the initial deuteron state is O. From the measurement of this process,

we obtained the results that the isovector part was dominant in the Di3-wave amplitude of
the single pion photoproduction from nucleons around the Di3 (1520) resonance. In order

to obtain the more accurate coRclusions, there are some diMculties to be overcome, such
as the small cro$s sectiQn and the ambiguity of the devterQn SQrm factQr at large mQmeptgm
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transfers. To evaluate the ratio of the isoscalar amplitude to the isovector amplitude more

directly, we proceeded to the experiment on the process r+n.nO+n. The preliminary
measurement of the abbve process was carried out at e!. ==900 around the second res-

onance.6)
       '    'In these measurement, because of the poor energy resolution, the definite conclusions could

                         ttnot be extracted. '    At other laboratories, the differential cross sections for the process r+n-nO+n have
been scarcely measured in the pion nucleon resonance region. Cocconi and Silverman4)
measured the ratio of the nO yield from the deuterium and hydrogen targets at the photon

energy of 300 MeV. Clinesmith, Hatch and Tollestrup4) at Cal. Tech. also measured the
rrO yield from the deuterium tafget by detecting two photons from the pion decay at the

incident photon energies of 1150 MeV and 1350 MeV. At more high energies, recentiy Bolon
et al.g) at M.I.T. measured the differential cross section for the process r+n-.nO+n by
detecting both zO mesons and neutrons in coincidence. They obtained four values of the

     da da •ratiO 2ilg?T(TOn)lagir(fl OP) fOrO•2E{gmt:f{;1•6 (GeVlc)2 at E, nc4 GeV. However no measurements

were canied out in the energy region of 30e:f:E,fs{:IOOO MeV, because of the diMculty in the

detection of rrO mesons and the complexity of the kinematScs from the use of the deuterium

target:

I-4. Purpose and brief description of this e.xperiment •
    This experiment was aimed to measure the differential cross sections for the process

r+n--"rrO+n in the energy range from 500 to 900 MeV. It was hoped that the accurate
measurement of the above process could reveal the isotopic spin dependence of the pion

photoproduction amplitudes and contribute to the more profound understanding of the
electromagnetic structures of the pion nucleon resonances. Especially in the above energy

region, our interest was concentrated on the Pii (1470) and Di3 (1520) resonacnces, which
have been established from the pion-nucleon scattering. As for the electromagnetic properties
of these resonances, many theoretical predictions based on the quark model and the current

algebra have been rnade, but no definite conclusions have been obtained. Partial wave
analyses of the single pion photoproduction have giveR many valuable informatidns to these
predictions, but the data of the neutron target processes are poor and can not give the critical

test for the isospin dependence of the photoproduction.
   This paper presents the results of the measurement of the differentiai cross section on

the process r+n--FrrOÅÄn. The data were obtained at e:. =450, 600, 900, 1050, 120" and
140e for incident photon energies from 500 MeV to 900 MeV. To achieve the accurate energy

resolution, both rrO mesons and recoil neutrons were detected and their momenta were
precisely measured. The energy and. angular resolutions obtained with our apparatuses
were AE==Å}32 MeV and dee.=Å}3.50 at the incident photon energy of 75e MeV for
inst' ance. In order to reduce the absolute cross sections, the dectegtion eMciencies of the

zO detector and of the neutron detector were calibrated by the coincidence measurements

of the processes r+p-.zO'+p and r+p-"rr+n, respectiveiy, using the liquid hydrogen
target. The effects due to the internai motion of the target niicleon were also measured with

the process r-Fd-.nO+p+n, using the liquid deuterium target, where s denotes the spectator

nucleons. The geometrical detection eMciencies were calculated by the Monte Carlo method,

where the spectator model and the Hulthen wave function for the deuteron were assumed.
The validities of these calculations and assumptions were checked with the measurement

of the processes r+p-nO+p and r+d->rrO+pN-n,. The crQss $ectiQns Qbtained frQm
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the above two processes agreed with each other within the experimental accuracy. It was
confirmed that the effect due to the internal motion of the target nucelon inside the deuteron

was correctly considered and that the spectator model was valid.

    The ratio's of the differential cross section for the processes r+n---rrO+n and r+p--e}
rrO +p,
                     dif
                     - (rr on)
                     d9
                ROO""{l/;sot(.op) ' (i3)

were presented elsewhere.23)

    In this paper, we present the absolute values of the differential cross section for the

processes r+p-nO+p and r+n-->rrO+n. The results were also compared with the partial
wave analyses by Yamaki, Walker, and Proia and Sebastiani. Some modifications based on
the Walker's analysis are also discussed.

II. ExperimentalEquipmekts

II-l. General

    The bremsstrahlung beam used in this experiment was obtained from the 1.3 GeV
electron synchrotron at the Institute for Nuclear Study, University of Tokyo. The average

intensity of the photon beam was about 109 equivalent quantalsec at the maximum photon

energy of 950 MeV. The experiment was performed at the r2 area as is shown in Fig. 1.
As a free neutron target is not available, bound neutrons in a liquid deuterium target were

used in thiS experiment. At photon energies above 500 MeV, proton and neutron in deu-
terium can be treated 'as an independent particles. So we measured the following processes;

               r+d--.rrO+n+p, (14)
               r+d->zO+p+n,, (15)
where subscript s denotes the spectator nucleons. To determine the kinematics of the above

processes completeiy, it is necessary to measure both momenta of the nO meson and the
recoil nucleon when the spectator nucleon can not be detected. As is schematically shown
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Fig. 2. Schematic arrangement of the experimental apparatuses.

in Fig. 2, the nO meson produced at the deuterium target was detected by observing two
decay photons with a pair of photon detectors. Each photon detector consisted of a total
absorption type lead glass Cerenkov counter,24) a lead-sandwiched spark chamber, a veto-
counter and a LiH absorber.
    The recojl nucelon, the proton and the neutron, was detected with a plastic scintillatjon

hodoscope which consisted of 16 modules (each rnodule was IOÅ~10Å~20 cm3). Discrimina-
tion between the proton and the neutron was carried out with two layers of thin plastic
scintillatioB counters placed before the hodoscope. The fiight time of the recoil nucleon was

measured to obtain its kinetic energy. To achieve the accurate time resolution, the pulse

height compensation device was used, and the resultant time resolution amounted to Å}O.5 ns

(FWHM) for both neutrons and protons.
    When the coincidence between the nO detector and the nucleon hodoscope occured, the
informations on the pulse heights, the fiight time and the address of the nucelon hodoscope

were stored event by event in the data processor PDP-5, and the lead spark chambers were

triggered. '
II-2. Photonbeam

    When the synchrotron magnetic field is reached to its maximurn value and the accel-
erating R.F. voltage is turned off, the circulating electrons in the synchrotron rnagnetic field

strike the platinum radiator of 50pt thick at 20 mm apart from the central orbit. This collision

produces a bremsstrahlung photon beam in the direction of the electron motion. The plati-
num radiator was placed at the straight section S5. The beam spill time was usually kept to

be about 4 ms by controlling the damping of the R.F. voltage. To reduce the bunching of
the beam, the oscillating frequency modulatioii was applied on the R.F. voltage. The electron

energy Eo was obtained from the radial position of the radiator and the value of the magnetic

field in the synchrotron at the time of collision. The latter quantity was reduced from the

value of the current exciting the synchrotron magnet. The spread of the field strength during

the collision was estimated to be about 1 %, therefore the same for the energy spread. The

correspondence between the maximum photon energy and the exciting current of the syn-
chrQtrQn magnet wa$ measured with a pair spectrometry by Takainatsu et al.2S) for the
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energies from 200 MeV to 1200 MeV. The uncertainties of the maximurn photon energies
depend, mainly, on the accuracy of reading the curreRt meter, and the estimated uncertainty

was about Å}5 MeV. The stability of the synchrotron fnagnetic field was Å}O.1 %.

    The photon beam was collimated into a circular shape with a lead collirnator of 5 mm
in diameter which was placed at 2.5 m apart from the internal radiator. It then passed
through a sweep magnet whose field strength was about 7 kG and the charged particles were

swept away. At the position of the target, 14 m downstream from the radiator, the beam
as defined by the collimator was 25 mm in diameter. The beam profile was observed on a
Polaroid fiIm and the intensity distribution was measured with a X-ray film.

    The intensity of the photon beam was continuously monitored with a Wilson-type quan-
tameter. The absolute value o.f the calibration constant was measured recently by Miyachi

et al.26) using a Faraday cup as an absolute electron monitor. The values thus obtained
agreed well with the Wilson's constant of 4.79 Å~ IOi8 MeVlcoulomb within the experirnental

accuracy of 3%.
    The.common Lmit of the beam is the MU (monitor unit). A MU is the amount of the
beam necessary to produce the output of 5.00x10'7 coulomb from the quantameter. The
total energy of the photon beam is obtained from the collected charges q in the quantameter

as follows;

                U(MeV)= :4.79 Å~ lOi8 Å~ q (coulomb)

                       =2.40xlOi2xMU. (16)
    An equivalent quanta e is obtained from the following equation;

                   U(MeV)
                e""E,(M,v), (17)
where Eo is the maximum energy of the bremsstrhlung spectrum.

II-3. Liquid hydro.creiz and dettterium target

    The liquid hydrogen and deuterium target used in this experiment was the INS-3 target,

whose details were described by Kitami et al. . 27) The apparatus mainly consists of a vacuum
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jacket, a liquid nitrogen reservoir, a liquid hydrogen reservoir and a target container (or

an appendix) as is shown in Fig. 3. For the hydrogen target operation, liquid hydrogen in

the liquid hydrogen reservoir "ras supplied into the target container through the needle valve.

On the otherhand, for the deuterium target operation, deuterium gas in the gas reservoir
was liquefied by passing through liquid hydrogen.

    The target container was a cylindrical shape of 50 mm in diameter. The length of the

container was fneasured to be I03 mm. The thickness oÅí the Mylar cup holding liquid
hydrogen and deuterium was 125 L,. Also the thickness of the Mylar window of the vacuum
jacket was 25e", through which photon beam entered and Ieft. Liqujdhydrogenin thetarget

container was usually kept at an atomospheric pressure, and their density was O.0707 g/cm.

On the otherhand, liquid deuterium was kept nearly at liquid hydrogen temperature of
20.40K because of the close thermal contact to the iiquid hydrogen reservoir. The temper-
ature of the liquid deut6rium was obtained by observing the vapour pressure of liquid deu-

terium. The density of liquid deuterium at 20.4 OK is O.169 g/cm3.28) The background runs

were taken with the target container eyacuated down to the order of 10-3 mmHg with the

rotary vacuum pump.

II-4. nO meson detection system

(a) Principle

    The nO meson was detected by observing two decay photoBs with a pair of photon
detectors. Perspective view of photon detectors is shown in Fig. 2. With the total absorption

Cerenkov counter28) and the lead spark chamber, the energies and the correlation angle for

the two decay photons from the zO were measured. The informations on the pulse height of

the Cerenkov counter and the correlation angle between two decay photons made it possible

to evaluate the energy and production angle of the rr O meson with large precision.

    The nO meson decays into two photons isotropically at its rest system. At the laboratory

system, the decay photons concentrate to the minimum correlation angle (p.i., which
is given by,

               sin( q2min) == -#, (ls)
where pt and E denote the rest mass and the total energy of the rrO meson, respectively. There-

fore, two photon detectors were placed symmetrically for the fiight direction of the rr O meson,

and the opening angle of these detectors was set to the minimum correlatioR angle.

    The nO momentum reduction was carried out with the method discussed by Tau.29)
The details are described in IV-3.

(b) Lead-sandwichedsparkchamber

    ConstructioR of the lead-sandVvitched spark chambers is shown in Fig. 4. Chambers
consisted of 12 units, and among them IO layers of lead converters (1 mm thick each) were

distributed as is shown in Fig. 4. Totai thickness of the lead converter was 2 in radiation

length, and about 700/. of photons with energy around 250 MeV can be converted into
electron-positron pairs in the spark chamber. Plates of each chamber were made of 50 pt
aluminium sheets and were separated by a Lucite frame. A gap width of the cham' ber was
l cm and the useful area was 25 crn Å~ 25 cm. Between the a'luminium plate and the lead con-

verter, thin (75 rd Mylar film was placed to suppress the electrical discharges.

