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Abstract

The differential cross sections for the reaction yn -+ m'n have been
measured at four pi-zero c.m. angles of 70°, 90°, 110° and 130° in the photon
energy region 300 MeV.and 700 MeV. Both w° mesons and recofl neutrons from
8 liquid deuterium target were detected with a pair of lead glass Eereukov
counters and a nucleon hodoscope. The extraction of the differential croas
gections on free neutrons from the reaetion yd > nunpa is discussed in decall.
Deuteron corrections to the c¢cross sections are sbout 20 Z in tha A(1232)
resonance region. The differential cross sections for yn + nln show good
agreement with the predictions of MOR and MW in this energy region. There
ia no enhancement of the cross saction due to the N{1470)P11 resonance. No

positive evidence for an isotensor electromagnetic current is found.
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1. Imtroduction

The investigation of single pion photoproduction in the resomance reglon
hag provided useful information about nucleon xescnant states. The couplings
of the individual resomant states to the yN system has been determined by the
extensive partial wave amalyses of the experimental data. For the major reso—
nances the experimental results were in good agreement with the quark mndal}’ﬁ),
but the values for the small coupled resonances were not well determined by the
analyses, For a systematic amalysis of single plon photoproduction, more
precise and more extensive differential croas section data, as well as
polarization data of various kinds of yN + mN reactions are needed. The
experimental data for the yP + 1tn, yp + 7% and yn + 77p reactions have
been extenzively accumulateds's), but the reactlion v + 790 has been scarcely
investigated?~12), There 1s no cross section data on #° photoproduction
from nentrons in the first resonance region because of difficulties on ex-
traction of cross sections from the deuterium data. These deuteron problems
have not yet completely understood for many reasonsl3): there is no direct
proof of the wvalidity of the spectator model, the fipal-state interactions
- and Glauber's rescattering tevms camnot be caleculated exactly,

In isospin space the electremagnatic current is written as a sum of
isoscalar and isovector terms., Im 1371, the possible existence of an elec-
tromagnetic isotensor current was suggested by Sanda and Shawléd) who analyzed
the cross sectlons for photo-excitation of the A(1232) on protens and neutrons.
Furthermore the possibility of a violatien of time reversal invariance was
pointed out from a comparison of the two reactions yn + 1 p and ¥7p + yn in
the A{1232) regionls). In order to clarify the above situation, counter
experiments on 7~ photoproduction on meutrons have been performed at Boonl6)
and 18517). These groups measured the w~/1T yleld ratios on a deuterium

target, as a function of the pion” angles. In the ratios most deuteron effects



are expected to cancel due to the charge symmetry of the final states. The
results indicate that there is no isotensor current in photo—excitation
of the A(1232) at the level of a few percent. On the other hand the ex-
periment on the reaction yn + mln provides a better test of the existence
of the isotenmsor curremt. Since neutral pion photoproduction is almost
completely dominated by the A(1232) resonance in the first resonance reglon,
the effect of the fsotemsor term is larger than in the charged pion production.

The aim of this experiment on the wUphotoproduction from neutrons is
mainly to clarify the isotensor contribution in the A{1232) resonance reglon,
to test the validity of the spectrator model and to obtain more accurate
experimental information on the iscescalar current in the second resonance
region where the I = 1/2 vesonances N(1470)P;;, N{(1520)D;3 and N(1535)8,;
are dominant amplitudes. We have measured the differential cross sections
for the reactions yn - 7% and Yp * ﬂop from a deuterium target at the same
time at the w? c.m. angles of 70%, 90°, 110° and 130° in the photon energy
range 300 MeV to 700 MeV, by detecting both 7% mesons and recoil nucleons
were in coincidence.

The results on the ratios of the differential cross sectlons for the

reactions yd - nt

np_ and yd > 1r°pnS were reported in the thesis by
N. Yamashita 18).

In this paper, we present the differential cross sections for the
reaction yn + %'n extracted from the vd = wlnp, datal The paper is devided
into five gections. 1In sect. 2, the experimental procedure in which the
measurements have been made are described. Sact, 3 Is devoted discussions
of rhe off-line data reduction. In sect. 4 we shall examine deuteron
problems; in particular, we evaluate corrections needed to account forx the
Fermi motion, for the effects of double scattering and the final-state

interaction and for the Glauber screening effect. Finally, in sect. 5

we discuss the results,



2. Experimental Apparatus
2.1 Method

In this experiment the differential ecross sections for the following

reactions have been measured simultaneously:

y+d+1l+n+p (L)

y+d-al +p+ng. (2)
The spectator proton ps and the spectator neutron ng are expected to have
momentum smaller than that of the recoil nucleon and less than 250 MeV/¢ in
any case. In order to identify the reaction (1} or (2), we measure both
momenta of the 79 meson and the recoil nucleon because of the continuous
spectrum of bremsatrahlung photons and the moving nucleon in a deuterium
target.

The bremsstrahlung beam from the 1.3 GeV electron synchrotron at the
Institute for Nuclear Study was incidented on a deuterium target. The general
lay-out of the experimental apparatus is shown in Fig., 1. The basic detection
system is similar to that of the previous experiment of Kyoto group?). fThe
70 meson was detected by observing two decay photons with a pair of photon
detectors having better resolutions and gains than those at previous ex—
periment. Each photon detector consisted of a total absorption lead glass
Cerenkov counter, a two dimensional scintillator hodoscope, a lead plate
converter, a veto counter, a lead collimator and a LiH hardener as ghown
in Fig. 2. The energy of each decay photon from the 7¥ meson was measured
with a lead glass Eerenkuv counter. The opening angle of the decay photons
from the 70 mesen ﬁYTyas obtainad from the shower position in the lead
converter which were measured with the two dimensional scintillator
hodoscope. The recoll nucleon was detected in a 4 * 4 array of plastic
scintillation counters. To identify whether the recoil nucleon was a

proten or a meutron, thin plagtic scintillation counters were placed in



front of the nucleon hodoscope. The kinetie emergy of the receil nucleon
was measured with the time-of-flight method. These detectors were
opaerated in coincidence and made it possible to measure the four momentum
vectors of the 70 meson and the recoil nucleon with high precision. The

detailes of those counters are described in ref. 18,

2.2 Photon Beanm

The photon beam was generatad by bremsstrahlung from a intermal
radiator of 50 ym platinum in the INS 1.3 GeV electron synchrotrom. The
beam was defiped by a lead collimator of 5 mn in dismeter and 30 cm long
placed at 2.5 m from the radiator. The second collimator of 12 mm in
dipmeter was placed to reduce the beam haloes. Charged particles produced
at the collimators were removed from the photon beam by the sweep magnets
having a fileld strength of 7 KGauss., The diameter of the beam profile
was 25 mm at the target position. The beam profile and its positiom ware
measured with polaroid films.

The fluctuation of the maximum energy of the bremsstrahlung beam was
less than 0.2 % by monitoring the field strength of synchrotron magnet and
the enzsrgy indicator. The beaw spill time was usually kept to be about 4
mg around the maximum field of the synchrotron magnet.

A thick-walled iomization chamberld) was used as a beam intensity
minctor. Collected charges from the thick chamber were sent to an Iintegrator
whose one digit we define ag a monitor wmit MU. Then the total energy U is
obtained from the collected charge q in the thick chamber as follows:

U =ogq = af[MU], (3)
vhere o« and B denote the thick chamber constant (MeV/coulomb} and the
integrator constant {coulomb/count), respectively. For example as shown in

Fig. 3, « is 3.28 x 1018Me¥/coulomb at the maximum energy of 600 MeV. The



thick chamber constant o was determined with an accuracy of 3 % by cali.
bration against a Faraday cup in the external electron beam, An eguivalent

guanta Q 1s defined by

Q= UIEO, (4)

where Ep i the maximum energy of the bremsstrshlung beam. The energy
spectrum of the bremsstrahlung beam is given by the number.of photons per
enaergy interval dk

NGak = g B g, (5)

The spectral function B(k) was measured with a pair spectrometer. The
function B{k) at Eg = 750 MeV is shown in Fig. 4 and found to agree with the

Schiff's thin-target formula,

2.3 Data Collection

The measurement of the reactions (1) and (2) using a liquid deuterium
target has been performed at 13 point, these were 4 photon energies at 907,
3 photon energies at 70°, 110° and 130°. Details are given in ref. 18. The
maeasurement of the reaction yp > ﬂ“p using a hydrogen target was also carried

out in the same experimental arrangement at 90° runs.



3. Data Reduction

The differential cross sectlons for the reactions (1) and {(2) were
obtained from the following procedures:

1) event selactions,

2} kinematical reconstruction,

3) corrections

4} Monte Carle simulation,

5) reduction of the differential cross sections.
These procedures were performed in off-line enalysis with computors
TO3BAC-3400 at the INS and FACOM230/75 at the Computor Center of Kyoto

Univerairy.

3.1 Event Selections

For each events the invariant mass of the two decay photons was calcu~
lated from the measured photon energies ki and ki, and the opening angle
of ¢$T' The events having the invariant mass cloze enough to the mass of
7 mesons and having the appropriate time of flight of the recoil nucleans
were selected as good eventa. The details of selection are also given in

ref. 18.

