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ABSTRACT

The differential cross section for the reaction yn—=°n have been measured at four
pi-zero c.m. angles of 70°, 90°, 110° and 130° in the photon energy region between
300 MeV and 700 MeV. Both =° mesons and recoil neutrons from a liquid deuterium
target were detected with a pair of lead glass Cerenkov counters and a nucleon hodoscope.
The extraction of the differential cross sections on free neutrons from the reaction yd—
z°np, is discussed in detail. Deuteron corrections to the cross sections are about 209
in the 4(1232) resonance region. The differential cross sections for yn—=°n show good
agreement with the predictions of MOR and MW in this energy region. There is no
enhancement of the cross section due to the N(1470)P,; resonance. No positive evidence
for an isotensor electromagnetic current is found.
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I. TIntroduction

The investigation of single pion photoproduction in the resonance region has
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provided useful information about nucleon resonant states. The couplings of the
individual resonant states to the yN system has been determined by the extensive
partial wave analyses of the experimental data. For the major resonances the ex-
perimental results were in good agreement with the quark model,'~® but the values
for the small coupled resonances were not well determined by the analyses. For a
systematic analysis of single pion photoproduction, more precise and more extensive
differential cross section data, as well as polarization data of various kinds of yN—
#N reactions are needed. The experimental data for the yp—n'*n, yp—=n°p and
yn—7n"p reactions have been extensively accumulated™®, but the reaction yn—=z°n
has been scarcely investigated.”~'?) There is no cross section data on n° photo-
production from neutrons in the first resonance region because of difficulties on
extraction of cross sections from the deuterium data. These deuteron problems
have not yet completely understood for many reasons!®): there is no direct proof of
the validity of the spectator model, the final-state interactions and Glauber’s re-
scattering terms cannot be calculated exactly.

In isospin space the electromagnetic current is written as a sum of isoscalar and
isovector terms. In 1971, the possible existence of an electromagnetic isotensor
current was suggested by Sanda and Shaw!'® who analyzed the cross sections for
photo-excitation of the 4 (1232) on protons and neutrons. Furthermore the possibility
of a violation of time reversal invariance was pointed out from a comparison of the
two reactions yn—n~p and np—yn in the 4(1232) region!®. In order to clarify
the above situation, counter experiments on n~ photoproduction on neutrons have
been performed at Bonn!® and INS.'? These groups measured the n~/n* yield
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 4 (1232)
at the level of a few percent. On the other hand the experiment on the reaction yn-—»
7°n provides a better test of the existence of the isotensor current. Since neutral
pion photoproduction is almost completely dominated by the 4(1232) resonance in
the first resonance region, the effect of the isotensor term is larger than in the charged
pion production.

The aim of this experiment on the n° photoproduction from neutrons is mainly
to clarify the isotensor contribution in the 4(1232) resonance region, to test the
validity of the spectator model and to obtain more accurate experimental information
on the isoscalar current in the second resonance region where the I=1/2 resonances
N{1470)P,;, N(1520)D,; and N(1535)S,, are dominant amplitudes. We have
measured the differential cross sections for the reactions yn—zn°n and yp—7°p from
a deuterium target at the same time at the z° c.m. angles of 70°, 90°, 110° and 130° in
the photon energy range 300 MeV to 700 MeV, by detecting both #° mesons and
recoil nucleons in coincidence.

The results on the ratios of the differential cross sections for the reactions yd-—»
n°np, and yd—n°pn, were reported in the thesis by N. Yamashita.!®

In this paper, we present the differential cross sections for the reaction yn—n°n
extracted from the yd—n°np, data. The paper is divided into five sections. In sect.
2, the experimental procedure in which the measurements have been made are de-
scribed. Sect. 3 is devoted to discussions of the off-line data reduction. In sect. 4
we shall examine deuteron problems; in particular, we evaluate corrections needed to
account for the Fermi motion, for the effects of double scattering and the final-state
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interaction and for the Glauber screening effect. Finally, in sect. 5 we discuss the
results.

II. Experimental Procedure

1I-1. Method

In this experiment the differential cross sections for the following reactions have
been measured simultaneously:

y+d—=n°+n+p, M
y+d—-n°+p+n,. )]

The spectator proton p, and the spectator neutron n, are expected to have momentum
smaller than that of the recoil nucleon and less than 250 MeV/c in any case. In order
to identify the reaction (1) or (2), we measure both momenta of the n° meson and the
recoil nucleon because of the continuous spectrum of bremsstrahlung 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
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Absorber Pair Quantameter
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JC DETECTOR

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

that of the previous experiment of Kyoto group.” The #° meson was detected by
observing two decay photons with a pair of photon detectors having better resolutions
and gains than those at previous experiment. Each photon detector consisted of a
total absorption lead glass Cerenkov counter, a two dimensional scintillator hodo-
scope, a lead plate converter, a veto counter, a lead collimator and a LiH hardener as
shown in Fig. 2. The energy of each decay photon from the n° meson was measured
with a lead glass Cerenkov counter. The opening angle of the decay photons from
the #° meson ¢,, was obtained from the shower position in the lead converter which
were measured with the two dimensional scintillator hodoscope. The recoil nucleon
was detected in a 4 x 4 array of plastic scintillation counters. To identify whether the
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Fig. 2. Schematic front view of the =° detector and the nucleon detector.

recoil nucleon was a proton or a neutron, thin plastic scintillation counters were
placed in front of the nucleon hodoscope. The kinetic energy of the recoil nucleon
was measured with the time-of-flight method. These detectors were operated in
coincidence and made it possible to measure the four momentum vectors of the =°
meson and the recoil nucleon with high precision. The details of those counters are
described in ref. 18.

II-2. Photon Beam

The photon beam was generated by bremsstrahlung from an internal radiator of
50 um platinum in the INS 1.3 GeV electron synchrotron. The beam was defined by
a lead collimator of 5 mm in diameter and 30 cm long placed at 2.5 m from the radi-
ator. The second collimator of 12 mm in diameter 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 field strength of 7 KGauss. The dia-
meter of the beam profile was 25 mm at the target position. The beam profile and
its position were 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 energy indicator.
The beam spill time was usually kept to be about 4 ms around the maximum field of
the synchrotron magnet.

A thick-walled ionization chamber!®) was used as a beam intensity monitor.
Collected charges from the thick chamber were sent to an integrator whose one digit
we define as a monitor unit MU. Then the total energy U is obtained from the
collected charge ¢ in the thick chamber as follows:

U=ag=of[MU], A3)
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Fig. 3. Thick-walled ionization chamber constant curve.

where o and f 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
1018MeV/coulomb at the maximum energy of 600 MeV. The thick chamber con-
stant « was determined with an accuracy of 3% by calibration against a Faraday cup
in the external electron beam. An equivalent quanta @ is defined by

Q="U/E,, ©)

where E, is the maximum energy of the bremsstrahlung beam. The energy spectrum
of the bremsstrahlung beam is given by the number of photons per energy interval dk

N(kyak=0 B g (5)
The spectral function B(k) was measured with a pair spectrometer. The function
B(k) at E,=750 MeV is shown in Fig. 4 and found to agree with the Schiff’s thin-
target formula.

5S¢ BREMSSTRAHLUNG SPECTRUM

1
B(k)= a k NCk)

Es = 750 Mev
Z = 78(Pt)

e SCHIFF

05

0 0.5
PHOTON ENERGY k/Ep

Fig. 4. Bremsstrahluﬁg spectral function B(k) calculated by Schiff and Davies,
Bethe, Maximon and Olsen.

II-3. Data Collection

The measurement of the reactions (1) and (2) using a liquid deuterium target has
been performed at 13 points, these were 4 photon energies at 90°, 3 photon energies
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at 70°, 110° and 130°. - Details are given in ref. 18. The measurement of the reaction
yp—n°p using a hydrogen target was also carried out in the same experimental ar-
rangement at 90° runs.