   Helium gas continuously fiowed parallel through each chamber at the total fiow rate of

IOe mllmin. A clearing fiield of 80 Vlcm was applied to obtain the shorter sensitive time.

High voltage pulses of l2.5 kV in height and l.2 pts in width were obtained with a nitrogen-
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Fig. 4. Mechanical construction of the lead-sandwiched spark chamber. The thickness of
      the lead converter is lmm eacla. The gap width of each unit chamber is 10 mm.

fi11ed spark gap, which was triggered by an output from a Krytron pulser. The delay time
of the triggering pulse after the particle passage through the chamber was measured to be

200 ns, and under these conditions the sensitive time of 1 pts was obtained.

    Stereoscopic views (top and side) of the spark chamber were photographed on one frame

with an Automax high speed camera, which was located at the rear of the photon detector.

The image of the entire spark chamber arrangement was reflected to the camera with a
40 cm Å~70 cm mirror. A system of fiducials, which was scribed on Lucite plates over the

chambers, was used to determine spark positions from the measurements of spark and
fiducial images on the film. A set of "indication Iamps" was displayed on each frame to

identify the frame number, the run number and the chamber number.
    When the fast pion-nucleon coincidences occurred, the spark chambers were triggered.
At the same time, indicator lamps were fired aRd flash lamps illuminated the fiducials. And

after a photograph of the spark chamber was taken, the film was advanced at the rate of

22.5 ms per one frame.

(c) Lead glass Cerenkov counter24)
    A mechanical construction of the total absorption lead glass Cerenkov counter is

ti-itt+--t.--.

'

-e- .

+ +-.

LEADGLASS
SF-2 SOFT--IRON

N-METAL RCA6655A
H,V, DIVIDER

            25cm 28cm
Fig. 5. Construction of the total absorption lead glass Cerenkov counter.
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Table 2. Characteristic features of the lead glass SF-2.

DimensioR
Density
Refractive index

Radiation length
Critical energy

25cm Å~ 25 cm Å~ 25cm

p=3.84 glcm3
nD=1.6477
Xo =10.9 g!cm2 (2.84 cm)

e=16.9 MeV

shown in Fig. 5. The Cerenkov material was lead glass SF-2* and whose characteristic
features are shown in Table 2. The surfaces of lead glass were painted wkh CM enamel
(Ti02 paint) for the eMcient reflection of Cerenkov liglat, which was collected on nine 2"

photomultipliers, RCA 6655A's. Each photomultiplier was kept in close contact with Iead
glass through siiicon oil. Photomultipliers were magnetically shielded with a ge-metal cylinder

of 1 mm thick and an iron cylinder of 5 mm thick. Lead glass and photomultipliers were

assembled in an iron box of 8 mm thick.

    Pulse heights and timings of output signals from nine photomultipliers were adjusted
to be equal with each other by using attenuators and deiay iines. Then output signals were

added together and served as a Cerenkov signal, The charactristic features of performances

were investigated with a momentum analyzed electron beam and these results are presented

in Appendix 1.
    The gain of the Cerenkov counter was periodically monitored by analyzing the pulse
height of the cosmic ray signals.

(d) Additional apparatuses and set up
    In front of the lead spark chamber, veto-counters were placed for the rejection of
charged particles. They consisted of two plastic scintillation counters, and each scintillator

(10 cmÅ~20 cm Å~O.5 cm) was viewed with photomultiplier Phillips 56 AVP through Lucjte
light guide. Also for the rejection of low energy background particles, electrons and photons,

two layers of lithium hydride (LiK) absorber were placed and the thickRess of these absorbers

was O.1 radiation length each. The absorption eMciency of LiH for photons are discussed
in Appendix 2. Two sets of lead slits (20 crn in leRgth) defined the solid angle oÅí each photon

detector.

    A photograph of the whole sysÅíem of the nO detector is shown in. Fig. 6. Components of

each photon detector were assembled on the steel plate of 176 cmÅ~177 cm. These plates
were hanged with chain blocks from the top of the steel frame, which was movable with four

viecles. The opening angle of two photon detectors was adjusted so as to sat'isfy the maxi-

mum detection eMciency. This adjustment could be performed by sliding the photon de-
tector vertically and by rotating it around the horizontai axis. An accuracy of setting the

whole apparatuses was kept usually within Å}l mm. To change the arrangement from one
experimental run to another, it took about 10 hours by six to eight persQns.

II-5. Nucleon detection system

    Recoil nucleons, protons and neutrons, were detected witla a hodoscope consistiitg of

16 modules. A plastic scintillator "National Scintillite"X * of each module was a rectangular

shape of 10 cfnÅ~IO cmÅ~20 cm. Construction of a unit is shown in Fig. 7. The scintil-
lation light was collected to the photomultiplier RCA 6655A through a Lucite iight guide.

Scintillators and light guides were wrapped with aluminium foiis for eMcient light collection.

" Lead glass SF-2 was manL}factured by Ohara Optical Glass Mfg. Co., Ltd. Kanagawa, Japan.
** " National SÅëintillite" was manufactured by Matsushita Electric Works, Ltd. Osaka, Japan.



DIFFERENTIAL CROSS SECTIONS FOR THE PROCESS r+n->nO+n73

w

Fig. 6. Photograph of the nO detector.

PLASTIC SCINTILLATOR
NATIONAL SCINTILLrTE
 1Ocrn x10cm )20cm

Fig. 7.

JJ--METAL

PHOTOMULTIPLIER
 RCA 6655A

HV DIVIDER BOX

                LUCtTE
               LIGHT GUIDE

Cross sectional view of the single module of the nucleon hodosope.

16 modules were assernbled in square (4 Å~4 matrix) as is shown in Fig. 2 and were packed

in a soft iron box.

    In front of this hodoscope, two layers of thin plastic scintillation counters were placed

for the discrimination between the proton and the neutron. Each layer consisted of two
counters; in the first layer they formed two rows in horizontal and in the second two columns

in vertical as is shown in Fig. 2. Each scintillator (21 cm Å~42 cm Å~O.5 cm) was viewed with

a photomultiplier Phillips 56 AVP through a Lucite light guide.

    Ahead of these counters a lead absorber was placed to reduce the low energy background

particles. When the nucleon hodoscope was set at the small angle to the beam line, the lead

sheet of O.5 cm thick was placed, and at larger angles that of O.2 cm thick was placed.

    Gains of the nucleon hodoscope were calibrated with a momentum analyzed proton
beam and the bias level of each module was adjusted to be equal with each other. The de-
tection eMciency for neutrons depends strongly on the bias level imposed on the continuous

pulse height spectrum. Therefore the variation of the bias level was periodically monitored
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by measuring the countSng rate of each counter due to a 60Co source placed at the fixed
position with respect to the counter. The detection eMciencies for neutrons were calibrated

by utilizing tke process r+p.n'+n and the results were presented in section III. The de-

tection eMciencies for protons were measured with the momentum analyzed proton beam.
   To determine the kinetic energy of the recoil nucleon, their fiight time was measured,

in which the signals from the Cerenkov counter and from the nucleon hodoscope served as
start and stop pulses for a time-to-pulse-height converter (TPC), respectively. In geBeral,

time measurement depends on the pulse height ef start and stop signals when TPC is used.

As the pulses from the nucieon hodoscope for neutrons have a continuous pulse height
spectrum, an accuracy of the time measurement was limitted to several nano second with
a usual way. In order to surmount these diMculties, a pulse height compensation method
was developed and the time resolution of Å}O.5 ns (FWHM) was achieved for neutrons.
Details are described in Appendix 3.

II-6. Etectronies

   A biock diagram oÅí the electronics used to anlyze the counter outputs from the rrO
detector and the neutron hodoscope is shown in Fig. 8. Standard modules of electronics;
such as attenuators, delay lines, discriminators, coincidences, fast gates and fanouts, were

supplied from the electronics shop of the High Energy Division of Institute for Nuclear Study.

Al C! A2 C2 Pl P2 NUCLEONYP[X]SCOPE(16)
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Fig. 8. Simplified block diagram of electronics,



DIFFERENTIAL CROSS SECTIONS FOR THIE PROCESS r--n-re6+n7S

    Output signals from nine photomultipliers of each Cerenkov counter were summed up
and served as Cerenkov signals, Ci and C2. Each of Ci and C2 was splitted into three parts;

they were used for the fast logics, the pulse height aRalysis and the stop signals for the TPC.

Each of anode signals from 16 photomuitipliers of the nucleon hodoscope, Ni,••••••, Ni6,
was also splitted into three parts; they were used Åíor the fasdogics, the pulse height analysis

and the sÅíart pulses for the TPC. At first, master signals controlling the computer and
triggering the spark chamber were obtained with the foilowing fast logics; the veto-counter

signals, Ai and A2, rejected charged particles and the fast (IO ns) anti-coincidences, Ai .Ci,

A2 . C2, were adopted as two photon signals, where an upper line indicate the anti-coincidence.

The rrO signal was obtained from the fast (15ns) coiRcidence as follows; nO==(Ai.Ci).(A2.

C2). When any one of the nucieon hodoscope was fired, the nucleon signal was generated;
N== (any one of Ni). The rather slow (12e ns) coincidence between rcO and N, zO.N, was
used as a master signal for all other slow electronics. No farther selection of tlae event was

perfomed with the fast logics.

    When the master signal 'was generated, the following inforrnations for each event were

analyzed and fed into the data processor PDP-5;
    1. Pulse heights of two Cerenkov counters. Anode signals from nine photomultipliers
of each counter were added together, and after passing through the linear gates, two Cerenkov

signals were pulse-height-analyzed with a two dimensional (64Å~64 channels) analogue-to-

digital converter (ADC, Nuclear Data 160F).
    2. Pulse height of the nucleon hodoscope. Signals from 16 rnodules were summed up,
and after gated by the master signal, the nucleon signal was also analyzed with the ADC
(Nuclear Data 160F, F-side, 64 channels).
    3. Flight time of the recoii nucleon. A start signal for the TPC was obtained from the

nucleon hodoscope. Output pulse from each module was at first liRearly gated by each dis-

criminator signal and then added together. With these handling of 16 signals, pulses from

the fired modules could be picked out and the disturbances for the time measurement from
the piling up of small pulses could be removed. A stop signal for the TPC was obtained
from one of Cerenkov counters. Output pulse from the time of fiight system was analyzed
with the ADC of 64 channels (Nuclear Data 160F, M-side).

    4. Address of the hodoscope. Discriminator outputs from-the nucleon hodoscope
were gated by the master signal and triggered the flip -flop of the buffer memory (16 channels).

    5. Identification of the nucleon charge; recoil protons were distinguished from neu-
trons with two scintillation counters, Pi and P2. The fast coincidence Pi.P2.N served as a

proton signal and (Pi .P2) .N served as a neutron signal. These two signals were gated by

the master pulse and stored in the buffer memory (2 channels).

    6. Frame number of spark chamber films; these were obtained from the scaler output.

    These data on ADC's and on the buffer memory were transfered into PDP-5 with a
program interrupt inode. As a capacity of PDP-5 memory was not so iarge (4K words),
that no calculation of the data was performed. After only compilation, the data were trans-

fered on a paper tape with a Tally perforator. The perforation time of the data on one event

was about O.2 s.

    Spark chambers were triggered also with the master signal. After triggering, the whole

electrocics system was inhibited for O.4s from accepting the detector signals. During this

time, spark pictures were photographed and films were advanced, the condenser bank of
the high voltage pulsers for spark chambers were recharged and the paper tape was per-
forated.
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III. ExperimeRtal Procedure

III-1. Calibration ofthe flO detector

    The detection eMciency and the momentum resolution of the rre detector were measured

utilizing the process r+p->zO+p, in which rrecoil protons were analyzed with a magnet
spectrometer. The experirnental arrangement is schematically shown in Fig. 9. The trajec-

tory of protons in the magnet spectrometer was determined with two multiplate optical
spark chambers, one of them was placed before the magnetic field and the other was placed

at the focal point. The coincidence signal of the plastic scintillation counters, Si .S2.S3.S4,

triggered these spark charnbers. Between S3 and S4, the lead absorber was placed to dis-
tinguish the proton from the z" meson and the positron. The fiight time ofparticles between

Si and S2 was also measured and served to the particle identification. The measured proton

yield from the hydrogen target was used to reduce the' differential cross section for the

process r+p-nO+p. The results agreed weli with the experimental data at other labora-
torles.
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Magnet spectrometer for the calibration measurements of the r, O detector and the

nucleon hodoscope. With this spectrometer, the recoil proton from the process
r+p---)-flO+p and the n" meson from the process r+p--e•a'+n were detected for
the calibration of the ffe detector and the nucleon hodoscope, respectively. The

spark chambers SCI and SC2 were removed for the detection of n" mesons.