3.2 FKinematical Reconstruction

The energy and momentum of a 79 meson were precisely recomstructed
from the measured energies and the opening angle of the two photons by
using the following method20),

From energy-momentum conservation, the following eq. 1s derived:
n2g

ky.kpm — s (6)
L 2(1 - cosq;-r-y)

vhere k_, kz and ¢TT denote the energies of the decay photons from the w0



meson and the opening angle between the two photons. In this experiment
the accuracy of the measurement om the opening angle was better than that
of the photon energies, The ambiguity of the left-hand term in eq. (6)
was about 20 times as large as that of the right-hand term, Assuming
that the ambiguity due to the opening angle is negligibly small, we
define the right-hand term by A. The most probable photon enexrgies

(kl, kz) ahould be on the hyperbola (kj.ks = A) as shown in Fig. 5.
Assyming that the measured energles (ki,ki) distribute arround the true

energies (kl,kz) on the hyperbola with a Gaussian type, the probability

is given by
P(ky,k,) = 1 1 exp[ - 1 (ky~ky)2 . (kﬂ'kilz}
2w a(kl)a(kz) 2 az(kl) o2k ) 1, (7)
2

where a(ki) denotes the deviation of the photon energy. Using the fimction

defined by

{k,-k})? (k,-k5)2
£k kp) v —L 2+ e (8)

z 2
U (kl? 4] (k2)
the most probable energies'Ei and.Eé are obtained by minimizing the function
f(kl,kz}. The energy resolution of a lead glaas Eerenkov counter ia approxi-

mated well by

U(ki) =c ¥ Ei (1= 1, 2}: (9)

where ¢ is a constant. From eq. (9) we can rewrite (8) by

Ggrk? k2

=1, {10)
al b2

- /Rl k) =V k .E(k k).
where a =/ klf(kl'k2) and b = ¥ k2 (kl‘kz}

—



Te minimize the functiom f(kl,kzj 1s equivalent to minimize the area of the
ellipse given by eq. (10), From egs. (8) and (9), the most probable
energies ¥, and‘Eé can be easily obtained as follows:

kiz + A
= ———u8 A, (11a)

2
kl + A
ky2 + A

k'? +a
1

A . (11b)

The reconstructed energy and momentum of 79 mesons were calculated for each

event!
Es =F +k,, (12a)
- - -+
Pro = k; Fky (12b)

Fig. 6 shows the 70 energy calculated from the non-reconstructed energies
of the two decay photons and the reconstructed 7@ energy for 420-9G%D rum.
The enargy spread of the reconstructed w0 meson was improved to be 70 MeV
compared with the original spread 160 MeV (FWHM). The energy resclution of
the 19 meson was estimated to be 4 % (FWHM) by the Monte Carlo simulation.
The four momentum vector of the receil nucleon, (Enf'ﬁhf)' was deter-

mined by the TOF and the address of the nucleon hodoscops.

Scince most published photoproduction cross sections are gquoted as a
function of the laboratory energy in the coordinate system where the target
nucleons are at rest and the pion production amgle in the c.m.s, we introduce
the equivalept effective laboratory energy I® and the Y production angle

aﬁa in the yn center of maas systém. The total enexgy vs 1s a proper



variable in comparison with the reaction yp -+ v¥p from free protons.
-+ - 0
Using four momentum vectors (Eﬂan“u} and (Enf,png) of a 7V meaon and a
recoil nucleon, the total energy squred = is given by
-+ -+

8= (Eo +Er)2+ (pro+pys e (13)

The equivalent incident photon energy in the target-at-rest system is

kR

vwhere m is the nucleon on-shell mass. The t0 production angle in the

¥H c.m. is obtained as follows:

Ecu kE a P_0
08050 = —m [ 1 - —— (1 - —T— cos6,0)] (15)
P“u k E“u Ewu

with E:O - {5+ m:D -n? )2 /= s

where the upper suffix denote the center of mass system,

The four momentum vector of the initial target nucleon was also obtained

from the energy-momentum conservation:

+ - +
k+E =B +E (162)

. _
k+Pn; =B o+ Bas > (16b)

- N o e
whete (k, K}, Eﬁﬁi;ﬁhi), (E“u;ﬁﬂuj and (Enf,pnf) are the four momentum vectors
of the incident photon, initial target nucleon,. 1° meson and the recoil
nucleon, respectively.

The validity of the kinematical reconstruction was checked the results

ol the reaction yp - wop on a free proton target.
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3.3 Corrections

The background from the empty target was less than 12 %, The back-
ground due to the accidental coincidence between w7 mesons and recoil
nucleons amounted to'be 8 - 30 ¥ for the reaction (1) and 2 - 15 % for
the reaction {(2).

The energy less of protons in the target was apprecisbly large for
the low photon energies and forward w0 angles runs. The loss of protons
was 8 ¥ for the 335-90° run apd 2¢ % for the 335-70° run.

The accidental coincidence rate of y-veto counters was negligibly
small and less than 1 %.

The background from double pion production was estimated to be
negiigibly small because that the end-point energy of the bremsstrahlung
spectrum was set about 180 MeV higher than the photon energy to correspond-

ing to the central energy of the acceptance of the detection system.

3.4 Monte Carlo Simulation

The reduction of the cross sectlons for the reaction (1) and (2) from
the measured counting rate was very complicated because of the complex
functions of the detection efficiencies of the 7° meson and nucleon with
many independent variables and because of the smearing effect due to the
Ferml motion of nucleons in the deuterium target, The detection efficiency
and acceptance were evaluated by a Monte Carlo method assuming that the
spectator model is valid for the bound nucleon.

The experimental coincidenca yield of the n’ meson and recoil uncleon

from the deuterium target is given by
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Ry _ dg R ,C c . A
w® =5 g —2— (R,920)daS) N (k) dw Ny $(p_;)a%dp_,
afl

P
- + > 3
X T(xaIn{p, 0,pnesx)d3x (17)
where Y(kR}= experimental coincidence yleld of the n! meson and recoil
uncleon per Mi,
do (kR,Bcu): differential cross section for the reaction (1) and (2)

c T
dﬂwu

depending on the incident photon energy k® in the target-at-
rest system and the ¥ c.m. angle eﬁu.

N{kjdk. ¢ number of photons per MU in the energy interval dk.

Np ! number of target nucleons.

¢(Pp4) ¢ initial nucleon momentum distribution.

T(£a) ¢! normarized spatial intensity function of the incident
photons at the point xL= (xt,yt) in the perpendicular plane
to the photon axis.

+ + > 0 >
n(p“D,p f,xJ : detection efficiency of the T’ meson with momentum p,0 and
L

=
the recoil nucleon with momentum p,s in coincidence produced
e
at the target point x = (it,yt,zt}, where z, is the distance

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

Eq. (17) involves a ninefold integration over kiematical and geometrical
variables which depend on each -other in a quite complicated way. In order to
extract the cross sections, the following quantity must be calculated from

the Monte Carlo simulation:
c ¥+ Y [ ] -
YH(k3)= 7 dﬂﬂo NM(dek'Nx'ﬁ(Pni)dapni T{xs)

T
] (Pwn :Pnf ,}E)d ,C » (18)
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where HH(k)dk: number of photons generated by random number in the Monte
Carlo simulation.
c : correction factor far the integral region of the m° production
angle in the c.m.s. and the decay photon angle from the 70
meson In the rest system,
Finally the differential cross sections can be expressed from eqs. (17} and

(18) as follows:

do CkR,¢:u) . YD) 7 ¢ TRk
o YH(kR) IV (k)dk
R
(k) c B(k)
= d (19)

where M = fﬂu(k)dk: number of trial events in the Monte Carle simulation.

The flow chart of the Monte Carlo simulation is ghown in Fig, 7. Events
are generated simulation reactions (1) and (2) under the following conditions:
a) The energy spectrum N(k) of the bremsstrahlung photon beam is calculated

by the Schiff's thin-target formula { Fig. & ).

b) The gpatial intensity function T(;L) of the incident photons has the
Gaussien distribution with the standard devdation of 1.0 cm. The inter-
action takes place inside the target with uniform probability along the
beam axis. In reconstruction of the four momentum vectors of the w0

meson and the recoil nucleon, the reaction point is chosen to be the

center of the target.

¢) The target nucleon has the momentum distribution of the Hulthi&n wave

finction for the dueteron ground state:



d}

e)

(1)
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balots), Pt Pt
m(8-0)2 PZ; * a2 pZ + g2

¢(p_,) - )2, (20)
whexe o = 456,03 MeV/e, B = 285.5 MeV/c and Py is the inicial nucleon
momentun {(i.e. the spectator nucleon momentum) in MeV/c.

The = production andgle 9:0: w:o in the c.m.s. and the decay photon
angle p!

1
order to achieve a high efficiency of the Monte Carlo simulation, we

. ¢i in the 70 rest system are assumed to be isotrepic. Im

limit the integral region of the angles of the 70 meson and the decay
photon.

The detection efficiency consistas of the following parts:

+ - > + o,
n{p_0sPnfs%) = ng(P“a,Pnf.x) N0 (P 0,%) N (T, ) {21)
- 2 -
=11 * -
n_o{p_0,%) i_lnLinki) neonv (k) nctki.xi) (22)

whete
e . : ; :
“g(Pw°’pnf’x)’ geometrical detection efficiency of the colncidence

events between the o0 meson and recoil nucleon.