III. Data Reduction

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

1) event selections,

2) kinematical reconstruction,

3) corrections

4) Monte Carlo simulation,

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

II1-i. Event Selections

For each events the invariant mass of the two decay photons was calculated
from the measured photon energies ki and k3, and the opening angle of ¢,,. The
events having the invariant mass close enough to the mass of n° mesons and having
the appropriate time of flight of the recoil nucleans were selected as good events.
The details of selection are also given in ref. 18.

III-2. Kinematical Reconstruction

The energy and momentum of a 7° meson were precisely reconstructed from the
measured energies and the opening angle of the two photons by using the following
method.?®

From energy-momentum conservation, the following eq. is derived:

ms,
evdep= 2(1=cos d,,) ©)

where ky, k, and ¢,, denote the energies of the decay photons from the 7° meson and
the opening angle between the two photons. 1In this experiment the accuracy of the
measurement on 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 probably photon energies
(k¢ k;) should be on the hyperbola (k, - k,=A) as shown in Fig. 5. Assuming that
the measured energies (ki, k3) distribute around the true energies (k;, k,) on the
hyperbola with a Gaussian type, the probability is given by

Lo Ll ok

Pk, /c2)=7,;WeXP[*2 o2(k,) o*(k5)

(7
where o(k;) denotes the deviation of the photon energy. Using the function defined
by

[y SAY oy
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Fig. 5. Reconstruction of the energies of the two decay photons from the =°

meson. (kj, k%) and (&, k;) denote the measured and the reconstructed
photon energies for the 420-90°D run.

the most probable energies k, and k, are obained by minimizing the function

fky, k;). The energy resolution of a lead glass Cerenkov counter is approximated
well by

O'(ki)zc\/E (l—;: ]7 2) > (9)
where ¢ is a constant. From eq. (9) we can rewrite (8) by

ky—k? | (k,—k3)?

tey=ki)? | Gl

where a=./k,-f(ky, k;) and b= \/k') Sk, ky).

To mininnze the function f(ky, k,) is equivalent to minimize the area of the ellipse
given by eq. (10). From eqs. (8) and (9), the most probable energies k; and k, can
be easily obtained as follows:

(10)

KZE4

k= ———kiz+AA, (11a)
A,
=y 4 (116)

The reconstructed energy and momentum of n° mesons were calculated for each
event:

Enozkl’(‘kz, (IZa)
P =k +Ey. (12b)
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Fig. 6. a) =° energy calculated from the non-reconstructed energies of the two decay photons

(EZ, =k{-+k%) and b) the reconstructed energies (E,, =k;+k,) for the 420-90°D run.
The solid lines are calculated values by the Monte Carlo simulation.

Fig. 6 shows the n° energy calculated from the non-reconstructed energies of the two
decay photons and the reconstructed n° energy for the 420-90°D run. The energy
spread of the reconstructed n° meson was improved to be 70 MeV compared with the
original spread of 160 MeV (FWHM). The energy resolution of the n° meson was
estimated to be 4% (FWHM) by the Monte Carlo simulation.

The four momentum vector of the recoil nucleon, (E,f, p,,), was determined by
the TOF and the address of the nucleon hodoscope.

Since the most of published photoproduction cross sections are quoted as a func-
tion of the laboratory energy in the coordinate system where the target nucleons are at
rest and the pion production angle in the c.m.s, we introduce the equivalent effective
laboratory energy kR and the n° production angle ¢¢. in the yn center of mass system.
The total energy \/? is a proper variable in comparison with the reaction yp-—»n°p
from free protons. Using four momentum vectors (E,., p,.) and (E,,, p,,) of a n°
meson and a recoil nucleon, the total energy squared s is given by

S=(En°+Enf)2+(Pn° +I-5nf)2’ (13)
The equivalent incident photon energy in the target-at-rest system is
kR =(s—m?)[2m, (14)

where m is the nucleon on-shell mass. The #n° production angle in the yN c.m. is
obtained as follows:
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cos 05, =L [1- ]fg (1- 2= cos 0 ) | (15)

4o

with  ES. =(s+m2. — mz)/z\/;:

where the upper suffix denotes the center of mass system.
The four momentum vector of the initial target nucleon was also obtained from
the energy-momentum conservation:

k+E,=E.,.+E,;, (16a)
E+ﬁni=ﬁn° +ﬁllf5 . (16b)

where (k, k), (En, Bo), (Eqe, Bro) and (E,s> Puy) are the four momentum vectors of
the incident photon, initial target nucleon, n° meson and the recoil nucleon, respec-
tively.

The validity of the kinematical reconstruction was checked the results on the
reaction yp—=n°p on a free proton target.

III-3. Corrections

The background from the empty target was less than 129, The background
due to the accidental coincidence between n° mesons and recoil nucleons amounted
to be 8-30% for the reaction (1) and 2-15% for the reaction (2).

. The energy loss of protons in the target was appreciably large for the low photon
energies and forward n° angles runs. The loss of protons was 8% for the 335-90°
run and 26% 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 negligibly
small because that the end-point energy of the bremsstrahlung spectrum was set
about 180 MeV higher than the photon energy to corresponding to the central energy
of the acceptance of the detection system.

II1-4. Monte Carlo Simulation

The reduction of the cross sections 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 Fermi motion of nucleons in the deuterium target.
The detection efliciency and acceptance were evaluated by a Monte Carlo method
assuming that the spectator model is valid for the bound nucleon.

The experimental coincidence yield of the #n° meson and recoil nucleon from the
deuterium target is given by

Y= [ o (k5 05.)00¢. - NUOdk- N d(pa)d*p

X TQ‘.L)'I(?M: p.nfa x)d3x> (17)
where  Y(kR): experimental coincidence yield of the n° meson and recoil nucleon
per MU.

(KR, 82.): differential cross section for the reaction (1) and (2) depending on

dQC
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the incident photon energy kR in the target-at-rest system and the
7° c.m. angle 6¢<..
N(k)dk: number of photons per MU in the energy interval dk.
N,: number of target nucleons.

¢(py):  initial nucleon momentum distribution.

T(%,): normalized spatial intensity function of the incident photons at
the point %,=(x, y,) in the perpendicular plane to the photon
axis.

0(Pro» Dus» X):  detection efficiency of the n° meson with momentum p,. and the
recoil nucleon with momentum p,, in coincidence produced at the
target point X=(x,, y,, z,), where z, is the distance from the target

center in the direction of the photon beam.
Eq. (17) involves a ninefold integration over kinematical 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:

(k) = dge. - Ny Rk Ny 9(pidd?p Tx)
X r[(ﬁn"s ﬁnfa i)ds}C/C, (18)

where N, (k)dk: number of photons generated by random number in the Monte
Carlo simulation.

C:. correction factor for the integral region of the =° production
angle in the c.m.s. and the decay photon angle from the 7° meson
in the rest system.

Finally the differential cross sections can be expressed from egs. (17) and (18) as
follows:

(i, 65,) =-LUR) | IN WD

dgc =V 0] C TN, (k) dk
_ Y(E®) B(k)
=Y (685 3 SrolPar, (19)

where M = | N, (k)dk: number of trial events in the Monte Carlo simulation.

The flow chart of the Monte Carlo simulation is shown 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. 4).

b) The spatial intensity function T(X;) of the incident photons has the Gaussian
distribution with the standard deviation of 1.0 cm. The interaction takes place
inside the target with uniform probability along the beam axis. In reconstruction
of the four momentum vectors of the n° 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 Hulthén wave function
for the dueteron ground state:

# o) = 47(:(/;( iz)@ <p?§ i oz p?fii i )2 ’ (20)

where a=46.03 MeV/c, f=285.5 MeV/c and p,; is the initial nucleon momentum
(i.e. the spectator nucleon momentum) in MeV/c.
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Fig. 7. Flow chart of the Monte Carlo simulation.
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The =° production angle 0¢., ¥<. in the c.m.s. and the decay photon angle 6%, ¥}
in the n° rest system are assumed to be isotropic. In order to achieve a high
efficiency of the Monte Carlo simulation, we limit the integral region of the angles
of the 7° meson and the decay photon.