   The detection eMgiency was obtained only from the counter data. The coincidence rate
between the proton and the rrO was measured. To increase the tirne resolution, the TOF

between Si and one of the Cerenkov counters was measured. The detection eMciency was

obtained from the following relation; , .
                    N(z Op)
               op,e== N(p), (19)
where N (p) is the counting rate of the proton, and N (n Op) is the coincidence rate between

the nOmeson and the proton. The results are listedin Table 3, where the results ofthe Monte
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Table 3. The measured detection eMciencies, momeRtum resolutions and aRgular resolutions of
        the r,O detector. Calculated values by the Monte Carlo simulation are also listed. The
        resolutions are all given by the fu}I-width at half-maximum. The momentum ancl angular
        resolutions of the magnet spectrometer for protons are shown in the last three lines.

Experimental
arraRgemeRt

Detection
eMciency ( O/.)

Resolution
fOlt Pre(O/.)

Resolution
for 0.e (degree)

Resolution
for g..e(degree)

Resolution
for Pp (%)

Resolution
for ep (degree)

Resolution
for gp (degree)

Pp == 294 MeV/c
P.e ==318 MeV!c

experimental

O.224Å}O.Ol5

6.0

3.0

8.0

calcuiated

o.24oÅ}o.e12

2.9

2.3

7.5

2.6

1.1

l.1

Pp == 463 MeVlc
P..o T=502 MeVlc

experimeRtal

O.393Å}O.020

7.7

2.8

8.5

calculated

O.405Å}O.023

2.9

2.0

5.0

1.7

O.7

O.8

Pp == 546 MeVfc
P..e= 600 MeVlc

experimental

O.340Å}O.039

4.8

2.5

4.8

calculated

O.378Å}O.O19

3.4

1.4

4.0

l.6

O.6

O.7

Cario simulation are also shown. Details of the Monte Carlo Simulation are presented in

Appendix 4. The measured values and the calculated one agreed within the experimental
accuracy. The systematic errors inciuded in this measurement were estimated to be about
10 O/,, in which the inaccuracy of evaluating the effective solid angle, the detection eMciency

of the Cerenkov counter were the main error sources.
    The momentum resolution of the nO detector was evaluated from the spark chambec
data. The coincidence signals of the nO meson and the proton triggered four spark qhambers,

two of which were used to determine the proton trajectory and the other two were lead
spark chambers of the nO detector. The momentum of the nO meson was evaluated event by
event by the following two ways;

    1) from the nO detector, and
    2) from the momentum of the recoil proton, Pp, using the two body kinematics ofthe

       reaction r+p.nO+p. .The first method is described in the next chapter. When P . was derived from the recoil
                                                  nproton rnomentum, the reaction point, XT, in the liquid hydrogen target could not be
uniquely determined. Proton trajectory intersects with the surface of the effective target

volume at two points. The mid-point of these two was assumed as a reaction point.

    The distribution of the differences between P...'s derived with the above methods,
AP-., is shown in Fig. 10. In Table 3, the summary of results is shown. The experimental
res"lts on the momentum resolution thus obtained can be separated into two parts: the

intrinsic resolution of the rrO detector and the accuracies of the rrO momentum deduced from

the measurement of the recoil proton. The iatter depends largely on the uncertainty of the

reaction point, on the straggling of the proton trajectory and on the accuracy of the spark

chamber tracks. Uncertainties were estimated and are shown in Table 3. These shQw that

the uncertainty of rrO momentum deduced from the measurement of the recoil proton is
relatively large. To achieve more definite conclusions on the resolution of the nO detector,

more precise measurements of recoil protons must be needed. However, the results show
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Fig. 10. Momentum resolution of the rrO detector. The number
       of events is plotted as a function of APr.e.

that the momenturn resolution of the nO detector AP.../P... (FWHM) is at Ieast smaller than

5•v7% in the energy range between 30eA-700 MeV.
   Angular resolutions of nO detector were also estimated to be 20N30 in polar angles
and to be 40.v80 in azimuthal angles.

   The momentum resolution of the rrO detector was also calculated by the Monte Carlo
simulation using the measured Cerenkov counter resolution and assuming the uncertainty
of the reaction point. The results are coBsistent with the experimental data if the resolution

of the proton analyzer is taken into account.

III-2 Calibration ofthe neutron detection efi7ciency

    The neutron detection eMciency of the plastic scintillation counter hodoscope was
calibrated by utilizing the process r+p--e-z'+n. The experimental arrangement for the
coincidence measurement of the above process was almost the same for the zO detector
calibration, where the nO detector was replaced by the nucleon hodoscope and spark cham-
bers were removed. The rr" meson was detected with the magnet and the scintillation counter

telescope of Si, S2, S3 and S4. The n' meson was clearly separated from the proton with the

time of fiight measurement between Si and S2. In addition, the lead absorber was placed
between S3 and S4 to absorb protons. The production angle of the rr" rneson in lab. system

was chosen to be 640 and 76.70 in accordance with the kinetic energy of the associated
neutron. And at these angles, positron contamination in the n' meson was estirnated to be

negligible, so no identification of the positron was carried out. From the measurement of

the a' meson, the momentum and recoiled angle of the neutron were reduced by using the
two body kinematiÅës.

    The nucleon hodoscope was placed about 200 cm apart from the Iiquid hydrogen target
so as to satisfy the above kinematical conditions. The fast coincidence between the z' meson

and the neutron was realized with the TOF measurement. The data on the TOF of the
n' meson, TOF of the neutron, the address of the hodoscope, the pulse height of the hodo-

scope and the signal from the veto-counter were stored in PDP-5 event by event.
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    The neutron detection eMciency was calculated from the folloWing formula;

                    N(n".n)
                                                                 (20)                Vn ="                    g.N(n") '

where N(Tt ') is the counting rate of the fl' meson, N(z'-n) is the coincidence rate between

the z" meson and the neutron, and g denotes the geometrical factor, which is reduced from

the distribution of the neutron associated with the z" meson. The value ofg was calculated

with the Monte Carlo simulation, in which the uniform angular and momentum distribution
of the emitted n' mesons within the solid angle of the counter telescope were assumed. The

typical result on the neutron angular distribution is shown in Fig. 11, where the measured

distribution obtained from the hodoscope informations is also shown. The values ofg were

estimated to be O.98tvl.OO for most arrangements.

Fig. 11.
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Hodoscope distribution of recoil neutrons for the calibration measurement utilizing

theprocessr+p-.n"+n. Points i and 2E represent the results of different runs

with the same experimental arrangements for Tn==240 MeV. Histogram shows
the results of the Monte Carlo simulation.

    The relative gain and bias of each module was adjusted to be equal with the momentum

analyzed electron beam. The absolute bias level was also measured with the momentum
analyzed proton beam. The stability of the electronics system was periodically monitored

with the 60Co source.

    The corrections for the following items were carefully considered;

    1) accidental coincidence; the accidental coincidence rate for the rr' meson was smaller

       than O.1 % of the true one and that for the z'.n coincidence was about 1 % of the

       true one.
    2) empty run; the n" meson production rate from the empty target was 4tv5% of
       that from the fu11 target and the fl".n coincidence rate from the empty target was

       negligibly small.
    3) misjudge of the veto-counter; if the veto-counter was fired accidentally in coinci-

       dence witli the nevtrQn counter or by protons generated at the lead ab$orber,
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       neutrons can be identified as protons. This inisidentification was measured to be

       about 4 %.
   The detection eMciency was measured at three values of bias level; 5 MeV, 10 MeV
and 20 MeV in terms of the proton energy. The kinetic energy of neutrons ranged from
50 MeV to 400 MeV. The results on each module a're shown in Fig. 12, where the errors
are due to the statistical one. The other errors, such as the uncertainty ofg, the uneertainty

of background subtraction, etc. were estimated to be smaller than 1 O/.. The energy spreads

of the neutron beam are also shown.
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   Fig, 12. Neutron detection eMciency vs. neutron kinetic energy. The points E refer to the

          present experiment with a 20.0 cm thick plastic scintillator and biases of 5 MeV and

          20 MeV in terms of the proton energy. The solid lines corresponding to each set of
          data are calculated by least squares method with the power-series polynomial'.
          The points ;IS are the results of Crabb et aL3i) fora 28.6cm thick plastic sgintillator

          and bias of 6 MeV proton energy. The points Yx are the results of Young et al.S2>
          fora 30.5cm thick plastic scintillator and bias of 16 MeV for the electron energy.

    The results show that the neutron detection ethciency is nearly constant at high 'energies

(T.>100 MeV). Above 3eO MeV, the eMciency seems to increase slightly and this fact may

be understood as the opening of the pion production channel in the neutron-proton and

neutron-carbon collisions. ' ,
    The calculation of the detection efficiency by the Kurtz's program30} shows a fairly
good agreement with the present data. Previous results at other Iaboratories are also shown

in the same figure. ' •
    The rate of firing two or more modules of the nucleon hodoscope was measured as a
function of the neutron kinetic energy.23) The results show that this multiple rate increases

almost linearly with the kinetic energy. These rates are about 10% for IOO MeV, 25% for

200 MeV and 35% for 300 MeV of neutron kinetic energy. These multiple event$ wQrsened
the space resolutiQn pf the nuciepp h.gdoscope,
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III-3 Data taking

    The differential cross sections for the processes (14) and (15) were measured at 12 ex-

perimental arrangements listed in Table 4, where the kinematical parameters are summarized.

In each arrangement, the nO detector and the nucleon hodoscope were located so as to fu1fil

the two body kinematics of the process r+n--"zO+n at the photon energies of 750 MeV
and 600 MeV in the laboratory system. The opening angle of two photon detectors was
adjusted to be a minimum correlation angle of two decay photons from the rrO rr}eson. The

nO detector was placed at about 1.5 m apart from the liquid deuterium target. On the other

hand the nucleon hodoscope was placed 4m apart from the target in order to obtain the ac-

curate energy resolution.

Table 4. KiRematica} parameters and setup parameters for each arrangement. Kinematical
parameters were obtained by assuraing tke two body process from the rest target. ](
denotes the incident photon energy; eS,., the ze production angle in the cm system;
P.o, tke rce momentum; TN, the kinetic energy of the recoil nuÅëleon; 0.e and eN, the
setup angles of the zO detector aRd the nucleon hodoscope, respectively. Lr,e and LN;
the distance of the n O altd nucleon detectors from the target, respectively. gs : the opening

aRgle of two photon detectors.

Kinematical pararneters

 K
(MeV)

Llokiii,llil

  e:.
(degree)

11oili

  P
(MeVlc)

iillilli

 TN
(MeV)

lliliilli

Setup parameters of the detector

  0.e
(degree)

 76.8

 38.8

 62.6

 76.8

 92.7

ll3.1

28.5

 38.8

 62.6

76.8

92.7

112.7

  0N
(degree)

37.4

57.5

44.0

36.1

28,9

20.9

63.4

55.9

41.2

34.0

27.0

17.8

IJrre

(cm)

178.8

237.8

l92.0

176.8

175.9

170.4

278.5

2• 35.3

188.4

173.4

173.2

186.8

LN
(cm)

301.6

285.5

300.0

400.0

399.0

347.5

296.4

297.6

397.9

395.2

400.0

352.6

  ps
(degree)

22.0

14•9

18.8

19.4

21.6

24.4

11.4

l2.2

14.9

16.8

19.0

22.4

    The bias levels of the discrimators for Cerenkov counters were varied according to
the rrO momentum. Typical exarnple of the pulse height spectrum of the Cerenkov counter

is shown in Fig. 13 for 750 MeV-900 set up.