M {Tye) : detection efficiency of the nucleon hodoscope foxr the
recoll neutron with the kinetic energy of T ;.
“Liﬂcki} :+  attenuvation factor of the LiH hardener for photons.
: hotons for lead.
“conv(ki) : conversion efficiency of p
“C(ki’ii) :  detection efficiency of the Cerenkov counter for the

-
photon with incident position X;.
The conversion efficiency of photons into electrom-positron paire is
given by
Negpylk) = 1 — e7¥% (23)

H = ﬁpair(k)pﬁfja » (24)
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where k; dincident photon energy.

xi thickness of the lead convertor.

P density of lead.

N: Avogadro number.

A; mass number of lead.
Tpair: total pair cross sectiom.
The conversion efficiency for the lead convertor of 1X, and 2X; are
calculated from the total cross sections glven by A,S¢renasen213 and
T, Miyachi gt algz);

{(1i) The pulse height spectra of the Eerenkov counters are the Gaussian type
with meagured energy resolution. Edge effects, 1i.e. the dependence of
the pulse height on the Incident position of the decay photon, are tsken
into account.

{1ii) The time spectrum of the recoil nueleon is the Gauasian distribution
with the resolution of 1 ns(FWAM). The energy loss of the recoil nucleon
in the target, the lead absorber and the neutron veto counter is folded.

{iv) The angular resolution of the two dimensional hodoscope and the nucleon

hodoscope are taken into account.

All the simulated events thus generated were alse reconstructed using the
same procedure of the real events, In order to test the walidity of the above
procedure, we compared gquantities which did not depend on the dynamics of the
reaction. They should be identical for the real and simulated events. Some
exanples of this comparison are shown in Fig. 8 and 9 for the reaction yd -
ﬂﬂp(ns) at the 420-90°D run. Any miscalculation of the scattered momenta of
the 7% meson and recoil nucleon should be directly reflected into the only
completely unmeasured quantity, the initial nucleon momentum{i.e. the spectator

nucleon momentum), The real and simulated events are in good agreement. The
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monentun dietribueion predicted from the Hulth3n wave function in eq. (20)

is also shown. The high momentum spectators are strongly suppressed in the

coincidence measurement of thie experiment. This is important becauvse high

momentum spectators can be the result of the final state interactions. The

angular distributions of the polar {Bni) and azimutal (wni} angles in the

laboratory should be isotropic. The depopulation observable near 90° and

270® is due to instrumental deficiencies. The present experimental set-up

had the maximum efficiency for the events which occure in the horizontal plane,

while the events initiated from the target nucleons having the vertical moments

were not detected with high efficiencies, This effect is equally observable

in the real and simulated events. These make us confident that the Monte

Carlo simulation is an adequate representation of the experimental conditions.
The energy resolution and the angular resolution were obtained as the

difference between the initial and reconstructed wvalues:
AR = i - R (25)
e o
aBgo = 870 - Bo , (26)

whete (k'R,G&EJ and (kR,Bzu) are the initial and recomstructed wvalues for the
incident photon in the target-at-rest system and the %% c.m. angle, respectively.
Fig. 10 shows the incident photon emergy and 70 c.m. apgular distributions.

The difference between the real and simulated events indicate that the cross
sections decrease steeply in this emergy region. The evergy and angular
acceptances and their resoluations for each se-up parameter are listed in

Table 1. For the 90°D runs, these quantitles are algo shown in Fig. 1l.

The energy acceptance was several timas wider than the energy resclutiom so

that data were divided by 4 to 5 energy bins £or each experimental arrange-
ment. The angular acceptance was Fgarly equal to its resolution for most

arrangement.
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3.5 Reduction of the Cross Sections

The cross sections of 7 production from a deuterium and hydrogen targets
were obtained from eq. (1%) In oxrder to study the structures in the cross
sectiens, the results were subdivided into smaller bins of the incident
rhoton energy kR; The choice of the bin size was dictated by the energy reso-
lution and the minimum amount of statistics. ITn Fig. 11, there 1s a cerxtain
degree of overlap between the kR spectra of adjacent incident energy gettinga;
this allowed us to average results from different energy settings. The low
etatistics talls of the kn;distributions were cut out to obtain more reliable
cross sections. The results were not subdivided into bins of the w¥ production
angle B;n.

The results are listed in Table 2 for the reactions yd +1r°n(p3) and
yd »> wnp(ns). These differential cross sections take into account the effect
of the Fermi motion but ignore anything beyond the single scattering a) and
a') diagrams in the next section.

The 10 cross sections obtained with a hydrogen target are summarized in
Table 3 and shown in Fig. 12, which were measured with the same detection
system at 90° runs, in order to check the whole detection efficiency and the
validity of the spectator model for a deuterium target. The data for the
yp - mp reaction shows good sgreement with other experimentsz3) and the
theoretical fit from the phenomenolgical analysea of Moohouse, Oberlack and
Rosenfeld (MOR)Z4), snd Metcalf and Walkexr (MW)23). This makes us confident
that the 1% and recoil nucleon detectors are in normal operation and the
Monte Carlo procedure is an adequate representation of the experimental

conditions.
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4. Deuteron Problems

It is impogsible to study the reaction yn + 7%n from a free neutronm
directly because of non-existence of a free neutron target. As a substitute
for a meutron target, a deuterlum target is used, The reaction under study
takes place in a deuterium nucleus so that the final states recorded by
experiment cannot be consider as due to a single interaction in a hydrogan
target. In addition the interaction eccurs on the nucleon which is not at
rest and has a momentum distribution reflecting the deuteron wave function.
In deuterium target experiments, the following effects must be generally
taken into accountl3). 26),

a) smearing effect due to the Fermi motion of nucleons in deuterium,

b) multiple scattering and final state interaction,

¢) the Glauber effect 27) due to the shadowing of one nucleon by the other,

d) the Paulil exclusion principle and the Coulomb scattering,

e) off-shell mass effect due to the nuclecn and mesons in the intermediate
gtates.

For the v° production the Pauli exclusion principle and the Coulomb scattering

need not to be considered,

The problem of extracting cross sections on free neutrons from deuteren
data is only partially underxstood at presant, In high energies and small
momentum transfers region, Glauber's theory of the multiple scattering ex—
pansion has been used with great success2S}, In the first reasonamce A(1232)
and large scattering angles region, however, its validity is doubtful for
several reagons:

1) the large amplitude of the resonance may cause a very slow convergence
of the multiple scattering series,

2) Glauber's theory is hold at the small angle scattering approximation,

3) the rapid variation of the amplitudes with the photon energy necessitates

a more careful evaluation of the effect of the Fermi motion in the deuteronm.
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In order to investigate experimentally the deuteron effects the ratios
between the cross sections from the yd + nnp(ns) and yp + 7% reactions are

needed:

do
ai

d
RDIH'-H?r (Td"'TrDPns )/ (yp 2% ) . (27}

Using the following factorization assumpsion,

Rora =% Cyd > nlap_) /= (i) 2R, (28)

the cross sections for the ya + 7n reaction are deduced from the deuteron

datat
_%(m+n“n)5'f—"g‘g"(?d¢n°pns) (29a)
D/H
'R—;dior(*rp'*v"p). (29b)
where R = ‘ﬁﬁ— ( vd *'WGDPS) / :g { ya » wupns ) .

The factorization assumption 1a seem to be good approximation because the
-deuteron effects are cancelled out from the charge symmetric pair of final
atates 'rrunps and wnpns. Strictly speaking this factorization property is
already violated in the first order the impulse approximation, due to the
presence of interference terms between the single-scattering diagrams a}
and a') in Pig. 13. In higher orders of the impulse approximation, the
muleiple scattering terms b) and b') also violate factorization.

The detail studies on the deuteron effects are needed espaclally at
our emergy reglon. Therefore, following the model given by Tulivsld) | we
have made an evaluation of the ratio Rpyy for the 7% and 7t production
and made a comparison with experimental results including our results of
the ratio RDIH' Then, we obtained the differential cross sections from
the present measurements on the reaction on + %0 using our deuteron

correction factor of an
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4.1 TFormalism

In formal scattering theory, a Hamiltonian operator for the system
consisting of an incident particle and two Interacting nucleons in a

deuterium target can be written in the form

H=Hy+V, (30)
where
HD = K§.+-K1 +-K2 + 10,

(31)
Hre KP and Kﬁ (a=1,2) are the kinetic energy operators for the projectile
particle and the a-th target nucleon; U iz the denteron binding potential;
and V, represents the Interaction of the projectile with the a-th target
nucleon., The transitiom operator for interactions of the projectile with

the bound nucleon o is given by the Lippmann—Schwinger equatiom:

ty = Vo + Veety, = V(1 - gV, )1,
(32)
where g is the propagator and Ei=k+Ed is the energy of the initial state.
For interaction of the projectile with both target nucleons, the tramsition

operator is similarly described as follows;

T (VYL - gV + V007, (33)

Using the operator identity

1 1 1
Tmab * T2 12

Lo+l v) 2 - (38)

bl l-a 1~-a 1-a

eq. (33) is equivalent to
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This is the multiple scattering expansion. The term tu corresponds to the
single-gscattering a}) or a') and the term tagtﬁ { atp=1,2 ) represents the
double-scattering b} or b') or the final state interaction ¢) in Fig. 13.
The intermediate meson or nucleon corresPond to the propagator g. Higher
crder terms are reffered to as triple-scattering and so on.