The detection efficiency consists of the following parts:

n(ﬁn% pnf’ x)=ng(ﬁn°7 ﬁnf: f)'nv(ﬁn“ i)r’n(‘Tn‘/‘) (21)
2 .
}/]n"(ﬁn"a 56) = E ’]LiH(ki) . r’conv(ki) : ”C(kia Xx) (22)

where
N(Bres Pup» X): geometrical detection efficiency of the coincidence events be-

tween the 7° meson and recoil nucleon.
ndT,p):  detection efficiency of the nucleon hodoscope for the recoil
neutron with the kinetic energy of 7, ,.
nuu(ky): attenuvation factor of the LiH hardener for photons.
Heonvlk;):  conversion efficiency of photons for the lead converter.
ne(k,, X): detection efficiency of the Cerenkov counter for the photon with
incident position X,.

(i) The conversion efficiency of photons into electron-positron pairs-is given-by

”ccmv(k) =] — e (23)
n= Gpair(k)pN/A3 (24)

where k: incident photon energy.
x: thickness of the lead converter.
p: density of lead.
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N: Avogadro number.
A: mass number of lead.
Ooairt total pair cross section.

The conversion efficiency for the lead converter of 1X, and 2X, are calculated
from the total cross sections given by A. Sgrenssen?!) and T. Miyachi et al*?.
The pulse height spectra of the Cerenkov counters are the Gaussian type with
measured energy resolution. Edge effects, i.e. the dependence of the pulse
height on the incident position of the decay photon, are taken into account.
The time spectrum of the recoil nucleon is the Gaussian distribution with the
resolution of 1 ns (FWHM). The energy loss of the recoil nucleon in the
target, the lead absorber and the neutron veto counter is folded.

The angular resolution of the two dimensional hodoscope and the nucleon hodo-
scope are taken into account.

All the simulated events thus generated were also reconstructed using the same

procedure for the real events. In order to test the validity of the above procedure, we
compared quantities which did not depend on the dynamics of the reaction. They

should be identical for the real and simulated events.

Some examples of this com-

parison are shown in Fig. 8 and 9 for the reaction yd—n°p(n,) at the 420-90°D run.
Any miscalculation of the scattered momenta of the n° meson and recoil nucleon
should be directly reflected into the only completely unmeasured quantity, the initial
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[:4
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Fig. 8. Comparison between real events (histogram) Fig. 9. Angular distribution of the neutron

and Monte Carlo events (solid line) for the
neutron spectator momentum distribution at
the 420-90°D run. The dashed line shows
the calculated values from the Halthén wave
function for the deuteron.

spectator for the 420-90°D run.

a) polar angle cos 8, b) azimuthal
angle ¢b,.;. The solid lines show the
results from the Monte Carlo simu-
lation.
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nucleon momentum (i.e. the spectator nucleon momentum). The real and simulated
events are in good agreement. The momentum distribution predicted from the
Hulthén wave function in eq. (20) is also shown. The high momentum spectators
are strongly suppressed in the coincidence measurement of this experiment. This is
important because high momentum spectators can be the result of the final state
interactions.. The angular distributions of the polar (6,;) and azimutal (¢,;) angles in
the laboratory should be isotropic. The depopulation observable near 90° and
270° is due to instrumental inefficiencies. The present experimental set-up had the
maximum efficiency for the events which occur in the horizontal plane, while the
events initiated from the target nucleons having the vertical momenta were not de-
tected 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 values:

AkR =R — 'R (25)
408, =05, — 05, - (26)

where (k'R, 0.5) and (kR, 62.) are the initial and reconstructed values for the incident
photon in the target-at-rest system and the z° c.m. angle, respectively. Fig. 10 shows
the incident photon energy and =°c.m. angular distributions. The difference be-
tween the real and simulated events indicate that the cross sections decrease steeply
in this energy region. The energy and angular acceptances and their resolutions for
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Fig. 10. Results of the kinematical reconstruction for the 420-90°D run. The solid lines
are the calculated values by the Monte Carlo simulation. a) energy distribution
of incident photons in the target-at-rest system. b) production angle distribu-
tion of #° mesons in the c.m. system.
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Table 1, Energy and angular acceptances and their resolutions calculated
from the Monte Carlo simulation,

Run kR4 0kR Ak®R g¢, +-a0¢, 40¢,
(k-8 target) (MeV) (deg.) (deg.) (deg.)
320~ 70°D 3354 45 15 6844 3.8
420- 70°D © 4554 70 17 73435 3.0
570~ 70°D 7174106 20 7343.5 2.8
300- 90°D 3154+ 38 13 8943 3.5
420~ 90°D 4554 70 17 924-3.5 35
570- 90°D 6154117 26 9243 3.2
750~ 90°D 810--146 40 9143 2.8
350-110°D 3754 57 12 1114£3.5 3.3
450-110°D 4804 85 25 11143 33
570-110°D 6104110 38 11144 3.3
375-130°D 3954 57 20 13043 3.0
450-130°D 4854 90 28 13043 2.6
570-130°D 6154120 38 13043 2.5
300~ 90°H 3104 35 13 8843 3.8
420~ 90°H 4354 61 15 914-3 3.0
570~ 90°H 600--100 23 924-3 2.5

6k® and 46¢, denote the energy and angular acceptances (FWHM). J4k*®
and 46¢, are the resolutions (FWHM) of the incident photon energy in the
target-at-rest system and the =° c.m. angle, respectively.

each set-up parameter are listed in Table 1. For the 90°D runs, these quantities are
also shown in Fig. 11. The energy acceptance was several times wider than the energy
resolution so that data were divided by 4 to 5 energy bins for each experimental
arrangement. The angular acceptance was nearly equal to its resolution for the most
arrangement.

HI-5. Reduction of the Cross Sections

The cross sections of #° production from a deuterium and hydrogen targets
were obtained from eq. (19). In order to study the structures in the cross sections,
the results were subdivided into smaller bins of the incident photon energy kR. The

a) Energy Acceptance
300-80'D

-90¢
420-90'0 570-80°0

750-30*D
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x . . L .
200 400 600 500 1000

KR (MeV)
b) Energy Resolution

RELATIVE

s et a3
-25 0 25 -50 [ 50
AKR (Mev)

X L
<% 0 25-25 0 25

Fig. 11. Energy acceptance and energy resolution calculated by the Monte Carlo
simulation for the 90°D runs.
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choice of the bin size was dictated by the energy resolution and the minimum amount
of statistics. In Fig. 11, there is a certain degree of overlap between the k® spectra of
adjacent incident energy settings; this allowed us to average results from different

Table 2. Measured differential cross sections for the reactions yd-»z°n(p,)
and yd-»z°p(n,).

e 0. O qdorap) 90 (rdonpng)

(MeV) (deg.) (ub/sr) (¢b/sr)