    At most runs of the experiment, the bias level of the nucleon hodoscope was set to be

20 MeV to reduce the accidental rate. WheR the nucleon hodoscope was set at larger angles

to the beam line, at 75e MeV-450 and 600 MeV-60Q arrangements, the kinetic energy of
recoil nucleons decreased and the bias level was lowered to 10 MeV. Pulse height spectra

of the nucleon hodoscope for protons and neutrons are shown in Fig. 14. The spectrum
for protons a broad peak corresponding to the kinetic eRergy spread. On the other hand
the spectrum for neutrons is continuous because the charged particles produced by the
neutron-proton and neutron-carbon collisions have various•kinetic energies. The fiight
time spectra for proton$ and peutron$ are shQwn in Fig. 15, Time spread$ are almost thÅë
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Pulse height spectrum of the Cerenkov couRter for the 750 MeV-90O arrangement.

The central yalue of tl)e momentum is 508 MeVlc.
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                  PHA CHANNEL NUMBER
Ptilse height spectra of the nucleon hodoscope for (a) protons and (b) neutrons.
Results are presented for the 750 MeV-60O arrangement, The central value of the

neutron kinetic eRergy is 112 MQV,
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Fig. 15. Time of fiight spectra of (a) protons and (b) neutrons for the 759 MeV-900 ar-

       rangement.

same for protons and neutrons, and this indicates the success of the pulse height compen-

sation method.

    The maximum energy of the bremsstrahlung beam was usually kept to be 950 MeV
and the beam spill length was kept to be about 4ms so as to decrease the accidental coin-

cidence rate. The stability of each detector was monitored by counting the single and coin-

.cidence rate at every run.

    The machine time of about l week (108 hours) was spent for the data collection on one

experimental arrangement. Several thousands of pictures were photographed for each
arrangement. The trigger rate fer the process r+p-scO+p was five to six times larger than

that for the process r+n.nO+n, because of the small neutron detection eMciency.

III-•4 Hydrogen taiiget calibration

    The detection eraciency of the whole systern was calibrated by utilizing the process

r+p-zO+p. The measurements were carried out with the liquid hydrogep target at 75e
MeY-iQ5O, and 600 MeV-105O arran$ement$, Th. e wkole system was kept th.e $ame fpr the
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deuterium run only except that liquid deuterium in the target container was replaced by

liquid hydrogen.

    By comparing the experimental results on the processes r+p-.zO+p and r+d->
zO+p+n,, the following effect was realized;

Fig. 16.

oo5

          so//1si

(a)DEUTERIUM
      TARGET

75OMeV
loe

(b)HYDROGN
     TARGET
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10ge

        20 30 40 50 30 40 50
            PHA CHANNEL NUMBER
Comparison of the time of flight spectrum of protons from the hydrogen target with

that from the deuterium target.

        10:v
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Fig. I7.

            3oo 4o" so'
                ANGLE OF NUCLEON HODOScoPE
Arigular correlation between recoil protons and ze mesons from the deuterium
gZ.iililielta'tioTnh.e SOIid line denQteS the c41culated distributlgn by, thq Monte ca.rlg
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    1) kinematical effect due to the internai motioR of target nucieons inside the deuteron,

    2) dynamical effect due to target nucleons bound in the deuteron, which is discussed
in VI-3.

    Kinematical effect was found in the energy distribution and angular distribution of
recoil protons. The time of fiight spectra of recoil protons for the hydrogen and deuterium

target processes are shown in Fig. 16, where the time spreads for 750 MeV-105O arrangement

are 4.5 ns and 5.5 ns, respcctively. Angular distributioBs of recoil protons were measured

by rotating the nucleon hodoscope around the target and the resttIts are shown in Fig. 17.

Due to the internal motion of target protons in the deuteroB, recoii protons from the deu-

terium target are more widely distributed than those from the hydrogen target. Kinematical

effect on these distributions was evaluated with a Monte Carlo simulation described in

Section V, and the results are in good agreements with the experiment. Further, additional

checks on the momentum reduction of nO meson and the recoil proton were performed by
utilizing the hydrogen target process.

IV Data Reduction

IV-1. General

   The differential cross sections on the processes T-Fd.nOg-p+n, and r-l-d.rrO-i-n-i-p,
were derived from the informations stored on the paper tapes of PDP-5 and on the spark

chamber films by the foliowing way:
   (l) scanning and measuring of the spark chamber pictures,
   (2) reduction of the r," momentum,
   (3) reduction of the recoil nucleon momentum,
   (4) reconstruction of the kinematical variables,
   (5) correction of the measured counting rate,
   (6) calculation of the detection eMciency with the Monte Carlo simulation,
   (7) reduction of the differential cross sections.

   Block diagram for the kinematical reconstruction of each event is shown in Fig. I8.
Final goal of this scheme is to rearrange the obtained events in terms of two kinematical

variables, the incident photon energy and the nO emission angle at the ceordinate system
where the target nucleons are at rest. Hereafter the above coordinate system is called as a

target-at-rest system. Detailed descriptions on the kinematical reconstruction were presented

by Hemmi23). In this section, we present only the otitline.

IV-2. Scanning andmeasttring ofthe spark chamberpictblres

   The handling of the spark chamber fiIms started with the rough sketch of spark pictures

on the coding form by scanners. From these sketches, physicists selected the shower pictures

by the following criteria;

    1. there must be more than two sparks at the succeeding gaps.
   2; there must be no sparks at the first gap.

Typical example of the shower tracks is shown in Fig. 19. For the most cases, photon shower

events were easily discriminated from the spurious sparks or from the charged particle tracks.

Some questionable events such as the overlap of spurious sparks (5 O/.) and double photon

showers (2 %.) were found. The sparks whose coordinates should be measured were selected

by the above preliminary scanning.

    About 70%. of pictures from one photon detector were good events, and this value
corresponded to the photon conversion eficiency in the lead spark chamber. For the reduc-
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Fig. 18. Blockdiagramo f the kinematical reconstruction of each event.

Fig. 19. Typical example of the spark chamber picture.

tion of the zO momentum, both decay photons must be observed in coincidence. Therefore

only the event that both pictures were good (about 45t-50% of films) was measured.

    Manual measurements of the spark coordinates on the Mm projector were carried out
by four scanners. Projected images were 2 times smaller than those in the real spark chamber

spaces. The measuring errors of the spark coordinate were estimated to be Å}O.25 cm at
the real spark chamber spaces.

    Conversion point distribution of photons in the spark chamber is shown as a function
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Fig. 20. Distribution of the conversion rate of photons versus the number of the lead layer

       in the lead-sandwiched spark chamber for the 750 MeV-900 arrangement.

of the thickness of the lead converters in Fig. 20. From this, we confirmed that the photons

were clearly detected.

IV-3. Reduction ofthe zO momentum

    The nO momentum was calculated frorn the following four informations about the two
decay photons using the Tari's method;29) the positiohs w'here the photons were converted

into electron pairs, which were observed by the lead sandwiched spark chambers, and the

energies of decay photons which were measured by the total abSorption type lead glass
Cerenkov counters. Schematical diagram of the zO detection system is shbwn in Fig. 21. 'The

coordinate system is chosen so that the Z-axis coincides with the nO direction and the Y-

axis is a vertical line. The reaction point in the target could not be derived from the shower

tracks of photons in the lead snadwiched spark chambers, because the pair electrons mpander
on account of the multiple scattering.. The average defiection angle bf the 20'O MeV electron,s.

by passing through the,lead plate of 5 mrn (1Xo) is about 2Å~10m2radian. Therefore the
reaction points were assumed to be the center o.f the effective target volume, which was the

origin of our coordinate system. The correlation angle between two decay photons, g, was
calculated from the two conversion points, p.i (xi, yi, zi) and p2 (x2, y2, z2), as follows;

               f:os go== vx.,,+;"pi',X+211iil,Ii.Yi>l, Z2gZ+'y,,+.,, • (2i)

   Oh the other hand, the photon energies, ki and lc2 were evaluated from the pulse heights

of the Cerenkov counters and the address of lead converters, (zi and z2), because photonsi'

which were qonver. ted in the spark chaMber lo$t their energies ip both spark chamber$•and
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Fig.21. Schematic diagram of the rrO momentum reduction. Conversion points of two
       decay photons from the rr O mesons are denoted by pi (sci, yi, zi) and p2(x2, y2, z2)•

       ksi and ks2 denote the energy Iosses in the lead spark chambers. ki and k2 denote
       the energy losses in tke Cerenkov counters.

Cerenkov counters. Thus the energy of the original photon, k, was represented by the fol-

lowing expression ;

               k="ks(Z, k)+kc, (22)
where k, and k. represent the energy loss in the spark chamber and the energy loss in the

Cerenkov counter, respectively. The k, was evaluated from the shower theory33>. Theratio

k,lk varjed from O.05 to O.30 for 250 MeV photons when the photons were converted into

electrop pairs in the spark ghamber.

    If g and ki, k2 can be measured without experimental errors, they should satisfy the

following relation which can be derived from the energy momentum conservation laws;

        " ki'k2=2(1-cgosg)' (23)
The energy resolution of the Cerenkov counter for 250 MeV photons was estimated to be
about 30 O/. (FWHM) and ag was estimated to be Å}1 e, which was mainly dueto the ambiguity
of the reaction point in the effective target volume. Therefore in general, the meagured values

of left-hand and right-hand terms in eq. (23) are not equal each other. The ambiguity of the

left-hand term is larger than that of the right-hand term, because the correlation angle
can be measured rather accurately with the spark chambers. So the right-hand term in eq.
(23) is assumed to represent the true value, which is denoted by A. In Fig. 22, the photon

energies lci and k2 are expressed as an abscissa and an ordinate, respectively. The measured

photon energies, M (ki', k2') does not satisfy the eq. (23). Therefore on the hyperbola the

nearest point from the M (ki', k2') is adopted as the most probable photon energies, R
(ki", kz"). FrQm the above conditions, R (ki", lc2") must satisfy the following relations;
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          O photon Energy kl
Reduction of the momentum of the rc O meson with Tau's method. T(ki, /c2) denotes

the true phootn energies from the zO meson. M(ki', k2') denotes the measured
values of photon energies. The hypabolla can be drawn frem the measurement of
the correlation angle of two decay photons. The point R (ki", k2") on the hypabol-

la, which is the nearest poiRt from the M(ki', k2'), can be adopted as the most

probabie photon energies.

                kl"4-klt.kl"3+Ak2t.kl"-A2==O, (24)
                ki"•k2"=A. (25)
ki" and k2" are evaluated by solving these equations with the well-known Newton's method
or Ferrari's method. The total energy of the rrO meson is the sum of two photon energies;

               E.e==ki"+k2"• (26)
The momenturn vector of zO mesons is also calculated from the momentum vectors of two
photons, ki" and k2" as follows;

               P.e=:ki"+k"• (27)
IV-`t Reduction ofthe reeoil nueleon momentum

    The recoil nucleon momentum, P.f was obtained from the time of fiight measurement
and the address of the nucleon hodoscope. Practically the time differences, t, between two

pulses, one from the Cerenkov counter and the other from the nucleon hodoscope, were
measured. So the velocity of the recoil nucleon, Bc, can be derived from the following
relation;

                  LN(i) LM                t== Bc rm unI5'-' (28)
where LN(i) is the distance of i-th module of the nucleon hodoscope from the target and
LM is the distance of the Cerenkov counter. c denotes the light velocity.