On the other hand, the transition operater for interaction of the
projectile with a free target nucleon can be written as follows corresponding

to egs.{32) and {(33):

-1
1= =+ - -
T2Vt VeIV, (1-g¥ ), %)

gg = M(k+E -K -K +ic).

The scattering operators t, in the multiple scattering expansion (35) repre-
gent Interactions with bound nucleons (as can be seen by the presence of the
deuteron binding potential U in eq.{32). Therefore, in general, it is very
difficult to calculate for an interacting three body system. Let us now
introduce the following assumptions in order ko calculate the multiple
scattering expansion as simply as possible.

a) The impulse apptoximationZ?) is valid., This approximation depends on
two assumptions i} the Incident particle Iinteracts with only one nucleon at
a time and ii) the interxacting nucleon acts as if it were free, i.e. effects
of the deutexon binding potential can be neglected for the duaration of the
collision. This approximation is expected to be good for interactions at
high energies where the interaction time is short compared with the period
of rhe nucleon system and the nucleon interaction cross sections are mot
large compared with the geometric cross section of deuteron. The transition

operator t, can be written approximately from eqs.{37) and (41)

ty *Ja (37}



- 21 -

and eq.(35) can be rewritten as

.7.12.71'-"?1“51"?‘1:' 1'1(2"'1'5}_1*72""""}(1*_*2)‘
(38)
b) The off-shell effects due to the nucleon and meson in the intermediate
states is assumed to be small, Using a thearem of generalized function

theory, the propagator g assuming that U = 0 1s written as

1 P
- ¥ - - = - =K =K_=
(B =K ~ X - Ky +ic ) ins( E;-K -K,-K)),

Bk Ry (39

where P denotes the Cauchy prinéipal value. The principal value term corre-
sponds to off energy shell propagation in the intermediate state. The 4-
function term, when inserted in eq.(38), implies the energy conservation be-
tween the initlal and intermediate states. The principal value term is
assumed to be small compared with the &—function term s¢ that eq. (38) is

written approximately as

Ty 5Ty = in T 6(E - K&K Wyttt (le2), (40)

c} We consider five low order Feynman diagrams in the multiple scattering
expangion, which are showm in Fig. 13, Finally the multiple scattering

expansion takes the form

Ja= T1+Jp - il 808 K- K- K )7

+ 726( E - Kp- Ky~ K, }jll. (41)

The single-scattering diagrams a} and a') correspond to\j?l and J72' respec=
tively, The double~scattering diagram b) and the final state interaction
diagram c) correspond to -inL?é§(Ei—Kp—K1—K2):7i and the diagram b') corre-

sponds to -iw:716(Ei—Kp—Kl—KQ):Tz.'
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The cross section for the reaction

y(k) + dlpg) + 10(q) + Ni(pp) + N,(p,) (42)
is described by
c = iF i) ]HfilzdLips(s;Q,Pl,PE),
(43)

3 3 3
dLips (33Q,B,,F,) = (2mYed(p-p )~ _ 2% 470 475 ;
Y (2m)? 26x° 28, 28

2

whete Mg, is an invariant matrix element and F is Mjller's invariant flux
factor,ﬁ? - kEdv. v iz relative welocity between initlal particles,

v = |——%¥-: —Ei—l. dLips(s;Q,Pl,sz is 3-body Loremtz invariant phase space
with final foug momenta Q, P1 and P2' The transition matrix element in eq.
(41) is defined as

Ty = % Zk'ZEd'ZEFD-ZEl'ZEz):Hz M (44)

£1°

g0 that the cross section (43) is written as follows:

= (2mH 3043043 25k - K -

o .L.;,),. Jrclqet1:.1c11:.2|3'd|a(q+r1+p2 K=-P).
(45)

The differential cress section measured by the coincidence method for the

reaction (42) in the lab, system ( ﬁa = 0 ) is given by

do
= (2m)Y 1 q2dqd3p 8 (B, orHE +E,~k-my) 6% (T4D +P,-K)
dﬂrod332

X j“4=P1-92|J7 alk.p4=0.94> %
= (213 *qE,0] <a,py P2 | T 4lk,p4=0,25512 (46)

where m, is the deuteron massj |2 > demotes the deuteron state, |Qd> =

d
|pd,ﬂ.v,§> and |v,£> is the spin-isospin state, & is the deuteron radial



- 23 -~

wave function written by the § and D state wave functions

() = [ ule) + - Sypu(r) ] (47)
ar r va
with normalization
o
fodr [ wi(o) + w2 (x) 1 =1, (48)

]
and 512 is the tensor operator

512 = 2 (D) T 3T - ST, (49)
r

wheie g(u.) iz the Paull spin operator for the a~th nucleon. The deuteron

wave function in the momentum space becomes

- >
aep) = Ly a% &1F'T o)
{2“}3[2

oy 1 Y
= u{p) = ——— Sq, wip), {50)
’}g 12

u(p) 1 e 1o (o) ulr)
l - } = ——— fg rdr t
w(p)

Y2 j2{pr) wir) (51)

where ji(pr) is the i-th order gpherlcal Bessel functionm.
4.1a) Single—scattering

The zingle-scattering contribution to the matrix element in eq. (45}

from the Feynman diagram a) is written by

' 1
x q’Pl’lej]_Ik’Pd=o’nd:‘ =f d3Pi‘13?2<QrPltpzljllPirpé d

w <pl.n' =0.0 =
X PI,PZIPd 9y

i
< q,pl.plellk,—pz > 8(,). (52)

-
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+ + >
where Ppm k- g~ Py In deriving this eq., we used

<4:p s [3' |p*.p" >

11 2
> >
= 53(q+91~k-1=-]’_}63(p§~132} <q,pl|T1|k,P1 > 53)
and -+ +
I Yooy
qpi,pilpd=0,gd > = 53(pi+p£)g( El___Ez_). (54)
2

Similarly, the contribution from the diagram a') is

< 4q, » aud, - =R=q-p. ace
LGP Py T,k 2,70.8 > = <q,p, =k-q-p; |1y Iu,—p, >BE)). (55
If we choose the Hultrhén wave function for the deuteron state,
. - Y aglatp)? 1
R{p) = u(p) = » (56}
n (p2+a?) (p2+p2)

then we find that the contribution from a') as compared with a} is depressed

by the factor

a(p) _ (pZto?) (p,+82)

- <0.042 (37
Rp,)  (pit®)(p+8%)

for p, ~ 250 MeV/c and P, = 50 MeV/c. The recoil nucleon momentum is always
larger than 250 MeV/c in any case set-up condition of this experiment. The
spectators with the momentum larger than 100 MeV/c are strongly suppressed
in the coincidence measurement compared with the momentum distribution cal-
culated from the Hulthén wave function as shown in Fig. 8, Therefore we

ghall disrepard the coatribution from the diagram a').
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4,1b) Double-geattering

Since, in the low energy region of the present experiment, the N
interactions are dominated by the first resonance there is a strong
regsonance in the 7N aystem. Therefore, the double-scattering effects are
represented by the diagrams b) and b') in Fig. 13 must be taken inte account.
This means that the Glauber's shadowing effect of one nucleon on the other
are also taken into account of the calculation. First, we consider the
diagram b) representing large angle production of the intermediate 7 megon
at the first step, followed by forward scattering at the second step.

From eq. (41} this amplitude is glven by

—in < q,pl,p2|st(md-kp-kl-kz)j’ llk,pd=0,ﬁd >

- - 35 d3pMa3pmadptd?n’ <« s ', pn %
r-in I [ d'q a%pd7p, d%p d%p, < 4o, | T 5]9, 0P P >

- - L] ~F " . " “.' k., r 1 -
x <'s(1,=+mcl Ex(qx} El(pl) 2(92)) <4y pl,p2|] ] PP,

X 4913?&'1}&‘019'& > ’ (58)

where |q ,p",p" > and |[p',p'> denote a (xnp) state and a non-interacting
x
1
two pucleon state. X is the intermediate mesons. Integrating over the f-

functions contained in the definitions of the matrix elements as in eq. (53),
Wwe obtain the coptribution to the matrix element in eq.{46):

- ~k .~k -k p =0,k
ir <q,p,p, | J 000k oky 23‘_71|Ia: P 0R,

= -iv I [ a% x q,pp=k-q-py T, |a ~krp-p P >
x

P |T

X <qx=k+1>—pl 1T

g
fk,p >G(k-l‘md—Ex(qx)—El{pl)—'E;(P))R(PJ» (59)
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Second, the contributien from the diagram b') representing forward w produc-
tion in the first interaction and large angle scattering of v mesons in the

gecond collision, is similarly given by
-ix «<q, km -K -K -K =0
L 3 = 3 = — =H—-—]—- —
in 2/ &% < a,pyT [a =gtp -pap > < qttp ~Paykegep, T, [Koop >

X glctngE (q )-E! (p)-E,(py)) 4. (60)

4.1¢) Final State Interaction

The correction arising from the final state interaction between nucleons
is taken into account to the single-scattering term a) and neglected to the
double-scattering terms, This diagram represents large angle scattering of
the intermediate nucleon in the first interaction, followed by forward
production in the second interaction, The contribution of the final state
interaction amplitude to the matrix element in eq.(46) is given in the same

way as the double-~scattering case:
—iw «:q,pl,pzljzﬁ(kmd—kp-kl-kz) ,,71|k,pd=0,ﬂd >
= -im [ % <py,pykeqop, |TN|Rktp-q,op > < a2 ~ktp-a T, [k,q >
x 8 (ktm,~Ey0(2)-E (4. )-E}(p)) 2(B). (61)
whare Tgn iz the nucleon-nucleon scattering amplitude and EH and PH are the

intermediate nucleon energy and momentum, respectively.