335415 68.04:3.0 20.564-2.12 19.734-1.85
365415 69.043.0 14.804+1.95 16.984+1.59
400420 70.542.5 10.3941.34 15.28+41.24
44020 71.5+3.0 11.4411.46 11.2611.13
48020 73.04:3.0 6.3140.79 5.474-0.51
530--30 72.043.0 4.314-0.45 4.544-0.35
590430 72.54:2.5 4.18+0.45 3.40-£0.27
6504-30 73.54-2.5 3.624-0.55 - 2.6540.26
710430 74.54+2.0 3.6640.64 3.2640.34
305415 87.54+2.5 20.694-2.13 24.3341.50
335415 88.5::3.0 16.8541.97 21.174-1.39
36515 90.04-3.0 20.2042.86 15.941-1.64
4004-20 91.0+£3.0 13.864-1.65 13.914-1.28
440420 91.042.5 10.96+1.41 10.2041.01
4804-20 91.54+2.5 7.83-4-1.01 6.784-0.59
530430 92.0-43.0 5.56+0.67 5.344+0.32
5904-30 91.04-3.0 4.4540.52 3.844+0.26
650430 91.04£3.0 3.19+£0.45 3.054£0.22
710430 90.0+3.0 3.2310.41 3.324-0.24
770430 91.0£3.0 2.5540.41 3.264:0.29
830--30 91.0£2.0 2.154-0.46 3.0240.31
890-+30 91.542.0 1.3040.35 1.554-0.27
950430 92.542.0 1.08+£0.35 1.854:0.27
305415 108.04:3.0 23.794-5.47 23.414:3.54
335415 109.0+3.0 24.2443.29 23.53+1.68
365415 109.04:3.0 20.964-2.65 16.004:1.22
400-:20 109.0£3.0 15.19+1.67 15.504-0.93
440420 110.043.0 10.194-0.93 8.354:0.50
4804-20 110.54£3.0 6.454-0.64 5.364+0.29
53030 110.04-3.0 4.464-0.41 3.1240.17
5904£30 110.0+£3.0 3.134044 2.84-4-0.19
6504-30 111.04-3.0 2.374+041 2.1140.18
71030 11,5425 2.39-+0.51 1.914:0.22
335+15 128.04-2.0 17.4144.00 23.62-+4.34
365415 128.5+2.5 14.524-2.20 14.00--1.67
400420 129.04+3.0 11.524£1.35 10.1440.86
4404-20 130.043.0 7.37-4-0.84 5374042
4804-20 130.0+£3.0 5.314£0.72 3.25-£0.30
530430 129.54:3.5 3.334-0.49 2.1940.19
590430 130.0:3.0 2114034 1.214:0.14
6504-30 130.04-2.5 2.2840.97 0.9140.15
71030 130.5£2.5 1.01:40.34 0.894-0.15

k?® is the incident photon energy and 8¢, is the z° c.m. angle. The error
includes the statistical deviations of the experiment and the Monte Carlo
simulation. '
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energy settings. The low statistics tails of the kR-distributions were cut out to ob-
tain more reliable cross sections. The results were not subdivided into bins of the
7° production angle 6<..

The results are listed in Table 2 for the reactions yd—=°n(p,) and yd—=n°p(n,).
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 7° 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—=°p reaction shows good agree-
ment with other experiments®® and the theoretical fit from the phenomenological
analyses of Moohouse, Oberlack and Rosenfeld (MOR),?# and Metcalf and Walker
(MW).2»  This makes us confident that the n° and recoil nucleon detectors are in
normal operation and the Monte Carlo procedure is an adequate representation of

Table 3. Differential cross sections for the reaction yp~»z°p
using a hydrogen target. £k is the incident photon
energy and 62, is the =° c.m. angle. The quoted
error is staistical only.

e 0s. R )
(MeV) (deg.) (pbfst)
305215 88.04-2.0 26.3841.69
335415 88.54:2.0 29.374-1.91
365415 90.0--2.0 21.6242.26
40020 90.0-1.5 16.00-+1.01
440420 91.04+1.5 11.1640.72
480420 91.541.5 6.30£0.74
53030 90.0-41.5 4.994-0.39
590430 91.04+1.5 3.5040.27.
650--30 93.0--1.5 3.3540.29
710430 94.0+1.5 3.0640.35

CAMMAR + P ---> PIZERD + P D
T T T

36 T T T T

90.0 £ 1.0 DEG

! I 1 1 I £ 1
%.2 0.3 a.4 0.8 0.8 0.7 0.8 0.9 1.0 il

Fig. 12. Differential cross sections for the yp—»z°p reaction as a function of the
incident photon energy using a hydrogen target.
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the experimental conditions.

IV. Deuteron Problems

It is impossible to study the reaction yn—7z°n from a free neutron directly be-
cause of non-existence of a free neutron target. As a substitute for a neutron target,
a deuterium target is used. The reaction under study takes place in a deuterium
nucleus so that the final states recorded by experiment cannot be considered as due to
a single interaction in a hydrogen target. In addition the interaction occurs 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 general-
ly taken into account:1%.26)

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

b) multiple scattering and final state interaction,

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

d) the Pauli exclusion principle and the Coulomb scatrering,

e) off-shell mass effect due to the nucleon and mesons in the intermediate states.
For the =° production the Pauli exclusion principle and the Coulomb scattering need
not to be considered.

The problem of extracting cross sections on free neutrons from deuteron data is
only partially understood at present. In high energies and small momentum transfers
region, Glauber’s theory of the multiple scattering expansion has been used with
great success.?®? In the first resonance 4(1232) and large scattering angles region,
however, its validity is doubtful for several reasons:

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 deuteron.

In order to investigate experimentally the deuteron effects the ratios between the
cross sections from the yd—=°p(n,) and yp—n°p reactions are needed:

do do
= 0 ° 20 ° 2
Rpp =35 (pd—>n°pn,) [S5- (p—np) . @7
Using the following factorization assumption,
d o d o
Rp=-32 (yd—nnp) |42 (m->nn)= Ry (28)

the cross sections for the yn—7°n reaction are deduced from the deuteron data:

do 0.\ A 1 do o
q0 (yn—7°n) =m q0 (yd—=°pn,) (29a)
_p do o
=R d0 (yp—7°p), (29b)
_de o do o
where =30 (yd—n°np,) /71?2_ (yd—7n°pny) .

The factorization assumption seems to be a good approximation because the deuteron
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Fig. 13. Feynman diagrams of the three main effects in the yd—=°NN, reaction studied in
this experiment. a) and a’), b) and b"), and ¢) denote the single-scattering, the
double-scattering and the final state interaction, respectively.

effects are cancelled out from the charge symmetric pair of final states n°np, and
n°pn,. 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 Fig. 13. In higher orders of the impulse
approximation, the multiple scattering terms b) and b’) also violate the factorization.

The detail studies on the deuteron effects are needed especially at our energy
region. Therefore, following the model given by Julius,'® we have made an evalu-
ation of the ratio Ry, for the =n° and =n* production and made a comparison with
experimental results including our results of the ratio Rp,y. Then, we obtained the
“differential cross sections from the present measurements on the reaction yn—n’n
using our deuteron correction factor of Ry,

IV-1. Formalism

In a 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

HO=KP+K1 +K2+U,

V=V1+V2. (31)

Here K, and K, (¢=1, 2) are the kinetic energy operators for the projectile particle
and the a-th target nucleon; U is the deuteron binding potential; and V, represents
the interaction of the projectile with the a-th target nucleon. The transition operator
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for interactions of the projectile with the bound nucleon « is given by the Lippmann-
Schwinger equation:
ty=V o+ Vgt,=V,(1—gV)7",
g=1/(E;~K,~K;~K,~U-+ig),
where g is the propagator and E;=k+ E, is the energy of the initial state. For inter-

action of the projectile with both target nucleons, the transition operator is similarly
described as follows;

(32)

T a=Vi+ Vo) [ —g(Vi+ V)]t (33)
Using the operator identity
11 1 1 1 1
].—afbnl-a_‘—l—-ablil~a+1—ab]1-—a+m (G4
eq. (33) is equivalent to
T =1 +1gty+1gtagty + - +(12). (35)

This is the multiple scattering expansion. The term f, corresponds to the single-
scattering a) or a’) and the term 1,91, («# =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 order terms are referred to as
triple-scattering and so on.

On the other hand, the transition operator for interaction of the projectile with
a free target nucleon can be written as follows corresponding to eqgs. (32) and (33):

‘705=Va+l/agf'9-a=%(1_gf{/;)—la

. (36)
g;=1{(k+E,~K,—K,+ig).

