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ABSTRACT

Differential cross sections of the proton Compton scattering have
been measured In the energy range between 400 and 1150 MeV at CMS angles
of 130°, 100° and 70°.
The recoil proton was detected with a magnetic spectrometer using
multi-wire proportional chambers and wire spark chambers.

In coincidence

with the proton, the scattered photon was detected with a lead glass
Cerenkov counter of the total absorption type with a lead plate converter,
and horizontal and vertical scintillation counter hodoscopes.
The background due to the neutral pion photoproduction, was subtracted
by using the kinematic relations between the scattered photon and the
recoil proton.
Theoretical calculations based on an isobar model with two components,
that Is, the resonance plus background, were done, and the photon couplings
of the second resonance region were determined firstly from the proton
Compton data.

The results are that the helicity 1/2 photon couplings of

P1:L(1470) and S u ( 1 5 3 5 ) , and the helidty 3/2 photon coupling of D 1 3 (1520)
are consistent with those determined from the single pion photoproduction
data, but the helicity 1/2 photon coupling of D ,(1520) has a somewhat
larger value tnan that from the single pion photoproduction data.
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CHAPTER 1.

INTRODUCTION

The elastic scattering of photons by protons (proton Compton
scattering)

y + p -t- r + p ,

(1-1)

has been studied by many authors in both experimental
theoretical ''

'>

33

4

)- ')

aspects.

and

This reaction is the most elementary

process to study the photon-nucleon interaction.
In the case of the electron Compton scattering, the cross section
was calculated by Klein and Nishina
the experimental data very well.

, and their results reproduced

This was one of the validities for

the quantum electrodynamics.
For the proton Compton scattering, an anomalous magnetic moment of
protons must be taken into account.

Powell

49)

made a calculation giving
ng

a good fit to the data below the threshold of the pion photoproduction

12)-20>

However discrepancies start to appear near and above the threshold.
This is understood as the effects of the hadronic structure of protons.
Below the first resonance of the pion-nucleon scattering, some
experiments on differential cross sections have been done
besides 8

cm

- 90°.

performed at 8

m

at angles

Above the first resonance, most of experiments were

» 90

.

The energy dependence of the differential

cross sections at 6 c n * 90° exhibits peaks corresponding to the first,
the second and the third resonance of the pion-nucleon scattering or
the pion photoproduction.
In the higher energy region, that is, the Regge region, there exist
data of the differential cross sections in the small t region up to the
incident photon energy of 17 GeV °'~ 3 2 '.
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The data show a diftractive

peak which does not shrink with the increase of the photon energy, as
those of an elastic scattering of hadrons with non-exotic quantum numbers
in s-channel. Such a non-exotic scattering of hadrons has a dip in the
differential cr6ss sections at |t| - 0.6 GeV , which disappears with the
increase of the incident energy. This feature ia explained by the dual
absorptive model

. I n the case of the photon-proton elastic

scattering, such a dip had not been found in this energy region. But
recently, preliminary data from Bonn group

showed a dip at the photon

energies of 700, 750 and 800 MeV.
Total photoabsorption cross sections of protons have been measured
by several groups up to 185 GeV

. These total cross sections are

related to the spin averaged forward amplitude of the proton Compton
scattering via the optical theorem.

Im f,00 - TZ M k )

d-2)

where k denotes the incident photon energy. The real part of f,(k) can
be obtained using the once subtracted dispersion relation.

r
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(1-3)

where k 0 denotes the threshold photon energy for the pion photoproduction
and f x (0) is equal to the Thomson limit 6 0 ^" 6 1 '.

f1(0) - - £

(1-4)

On the other hand the Regge theory predicts the amplitudes as follows;
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where C

Im f 1 (kj - C p k + C R k 1 / 2 ,

(l-5a)

Re f ^ k ) - - C R k 1 / 7 ,

(l-5b)

and C

are the Pomeron and (f.. + A_) terms, respectively.

The

amplitudes reduced from the total cross sections by using the dispersion
relations (1-2), (1-3) and (1-4) requires to add a special consteut
term C, to Re f,(k)

Re £ x (k) - - C R k 1 / 2 + C .

U-5b')

The value of the constant coincide with the Thomson limit.

This constant

term is regarded as a fixed J - 0 pole in the Regge pole language

"

'

Vhether this fixed pole survives at higher energies or not, is an open
question.
In this paper we restrict our attention to the resonance region.
In the resonance region, the aims of investigation of the proton Compton
scattering are to resolve the scattering mechanism of photon and nucleon,
and to determine the photon couplings of resonances.