Let us now introduce the following simplified notation for the reaction

x(k) + N (p) »¥(@) + ¥ (p) (o= 1,2):

™k, 4y = < q, pf l.Tul ki p > » (62}
o
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-
where A=k-q is three momentum transfer. Using this notation, the total

amplitude is written from eqs.(52), (59), (60) and (61) in the following
form:

| oo
T, = 1] (k, 8) 2(p,)
_ a3 mT N —p -
im if d3p T2 (q+pz+p,p2+p) Tl (k, 4 Py p)

' bl
X 6(lc!-mduEx(qﬂZﬂ)-El(ﬁ-?z)—Ez(p)) a(p)

_ > 3 TH . - ¥N
ir A7 d% T, (k=p-p,» & p-pz) T2 (k.!H'PZ)

X &(kim ~E_(k=p-p_)=E,(p,)) 2(3)
d x 2 - 2
-in £ % T, +p,p,40) TD (k, 4)

x 8(B) (8 =p,)4E, (p,)-E ( £HD)-E(B)) 0). (63)

In order to evaluate the integrals in eq. {(63) we set spectator momentum
+
P, - 0 and assume that each amplitude is almost upchanged in the small integral

region of the internmal nucleon momentum p and the final state w7 meson momentum
q is large compared with p. The %° meson momentum was larger than 200 MeV/c
"in this experiment. In addition, we adopt the following procedure of ex-
panging the wvaricus particle energies in the intermal nucleon momentum p and
30)

retain only the linear terms

; &% 8(kimgE (gp)=E; (8)-E} () (P
E (0 E Q) (64)
q

a +
2
) fd P‘.q 2{py q_"pj_q)“ A

[ a3p 8(ictmg=E, (k=p)-E, ( b)—E;(p)} 2 @)

E {k) £ (k)
_ X 2 " ) = AX (63)
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and P a3 (B 8) 4myE ( Mp)-E}(p)) G
B LW E ( )
S A T e (66)
L4 WATTLA A
with A= T d2p a0,F) = 2/F Sy dz 9(2), 67)

-+ - e
where p = (qie,ple) and e denotes any vector; ﬁlx is the component of 3

- +‘- - +
patallel to ej ﬁie ig the vectot of p perpendiecular to &

Finally the total amplitude (63) can be rewritten in the simple form:

T o= TR, ) 2(0)
d

E (0
-ixx [T X Tﬁﬂ(q,UJ TTH{k,ﬁ )
b4 q 2

E_{k) _mN
+L__* T

(k, &) TFN(k.OJ
x k 2

E ( &)
+

5(a, 0) T, Wk, 8) 1, (68)

where 0(0) = 3.536 (fm)¥2 and A=1.770 (fm)~1/2 for the Hulthdn wave

function.

In order te obtaln the differential cross section, the total amplitude

T, mest be sandwiched between spin #nd isospin fuctioms for the initial and

d
final two nucleons states. For simplification of the spin and isospin

procedure, we adopt now the closure approximation in the summation over all
final N-N states. The N-N states having high effective masses and being

.

not accessible by energy conservation are also included in principle, but
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the contribution from the forbidden high mass states to the sum over all
states is very small because the matrix element is large only when the
kinematics correspond to the recoil nucleon with momentum K. Here it should
be noted that the contribution from the final state interaction in the
diagram ¢} could be included in the closure approximation. The differential
cross section can be thus described from eq.({4l) using the completeness of

the final N-N states as follows:

da o +
= (20" qE g £ < 9,g|T Ty[vsE >

3
dﬂﬂgd pl v, &

- 3
= (@m" qE 0 T < v,E| 92(0yT e, 1Tk, )

v,k
. B (q) -
+ 2ma(0) In I a8y T e, 00T tk, A)
x g 1 2 1
+ I i TyN ™ N
¥ — 7' A A
% k 1 (k; )Tl (k’ }T-; (kﬁﬁ)]l‘U’E} » (69)

where |v,£ > denotes the initial deuteron spin-isospin state. Here we neg-—

lect the higher small terms, for example, (IEHTIH)T(TEN TIN).

The amplitudes for the reactions ¥N + wN and vN -+ 7N are, in general,

decomposed into the spinm non-flip and £lip amplitudes:

v - > +
TE = A, + B .a(w), (70)
TH - =
T = ¥y + Gy.ala), (71)

-+
where A and Fa are pure spip non-flip amplitudes and B, contains spin flip
a

-
and non~flip parts. G, is a pure spin flip amplitude. For the unpolarized
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deuteron, the relevant expectation wvalues have the farm
<M>=z L 5 <v|M]|wv>, (72)
i

where M is an operator and |v > ig the deuteron spin triplet state. Using

the following results

<§(u) > = 0 (73

and EACENORIES = o, (edB),

the differential ¢ross section for the unpclarized photon beam aud deutaren

target ig rewritten from eq.(69)} as

=
do = (2«)“@,,:}(32(0) ( |Al|2+ !51|2 )
3
dﬂﬂod pl

E (0

"~ >
+ 2mAQ(0) Im[F iC|1a,]2+ |3,|2) 7,

E (k) % *
1 2 2 x 1 >
+T(Al'ﬁl G} + §—p— W Aar B3 F
(74)
Tk, 1 AFE vep
+ ( a231+._§_ Alnz) Gl}]) '
The first term is reduced to the familiar Form
48 - (amy4qe A |2 2 TR
rryp (2m)qE o ( | 1| + Iﬁil ) [ d%p, @)
+ >
= 2™ E0 (18,13 [B, [ 1 a%, a0y
-
= 2m*E o ¢ A, |2+ |B |2 = 39 (yron®w) (75)
w 1 1 an

w0

In the absence of the Fermi motion, Here do/dR(yN>n"N) is the differential

crogs section on a free mucleon target.

l
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Then we obtain the deuteron correction (i.e. the ratic between the cross

sections from the deuteron and free nucleon targets} as follows:

*. &
A i + A ﬁ
Ryfp,g = L4 27k Im{E—E"Ez.EEL{F +-3( Gy}
z |
acoy Z |4, 1% |ﬁi|2
E(k) AAa+lias a3, L%
+Ix " 12312y 4, 200512 3 3. ()

TENF AR TWEN: ATl

4.2 Results of the Deuteron Corrections

For the calculation of the deutereon cerrection factor, we have used the
MOR amplitudaaza) for the ¥N + 7N reactioms and the phase shifts of CERN
theoretical fital) for the "N + sN reactions. The yN amplitudes &, and 3;
and the =N amplitudes ¥, and E& are derived from the MOR partial wave ampli-
tudes and the phase shifts as described In Appendices A and B, respectively.

We summed over the intermediate pion states x allowed by 1sospin conser-
wvation. For the reaction yd -+ wop(ns}. the allowed intermedlate states X are
%% and T mesons for the diagram b} and v and 7% mesoms for the diagram b').
For the yd =+ ﬂon(ps) reaction, the w? and n+ meson states and the 7 and w?
meson states are allowed for the diagrams b) and b*), respectively. The
calculated deuteron correction factors RD/H and Eb{n are shown in Figs. 14
and 15 and the numevrical valuea are listed in Table 4. The experimental
data are also plotted in Fig. l4 together with other datall-12). Theoretical
prediction curves{dashed lines) by Baldini-Celio and Seiaccad?) are also

gshown. In addition, we compared with the ratio between 7t production cross

gections on deuterium and hydrogen targets.

+ dg + da
- —— ¥d * T nn
Ro/m = 7 (¥d g M =

(yP = 7Mn ) (77
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by Fullii et a3.33) in order to test the walidity of the wmodel, as shown
in Fig. 16, The dash-dotted curves in Fig, 16 are calculated by the
lowest order impulse approximation with closure333) | The results of
this simple spectator medel agree with the data at small production angles
but disagree at large angles. In the first resomance region, the data
seems to show dip structure due to the double-scattering(i.e. pion re-
scattering} effects which is reproduced well with the presemt calculation.
It should be noted that for wi production the deuteron corrections due to
the Pauli exclusion effect and the final state interaction are also
important beaides the double-scattering process. On the other hand, for
70 production the donble-scattering effects are relatively large because
of absence of the Pauli exclusion effect and of the large cross sections
for the reactioms w+p“+ 7p and v+ ¥ n arround the first resohance region.
Therefore, the double-scattering effects which is neglected in the simple
spectator model are important for n® production in the first resonaunce
region 36).