The scattering operators t, in the multiple scattering expansion (35) represent inter-
actions 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 to calculate the multiple scattering expansion as simply as possible.

a) The impulse approximation?? is valid. This approximation depends on two as-
sumptions i) the incident particle interacts with only one nucleon at a time and ii)
the interacting nucleon acts as if it were free, i.e. effects of the deuteron binding po-
tential can be neglected for the duration 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 the nucleon system and the nucleon interaction
cross sections are not large compared with the geometric cross section of deuteron.
The transition operator ¢, can be written approximately from egs. (37) to (41),

t,~T ,, (37)
and eq. (35) can be rewritten as
7‘1’:—"9-1 -i—FI(Ei—Kp_Kl —Kz’}‘iﬁ)—lg—z’{" b +(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 theorem of generalized function theory, the propagator
g assuming that U=~0 is written as
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. P
—K —K,— )1
(B Ky =Ky =Ko 4 19 =

—ind(E—K,~K,—Kj),  (39)

where P denotes the Cauchy principal value. The principal value term corresponds
to off energy shell propagation in the intermediate state. The d-function term, when
inserted in eq. (38), implies the energy conservation between the initial and inter-
mediate states. The principal value term is assumed to be small compared with the
o-function term so that eq. (38) is written approximately as

T4 T —inT (S(E;— Ky~ K, —K)T 5+ +(1o2). (40)

¢) We consider five low order Feynman diagrams in the multiple scattering ex-
pansion, which are shown in Fig. 13. Finally the multiple scattering expansion takes
the form
ydﬁj‘l+y2—iﬂ[y16(El-"Kp"‘K1—Kz)g-z
+z7.25(Ei“‘Kp—K1“"K2)f1]. (41)
The single-scattering diagrams a) and a’) correspond to J°, and Z,, respectively.
The double-scattering diagram b) and the final state interaction diagram ¢) correspond
to —ing ,0(E;—K,—K{—K,)7; and the diagram b’) corresponds to —ing -
6(El"‘ Kp.-Kl “'Kz)fz.
The cross section for the reaction

() +d(p)—=>7(@)+ N (p)+Nax(ps) (42)
is described by

1 .
o=—5 [Ms*dLips(s; Q, Py, P,),

1 d3q d3, d°p,
(n) 2E,, 2E, 2E,°

dLips(s; @, Py, Py)= (2m)*0*(P;—P))

(43)
where M; is an invariant matrix element and F is Mgller’s invariant flux factor,
F=FkE,v. v is relative velocity between initial particles, v= ’%_% . dLips(s; Q,

¥ d

Py, P,) is 3-body Lorentz invariant phase space with final four momenta Q, P, and
P,. The transition matrix element in eq. (41) is defined as

'9-11 = (27'5)_9/2(?.]( . 2Ed . 2E,ro * 2E1 . 2E2)—1/2Mfi s (44)
so that the cross section (43) is written as follows:
= Q7 {43443 p,d2p,| 7 2640+ P, + Py — K — P 45
o= qd*p,d°p, |7 ,|*6%(Q+ Py + P, - (45)
The differential cross section measured by the coincidence method for the reaction
(42) in the lab. system (p,=0) is given by

do

0.4, (275)4S q*dqd®p,0(E. + Ey+ E, —k—my)

X 83(q + Py +ﬁ2_E)<Qa P1s P2l T dlk, pg=0, Q,>|?
=Q2n)*qE..| <4, p1p2| Tulk, pa=0, 2;> %, (46)



DIFFERENTIAL CROSS SECTIONS FOR THE REACTION yn—z°n 21

where my, is the deuteron mass; |[Q,> denotes the deuteron state, |Q,> =|p,, @, v, &>
and [v, £> is the spin-isospin state. £ is the deuteron radial wave function written
by the S and D state wave functions

M == ECE: \/Ig—slzwo-)] 7)
with normalization

S: dr{u(r)+wi(r] =1, (48)
and S,, is the tensor operator

S1a=—33(1)-75(2)-F~5(1)-5(2) , (49)

where 6(«) is the Pauli spin operator for the a-th nucleon. The deuteron wave function
in the momentum space becomes

p) =z | Pre?7 2()

=0(p) = T 5120 (). (50)
ap)\_ 1 (e . fjolpr)u(r)
{W(p) }‘\/ﬁgo rdr {jz(pr)w(r)} D

where j(pr) is the i-th order spherical Bessel function.

a) Single-scattering
The single-scattering contribution to the matrix element in eq. (45) from the
Feynman diagram a) is written by

{q> P1s P2 | T 11k, py=0, Q> =Sd319’1d319/2<q, P1s D217 1Pt P2

X<p’1, szlpd=0a 'Qd>
={q, p1, P2l T1lk, —p>Q(P2), (52)

where p,=k—g4—p,. In deriving this eq., we used

{q, pi> P27 11DY, P
=063(q + Py —k—p1o*(Pr— B2 <4, p:|Thlk, pi> (53)

and
<o palPa=0, Q=5+ @ (B P2, (54)
Similarly, the contribution from the diagram a’) is

{4, P1> P2 |k, pa=0, Qp
=<q, pa=k—q—p,|Talk, —p>Q(p,). (55)

If we choose the Hulthén wave function for the deuteron state,
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0(5) = (p) =NFGTB 1
2 =) RN T (56)

then we find that the contribution from a’) as compared with a) is depressed by the
factor

O(p) _ (B3+a2)(p,+ 8
Q(P:Ia) N (P%-sz) CEYR) $0.042

for p; =250 MeV/c and p,~50 MeV/c. The recoil nucleon momentum is always
larger than 250 MeV/c in any 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 calculated from the Hulthén
wave function as shown in Fig. 8. Therefore we shall disregard the contribution from
the diagram a’).

(57

b) Double-scattering

Since, in the low energy region of the present experiment, the yN interactions are
dominated by the first resonance there is a strong resonance in the nN system. There-
fore, the double-scattering effects represented by the diagrams b) and b’) in Fig. 13
must be taken into 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 con-
sider the diagram b) representing large angle production of the intermediate = meson
at the first step, followed by forward scattering at the second step. From eq. (41)
this amplitude is given by

—indq, py, Pl T 20k +my—k,~ ki —ky)T 1|k, pa=0, Q>

= ~in 2 { 0. 0PIdPI DA P3G, D1y P2l T2l P 2
X 8(k +my~ Eq.) — E1(p7) — E2(p9))<qw P, P3IT 1|k, p1s P2
x{py palpa=0, @, (58)

where |q., pi, p5> and |pi, p>> denote a (xnp) state and a non-interacting two nucleon
state. x is the intermediate mesons. Integrating over the J-functions contained in
the definitions of the matrix elements as in eq. (53), we obtain the contribution to the
matrix element in eq. (46):

—indq, pi, P2lT 20(k4+my—k,—k,—k;)T |k, py=0, Qp
=—inX g &*p{q, pr=k~q—p|Tolg.=k+p—p,, —p
x{gy=k+p—py, p1|Tilk, p>o(k+m;—E(q5)
—E,(p1)— E5(p))(P) . (59

Second, the contribution from the diagram b’) representing forward x production in
the first interaction and large angle scattering of = mesons in the second collision, is
similarly given by

—indq, pys PalT 18(k+my—K,— K, ~K)T |k, ps=0, Q>
=~in§5d3p<q, | Tilgx=q+pi—p,

X{gy=q+p;—p, p2=k—q—p|Tolk, —p>
x 8(k -+ my— E(q,) — Ei(p)— E2(p2))2(P) - (60)
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¢) 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:

—indq, p1, P2l T 20(k+my—k,—ki— k)T 1|k, ps=0, Qp
=—in S &p<py, pp=k—q—p,|T¥¥|Py=k+p—q, —p}
x<{q, px=k+p—qlTilk, 4>
X 8(k+ my— E.(9)— Ex(qy) — E3(P)2(P), (61)

where TY¥ is the nucleon-nucleon scattering amplitude and E and Py are the inter-
mediate nucleon energy and momentum, respectively.
Let us now introduce the following simplified notation for the reaction x(k)

+N(p)=» W@+ Npy) (a=1, 2):
TNk, 4)=Lq, ATk, p>, (62)

where A=Fk— D is three momentum transfer. Using this notation, the total amplitude
is written from egs. (52), (59), (60) and (61) in the following form:

T,=T}Nk, H)QP,)
—in X S d&*pT5%(q+pa+p, po+p) Tk, 4—p,—p)
X 8(k+my—E(q+ p;+p)—E1(4—py)— Ex(p)Q(p)
~in 3 [ @pTP(k=p—ps d=p=p)TPK, p+p2)
% 8k +my— E(k— p—p2)— Ex(p)2(P)
_in S d3pTYN(A+p, py+p)TIN(k, 4)
X 8(E1(4 — p2) + Ex(p2) — Ex(4+ p) — E5(p)Q(P). (63)

In order to evaluate the integrals in eq. (63) we set spectator momentum p,=0 and
assume that each amplitude is almost unchanged in the small integral region of the
internal nucleon momentum p and the final state #° meson momentum ¢ 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 expanding the various
particle energies in the internal nucleon momentum p and retain only the linear
terms ;39

Sd3p5(k +my— E(g+p)—E(4)—E5(p)) 2(p) .
64
="§x§(g)-gd2pqu2(}7“q, ﬁlq)ﬁlévsé(il,

& poti+m— E(k—p) = E{() = B30 2(P)

(65)
ACY E(R)
k k

dzP.LkQ(Pum P =4
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and Sd3p5(E1(A)+mz——,EN(A +p)— EX () O(F)
=~E_‘N__Z(~42.Sd2p.LAQ(pl]A, ﬁld)zl_E_l\;g_Al (66)
with Asgdsz(O, p)=2./2n S: dzQ(z), ©7)

where p=(p. P..) and é denotes any vector; py, is the component of p parallel to
é; P, . is the vector of j perpendicular to é.
Finally the total amplitude (63) can be rewritten in the simple form:

T,~TIV(k, 4)O(0)
—ind [z %ﬁl T (g, )TN (k, 4)

X

+3 —E”x’/(c@" T (k, 4)TH(k, 0)
+£zxé(1.4l THN(4, 0) TIN(k, A)]» (68)

where Q(0)=3.536 (fm)*2 and 2= 1.770 (fm)~1/2 for the Hulthén wave function.

In order to obtain the differential cross section, the total amplitude T, must be
sandwiched between spin and isospin functions for the initial and 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 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 4. 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. (41) using the completeness of the final N-N states as follows:

do

[ 4 T
dQnod3p1 (27‘6) qEn° vz,§<v, ‘:[Td Td]V: €>

Q2(Q)TIV(k, A)TIN(k, 4)

=(2m)* gE,. Zé <y, &

+27220((0) Im [z fi_q(ﬂl TIN(k, 4)T5V(q, 0) TIN(k, 4)

X

+3 BB e, )Tk, HTE (R, 0)

v, &>,
(69)

where |v, > denotes the initial deuteron spin-isospin state. Here we neglect the
higher small terms, for example, (TE¥TINI(TENTIY). . :
The amplitudes for the reactions yN—-nN and aN—=N are, in general, decom-
posed into the spin non-flip and flip amplitudes:
TIN=A4,+B,-5(), (70)

T:N=F,+G,-5(x), (71
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where A, and F, are pure spin non-flip amplitudes and B, contains spin flip and
non-flip parts. G, is a pure spin flip amplitude. For the unpolarized deuteron, the
relevant expectation values have the form s

My=5 T MY, (72)

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

(G(2)y =0 (73)
and G (a)-é (ﬁ»-—" oi;  (a#p),

the differential cross section for the unpolarized photon beam and deuteron target is
rewritten from eq. (69) as

a_g_zf%_sz =(2r*qE,. (QZ(O)(]A1(2+ 1B,
20000 Im| T LD (14,24 1B, ) F,
s o £ e )
The first term is reducedutc’) the familiar form | a
do

3= CrrE (AP BP (ap00)

= 2n)*qEy. (|4, >+ B, |?) § d%fzm)

=(2n)*qE,.(|4,]>+|B, ) = °N) (75)

dQ

in the absence of the Fermi motion. Here do/dQ(yN—n°N) is the differential cross
section on a free nucleon target.

Then we obtain the deuteron correction (i.e. the ratio between the cross sections
from the deuteron and free nucleon targets) as follows:

2n E,
RD/M 11‘“1+Q(0) mJ:Z (q){F2+

fffff - (A*B 4+ A4,B%)
Y q z

| 4,12 +1B4 2

- ' 1 -

+ZE/£k){A 4, + 5 Bt BzF R L H
A +EE D4 EE P O

(76)

IV-2. Results of the Deuteron Corrections

For the calculation of the deuteron correction factor, we have used the MOR
amplitudes?# for the yN—zN reactions and the phase shifts of CERN theoretical
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fit3 for the tN—nN reactions. The yN amplitudes A, and B, and the N amplitudes
F, and G, are derived from the MOR partial wave amplitudes and the phase shifts
as described in Appendices A and B, respectively.

We summed over the intermediate pion states x allowed by isospin conservation.
For the reaction yd—n°p(n,), the allowed intermediate states x are n° and n~ mesons
for the diagram b) and z* and #n° mesons for the diagram b’). For the yd—n°n(p,)
reaction, the n° and n* meson states and the n~ and n° meson states are allowed for
the diagrams b) and b’), respectively. The calculated deuteron correction factors
Rp,y and Ry, are shown in Figs. 14 and 15 and the numerical values are listed in

d . FRAS-72 . do e do N
Rom= §5(¥a=npns) /S8wp 0p)  § pneore Rorn = 35 (¥a~Tnp,) / (4 ~nvn)

§ FRAS-7

$ THIS EXP, BE=70°
1.0 .
0.8
85=90°
1.0 L :
0.8
8s=110* 0&=110"
1.0 . e 1.0 - :
0.8 4; # (14 081
L !
85=130°
1-0 . o
0.8
02 03 04 05 06 07 08 03 %o 02 03 04 05 06 07 08 09 10
PHOTON ENERGY (GeV) PHOTON ENERGY (GeV)
Fig. 14 Fig. 15

Fig. 14. Cross section ratio Rpz=

g’fg (7d—>7z°pn8)/%—?f(7p—>n°p) as a function of incident photon
energy. The solid curves are predicted from this model. The dashed curves are calculated
by Baldini-Celio and Sciacca®®.
. . . d o d o H 9 M
Fig. 15. Cross section ratio R, ,,L=-a—?(§-(7-d—>z npg)/-&fé—(yn»—m n) predicted from this model.

Table 4. The experimental data are also plotted in Fig. 14 together with other
data.19712) Theoretical prediction curves (dashed lines) by Baldini-Celio and Sciacca3?)
are also shown. In addition, we compared with the ratio between n* production
cross sections on deuterium and hydrogen targets.

Ry p= % (yd—m*nn,) /—%(vpﬂn‘“n) (77

by Fujii et al.®® in order to test the validity of the model, as shown in Fig. 16. The
dash-dotted curves in Fig. 16 are calculated by the lowest order impulse approximation
with closure.3#73%  The results of this simple spectator model agree with the data
at small production angles but disagrec at large angles. In the first resonance region,
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Rom=g—g(fd'ﬂ’nns)/gﬁﬁp*n‘n) § Tokr-73

02z 03 04 05 06 07 08 09 10
PHOTON ENERGY (GeV)

do

do

curves are predictions from this model. The dash-dotted curves are calculated by Chew

and Lewis®®,

Fig. 16. Cross section ratio R}, i = (;’d—»:*llns)/%%(rp~>rz+11) by T. Fujii ef al®® The solid

the data seems to show dip structure due to the double-scattering (i.e. pion rescatter-
ing) effects which is reproduced well with the present calculation. It should be noted
that for % production the deuteron corrections due to the Pauli exclusion effect and
the final state interaction are also important besides the double-scattering process.
On the other hand, for =° production the double-scattering effects are relatively large
because of absence of the Pauli exclusion effect and of the large cross sections for the
reactions ntp—ntp and n n—nn around the first resonance region. Therefore, the
double-scattering effects which is neglected in the simple spectator model are im-
portant for #° production in the first resonance region.3®

In the energy region above 0.5 GeV, the present calculation shows small cor-
rections due to the double-scattering effect corresponding to smaller cross section of
7N scattering. Therefore, our prediction and the measured ratio of Ry, for =°
production give larger values than the experimental results at Frascati'® and are
almost unity.