As is known, the

photon couplings of resonances contribute to the cross sections of the
proton Compton scattering with the fourth power, while the photon couplings
contribute to the photoproduction of mesons with the square.

Then, it is

easier to determine the photon couplings from the cross sections of the
proton Compton scattering, if sufficient data were accumulated.

Because

of experimental difficulties such as the existence of the background from
the neutral pion photoproduction,

Y + p -» *° + p
I—• Y + Y ,
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d-6)

.

which is two order abundant, the situation of the data accumulation on
the proton Comyton scattering is still poor compared with that of the
single pion photoproductlon.
As for the differential cross sections, systematical data are as
follows.
(1) An excitation at 6 c m - 90° between k - 500 MeV and 850 MeV by MIT
group (Stiening et al.

2)
).

An excitation at 8 ™ - 90°
at Cornell (Rust et al.

).

(3) Excitations at 9°" - 60° and 115° between 565 MeV and 2500 MeV
measured at Cornell and CEA (Deutsch et al.

Tokyo group (Toshioka et al.

).

).

(5) Angular distributions in the first resonance region by Bonn group
(Genzel et a l . 5 ' ) .
(6) Preliminary data of angular distributions in the second resonance
region by Bonn group (Jung et al.

).

(7) Data from Daresbury group (Barton et al.

) cover wide range in

both energy and angle between 650 MeV and 1350 MeV, but have poor
statistics.
There have been only two experiments on polarizi:ions; Frascati
group (Barblellini et al.

) measured the polarized photon asymmetry

rizations at 6 C m - 90° in the second resonance region were: .measured, by
Tokyo group (Kabe et al. ' ) .
There are two kinds of theoretical analyses of the proton Compton
scattering in the resonance region. One is a phenomenalogical analysis
33)
using an isobar model for example by Nagashlma

34)
and by Greenhut

The other is a dynamical analysis using the dispersion relation such as
by Hearn and Leader
the excitation at 6

, and by Toshioka et al.
c

These analyses reproduce

90° fairly well, but at the other angles show.

a different tendency each other.
Therefore,we have measured the differential cross sections of the
proton Compton scattering at angles other than 8 c m = 90° {that is, 8CID
• 130°, 100° and 70°), and analyzed the results basing on an isobar model.
Thus the photon couplings of the resonances in the second resonance region
were determined ;.rom the proton Compton scattering, for the first time.
The present experiment has been performed simultaneously with the
measurements of the recoil proton polarizations of the neutral pion
photoproduction, which were described by Sugano

and Chiba

. The

recoil proton polarizations of the proton Compton scattering also have
been measured at the same time.
In CHAPTER 2 the experimental method Is described, and in CHAPTER 3
the experimental apparatus are expressed. The data reduction process is
explained in CHAPTER 4, and the theoretical calculations are practiced
in CHAPTER 5. Finally discussions and conclusions are given in CHAPTER 6.
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CHAPTER 2.

EXPERIMENTAL METHOD

This experiment has been executed with 1.3 GeV elect, jn synchrotron
(ES) at Institute for Nuclear Study (INS), University of Tokyo. The data
taking began in November, 1977, and was completed in July, 1978.
The set up of Che experiment is illustrated in Fig.l. The bremsstrahlung beam illuminated a liquid hydrogen target. The recoil proton arid
the scattered photon were detected in coincidence with a magnetic spectrometer and a lead glass Cerenkov counter, respectively. As shown in Fig.2,
the raw data were stored on a magnetic tape (MT) through a CAMAC system
and a mini-computer, and were monitored by on-line analyses with a
central computer.
The background due to the neutral plon photoproduction was subtracted
by using a kinematlcal relation between the proton and the photon.
As is shown in Table 1, the measurements were divided into several
experimental sets according to an angle in the center of mass system
(CMS) and ES top energy. Each experimental set consists of several tens
of experimental runs.

- 6-

CHAPTER 3.