In the energy region above 0,5 GeV, the present calculation shows small
corrections due to the double-scattering effect corresponding to smaller
cross section of 7N scattering. Therefore, our prediction and the measured
ratic of RDIH for w° production give larger values than the experimental
results at FrascatilO) and are almost unity.

Thege results show that the deuteron corrections other than smearing
effect can exceed 20 ¥ in the first resomance region at small angles. We
adopted the Hulthén wave function for the deuteron state. The difference
due to cholce of the Hulth®n and fartenhause wave functions was within & %.
The pregsent calculation including the effects of double~gcattering reproduces

well the experimental results on RD!H for both =T and 7Y productions. The

calculated values of RDIE and RD!E in Table 4 indicate that the factorizatiom
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essumption in eq.{28) is good in the over all energy region except in the
second rescnance region st 130° and about 7 %Z. This is due to the contri-
bution from the double-scattering diagram b'} in Fig. 13 and indicates that

the isoscolar amplitude 1s appreciable in the second resonance regiom.
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5. Results and Discissions

5.1 Differentfal Cross sectiona
The smearing effect due to the Fermi motlen was taken into account in

reduction of the cross section for the reactions (1) and (2), so that the

cross sections yn + n%n and yp + x¥p for free nucleons were obtained from

multiplying the deuterium data by the calculated correction factors R;l

/o

and RB}H, respectively. The corrected differential cross sections are
summarized in Table 4. The energy and angular dependences of the crogsg
gactions were shown in Figs. 17-18 and Fig. 19, respectively. Other
laboratories date23): 9-10}, 37) are also plotted for comparison. The
errors attached to this data are statistical only due to the counting
yields and the Monte Carlo simulatioms. Source of the systematic exrora

in the cross sections are listed in Table 5. The quardrature sum of the

systematic errors was found to be 8 Z.

5.2 Discussions

The measured diffetential cross sections for the reaction yp + wbp from
hydrogen and from deuterium are shown in Fig. 12 and Fig. 18a) and are in
good agreement with the data obtained at other laboratories??). This makes
us confident that the reduction procedure of the eross sectlons and the
deuteron correction are appropriate.

The results on the differential croas sectioms for the reactions yn > nln
and yp >~ w'p have s similar structure as shown in Figs. 17 and 18. The cross
sections for both reactions show two peaks at the same energy 300 MeV and
700 MeV. The first peak is, as known well, due to the excitation of the
ﬁ(1232)P33 resonance and the second peak is due to the N(1520JD13 TESONANCE.
The cross sections for the reaction yn - wln is somewhat larger than those

for the reaction yp + 7'p in the energy range 400 MeV to 710 MeV. This means
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that the isoscalar part has an appreciable contribution in the photopraduction
amplitude.

In Figs. 17~19 the predictions from the two phenomenologlesl analyses
by Moorhouse, Oberlak and Rosenfeld(HDRJza} and Metcalf and Walker(ﬂﬂ)zs)
are also plotted by the solid and dotted curves, respectively. These analvses
are based on the recent compilation of cross section and polarization data
of single pilon photoproduction with the exception of the rxeaction ym - 70n.
The present data is in good agreement with the predictions from the MOR and
MW analyses in the over all energy region.

If an isotensor term of I=? exists in addition to the ordinary isovector
and isoscalar terms in the electromagnetic hadronic current, the relation
between the cress sectlons from neutrons and protons at the A{1232) rescnance

is given by introducing the parameter x in refs. 14 and 15:

_ 2
:g (arn-s-ﬂ'}n)—(lﬂ)—-gﬁ—(YP"‘TOP): (78)

M = (e (79)

where 3H;i?) is the magnetic dipole amplitude for a neutron{proten) target.
Assuming that x = ~0.3 as gsuggested by Sanda, Shaw and Donmachiel4-13), the
cross section from neutrons is expected to be ~ 1/2 of that from protons.
The present data shows that both cross sections are the same sizes at the
A(1232) resonance. We conclude there is no positive evidence for an isotensot
electromagnetic current. This result consistent with the % /1% ratio ex-
perimenta at Daresburyll) and Frascatilz)

In the N(14?0)P11 resonance region, the present results show that there
is -no. enhancement for the yn + 7%n cross sections in contrast with the

previoug Frascati datal0), This discrepancy is seem to be due to the different

deuteron correction factors as shown in Fig. 14,
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In conclusion we summarized as follows: 1) The deuteron correction to
the differential cross sections are about 20 % in the A(1232) resonance
region. 2} The double-scattering (pion—rescattering) effect is very im-
partant at the A{1232) resonance especially for x0 praduction from deu-
texrium. 3) The differential cross sections for yn + x%n are conmsistent with
predictions from the MOR and MW analyses. 4) There is no enhancement of

the cross gection dus to the N(14?U}Pil-reaonance1 5) No positive evidence

for an isotensor electromagnetic current 1s found.
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Appendix A YN > 18 Amplitude

The CGLN amplitude for single pion photoproduction is written as

Fe i 7 + 5ty F ot La-ka-e F 13.qq.% 7,

~ AW

a Mo~ - -
t=iak) F ¢ 1ol Tt (grekeqke) T,
4+ kq-ce ?3+ qq-€ ;4 1, (a.1)
— E.)
where e={-sin¢,cos$,0) is the photon polarization vector, q=(sind,D,cosd)
is the scattered plon unit vector with the scattering angle & in the c.,m.s
and k=(0,0,1) is the incident photon unit vector, The amplitudes being

defined as aq.(75), a and -1;' correspond to an invariant matrix elemsnt Hf 4 are
a = -cos¢ sind ;2,
+ + I . -
b= if E(?l—cosﬂfz)-i- q* € '[k(]}&]s) + q.?4}]

(4. 2)

Notice that averaged values over the photon polarization are
< M sin2$ > = <M c052¢>=%ﬂ, a.3)

where M. is some .amplifudé.
The relation between the CGLN amplitudes and the helicity amplitudes is

given by

FAPIE R sk B vl B
1 2 ’
'?E:nsje: ",'Z_Bin%
e D TR
F2= 31 6 8
ﬁcosi l"’-fsin'i‘ (A.4)
H
.73=- ! Hl - 3 1,
V2 sine g
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i H
1 1 3

?4 == [ B - B ] H
YZ sind  cos - sini

vhere Hy = &)y ap » By T Ay p 170 0 By B A yn 5 and B2 Ay 00
Hera Aul are helicity amplitudes with the initial and final state helicities

A = Ay= 11 and g = - Ay » AYy Ay and 12 are the incident photon, target
aucleon and recoll nucleon helicities, The helicity amplitudes are expanded

in terms of the partial waves A,, and By, with j=2+1/2 and parity =(=)* as

b5 +

follows:
o

1 B
Hy= — sinB coz — I (B

e 2 ot H (H‘l)-)( P1l P" )

. ez - 't _ qt
K V7 00 SF (AL~ A 0CR - E ),

_...._1 sing sin 2 1 (B B JOPG + P 1) -
Hy= — 2 g1 (E+1) 17,
= ¥2 gin — L
H, 2 sin 3 PU( A+ A( gyt (B Bg),

where £ 1s the orbital angular momentum of the ¥N system and Pi and P"E are

derivations of Legendre polynomials,

The amplitudes for the reactins yp + 1r+n, Yo <+ 1" p, ¥Yp * 1r°p and

H

yn + T¥'n are decomposed in terms of the iscoscalar and isovector amplitudes

{(assuming that there is no existence of the isotensor amplitude) as followa:

&(*rp*ff+n)=-/l- RE +/£ ( AVl - A%y
3 3
: v v
Alyn»1Tp) = /.JL_AE-/E_(AI+AS). (A.6)
3 3
v v
Alypralp) = /E_A3+/-la (A1+As).
3 3
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2
Alyn+rDn) = /__ RE +/i_ ( A1 4 a8 ).
3 3

-3
The amplitudes a, b for each reaction cam be calculated from the partial

3,?1,5 V3,Vy,8

Vv
waves ﬁii and Bﬂi using eqs.(A.2), (A.4)., (A.5) and (A.B).

The photoproduction cross section can be written as

de *
2o ¢ a2+ 181, (A.7)

where k* and q* are c.m. momenta of the incident photon and the pion, respec—
tively. Using the amplitudes A and E'correspond to the Lorentz non—invariant

N
matrix element TJr s the cross section is also written as

do 4 e rne ¥ e
= @ " = ( |a]2 + [B|2 ). (A.8)

where 8 = (k*+ E*Ni)2 is total energy sgquared, E# is the pion c.m. energy and

%
Ehi,f

amplitudes A& and E are given by

A=_1 s a
(2m)2 / k*E§iE#E§f (A.9)
and M Sy SV
CUMR L Ly

in the c.m. system.

are the nucleon c.m., energies in the initial and final states. The
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Appendix B " -+ 7N  Amplitude

The total isospin of the wN system is I=1/2 or 3/2 so that the amplitude

for each channel is decomposed into I=1/2 and I=3/2 amplitudes as followa:

T(x"P+ntp) = T(rn*rn) = Ty s
T(rmp?n™p) = TOrfn™ghn) = 2/3 T ) + 13 Ty, (8.1)
T pl%n) = T(r nx0p) =+7/3Ty 9 WI/3 Tyyy ,
T(r'pralp) = Trmenla) = 1/3 Ty )y + 2/3 1y,

where T) /7 and T3y are the isospin I=1/2 and I=3/2 amplitudes.
The 7™N elastic amplitude is written by the spin non—flip and £lip

amplitudes as described im eq.(71):

W - £(6) + g(8) R, (B.2)
where § is the plon scattering angle in the ¢.m.s. and §=E:i$:f|;:Ma:| is
the normal unit vector to the production plane (B: and E: are the initial
and final pion moment).