These results show that the deuteron corrections other than smearing effect can
exceed 20% in the first resonance region at small angles. We adopted the Hulthén
wave function for the deuteron state. The difference due to choice of the Hulthén
and Gartenhause wave functions was -within 6%,. The present calculation including
the effects of double-scattering reproduces well the experimental results on Rpy for
both n* and n° productions. The calculated values of Rpy and Ry, in Table 4
indicate that the factorization assumption in eq. (28) is good in the over all energy
region except in the second resonance region at 130° and about 7%,. This is due to
the contribution from the double-scattering diagram b’) in Fig. 13 and indicates that
the isoscalar amplitude is appreciable in the second resonance region.
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V. Results and Discussions

V-1. Differential Cross sections'

The smearing effect due to the Fermi motion was taken into account in reduction
of the cross section for the reactions (1) and (2), so that the cross sections yn—=n°n

Table 4. Differential cross sections for the reactions yn—z°n and yp->z°p extracted
from deuterium data and the deuteron correction factors. The quoted error
is statistical only.

k® ac, Rpja %%)"(Tn"?fon) Rpu %%*(TPW>W°D)
(MeV) (deg.) (ubfsr) (peu/st)
335+15 68.043.0 0.743 27.674£2.85 0.731 26.9942.53
365415 69.04-3.0 0.714 20.734-2.73 0.707 24.0242.25
400+4-20 70.5-+-2.5 0.756 13.744-1.77 0.753 20.294-1.89
440420 71.54:3.0 0.834 13.72-4+1.75 0.832 13.534-1.36
480+-20 73.04-3.0 0.896 7.044-0.88 0.894 6.124-0.57
5304-30 72.043.0 0.947 4.55--0.48 0.946 4.8040.37
590430 72.542.5 0.988 4.234+0.45 0.986 3.454-0.27
650430 73.54+2.5 1.011 3.584-0.54 1.003 2.644-0.26
710430 74.5+2.0 1.017 3.604-0.63 1.000 3.26-4-0.34
305415 87.542.5 0.870 25.39+2.61 0.860 30.33--1.87
335415 - 88.543.0 0.817 22.684-2.65 0.806 28.964-1.90
365415 90.04-3.0 - 0.760 28.29-4+4.01 0.750 22.55+£2.32
4004-20 91.0£3.0 0.730 18.334-2.18 0.725 18.474-1.70
440;%:20 91.0&2’.5’ 0.767 13.144-1.69 0.766 12.264-1.21
480420 91.5£25 0.833 8.744-1.13 0.835 7.484-0.66
530430 92.043.0 0.904 5.8740.71 0.909 5.64+40.34
5904-30 91.04-3.0 * 0.957 4.504-0.52 0.965 3.8940.26
650430 91.04-3.0 0.987 3.164-0.45 0.994 3.0440.22
7104-30 90.043.0 0.998 3.184-0.40 1.000 3.3240.24
770430 91.04£3.0 0.995 2.54-4+0.41 0.992 3.294-0.29
8304-30 91.0-42.0 0.989 2.17-40.47 0.984 3.0840.32
890430 91.542.0 0.983 1.324-0.32 0.976 1.594-0.18
950430 92.542.0 0.977 1.104:0.36 0.967 1.914-0.28
305415 108.0-4-3.0 - 0913 26.0245.99 0.906 25.8443.92
335415 109.043.0 0.881 27.514-3.73 0.874 26.924-1.92
365415 109.04+3.0 0.845 24.80--3.14 0.839 19.07-4-1.43
4004-20 109.04-3.0 0.796 19.08+2.10 0.789 19.644-1.17
440--20 110.043.0 0.765 13.324-1.22 0.762 10.964-0.66
4804-20 110.5+3.0 0.778 8.29--0.82 0.780 6.8740.37
5304-30 110.043.0 0.841 5.304-0.49 0.851 3.674-0.20
590--30 110.0-4-3.0 0914 3.424-0.48 - 0.933 3.04£0.20
650-4-30 111.04£3.0 0.958 2.47-4-0.43 0.988 2.144-0.18
710430 111.5+2.5 0.976 2.4540.52 1.010 1.8940.22
335415 128.04:2.0 0.921 18.904-4.34 0.918 25.7344.73
365415 128.5-4+2.5 0.903 - 16.08-4-2.44 0.902 15.524-1.85
400120 ©129.04£3.0 - 0.881 13.08-£1.53 - 0.881 11.5140.98
440420 - 130.0£3.0 0.851 8.664-0.99 0.852 6304049
480420 130.04-3.0 0.831 6.394-0.87 0.832 3.914-0.36
530430 129.543.5 0.838 3.974-0.58 0.842 2.604-0.22
590430 130.043.0 0.885 2.384-0.38 0.903 1.3340.16
650430 130.04-2.5 0.932 2.4541.04 0.984 0.924-0.15

710430 130.54-2.5 0.951 1.064:0.36 1.027 0.8740.15
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and yp—=°p for free nucleons were obtained from multiplying the deuterium data by
the calculated correction factors Ry}, and Rp}y, respectively. The corrected differ-
ential cross sections are summarized in Table 4. The energy and angular dependences
of the cross sections were shown in Figs. 17-18 and Fig. 19, respectively. Other
laboratories data?®):2-19.37) are also plotted for comparison.  The errors attached to
this data are statistical only due to the counting yields and the Monte Carlo simu-
lations. Sources of the systematic errors in the cross sections are listed in Table 5.
The quadrature sum of the systematic errors was found to be 8%.

GAMMA + N ~--> PIZERG + N D GAMMS + N ---> PIZERG + ¥ D
T T T T T T ¥ T T T T T

S——

7.0 £ 0.0 DEG S THI IR 118,04 3.0 DEG LR
SRmASTE

GRMMR + N -~-> PIZERO + N D
T T T T

$0.0 # 3.0 DEG Bt

4

®

Fig. 17. Differential cross sections do/d2(yn—r=°n)(ub/sr) as a function of the incident photon
energy k® (GeV). The solid curve is the prediction from the phenomenological analysis
of MOR?®") and the dotted curve from that of MW?®, & this experiment, FRAS-
7219 TOKY-73" and TOKY-68%7). a) f¢,=70° and 90°, b) 9%, =110° ad 130°.

Table 5.- Systematic errors.

Source of the systematic errors Uncertainty
Beam intensity of bremsstrahlung photons 3 %
End-point energy of the beam spectrum 0.5%

Target density and length

Photon detection efficiency

Recoil nucleon detection efficiency
Conversion efficiency

Photon absorption

Effective acceptance

Deuteron correction

7o
Yo

0 O R W L
X

Quadrature sum
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V-2. Discussions

Y. INAGAKI

The measured differential cross sections for the reaction yp—n°p 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.?®
reduction procedure of the cross sections and the deuteron correction are appropriate.

This makes us confident that the

GRHMA + P ——-> PIZERD + P O
T T T T
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Fig. 18. Differential cross sections de/d2(yp—»=°p)(ub/sr) as a function of the incident photon

energy k® (GeV). The curves are the same as in Fig. 17.

=110° and 130°.

a) 02, =70° and 90°, b) 0¢,

The results on the differential cross sections for the reactions yn—=°n and yp—
7°p have a 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 4(1232)P;, resonance and the second
The cross sections for the reaction yn—»
7°n is somewhat larger than those for the reaction pp—=z°p in the energy range
400 MeV to 710 MeV. This means that the isoscalar part has an appreciable con-

peak is due to the N(1520)D,; resonance.

tribution in the photoproduction amplitude.