    Th incident position of the recoil nucleon on the hodoscope was defined as the center

of the forward face of the plastic scintillator when single module was fired. For the high

energy nucleons, two or more modules were often fired simultaneously. In these cases, the

center of gravity of the fired modules was adopted as the incident position. The momentum

resolution for the recoil nucleon in the fiight time measurement can be evaluated as follows;



90 H. OKUNO

200

s
B

o10s'

(a) Pi,o -  Distribution

750Mev -- gcP

200 300 400 500
Mornenturn of

ooO 700
 7P Meson

   eeo
(MeV /c)

900

;oo

s
o55

I

( b) Tnf- Distrl bution

       750Mev-goO

o    1oo
Kinetic

     2oo
Energy of

  300
Recoit

     4oo
Nudeon (MeV)

5oo

200

sit

  o  10i

(c) kR ny
Distribution

75OMev-g(VO

5co 'eco    7oo
Photon

  800 •
Energy

 9oo
kR(Mev)

1000 1100
'



blFFERENTIAL CROSS SECTIONS FOR THE PROCESS r+n-rcO+n 91

o10k/

-o

  o  5l'

( d ) e;i)-Distribution

      750MeV - 9 (f'

    80
-TtO Meson

       90
Production Angie

     100
in c.M.s,

  2oo

.Yl

g
ti]l

6
ts

eloo
2

( e ) Pni- Di st rto u tion

      750Mev goO

o        100,
Momentum of [nitial

   200
Nucteon Pni (MeNdxrc )

3oo

Fig. 23. Results of the kinematical reconstruction for the 750 MeV-900 arrangement.
The solid line in each figure shows the results of the Monte Carlo simulation.

(a) momentum distribution of rrO mesons.
(b) kinetic energy distribution of recoi} nucleons.

(c) energy distribution of incident•photons in the target-at-rest system.

(d) production aRgle distribution of r, O mesons in the center of mass system.

(c) momentL}m distribution of target nucleons in the laboratory system.
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                Ap"P.",f="(1-rmBBC,iZLIt.. (29)

For example, under the time resolution of Å}O.5 ns and LN of 400 cfr}, AP/P is evaluated to

be Å}O.e5 for B==O.7 (which corresponds to T.f=380 MeV). Systematic errors in the time
of flight measurement were carefully corrected. Angular resolutions of the nucleon hodo-
scope were calculated to be ae.ftv2O and Ag.ftv20

IV-5 .Irinematieaireconstruction

    Momentum distributions of the nO meson and the recoil nucleon are shown in Fig. 23

for the 750 MeV-90O arrangement. From these final state momenta, all kinematical variables

for the process r+n->rcOÅÄn could be completely determined by assuming the spectator
model. From the two body kinematics, energy and momentum conservation Iaws state the
following relations;

               k+ Pni==P.e mF Pnf (30)
               k+Eni=E.e+Enf, (31)
where (k, k), (P.i, E.i), (P.,., E..) and (P.f, E.f) are the four momentum vectors of the

incident photon, of the initial target nucl on, of the zO meson and of the recoil nucleon,

respectively. There are 16 variables. However, four conservation equations and four energy-

momentum relations decrease the number of independent variables to 8. Among 16 variables
in eqs. (30) and (31), 8 variables (P.., P.f and the incident direction of photons k/lkl) can

be measured. So the eqs. (30) and (31) can be solved and other kinematical variables can be

derived.

    Then these kinematical variables at the laboratory system were transformed into those

at the center of mass system, where the Z-axis was chosen to coincide with the incident
photon direction. Finally photon energies were expressed as kR in the target-atrest system
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for the comparison of results with the free target data. Kinematics is summarized in Ap-
pendix 5.

    The validity of the kinematical reconstruction was checked with the results on the free

target process r+p-.ne+p. When the target is at rest, incident photon energies can be
evaluated either only from P.. or only from P.f. Energy distributions of incident photons

derived from P.. and P.f were shown in Fig. 24. The agreefnent between them confirmed
us the validity of the kinematicai reconstruction.

IV-6 Counting rate corrections

    Several corrections to the counting rate and to be made to take into account the con-

tributions from the various competing processes.

    First, the empty target background was subtracted from the full target counting rate.

These corrections were only iess than O.2 %. and negligibly small.

    The largest correction was due to the accidental coincidences between the zO detector

and the nucieon hodoscope. For the proton process r+d.nO+p-t-n,, k was 2A-10% and
for the neutron process r+d--e"nO+n+p,, it amounted to 5tv25 % for various experimental

arrangements. These accidental backgrounds were subtracted from the TeF spectra.
    The off-kinematical background, especially form the double pion production, was
checked by rotating the nucleon hodoscope around the target. The measured results agreed
weli with the rv{onte Carlo simulation and this confirmed us that the contribution from the

multiple pion production was negligibly small.

    Dead time correction due to the inhibition time of O.4 s was calculated to be less than

le/. for all experimental runs.

V. MonteCarloSimulation

V-1 Differentialcrossseetionformulas

    The reduction of the differential cross section was very complicated due to the use of

the moving target. In addition, the rrO detection eMciency was not constant but an com-
plicated function of many independent variables. So the detection eMciency and the solid

angle of the whole detection system were evaluated by the Monte Carlo simulation. At
this simulation, the spectator model for the deuteron target process was assumed.

    The coincidence rate of the zO meson and the recoil nucleon (proton or neutron) from
the deuterium target can be expressed as a multiple integral over the effective target valume,

photon energy, initial rnomentum of the target nucleon, and laboratory solid angle:

          C=" fm--fdds26,. (kR, e) ' nT ' ip("P ki) ' N(kL) ' T(XT, YT) '

                       rr               A(P.L.e, P.Lf, XT, )'T, ZT)'d9:e'dkL'dP.Li'dXT'dYTdZT, (32)

where
C :coincidence rate of the nO meson and the recoil nucleon per leOO
                    MU.
 d6 : differential cross section for the single pion photoproduction from
dgc.(kR, e9e)d9#o nucleons (protens or neutrons) by the photon of energy kR,

  r                    producing the nO meson in d9:. at e;.. Hereafter the upper suMces
                    L,, and R denote the laboratory system, the center of mass system
                    and the targetat-rest system, respectively.

nTÅë(Pi[i)dPi.ii : nufnber of target nucleons with momenta between Pk and P.Li +
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                    dP nLi'
IV(kL)dkL : number of photons per lOeO MU with energies between kL and kL
                    +dkL.
T(xT, yT) : normalyzed beam intensity at point (xT, 7T) in a planeperpendicular
                    to the beana at the target.
A(P.L., P.Lf, xT,yT,zT) : detection eMciency of the nO meson with momenturri PS. and the

                    nucleon with mornentuin Pfrf in coincidence. (xT, yT, zT) indicates
                    the reaction point point in the target, where zT is the distance from

                    the target center in the direction of the incident photon beam.

    The liinits of integration are determined by the limits of the target beam interaction

volume and by the detection ethciency. The number of independent variables in eq. (32)
are 9, and 6 of which are related to the kinematicai variables for the moving target reaction,

3 of which are related to the reaction point in the target volume. The other variables in the

integrand are derived from these 9 variables through the two body kinematics and the
Lorentz transformation.

(Appendix 5). .    The experimental results on the coincidence rate were obtained as a function of one
variable, kR;

                c==f]v"(kR)dkR, ' . (33)
where

Y(lcR)dkR :coincidence rate of the nO meson and the nucleon with incident
                    photon energy between kR an(l kR+dkR.

As the angulat acceptance of the detection system was about Å}5.00 in the center of mass

system, the integration on d92. was already performed in the above results.

    The differential cross sections were obtained from the following equation;
   '                                                    '                                                     '                d<si26: (kR) "" illli,iiii(iRi)ddkkR.• ' (34)

where
          M(kR)dkR= f---fntip(P fr,) • N(kL) • T(xT, h) •

               A(Pk, Pft,, xT, yT, zT)•d92.•dkL.dPB,•dxT•dyT•dzT . (35)

Thus the differential cross sections were obtained as a function of kR. The values were

presented at the energy interval of 50 MeV,, which was related to the energy resolution of

the whole detection systern.

    The multiple integral in eq. (35) was evaluated by the Mopte Carlo simulation.

V-2 Monte Carlo simulationprocess

   Tlae Monte Carlo simulation of the events was performed with a computor FACOM
230160 at the Computor Center of Kyoto University.

   The main flow chart of the computer program is shown in Fig. 25. The event simulation
of the process started with the random choice of kinematical variables in the laboratory
system, which might represent the real probability distribution;

    (a) T(xT, yT) was reduced from the intensity.distribution of the photon beam at the

        target.
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                 Fig. 25. Flow chart of the Monte Carlo simulation.

    (b) Åë(P.L,) was assumed to be given by the Hulthen wave function'for the deuteron.

    (c) N(kL) was obtained from the bremsstrahlung spectrum given by the Schiff's thin

        target formula.
    (d) e:. and g2., production angles of the nO meson at the center of mass system, was

        assumed to be distributed uniformly.

    From the above kinematical variables, (xT, yT, zT, Pki, kL, e:., g:.), all other variables

were calculated.

    The detection eMciency A (P.L., PÅíi, xT, yT, zT) was decomposed into following four

parts;

       A(P.Le, Pfri, XT, YT,ZT) "= G(P.Le,P,ftf XT,YT,ZT) ' op1(k2) ' op2(k2) ' opn(Tnf) , (36)

where
6(P.L., P9f, xT,yT, zT): geometrical detection eMciency, whose value is 1 or O when the

                    simulated event can be detected or can not be detected, respectively.
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opi(ki) and ty2(k2) : the detection eMciency of each photon detector for photons with
                    energies ki and k2.
op.(T.f) :the detection eMciency of the nucleon hodoscope for the recoil
                    nucleon with kinetic energy of T.f.

    The Monte Carlo process evaluating the nO detection eMciency is presented in Appendix
4.

    When the simulated event could be detected with the zO detector and the nucleon
detector in coincidence, the kinematical reconstruction was performed in taking into account

the resolution of detectors. This process was the same as the experimental data reduction.

Detector resolutions considered are;

    (1) energy resolution of the Cerenkov counter,

    (2) resolution of the TOF measurement,
    (3) angular resolution of the nucleon hodoscope,
    (4) reaction point in the target volume, which was assumed to be the target center for

        all events.

    The results of these simulation were obtained as a function of k'R, where k'R denotes

the photon energy in the target-at--rest system reconstructed in taking account of the detector

resolutions.

    The eMciency of the Monte Carlo simulation was about 10m6.vlOm7 when the zO meson
was produced in 4n solid angles in the center of mass system and when the rrO meson decayed

into two photons in 4n solid angles in the rrO rest system. By careful choice of the kinematical

regions, however, it was increased to about 10"3.

V-3 Monte Carlo results

    The results of the Monte Carlo simulation are shown in Fig. 26, where k'R distributions,

M(lc'R), are presented for each arrangement. These distributions have their maxima at the

photon energy of 770tv800 MeV for the 750 MeV arrangements and 620N650 MeV for the

!.ts

   o 90

14oO

12oO

 o

k=6ooMev k=rsOMev

      ok----1O5

86&

4sO

14oO

 105

6oo

Fig. 26.

       400 500 600 700 800 900 :OOO                PHoTON ENERGy iSl (Mev)

Acceptance for ki{ of each experimental arraRgement evaluated
Carlo simulation; (a) 750 MeV, (b) 600 MeV.

with the Monte
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60e MeV arrangements, respectively. Comparisons of the experimental data with the Monte
Carlo simulation are presented in Fig. 23 for the 750 IvfeV-90O arrarigement, as an example.

In these cases, the resolution of the detectors was folded into the Monte Carlo simulation
of each distribution. The results of the experirnent and the simulation are in good agreement.

    The momentum distribution of the initial nucleons which participate in the reaction
detected with the present detection system was studied. Typical example for the 750 MeV-
900. arrangement is shown in Fig. 27, where the momentum distribution, Åë(Pfti), expected

from the Hulthen wave function for the deuteron is also presented. The difference between

them indicates that the reaction from the target nucleons with higher momenta is rather
diMcult to be detected with the present experimental arrangement. As for the distributions

Table 5. Surnmary of resolutions. dlcR and dO9.. denote the energy and angL}lar resolution of
the detection system for the iRcident photon energy in the target-at-rest system and
for the r, O meson production angle, respectively.

    Run
(MeV)-(degree)

 kR
(MeV)

  0:e
(degree)

  dlc"(FWHM)

. (MeV)
de:.(FWHM)
 (degree)

soo-loe
600- 60
550- 90
600-105
600- 20
600-140
750- 45
750- 60
750- 90
750-105
750-l20
750-140

530
625
580
625
650
645
800
805
800
795
790
770

- 98

 56
 86
 102
l16

 134

 45
 60
 90
105

120
140

lgii' lkill

s
/i

'

1le

(a) Pni

eHutth6n

O 50 IOO   lniiiat Nucteon
  150
Mornentum

200 250
 (MeV fc )

mo
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lli

( b) .cos eni

Fig. 27.