The amplitudes £(8) and g(@) are expressed in term of partial waves by

I @ I I
fr(@y = I E1YE + of {casg},
(@) LmD[ (&+1}) o R 1_] P, 8}

@ X
gh@) =5 £ [ £, - £,_] p](cose), (5.3)
e p=" *1
I 2ial
el a1 o, e, -1,
2 2qm  * -
I
where Pl(cosE) are Legendre functions, f£+ are the partial wave amplitudes
) I
for orbital angular momentum £ and total angular momentum j =£il/2,nli are

the elasticity and ﬁi+ are the phase shifts.
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The differential cross section for "N elastic scattering can be written

do

e 1£(8) |2 + |g(o) |2 (B.4)

-
in the c.m. system. Using the amplitudes P and G correspond to the Lorentz

non-Invariant matrix element I“N, the cross section are alsec written as

FX E% E* % g%

do - 4 WL Ri Tf Nf 2 =2
- - en : - C e[+ [el? ), (8.5)

T

= * * 2 3 ® * i
where s (Eﬂi+ ENi) is total energy squared and Ewi,f and E 1 f are the pion

and nuecleon c.m, energles in the initial and final states, respectively.

From eq.{(B.4) and (B.5) the amplitudes F and ¢ are given by

®
p=_1 / & /q £(8)
(2r)2 E* E* E* E# p*

mi Ni wf Nf T
(306)
and
* -
et / 2 /:1“ g(e) o
2 % T FER ER *
2m B iEnaEneone ¥ P

in the c.m. system,
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Table 1

Energy and angular acceptances and their resolutions calculated from a Monte

Carlo simulation,

6kR and Gﬁﬁu denote the energy amd angular acceptances {FWHM). ﬁkR andihﬁﬁg
are the resolutions (FWHM) of the incident photon energy in the target-at-rest

system and the m° c.m. angle, Tespectively.

Run KR st AR 6ot 565, x6%,
(k-8 target) (MaV) (deg.) (deg.) (deg.)
320 - 70°D 335 % 45 15 68 * 4 3.8
420 - 70°D 455 + 70 17 73 * 3,5 3.0
570 -~ 70°D 717 106 20 3 £ 3.5 2.8
300 - 90°D 315 * 38 15 89 ¢ 3 3.5
420 - 90°D 455 = 70 17 92 * 3.5 3.5
570 - 90°D 615 117 26 92 £ 3 3.2
750 - 90°D 810 %146 40 91 + 3 2.8
350 - 110°D 375 % 57 12 111 + 3.5 3.3
450 -~ 110°D 480 * &5 25 111 £ 3 3.3
S70 - 110°D 610 #110 38 111 * 4 3.3
375 - 130°D 395 * 57 20 130 £ 3 2.0
450 - 130°D 485 * 90 28 130 *+ 3 2.6
570 - 130°D 615 *120 38 130 * 3 2.5
300 - 90°H 310 t 35 13 88+ 3 3.8
420 - 90°H 435 x 61 15 91 + 3 3.0
570 - 90°H 600 1100 23 92 + 3 2.5




Table 2

Measured differential cross sections for the reactions yd ~ 'ir""n[psj and

1]
yd > T p{ns).

R, T
k" is the incident photon energy and ﬁﬁo is the 7° c.m, angle. The error

includes the statistical deviations of the experiment and the Monte Carlo

simulation,

X 85, & (yarntnp) 29 (yasnpm )
(MeV) (deg.) (/) (Wb/57)
335 £ 15 68,0 £ 3.0 20.56 = 2.12 19,73 £71.85
365 * 15 69.0 * 3.0 14,80 + 1,95 16,98 £ 1.59
400 = 20 70.5 * 2.5 16.39 £ 1.34 15,28 £ 1.24
440 * 20 71.5 £ 3.0 11.44 *1.46 11.26 £1.13
480 % 20 73.0 £ 3,0 6,31 £0.79 5.47 £ 0,51
530 * 30 72,0 £ 3.0 4,31 * 0.45 4:54 £ Q.35
590 * 30 72,5 ¥ 2.5 4.18 + 0.45 3,40 £ 0.27
650 = 30 73.5 * 2.5 3,62 £ 0,55 2,65 £0.26
710 * 30 74,5 £ 2.0 3.66 £ 0.64 3.26 £ 0.34
305 + 15 87.5 £ 2.5 20.69 * 2,13 24.33 £ 1.50
335 2 15 88,5 * 3.0 16,85 £ 1.97 21,17 £ 1.39
365 * 15 0.0 £ 3.0 20,20 + 2.86 15.94 % .64
400 * 20 91.0 £ 3.0 13,86 * 1.65 13.91 *1.28
440 * 20 9l.4 £ 2.5 10,96 + 1,41 10.20 *+ 1.01
480 + 20 91.5 £ 2.5 7.83 £ 1.01 6.78 £ 0.59
530 £ 30 92,0 £ 3.0 5.56 * 0.67 5.34 + 0.32
590 £ 30 91.0 £ 3.0 4.45 * D.52 3.84 £ 0.26
650 £ 30 91,0 £ 3.0 3.19 + 0.45 3.05 £ .22




Table 2 ({continued)

RR Bﬁu —%(Yd*nnnpsj gg (Yd-iﬂrupns }
(MeV) (deg.) (Ub/sr) (ub/sr)

710 & 30 0.0 £ 3.0 3.23 £ (.41 3.32 0,24
770 % 30 9.0 * 3.0 2,55 * 0.41 3.26 £ 0.29
830 £ 30 1.0 £ 2.0 2,15 £ 0.46 3.02 20.31
890 * 30 91.5 * 2.0 1.30 = 0.35 1.55 *0.27
950 * 30 92,5 £ 2,0 1.08 £ D.35 1.85 = Q.27
305 t 15 108.0 = 3.0 23,79 £ 5,47 23.41 t 3 54
335 = 15 109.0 £ 3.0 24.24 £ 3,29 23.53 * 1.68
365 & 15 109.0 = 3.0 20.96 £ 2,65 16,00 = 3,22
400 + 20 109.0 £ 3.0 15.19 * 1,47 15.50 # 0,93
440 * 20 110.0 £ 3.0 10.19 £ (.93 8.35 2 0.50
480 = 20 110.5 * 3.0 6.45 * 0.64 5.36 + 0.29
530 = 30 110.0 = 3.0 4.46 £ (.41 3.12 + 0,17
550 £ 3D 110.0 £ 3.0 3.13 * 0.44 2.84 1 0,19
650 * 30 111.0 £ 3.0 2.57 £ 0.41 2.11 * 0.18
710 £ 30 111.5 * 2.5 2,39 * 0.51 1.91 £ 0,22
335 £ 15 128.0 £ 2.0 17.41 * 4,00 23.62 £ 4.34
365 + 15 128.5 £ 2.5 14.52 £ 2,20 14,00 £ 1.67
400 £ 20 129.0 £ 3.0 11.52 = 1,535 10.14 + §.85
440 £ 20 130.0 £ 3.0 7.37 £ 0,84 5.37 £ §.42
480 * 20 130.0 £ 3.0 5.31 % 0,72 3.25 £ 0.30
530 * 30 1205 ¥ 3.5 3.33 % 0,49 2,19 £ 0,19
590 * 30 130.0 * 3,0 } 2,11 £ 0.354 1,21 £ 0.14
650 * 30 130.0 * 2.5 2.28 % 0.97 .81 £ 0.15
710 * 30 130.5 £ 2.5 1.01 £ 0.34 &.89 £ £.15




Tabhle 3

Differential c¢ross sections for the reaction yp - 7% using a hydrogen target.

k is the incident photon energy and 3;0 is the 7° ¢.m, angle. The quoted error

is statistical only

k B:;o —%— {yp+ 7 )
{MeV) (deg.) {ub/sr)
305 15 88,0 * 2.0 26.38 + 1,69
335 % 15 88.5 * 2.0 29,37 % 1,01
365 £ 15 90.0 * 2.0 21,62 % 2,26
400 * 20 9¢.0 * 1.5 16.00 * 1,01
440 t 20 91.0 = 1.5 11.16 % 0.72
480 * 20 91,5 * 1,5 6.30 £ 0,74
530 * 30 90.0 * 1,5 4.99 + 0.39
590 * 30 91.0 = 1,5 3.50 £ 0.27
650 * 30 93.0 * 1.5 3.35 + 0.29
710 = 30 94,0 * 1,5 3.06 * 0.35




Table 4

Differential cross sections for the reactions yn + 7°n and yp + 1%

extracted from a deuterium data and the deuteron correction factors.

The quoted error is statistical only.