3-1

EXPERIMENTAL APPARATUS

Beam and Beam Monitor

A photon beam was produced by a bromsstrahlung process at a 50 ym
thick platinum internal radiator in the 1.3 GeV ES of INS. The beam was
collimated by a lead collimator to a suitable size for the experiment
and passed through a sweeping magnet. A circular collimator of 8 mm<|>
was used for the measurement at 100° and trimmed the beam size to be
27 mm$ in diameter at the target position. For the measurement at
backward angles of 130° another collimator having a rectangular hole
of 6 mm x 9 mm (width x height), was used to reduce the beam width.
The beam shape was 20 mm x 30 mm at the target. As will be described
in CHAPTER 4, the beam width was very sensitive to improve the signal
to noise ratio. The beam position was observed by a Polaroid camera
with a thin lead plate several times during the machine time. The beam
_2
line was evacuated by rotary pumps t-j about 10
mmHg to reduce electro9
magnetic backgrounds. The typical beam intensity was 10

equivalent

quanta/sec. During the data taking, the beam spill time wan kept ±2 msec
which corresponded to a duty factor of 8 %.
A thick-walled ionization chamber

-was used to monitor the total

energy of the photon beam. The chamber consists of copper converters of
40 mm long '. in total and electrodes which are packed with gas mixture
of 95 % Ar and 5 % CO.. The length of the converter is 2.74 radiation
lengths which corresponds to the shower maximum fo*" a bremsstrahlung beam
of 1.27 GeV. Two high voltage electrodes are installed both sides of a
collector electrode with spacing of 1 cm. Ionization charges which are
proportional to the total energy of the beam, are collected to the collector

- 7 -

electrode. The coefficient had been calibrated as a function of the top
energy using a Faraday cup within an accuracy of 1.-3%
Two subsidiary beam monitors were used in the experiment. One was
a thin-walled ionlzation chamber located between the sweeping aiagnet
and the liquid hydrogen target. A magnet followed with a scintillation
counter telescope was set behind the thin-walled ionization chamber,
so that the electrons created in the chamber were analyzed and counted
with the telescope. This counting rate was a good monitor of the photon
beam. The electron beam analyzed with this magnet was used to test trigger
coanters and to calibrate the energy responce of a lead glass Cerenkov
counter.

3-2

Target

A liquid hydrogen target system used for this experiment consists
of a helium refrigerator, a condenser chamber and a target container.
Two types of helium refrigerators were used, one was CRYOMECH whose
refrigeration capacity was 1 W at 20.41'K. CRYODINE 1 0 Z 3 7 1 ) which had
the refrigeration capacity of 8 W, was used after CRYOMECH refrigerator
had been broken down.
As shown in Fig.3, the target container was made of 5 mil Mylar
film and was a cylindrical shape along the beam line, 50 mm in diameter
enough to cover the photon beam. The length of the target container was
137.8 mm for CRYOMECH refrigerator and 133.0 mm for CRYODYNE. To reduce a
heat inflow, the target container was wrapped with aluminized Mylar films
of 20 pm thick and set in a vacuum chamber. The vacuum chamber was
evacuated down to 1 x 10

mmHg.

The liquid level of hydrogen was monitored by a level sensor of

- 8 -

a solid resister and was also observed with eye at each run end. The
construction and mechanism of the target system are described in APPENDIX
A in detail.

3-3

Photon Detector

This system identifies photons and measures their energies and
directions.
The photon detector consists of a lithium hydride (LiH) photon
hardner, a veto counter, a lead plate converter, horizontal and vertical
scintillation counter hodoscopes which we called the y hodoscopes and
a lead glass Cerenkov counter. The detailed mechanical construction of
the photon detector is described by Kato et al.

72)

and shown in Fig.4.

In order to reduce the background of low energy photons, lithium
hydride was used as an absorber. The size of the container box is 10 *
33 x 33 cm 3 .
The veto counter to reject charged particles, consists of two
scintillation counters.
The lead plate converter of 1.036 radiation length was used to
convert nearly half of the scattered photons into e e

pairs.

To detect the position of the photon which hit the lead converter,
the Y hodoscopes were set behind the converter.

These hodoscopes were

made of 20 scintillation counters of 16 mm width with an overlap of 1 ran
each other.
The last element of the photon detector is a flint glass SF-2 of
30 x 30 x 30 cm

volume which measures the total energy of the photon.

The Cerenkov light Is collected by nine R329 photomultlpliers.
The Cerenkov counter was tested with an energy selected electron
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beam. The energy response and the energy resolution are shown in Fig.5
and Fig.6, respectively. The energy resolution was expressed as

AE/E - 4.87 / (E - 2 5 . 5 ) 1 / 2

(E in MeV)

(3-1)

Position dependence of the pulse height was also measured with
500 MeV and 250 MeV electron beams and are shown in Fig. 7. The events
which hit the most outside counters of the y hodoscopes were rejected
at the stage of the data reduction, therefore, only the inner area of
27 » 27 cm

was used for the measurement.