-1.0

is

  --O.5 O O.5 1.0lnitiat Nucteon Angte, COSeni

        ---         o
         L         o        o         E
         J-        z
        o        .)
        -o
        o
        ct

         O 90 180 270 360              Pnitial Nuc{eon Angte , Eeni(Degree)

Typical momentum and angular distribution of target nucleons responsible to the

nO mesonmucleon councidence events; (a) Pni, where the distribution expected
from the Hulthen wave function for the deuteron is presented by the solid line,

(b) cosOni and (c) gni•

oÅíthe efti and gki, some deviations from the uniform distributions can be seen. These
indicate that the reaction with the target nucleons moving along the perpendicular direction

to the beam line can be detected ethciently.

   The resolutions of the present detection system for the incident photon energy and for

the nO production angle were evaluated from the distributions of variables (k'R-kR)11cR
and (e'e.-eC.) in the above simulations, respectively, where k'R and e'e. represent the
      rr lr                                                              rrquantities calculated by taking account of the resotution of the detectors. The resolutions

for all arrangements are presented in Table 5. The results show that the angular resolutions

are almost constant for every arrangement, Ae:. r3.50. 0n the other hand, in the ar-
rangements of the large scO angles, the energy of the xO mesQp degreases and consequently
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the energy of the recoil nucleen iRcrÅëases. Therefore dikR becomes larger as the rrO afigle

mcreases.

VI ExperimentalResults

VI-I DilffTerential cross sections '
    The differential cross sections were measured at 12 experimental arrangements for the

processes r+p-rrO+p and r+n.rrO+n. The mean values of the differential cross sections
integrated over kR and e#. were obtained from the counter data enly;

                ,di,(kR,e#)-f/i'/ll,sc`iR.',d,k,R., (37)

   where lc.i. and k... denote the minimum and maximum values of kR in the kR-dis-
tribution. These counter results are summarized in Table 6.

Table 6. Differential cross sections obtained frem the counter data. kR denotes the incident
        photon energy in the target at rest system and eS., the xO production angle in the c.m.
        system. AlcR and Ae.". are the energy and angular spread given by the half-width at
        half-maximum, respectively.

Run
(MeV)-(degree)

kRÅ}liA"R

(MeV)

500-100

600-60

5SO-90

600-105

600-120

600-140

750-45

750-60

750-90
750-.105

750-120

750-14e

600-I05-H
750-105-H

530Å}95

625Å}75

580th80

625Å}105

650Å}100

645Å}105

seoÅ}los

805Å}117

800Å}125

795Å}130
790Å}130
770Å}130
610,tlOO

775Å}125

0.C.ti:dOÅíe

(degree)

 98Å}6
 56 th- 6

 86Å}5
l02,i,6

116Å}6

134Å}6

45Å}5

 60Å}5

 90th6

105Å}6

120Å}7

140Å}7

le2Å}5

105Å}5

    Yield
(events/IKMU)

rP-rrOP rn-. r; On

64.7

 52.2

 59.8

 33.1

24.1

 4.80
 315
79.9

 76.3

48.0

 15.28

144.0

165.6

13.7

11.5

10.6

 7.58

 5.22

 1.73

4.55

11.0

12.2

 8.40

 3.67

Geometrical
detection
eMciency
 (Å~1O-7)

 23.2

 12.5

 22.9

22.5

 19.7

21.6

 7.90
 19.8

40.9

48.6

 36.6

 23.5

 56,6

115.7

da!dC (pab/sterad.)

rP-rrop

4.72Å}O.47

3.36+..O.30

3.95Å}O.40

3.01Å}O.30

2,30Å}O.25

1.64Å}O.11

2.70Å}O.22

3.48Å}O.28

2.90Å}O.26

2.64Å}024
1.57Å}O.16

3.80-PO.38

2.64Å}O.24

rn.nOn

6.46Å}O,71

4.80Å}O.48

4.58.thO.46

4.48,lrO.44

3.19Å}O.38

1.69Å}022
2.44Å}O.21

3.14Å}O.30

3.12thO.32

2.88thO.32

2.16Å}O.26

    Energy dependences of the differential cross sections d61dS?(kR) were obtained frem the •

analysis of the spark chamber data. The absolute values were normalized to the counter
data in order to exclude the systematic errors in the measurement on the spark chamber

fiIms. At the energy regions where the data from two experimental arrangements overlapped

each other, the weighted means were adopted for the final results. The values obtained from

both tails of the kR-distributions are less reliable because of the poor statistics and of the

inaccuracy of background subtractions. Therefore, the•data from the regions where the
yields were smaller than 113 of its maximum value were exc!uded. The results are summarized

ip Table 7. Tbe valve$ wg!e pbtaiped at the photQp energy inteyva.i$ Qf 50 M. gY except for
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Table 7. Summary of results on the differential cross sections for the processes r+p.rce+p and
r-l-nabrre+n. kR is the incident photon energy in the target-at-rest system and 0:e is

the xO production angle in the c.m. system. Combined values of the statistical and

systematic errors are shown.

kR (MeV) el, (degree)
da
dpmt.(r+p-nO-kp)

   (ptblsterad.)

SS(rÅÄn.rro+n)

   (ptblsterad,)

llliili11iiiiiiili iii

il

iiiiilii
iii

lliiii iill'gilii

il

iliiil'iiiili'i iiliiii
iil

iiliiilliiliiiliikiii

the 140O measurernent. The rrO c.m. angles varied with the photon energy in each experimental

arrangement. Angular resolutions were estimated to be about t 3,50 in the ceRter Qf mass

system whep the spark cha.pabgr data. wQre "sed,
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VI-2 Errors

    The errors in evaluating the differential cross section (considered as standard deviations)

are convenient}y grouped lnto followlng two categories;

    1. Errors which are common for all experimental arrangements.
  a. photon beam inteRsity, N(lcL)

  b. target thickness and density, nT

  c. eMctive solid angle of two photon detectors

2. Errors which depend on the experimental arrangement.

  a. countlng statlstlcs

  b. photon detection eMciencies of Cerenkov counters
  c. 'photon absorption eMcieRcies

  d. recoil nucleon detection eMciency,

,/%!
         7t-l5 O/.

         1--5%
         40/. '
         1--5%
(for protoBs)

     ' 4t-7%
(for neutrons)

    The errors for each arrangerneRt are given in Table 8. The systematic errors for the
deuterium target runs (the errors except for 2-a) amounted to 8rvl1 O% and 9t-12% for the

differential cross sectioRs of the processes r+p-nO--Fp and r+n-nO+n, respectively.

Table 8. Systematic errors. In this table only the errors which depend oii the experlmeRtal ar-

        rangement are listed. Quadrutic sum of systematic errors was obtained by combining
        these with other constant systematic errofs.

Experimental

arrangement

(2-b)
Error of the
photon detection
eMcieRcy

(2-d)
Errox ef the recoil
nucleon detection
eMciency

Quadrutic sum of
systematic errors

proton neLltl-Oll rÅÄp- r, e+p rÅÄn.nO+R
soo Mev-1 oo o

600 MeV-6oo
550 MeV-goe
6oo Mev-1oso
600 MeV-12oo
6oo Mev-14oo
750 MeV4sO
750 MeV-6oo
750 Mev-goo
750 MeV-1050
7so Mev-12oo
750 MeV-1400

lll%il,g ii E% iiil 11 %e

 9 P(e

10%
10%
11%
12%
10%
 9%e

9%
10% •,
11%
12%

VI-3 Discttssions on the deuterium target effeet '
    As a free neutron target could not be reaiized, the bound neutrons in the deuteron

nucleus were utilized. Using the deuterium as a neutron target, the following effects must

be taken into account: (1) the I<inematical complications from the internal neutron rrio-

mentum and (2) the dyllamical effects such as the final state iRteraction, the Glauber effect

and the Pauli principle.

    In this paper, the spectator modei was used for the derivation of the differential cross

sections. In this model, the incident photon interacts with oBly one nucleon, and the other

ppcleon, the spectator nucleon, dQes not participate tQ th.e reactiQn. The validity of tl}.g
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spectator model for high energy photon interactions has been established with the cloud and

bubble chamber experiments2•33> for the process r+d-eFrr-+p+p,, in which the spectator
protons could be observed. In this experiment, the Hulthen wave function was used for the

deuteron. A choice of the deuteron wave function seems to give a small effect on the cross

section compared with the experimental accuracy.
    Corrections from the second effects were not included in the final results because all

these corrections were estimated to be smaller than 5 %.. Final state interactions were eval-

uated by Chappilier34) and Sumi35). In these calculations, zO mesons were treated as real

particles. From these calculations it was found that the maximum effects were estimated
to be about 5O/. in the present experiment. Pauli principle plays no role in the rrO photo-

production from the deuteron, but in the charged pion photoproduction has some effects
on the cross sections at small momentum transfers.

    These deuterium target effects were checked experimentally for the process r+p--
rr'+n by Neugebauer et aL2). They measured the rr" yield from the deuteriumtarget and
from the hydrogen target. Their results show that the ratio,

                    dif
                    dnv2(r +P-n" +n, D)

                                                                 (38)               R+ :
                    dif
                    arg(r +p. rr' +n, m

(where D and H denote the deuterium and hydrogen target, respectively) was O.95tvl.eO
for photon energies of 600 MeV leOO MeV and at the z' c.m. angleslarger than 400except
forsmall angles below 200, where R' decreased to O.77NO.84.
    In this experiment, these checks were carried out by measuring the differential cross

sections for the process r+p-nO+p with the deuterium target and with the hydrogen
target as follows;

                    dif
                    dmug(r +p--e•rrO+p, D) .

               Ro                                     . (39)                    da
                    ffle(r+p"nO+p, H)

    These values were measured at 750 MeV-105O and 600 MeV-105O arrangements and
the results are iisted in Table 6. The results show that RO is equal to unity within the ex-

perimental accuracy.

    If we assume that the deuterium target effects for the process rÅÄn--"zO+n are the same

for the process T+p-rrO-Yp, the differential cross sections for the process r+n-nO+n
from the free neutron target can be written as follows;

                             dif
           do dim2(r+n--.rrO+n, n) dif
           armg(r+n->nO+n, n) =" da . d-g(r +n-nO+n, D)
                             dlo2(r+n.rrO+n, D)

                             dd
                             d-g(r+p-zO+p,H) dif

                           ="dif 'EiTg(r+n-->zO+n, D)
                             ar2(r+p---zo+p, D)

                             ds
                            ta:vaT(r+n-.zO+n, D), (4o)
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VII Discussiens en thd'Re's''liIfS'

    The experimental results on the differential cross sections for the processes r+p--.

nO+p and r+n-nO+n are shown in Fig. 28 and Fig. 29. The data for the process r+p.
nO+p at other laboratories are also presented in comparison with our data. At a first
glance the results show that the excitation and the angular distribution of cross sections for

the process r+n-rrO+n have similar shapes with those for the process r+p--.nO+p. As
for the detailed features, some trends can be pointed out. At lower energies, the differential

cross sections for the process r+n.rrO+n are somewhat larger than those for the process
r+p-e-nO+p. The data at low energies and at high energies are less accurate because of
the poor counting statistics.

    In these figures, the results of partial wave analyses by Yamakii7}, Walker20), and
Proia and Sebastiani!9) are presented by the dot-dashed, solid and dashed lines, respectively.

For the process r+p-rrO+p only the Walker's curve is shown. The other analyses also
fit the data on the process r+p-zO+p.
    a) Yamaki's analysisi7)
    In his analysis of the neutral pion photoproduction, six multipole amplitudes were taken

into consideration; Eo+, Mi.., Ei+, Mi+, E2- and M2-. For Eo+, the C.G.L.N amplitude
was adopted, and Mi+ and Mi- amplitudes were formulated according to the Chew-Low
theory. Ei+ amplitude was neglected. For E2- and M2rm, the phenomenological forms
were assumed and their coupling parameter C was determined from the x2-test of the data
on the process T+p-ww.rrO+p.