K o Ry @ Ry —Feoer'n)
(MeV} (deg.) (ub/sT) (ub/sr)
335 215 68.0 £ 3.0 0,743 27.67 £ 2,85 0.731 26.99 & 2,53
365 15 62.0 £ 3,0 0.714 20.73 £ 2,73 0.707 24.02 * 2,25
400 = 20 70.5 £ 2.5 0.756 13.74 + 1,77 0.753 20.29 + 1.89
440 * 20 71,5 * 3.0 0.834 13,72 £ 1.75 0.832 13.53 + 1.34
480 * 20 73.0 £ 3.0 0.89% 7.04 * D.88 0.894 6,12 = 0,57
530 * 30 72.0 £ 3.0 0.947 4.55 + 0.48 0.946 4,80 * 0,37
590 = 30 72.5 £ 2,5 0.988 4.23 £ D.45 0,986 3.45 £ 0,27
650 * 30 73.5 £ 2.5 1,011 3,58 * (.54 1.003 2.64 £ 0,26
710 * 30 74.5 £ 2.0 1,017 3.60 £ 0,63 1.000 3.26 = 0,34
305 * 15 87.5 £ 2,5 0.870 25,39 + 2,61 (. 860 30.33 + 1.87
335 £ 15 88.5 * 3.0 @.817 22.68 £ 2,65 0.806 28.96 % 1.90
365 £ 15 °0.0 £ 3.0 ©0.760 28.29 * 4,01 0.750 22,55 £ 2.32
400 £ 20 91.0 * 3,0 ©0.730 18.33 + 2,18 0.725 18.47 £ 1,70
449 £ 20 91,0 £ 2,5 0.767 15,14 £ 1,69 0.766 12,26 = 1.21
480 = 20 91,5 + 2.5 {.833 8.74 * 1,13 0.835 7.48 £ 0,66
530 * 30 92.0 £ 3.0 0.904 5.87 £ 0.71 0.909 5.64 £ 0,34
590G = 30 91.0 £ 3.0 0,957 4.50 £ .52 0.965 3.89 = 0.26
650 * 30 91, * 3,0 D.9§7 3.16 £ 0,45 0.994 3.04 £ 0,22




Table 4 {continued)

K o Ro/n gg ('} Ry 33 (yp>1°p)
(MeV) {deg.) (ub/sT) (ub/sr)
710 + 30 90.0 t 3.0 0.998 3.18 = 0,40 1.000  3.32 + 0,24
770 + 30  91.0 + 3.0  0.995 2.54 +0.41 0,992 3.29 + 0.29
830 + 30  91.0 + 2.0 0.989 2,17 + 0,47 0,984  3.08 +0.32
890 £ 30 91.5 * 2.0  0.983 1.32 + 0.32  0.976 1,59 + 0.18
950 £+ 30 92,5 +2,0 0,977 1.10 + 0.3  0.967  1.91  0.28
305 + 15 108.0 + 3.0  0.913  26.02 £5.99  0.906 25.84 : 3.9]
335 + 15 109.0 * 3.0 0.881  27.51 % 3.73  0.874 26.92 % 1,92
365 + 15 1090 + 3,0  0.845 24,80 z 3,14  0.839 19.07 % 1,43
400 + 20 109.0 % 3.0 0,796 19.08 + 2,10  0.789 19.64 * 1.17
440 + 20 110.0 + 3.0  0.765 13,32 + 1,22 0.762 10.96 + 0.66
480 + 20 110.5 t 3,0  0.778 8.29 + 0.8  0.780 6,87 * 0.37
530 + 30 110,0 # 3.0 0,841 5.30 + 0.4%  0.851 3.67 £ 0.20
500 + 30 110.0 % 3.0  (.914 3.42 + 0.48 0,933  3.04 £0.20
650 + 30 111,0 + 3.0  0.958 2.47 +0.43  0.988 2,14 2 0,18
710 + 30 111.5 % 2.5 0.976 2.45 t 0.52 1,010  1.8% * 0.22
335 + 15 128.0 + 2,06  0.921 18.90 = 4,34  0.918 25.73 + 4,73
365 + 15 128.5 = 2.5 0,903 16,08 # 2,44  0.902 15.52 % 1.85
400 * 20 129.0 *+ 3.0 0.881 13.08 £ 1,53  0.881 11.51 *+ 0.98
440 + 20 130.0 % 3.0 0.851 8.66 + D.99  0.852 6,30 % 0.49
480 + 20 130.0 £ 3.0 0.831 6.39 + 0,87  0.832 3,91 £0.,36
530 + 30 129.5 + 3,5  0.838 3.97 + 0,58  0.842 2,60 £ 0,22
590 + 30 130.0 £ 3.0 0,885 2.38 + 0,38 0,903  1.33 £ 0.16
650 + 30 130.¢ * 2.5  0.932 2,45 + 1.04 0,984  0.92 2 0.15
710 £ 30 130.5 % 2,5 0.951 1.06 0,36 1.027  0.87 = 0.15




Table 5

Systematic errors

Source of the systematic errors Uncertainty
Beanm intensity of bremsstrahlung photons 3 %
End-point energy of the beam spectrum 0.5 %
Tarpget density and length 1 Z
Photon detection efficiency 1 Z
Recoil nucleon detection efficiency 5 R
Conversion efficiency 3
Photon absorption 2 %
Effective acceptance 5 2
Deuteron correction 6 %

Quadrature sum 8 2




Figure captions

Fig., 1 Schematic lay-out of the experimental apparatus,

Fig. 2  Schematic front view of the 7% detector and the nucleon detector.

Fig. 3 Thick-walled ionization chamber constant curve.

Fig. 4 Bremsstrahlung spectral function B(k) calculated by Sciff and Davies,
Bethe, Meximon and Olsen.

Fig. 5 Reconstruction of the energies of the two decay photons from the x°
meson. (ki,ké) and (E',Eé} denote the measured and the reconstructed
photon energies for the 420 - 90°D rum,

Fig. 6 a) n0 energy calculated from the nmon-reconstructed energies of the
two decay photons ( E;0= ki+ki} and b) the reconstructed energies
( E“DH Ei +Té ) for the 420 - 90°D run. The solid lines are
calculated values by the Monte Carlo simulation,

Fig. 7 Flow chart of the Monte Carlo simulation.

Fig. 8 Comparison between real events (histogram) and Monte Carlo events
(g01id line) for the neutron spectator momentum distribution at the
420 — 90°D run. The dashed line shows the caleulated values from
the Halthi&n wave function for the deuteron.

Fig. 9 Angular distributfon of the neutron spectator for the 420 — 90°D run.
a) pelar angle cosﬂui_b) azimuthal zngle wni' The solid lines show
the results from the Monte Caxlo gimglation.

Fig. 10 Results of the kinematical recomstruction for the 420 - 90°D rum.
The solid limes are the calculated valuas by the Monte Carlo simulation.
a}) energy distribution of incident photons in the target-at-rest
system. b} production angle distribution of 7" mesons in the c.m.

system.



Fig. 11 Energy acceptance and energy resolution calculated by the Monte
Carle simulation for the 90°D ruas.

Fig. 12 Differential cross sections for the yp -+ 7%p reaction as a functiom
of the incident photon energy using a hydrogen target.

Fig., 13 Feynman diagrams of the three main effects in the yd + nONNS reaction
studied in this experiment. a) and a'), b) and b') and ¢) and c¢')
denote the single-scattering, the double-scattering and the final

state interaction, respectively.

Fig. 14 Cross section ratio R = 89 (yaOpn dg
g o/ - g (yd+r"pn_)/ .
of inecident photon energy . The solid curves are predicted from this

(?P*Wup) as a function

model. The dashed curves are calculated by Baldini-Celio and

32)

Sgiaceca

, . da
Fig. 15 Cross section ratic RD!n - _do (Yd*wnnpsjf—ﬁﬁﬂ {(Yn+1%n) predicted

df
from this model,
Fig. 16 Cro tion ratio R+ = -9¢ g+t - A . Fuj
g 55 section o /R 0 Cy nns)f 0 (vyp=1"n} by T. Fujit

et a1.33) The solid curves are predictions from this wodel., The
dash~dotted curves are calculated by Chew and Lewis34),

Fig. 17 Differential cross sections dU/dﬂ(Tn+ﬂ“u)(ubfsr) as a function of
the in¢ident photon energy kR{GeV}. The solid curve is prediction
from the phenomenological analysls of HDRZAJ and the dotted curwve
from that of MW23), ¢ this experiment, FRAS-7210), ToRY-737) and
ToRY-6837) ) o= 70° and 90°, b) ©5g = 110° and 130°

Fig. 18 Differential cross sections do/dsi¢(yp=rlp) (ub/sr)} as a function of
the incident photon energy kR(Gev). The curves are the same as In

-] -] c -] -]
Fig. 17. 2) 8%y = 70° and 907, b) 8 g = 110° and 130°.



Fig. 19 The angular dependences of the dilfferential cross sections for
the reactiom yn > 7%n. The curves are the same as in Fig. 17.
a) k' = 305, 335, 365 and 400 MeV, b) k¥ = 440, 480, 530 and
590 MeV,

¢) kKX = 650, 710, 770 and 830 MeV,
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