In Figs. 17-19 the predictions from the two phenomenological analyses by
Moorhouse, Oberlak and Rosenfeld (MOR)?® and Metcalf and Walker (MW)29
are also plotted by the solid and dotted curves, respectively. These analyses are based
on the recent compilation of cross section and polarization data of single pion photo-
production with the exception of the reaction yn—n°n.

The present data is in good
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Fig. 19. The angular dependences of the differential cross sections for the reaction yn—=z°n.
The curves are the same as in Fig. 17. a) k®==305, 335, 365 and 400 MeV,
b) kR=440, 480, 530 and 590 MeV. ¢) k®=650, 710, 770 and 830 MeV.

agreement with the predictions from the MOR and MW analyses in the over all
energy region.

If an isotensor term of I=2 exists in addition to the ordinary isovector and
isoscalar terms in the electromagnetic hadronic current, the relation between the
cross sections from neutrons and protons at the A(1232) resonance is given by intro-
ducing the parameter x in refs. 14 and 15:

(vp—>7r P, (78)

Q ———(yn—n°n) = (1 —{-x)2

1e=(+x)3M7,, ) (79)

where M“(P) is the magnetic dipole amplitude for a neutron (proton) target. As-
suming that x=—0.3 as suggested by Sanda, Shaw and Donnachie,’*~1% 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 4(1232) resonance. We
conclude there is no positive evidence for an isotensor electromagnetic current. This
result is consistent with the n°n/n°p ratio experiments at Daresbury'V and Frascati.!®

In the N(1470)P,, resonance region, the present results show that there is no
enhancement for the yn—»n°n cross sections in contrast with the previous Frascati
data.'® This discrepancy is seem to be due to the different deuteron correction
factors as shown in Fig. 14.

In conclusion we summarized as follows: 1) The deuteron correction to the
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differential cross sections are about 209 in the 4(1232) resonance region. 2) The
double-scattering (pion-rescattering) effect is very important at the 4(1232) resonance
especially for #° production from deuterium. 3) The differential cross sections for
yn—7°n are consistent with predictions from the MOR and MW analyses. 4) There
is no enhancement of the cross section due to the N(1470)P,, resonance. 5) No posi-
tive evidence for an isotensor electromagnetic current is found.

Appendix A yN—nN Amplitude

The CGLN amplitude for single pion photoproduction is written as
F=iG2F 1+ 40 (kx &) F ,+i0-k§-8F 3 +i5-§4-sF 4
=8 (g x k) F,+i6-[6F + (§-8k—§-ké) 7,
+kgi7 3+ 447 ,], (A.1)
where £=(-sin ¢, cos ¢, 0) is the photon polarization vector, §=(sin 0, 0, cos 8) is

the scattered pion unit vector with the scattering angle 6 in the c.m.s. and k=(0, 0, 1)
is the incident photon unit vector. The amplitudes being defined as eq. (75), a and

b correspond to an invariant matrix element M ,; are
a=—cos¢sinf F,,
b=i[8(F, cos 0F,) + §-6{k(F 1+ F3) + 4F 1. (A.2)

Notice that averaged values over the photon polarization are
(M sin? ¢>={(M cos? ¢ =—%~M, (A.3)

where M is some amplitude:
The relation between the CGLN amplitudes and the helicity amplitudes is given
by

o __ 1| H—H, _ H+H,
1 2 \/_7_cos~9— /TSin—Q—
SeosT VRS
7= ii;[ oty Mo } (A4)
5 cos-L in2
/2 cos 3 /2 sin 5 -
Fo= — 1 H, _ H;
PoV2sin0 | o8 g 0P
2 2

Fa

I

I(Hl_HsJ

+/2sin @ ‘_cosg sing«

where Hy=A;5 310, Hy=A2,172, Hs=A_ 153, and Hy=A_ 5,1/, Here 4, are
helicity amplitudes with the initial and final state helicities A=2,—4; and u=—A4,.
Ay, A and 1, are the incident photon, target nucleon and recoil nucleon helicities.
The helicity amplitudes are expanded in terms of the partial waves 4;. and B, with
j=141/2 and parity —(—)* as follows:
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H = \/‘ sin 0 COS‘“ Z (Bi+— By )(P1— Pli1)

Hz—\/2 COS“‘“ Z (A= Agey-)(P1—=Pii1) s

u A5
Hy= /2 sin 0 sin —- Z (Br++B ) (P] + Plsy) (A-3)
v

H,=.2 Slll Z (Ape+ Ay ) (Pi+Pryy),

where [ is the orbital angular momentum of the AN system and Pj and P’ are deriva-
tives of Legendre polynomials.

The amplitudes for the reactions yp—=n*n, yn—xn"p, yp—=°p and yn—n’n are
decomposed in terms of the isoscalar and isovector amplitudes (assuming that there
is no existence of the isotensor amplitude) as follows:

AGpomtn) ==L ars 4 /2 (-9,
Atnonp) =y L ars = 2 i), A6)
AGponp) =y T s 4o/ L (-9,
A(yn—7°n)= \/% AV + ‘/% (A" + 45) .
The amplitudes a, & for each reaction can be calculated from the partial waves AV2-V1:S

and B} 2'V+S using egs. (A.2), (A.4), (A.5) and (A.6).
The photoproduction cross section can be written as

do

=L (al+15P) (A7)

where k* and ¢* are c.m. momenta of the incident photon and the pion, respectively.
Using the amplitudes 4 and B correspond to the Lorentz non-invariant matrix ele-
ment TN, the cross section is also written as

om0 4y By, (A.9)

where s=(k*+ E},) is total energy squared, E¥ is the pion c.m. energy and Ej¥,; , are
the nucleon c.m. energies in the initial and final states. The amplitudes A and B are
given by

=1 S
A=z ‘/k*EﬁiE;fEf; P (A.9)

=1 s .
and B= Gn)? \/k*EﬁiE;":Eﬁf b
in the c.m. system.

Appendix B aN—-7N Amplitude

The total isospin of the N system is I=1/2 or 3/2 so that the amplitude for
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each channel is decomposed into I=1/2 and I1=3/2 amplitudes as follows:
T(ntp—-n*p)=T(x n—-n"n)= T3,
T(n p—np)=T(n"n—n"n)=2/3T,,+1/3T;,,, B.1)
T(n~p2n°n)=T(n*nan°p) = —/2/3T,,++/2/3Ts ,
T(nop-) ﬁop) =T(TC°n—>7t°n) = 1/3T1/2+3/3T3/2 N

where Ty, and Ty, are the isospin I=1/2 and I=3/2 amplitudes.

The nN elastic amplitude is written by the spin non-flip and flip amplitudes as

described in eq. (71):

M™=£(0)+g(0)d - i, (B.2)

where 0 is the pion scattering angle in the c.m.s. and 7 = p¥ x §¥/|p¥ x §¥| is the normal
unit vector to the production plane (p¥ and g7 are the initial and final pion moment).
The amplitudes f(f) and g(6) are expressed in term of partial waves by

1) = 5, [+ D71 +11-1 Py(eos 0),
9'(©)=i 3 [fls—fL-]Pi(cost) ®3)

1 .
flz= 2iq, (s e}e" 1),
where Pjcos 0) are Legendre functions, f7{,. are the partial wave amplitudes for orbital
angular momentum ! and total angular momentum j==1+1/2, i, are the elasticity
and 6], are the phase shifts.
The differential cross section for 7N elastic scattering can be written as

S =1f@)P +1gO) (B.4)

in the c.m. system. Using the amplitudes F and G correspond to the Lorentz non-
invariant matrix element T*N, the cross section is also written as

o= e BRI B2 (e Bp), (8.5)

where s=(E¥;+ E};)* is total energy squared and E}; , and Ej, , are the pion and
nucleon c.m. energies in the initial and final states, respectively. From eq. (B.4) and
(B.5) the amplitudes F and G are given by

_ 1 s ad
F=mnz ‘/EfiEﬁ,-E::‘fEﬁf Jp;s 76

= 1 s o qF . (B.6)
and o= <zn>2‘/E:iE;siE:,Eﬁf “/p:r 9)n
in the c.m. system.
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