    The differential cross sections for the process r+n-zO+n were directly calculated with

the parameters obtained frorn the analysis of the process r+p.rre+p with the following

assumptions; (l) Eij-=M,S-. ==0 and (2) Mim==O. His results are shown in Fig. 29.
Characteristic features of his prediction are the asymmetry of angular distributions around

900 and rather large cross sections at backward angles for the process r+n-nO+n. In
this experiment these features were not found. In general, absolute values of the measured

cross sections are small compared with his predictions.

    b) Walker's analysis20)

    In Walker's analysis, the photoproduction amplitude consists of three separate con-

tributions; (1) Born term, (2) resonance term, and (3) background term. The resonance
term was assumed to be described adequately by a Breit-Wigner functi.on;

                A(pv)-=A(m,) (kÅí go) i/2 ,Tg?il.$:iiL2, (4i)

where

                r==To ( qqo )2i+i (eqOi++Xx2,)' ' (42)

                r,= ,rTo ( kko )2fr (kko22++Xx2,)J'r , (43)

where uro is the "mass" of the resonance, and ko, eo, so are the values of k, q, andsat the

resonance energy W= Mo, respectively. A resonance is described by the parameters Wo,
re,A( Mo), l, 7,, and X. A( Mo) is the parameter which can be determined from the experimental

                                                               13 5
data, The background amplitude$ ÅíQr IQw angular mQmentum states J=: 7, i and T
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. As for the previous data on the process

were included as an adjustable parameters. His criterion of success for the model was that

these background terms should vary smoothly with energy. He analyzed the processes r+p-D-

z'+n, r+p--ebrrO+p and r+n-n-"+p. First two processes have been investigatedprecisely,
however, as for the Iast process, tentative results were presented from the shortage of the

experimental data. No consideration was given to the process r+n--.zO+n. He obtained
the sets of parameters by fitting the experimental data separately for the above three processes.

    By the isospin decomposition of these parameters given by Walker, we calculated the

cross sections for the process r+n-rrO-Fn. The results are shown in Fig. 28 and 29 by
solid lines. The agreement with the experimental data is fairly good.

    c) Proia and Sebastiani's analysisi9)

    Their prevision on the differential cross section for the process r+n--"-zO+n is based

on the CDM phnomenological analysis. They analyzed the data on the process r+n---

n- +p with the generalized isobar model, and by combining with the CDM solutions, the
cross sections for the process r+n.nO+n were predicted. The data on the process r+n--"

n- +p used in their analysis were obtained from the bubble chamber experiment by AB-
BHHM callaboration2).
    The results are shown in Fig. 29 by dashed lines. The experimental values are some-

what large compared with their calculations. Characteristic features of their results are;

                                     1
(l) clear dominance of isovector parts for T= :lii- resonance amplitudes, which is in agreement

with the Walker's analysis, (2) large Sii and Pu contributions in both proton and neutroR

target processes.
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    d) Discussion
    Among the above three sets of amplitudes, the Walker's arnplitude resproduces the
present experimental results Åíor the process r+n->rr"+n to some extent.

    Using the experimental data for the pyocess rÅÄn->nOÅÄn in the energy range from 650

MeV to 800 MeV, the value of v' z2 per freedom was calculatedto be 2.11 with tlie Walker's

amplitude. In order to obtain better fits to the experimental data, two resonance parameters,

B2-(Di3) andAi- (Pii) amplitudes were varied, Theminimum value of l.38 for .v!z2 per

freedom was achieved, and the experimental data was well reproduced as is shown ' in Fig. 30.
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O20406080 loo 120 140160O 2040 6080 100 1ac l40 1601ee
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           Fig. 3e. }Xits to the angular distribution for the process r+n->r, O-Fn.

    The results ef these'analysis were summarized as follows; (1) by combining the present
results with the Walker's amplitude for the process r{--p->Tt O+p, the ratio of the isoscalar

part to the isovector part for the B2- amplkude (Di3 resonance) was found to be about O.1.
This indicate that the Di3 (1520) resonance can be excited from nucleons mainly by siovec'tor

photons. (2) no remarkable enhancement of Ai- the amplitude (Pii resonance) was found
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for the neutron target process r+n-rrO+n.
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                               APPENDICES
A-i Performances ofthe leadglass Cerenkov counter

   The characteristic of the total absorption lead galss Cerenkov counter was measured with

electron beam. Schematic diagram of the experimental arrangement is shown in Fig. 31.
The electron momentum was analyzed with a magnet and a pair of small scintilation coun-

ters, Sl and S2. The momentum spread of the electron beam was 20/.. Output signals
from nine photomultipliers of the Cerenkov counter were added together and splitted into
two parts; one for the fast coincidence (Si .S2. C) and another for the pulse height analysis.

The coincidence signal (Si .S2.C) triggered the linear gate through which Cerenkov signals

were fed to a PHA.
    The pulse height of the Cerenkov counter is plotted as a function of electron energies

in Fig. 32. A linear responce for the electron energy up to 8eO MeV was obtained. The
energy resolutions of these counter are shown in Fig. 33. When the lead (2Xo) sandwiched

spark chamber was placed in front of the Cerenkov counter, the pulse height decreased and

the energy resolution was worsened. These results are also shown in Fig. 32. These results

indicate that the energy loss of electrons in the lead spark chamber is 50--80 MeV for the
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incident electron energy of 120-v800 MeV.
   The energy resolutions of the Cerenkov counter for electrons can be expressed empirical-

ly as follows

              AE 4.8              E (FWHM)=: vf-]zi-, (A.1)

           AE 7.0           E (FWHM)=t vE-AE (when the lead spark chamber was placed),

                                                        (A.2)

where AE is the mean energy loss in the lead spark chamber. When the lead spark
chamber of 2Xc was placed, the resolution was worsened by a factor Qf abouttwQ,
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A-2 LiHabsorber

    In order to reduce the background of low energy photons, an adequate absorbers must

be placed in front of the photon detectors. This absorber material must attenuate low
energy (ltvlO MeV) photons eMciently and must pass high energy (IOO•N•300 MeV) pbotons
without serious attenuation.

    Total cross sections for the interaction of photons with various materials have been

studied.37) These data show that liquid hydrogen would be the best substance. However
considering the diMculties of practical handling, we selected lithium hydride (LiH) as the

absorber material.

    As LiH reacts violently with water vapour, it must be sealed off in the closed container.

The container box (200 mm Å~ 200 mm Å~ 10 mm iR inside measurement) was made oÅí acrylite

plates (4 mm thick). Powder of LiH was packed in this box and the total thickness of LiH
was measured to be 8.05 gfcm2 as a mean (density p==O.805 g/cm3), As is shown in Fig. 2,

two boxes of the LiH absorber were used for each photon detector. Therefore, the total

thickness of LiH and acrylite plates are as follows;

                    16.10 g!cm2 for LiH
                     1.90 g/cm2 for acrylite.
The total attenuation factor of absorbers for photons was calculated as a Åíunction of the

photoR energy. The results are shown in Fig. 34. These show that the total attenuation
factor for photons with energies of 100•N•300 MeV was almost constant to be O.845.

Q8

O.7

Q6

Q5

"l

O,2

or

o

ATTENLiATION OF PHOTONS

IN THE LiH ABSORBER
  ( 2 Radiation Lengths)

      1 2 5 10 20 50 loo 2co 5oo lam                     PHOTON ENERGY (MeV)
Fig. 34. Attenuation of pho. tons versus photon energies fQr tkg {.iU absorber,
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A--3 Pulse height compensation methodfor the time offlight measurement

    The time measurement depends on the pulse height of the start and stop signals when a

conventional T.P.C. is used. To reduce the pulse height dependence of the time measurmemt

several attempts such as a zero-crossing method and a fast-slow pulse height compensation

method have been developed. In this experiment, the output signals from the neutron
hodoscope had a continuous pulse height spectrum. Moreover the output from the Cerenkov

counter had a rather broad pulse height spectrum for monoenergetic photons. Therefore
to obtain the fine resolutions in the time measurement, some devices for the pulse height

compensation must be used. Under the intense background signals, the zero-crossing
method was not suitable for the signals of continuous pulse height. The fast-slow com-
pensation method by Thieberger38} was tried, however, there were some dificulties in the
pulsestretching. Therefore,thefollowingpulseheightcornpensationmethodwasdeveloped.
1. Principle of the method
    We represent the start and stop pulses for the T.P.C. at the input to the discriminators

by

                vi(t)= Vi fi (t) and

                V2(t)=== V2f2(t-T), (A.3)
where Vi and V2 are the amplitudes, fi andf2 represent the pulse shapes which do not change

on each pulse. T is the time difference between two pulses as is shown schematically in
Fig. 35.

    If Fi and F2 are the reciprocal functions of fi andf2, and Vg and V: are the triggering

levels of the discriminators, we obtain the following values for the times ti and t2 at which

each discriminator is triggered;

'---.---.p--.

,v(t)StartStop
Signa[Signal

---p---T--• -- -

tl tlT t2 t2

"ATI .sT2-

u itterOutp ut

/tl ti

DifferentiaiCircuit Output

Fig. 35. Schefnatic diagram of the pulse keight compensation method,



               t,=c AT2-e F2 (Y:/ V2)+T .

The output from the second T.P.C. is then given by

               A,=-K'(ti-tl)

                  ==K,lT+ c(A T, -A Ti)- cF2(Vg1 VD - cFi (Vg/ Vi )] .

If we now attenuate A2 by a factor K'clK and add it to Ai, we obtain;

                        K
                           A2               A==Ai+
                        K'c

                 == K [(l +-ilfr) T+(tiT,-T,)] •

The amplitude dependent terms have thus been eliminated.

2. Performance
    The electronic circuits used in our system are shown in the

First and second T.P.C.'s are the same type of Culligan and Lipman,39)

was adopted for the discriminator and the limiter. The adjustment
Ievel and the limiting level was made empirically.

    In order to calibrate the system, a hydrogen tube light pulser
pulse was divid

covpter, The output signals Åírom each detectpr served as tbe start

ll8 H. OKUNO
               t, :F, (VSIV,)

               t2-F, (V:I Y,)+T (A.4)
The output Ai from the T.P.C. will be proportional to (t2-ti) and is written as follows:

               Ai =K (t2-tl)

                  ==K(T+ F2 (V:/ V2) -Fi(Vgl Yi )], (A.5)

where K is the constant. This expression shows that Ai depends Qn the pulse amplitude
Vi and V2.

    The correction signals are obtained by the following way. The start and stop signals
are splitted into two parts. The first is derived to the discriminators for the first T.P.C.. The

other signals' are at first fed to the limiters, whose limiting level is kept equal to the dis-

criminator level. The output pulses from the limiter are differentiated and serve as inputs

for the second T.P.C..
   If we assume that the pulse shapes of the falling parts are similar to those of the r'ising

parts as follows;

               f{(t)==f, (ATi - i ) ,

                                                         '               fi'(t) =f2 (AT2--{--T), (A.6)

where ATi and liT2 are the full width of each pulse and e is the time stretching constant.

Then the times t{ and t{' at which the negative pulses triggers the second discriminators are

expressed as follows;

               tI ==eA77i -c F! (VglUi) ,

                ' (A,7)

(A.8)

(A.9)

                                         block diagram of Fig. 36.
                                                 No special care
                                             of the discrimination

                                             was used. The light
ed into two parts, and each was sent to the neutron counter and the Cerenkov

                                              and stop pulses fQv
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Fig. 36. Simplified block diagram of electronics for the pulse height compensation metfiods.

T.P.C.'s. The displacement of the peak of the T.O.F. spectrum wi.th and without the
compensation, as a function of pulse height ef the neutron counter, is shown in Fig. 37. The

displacement of the peak is within Å}O.5 ns over the pulse height range of about O.1Avl. As

can be seen in Fig. 37, the results are slightly overcompensated. If the discrimiriator level,

the limiter Ievel and the output attenuator of the T.P.C. are carefully adjusted, a somewhat

better correction can be obtained.

    In Fig. 38, the two dimensional display between the pulse height and the T.O.F. of the

nucleon in the run with the deuterium target is shown. For the proton, the linear relation

between the pulse height and the T.O.F. was observed, because the pulse height of the
proton depends on its kinetic energy. On the other hand for the neutron, no correlation
between them was observed, because the pulse height of neutrons has a contimious

spectrum. These facts show that the pulse height dependence of the T.O.F. measurement
was well cofnpensated. An example of the T.O.F. spectrum for the recoil protons and
neutrons is shown in Fig. 15.

3. Somerematks
    The above described method of pulse height compensation in the T.O.F. measurement
can incree$e the resQlving power wheu the signals Qf the cQntinuous pulse height spectrum.
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Fig. 37. Displacement of the peak of the T.O.F. spectra with and without compensation
       as a function of the pulse height of the start signal. The error bars indicate the

       resolution (FWHM) of the system for the standard light pulser (about O.7 ns).

are used as a start or stop signals. In the case of the fast-slow method presented
by Thieberger, the output amplitude depending on the fiight time Tis expressed as;

               Acx (1- ,1)T. (A.lo)
In our case,

               Aoc (1+ 1,)T, (A'11)
where c is the pulse stretching constant for the second T.P.C. and Tlc is the compensation

term. The above equations show that, to obtain the large proportional constant, the
constant c must be much larger than unity for Thieberger method but in our case c may be

equal to unity. These facts simplify the electronic circuits.

    The resolution of the T.O.F. measurement, in general, depends on other factors such
as the spread of the electron transit time in the photomultipliers, the size of the scintillators,

the geometry of the light guide and the stability of the electronic circuits. Final results on

the time resolutions of our measurements were estimated to be about 1.0 ns (FWHM) for
neutrons. The 'obtained results will be much improved if the fast photomultipliers and the

small scintillators are used,
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A--4 Monte Carlo calculation of the rrO detection eZ77ciency

    The detection eMciency of the nO detector was calculated with the Monte Carlo method.

The detection eMciency for nO mesons is expressed as follows;

       rpre(P..e, XT) = opg("Prco, XT) ' opsl(kl) ' ops2(k2)

                Å~ opcl(kcl,Xcl, Ycl) . vc2(kc2,Xc2, Yc2)

                Å~opHi(ki)'opH2(k2)'opo, (A.12)
where
vg : geometical detection eMciency for rrO mesons,
opsi, vs2 : detection eMciency of the lead sandwiched spark chambers for photons,
                 which is divided into the conversion effeciency and the spark chamber

                 eMciency,
opci, opc2 : detection eMciency of the Cerenkov counter,
vHi, vH2 : attenuation factor of the LiH absorber for photons,



122 H. OKUNO

vo :other factors such as the scanning eMciency,
P.. : momentum and the direction of the zO meson,
xT : reaction point in the target cylinder,
ki, lc2 : energies of photons decaying from the rrO nieson,
kci, kc2 : energies lost in the Cerenkov counters,
Xci, Yci,Xc2, Yc2: incident• positions of decay photons on the Cerenkov counters.

    Arnong these, op, i's a very cornplicated fungtion and can not be evaluated by the analytical

method. In this appendix, the detailes of the Monte Carlo calculation of the geometrical

eMciency ifg are described.

    The fiow chart for the computer program is shown in Fig. 39.

START

COMMENT

READ AND WRITE
THE SETUP coNorTlNS

READ AND WRITE
THE7eMOMEN'rUM
AND THE REACTIONFOINT

LAST
QA,RD ?

YES

NO

PRINT OUT
Tme RESUU

INITIAL axDITION
OF THE SCALER STOP

GENERAT THE
RANDOM NUMBER

KtNEMATICS OF
DECAY PHOTONS

NO

TRIAI>10 YES

HOTO
CAN BE NO

TEC ?

YES

DISTRIBLITION TO
THE SCALER

Fig. 39. FIow chart of the computer program for the Monte Cario simulation.

1. Setup conditions of the zO detector

   The coordinate axes of the lab. system are chosen as is shown in Fig. 40, where the ZE

axis is the direction of indident photon beam, ZE-XE and ZE- YE are the horizontal and
vertical plane, respectively.
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Fig. 40. Setup parameters of the rO detector.

    The set up parameaters of the zO detector are summarized as follows;

Li, L2 : distances of the two photon detectrors from the target center.
gi, q2 : opening angles of two photon detectors from the horizontal plane.
Ai, Bi, A2, B2 : demensions of the two photon detectors.

es :angles between the rrO detector and the incident brernsstrahiung beam
               (ZE -axis),
   where suMces 1 and 2 denote the upper and lower photon detector, respectively. In
general, as two photon detectors are placed symrnetrically around the horizontal plane, the

set up parameters are reduced to five parameters.

                L ==L1 ==L2

                qs==op1 =op2

               A ==Al=A2

               B==Bi ==B2 and

                es. (A.13)
2. Coarseselection
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    At first, a coarse selection whether the rr O meson can be detected or not was performed

under the following conditions;

    a. The minimum correlation algle of two photons decaying from the rrO meson must
be smaller than the maximum opening angle of the photon detectors;

               2gMiN S{ 2qsMAx, (A.14)
where 2qsMAx is the maximum opening angle of the photon detectors;

                        L cos ops-B sin qs
               9SMAX- vA2+B,+L, (A.15)
And 2opMiN is the minimum correlation angle between two photons decaying from the rrO
meson which have the momentum of P .;
                             P#e:

               COS qMiN=" .vXpz,.+pt2 ' (A•16)

where pt is the rest mass of the rr O meson.

From the eqs. A.14, A.l5 and A.16, P.. must satisfy the following relation in order that the

rrO meson can be detected;

                         ,ct               Pne 2}t tan qs.A.' (A'i7)
    b. The flight direction of nO mesons is also restricted by the geometry of the detectors.

'The rrQ direction (e.., g..) described in the lab. system (XE, YE, ZE) are transformed to the

coordinates in the lab. system (Xs, Ys, Zs), in which the trasformation is a rotation of
es arround the YE-axis. Then the directional cosines of the nO momentum vector, (S., Sy,

S.) in the (Xs, Ys,- Zs) system are represented by;

               S.=Sin e... COS op..o COS es-COS e.. Sin es

               Sy==sin e.. sin q.e

               S. ==sin e.. cos q.. sin es+cos en.. cos es. (A.18)

Moreover Z and h in Fig. 40 are expressed as follows:

               Z==L cos qs-B sin qs ,

               h==L sin qs+B cos ops . (A.19)
Then in order that the zO mesons emitted from the center of the target can be detected, the

following relations must be satisfied;

                      Sx
                -A f{; s. .Z sgA,

                      s                -hf!g sl .Z:{;:h. (A.2o)
3. Isotropic decay of rrO mesons

    The nO rneson decays into two photons isotropically in the nO meson rest system. If
the emission angle of a photon is denoted by (ei*, gi*) in the zO rest system, the another

photon is emitted in the derection (ei*+z, gi*+z)•
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The flight directions of two photons in the lab. system (ei, gi) and (e2, q2) are obtained by

the Lorentz transformation;

                      cos ei*+B
               cos el == 1 +B cos el* '

                      -cos ei*+B
               cos e2=: 1-B cos el* '

               ql==ql* ,

               op2==opi"+n, (A.21)
where B is the velocity of the zO meson and the Z-axis of the lab. system is chosen to coincide

with the nO fiight direction. The energies of two photons are also given by

                   (1 +B.cos ei")
               Ei== 2Vl-B2 'pt'

               E2="E.o-Ei• (A.22)

Fig. 41.
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    To sjmulate the event, the randorn numbers on ei* and qi* are generated by the Monte

Carlo method. In order that the two photons can be detected in coincidence with two
photon detectors, the following restrictions on qi, therefore oii qi*, can be derived;

                n12-opAcp s{ gi :f{ x12+qAcp ,

where

                               A
               tan9Acp=:Lsin qs-B cos gs • (A•23)

From the decay angle of photons in the zO rest system, photon momentum vectors in the lab.

system can be•calculated.

4. Selectionofevents
    Whether two decay photons can be detected or not with the rrO detector is judged event

by event. if we denote the event of which two photons can be detected by a good event,
the geometrical efficiency opg is obtained as follows;

                     number of good events
               opg = number of trials XeMCienCY factor (A. 24)
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where the eMciency factor comes from the restriction on the random number of gi'".

5. Results
    The geometrical detection eMciencies for-rc O mesons were calculated as a fuBction of the

Ti O mornentum P.. and source point xT.

    Some results are shown in Figs. 41, 42 and 43. The calculations were carried out for

/ts

     2/is/

s"

r Prto=

L = 155.6 cm
9s==14.st

A == 1O.Ocrn

B - 10.0 cm
Cls- 62.cr

F}e -t Parameter
Geu oo
9re "= VariabEe

500MeWc

      !""

Pitf) = 45OMeVlc

pitc,= 6oo yi ev2J

                               5 ;O rv
                   9fe, FLIGNT DIRECTfON OF T}-IE,PMESON

        Fig. 43. Geometrical detection eMcieRcy for rre mesoRs as a function of g"".

the various detector arrangements. The eMciency of the• Monte Carlo simulation was
10mitN•10-2. The results were also compared with the valties obtained with the graphic

method by Yoshimura.6> And the good agreement between them was obtained. In the
case where the Ti O meson is emitted into the center line of the detector and the opening angle

of the detector coincides with the minimum correlation angle, the dependence of vg on L is

expressed roughly as follows;

       v, oc L-2. (A.25)
The detection eMciency is almost constant over the effective target voiume and varies only

about 6% in the extreme case.

A-5 Keiiematics

    As the target nt}cleon is moving in the deuteron, the kinernatics of the photoproduction
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center of mass

is cornplicated. Kinematical variables at the initial and final states are shown in Fig. 44 and

Table 9. Four momentum vectors of the incident photon, the initial nucleon, the rrO meson
and the recoil nucleon are denoted by (k, k), (P.i, E.i), (P.., E..) and (P.f, E.f), respectively.

The upper suMces * and R denote the center of mass system and the target-at-rest system
respectively. These coordinate systerns are related with each other through the Lorentz
trasformation. Among 16 kinematical variables in the laboratory system, four energy and

momentum conservation laws and four mass relations reduce the independent variables to 8.

In addition, the direction of incident photons is defined as the Z-axis in the laboratory system

(two variables are fixed). Therefore, from the only six independent variables, others are all

evaluated.

Table 9. Kinematical variables

Initial state Final state

Particle

Mass
Momentum
Energy
Total momenturn
Total energy

photon nucleon

  O Mi  k Pni
  Ic Enl
  jPi == k + Pni

  Ei "= lc + Eni

rro meson nucleon

pt MfP.e Pnf
Exe Enf
Pf == P.te + Pnf

Ef -rm Et, " + Enf
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    In our experiment, the final state momenta P.. and P.f were measured. From these,
the initial state momenta k and P.i can be evaluated as follows ;

                   (Pn f)2-E? + M2
               k ==                                  , (A.26)                     2[(Pf)z -Ef]

               Pni=:Pftik, (A•27)
where (Pf). denotes the z-component of the mornenturn vector Pf. The incident photon
energy k is expressed as (O,O, k) when the Z-axis is chosen to coincide with the photon beam

direction.

    Writing the velocity of the c.m. system and the total energy in the c.m. system by;

                   Pf               Px E, (A.28)
and

               E*-: v'1 nd p2 •Ef, (A.29)
the nO momentum in the c.m. system can be evaluated by the Lorentz trasformation;

               Ptr"* == P.e+'ntEP'FS[EP,f;Pi; mE..e] , (A.30)

                        1
                P.e* ": 2E. [(E'2+pt2rmM2)-2E* ge2]i12 . (A.31)

   Also the incident photon mornentum can be expressed as follows;

               k*=-k+ {ikf [EflilEk.-k], (A.32)

                    1               k*=E, (E,•k-P,•k), (A.33)
   From these relations the pion production angle in the c.m. system can be calculated as
follows '
      '

               cos e.Ce == IpR."."**iS* • (A•34)

   The incident photon energy in the target-at-rest system is expressed as follows;

                   E*2-M2               kR== 2M • (A.3s)
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