.The lowest energy of the photon which should be detected in our
experiment was 240 MeV, so that the threshold of the discriminator for
the Cerenkov counter was set to be low enough to accept the all photons
from the proton Compton scattering. Fig.8 shows the detection efficiency
of the photon detector as a function of the photon energy. The photon
detector was set on a rotatabii platform.

3-4

Proton Spectrometer

This system identifies protons and measures their momenta and
emission angles in good resolutions. The proton spectrometer consisted
of a four-fold trigger counter system CT1, T2, T3 and T 4 ) , eight planes
of multi-wire proportional chambers (MWPC's), an analyzing nagnet and
four planes of wire spark chambers (WSC's), and was set on a rotatable
platform.
The trigger counters Tl and T2 were placed between the target and
the magnet. Each of the trigger counter consisted of three scintillation
counters. Behind the magnet the trigger counters T3 and T4 were placed.
Each of the counter consisted of two scintillation counters. Size of

- 10 -

scintillators are listed in Table 2. These scintillators were viewed
by a 56 AVP photomultipller. The counters T2 and T4 defined the angular
acceptance and the momentum acceptance, respectively. The counters Tl
and T3 were large enough to accept particles which originated from the
target and passed through T2 and T4 counters. The efficiency of each
counter was measured using the'electron beam.
Eight planes of MWPC's

*

were set in front of the magnet

where large backgrounds existed, and were used to determine the trajectory
of the proton. Anong eight planes of the MWPC's, five planes were used
for the horizontal readout and three planes for the vertical readout.
The frames of the MWPC's are made of G-10 epoxy glass. The anode plane
consists of gold plated tungsten wires with a diameter of 20 urn with
spacing of 2 mm. The cathode planes consist of 100 vm diameter stainless
steel wires with spacing of 1 mm. The gap length between the anode and
the cathode Is 6 mm. The dimensions of the chambers are given in Table 3.
A mixture of argon, isobutane and a small amount of freon 13B1 was used
as the gas to operate the chambers. The detailed descriptions of the
MWPC's are given in APPENDIX B.
A 20 ton sector magnet having a gap of 20 cm and a 52 cm wide
aperture , was used to analyze the particle momentum. The maximum field
strength is 20 kG with the electric current of 1000 A. The field strength
was measured by a nuclear magnetic resonance method.

A floating wire

measurement was also performed to measure the effective length of the
magnetic field.

The magnet was originally designed as a focusing type

with 50" bending to analyze the momentum of a particle below 700 MeV/c.
The present experiment required to detect the protons of higher
momentum than 700 MeV/c.

Therefore the bending angle of the central

orbit was reduced to be 36.1° and 25.4°.

With 36.1° bending, the

protons of up to 940 MeV/c were detected and the polarization measurement
- 11 -

using a carbon analyzer was performed simultaneously, while the protons
of up to 1300 MeV/c were detected with 25.4° bending and the polarization
measurement using a hydrogen analyzer was performed. We called the
experimental runs with a carbon analyzer as carbon runs (C-Runs) and
those with a hydrogen analyzer as hydrogen runs (H-Runs). The H-Runs
were executed after the C-Runs. The detectors behind the magnet such as
the trigger counters T3 and T4, and the WSC's, were set at right angles
to the central orbit at either runs. The effective edge approximation
was used to evaluate the particle momentum.
Four planes of the WSC's

were set behind the magnet. The frame

was made of bakelite of 12 ami thick. 100 ym diameter Cu-Be wires were
stretched horizontally for the high voltage plane and vertically for
the earth plane with spacing of 1 mm. The specifications of the WSC's
are listed in Table 3. The efficiency of the WSC's versus high voltage
for various gas mixture is plotted in Fig.33. In the actual operation
pure helium gas was flowed and a high voltage pulse of 12 fcV was supplied.
The magnetostrictive read out was used. The detailes of the WSC's are
described in APPENDIX C.
The characteristics of this proton spectrometer were calculated by
a Monte Carlo method and are shown in Fig.9 and 10.

3-5

Fast Electronics

V

Signals from the scintillation counters and the Cerenkov counter were
fed into NIM electronics modules in an electronics room. The block
diagram of the electronics is shown In Fig .11.
A signal from the Cerenkov counter vetoed by the veto counter was
regarded as the detection of a photon (y = C«V). A coincidence of Tl, T2,
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13 and T4 was regarded as the detection of a proton (P - Tl-T2-T3'T4).
A coincidence signal between y and P generates a master signal to control
following circuits.
(1) interruption of a mini-computer
(2) write gate of the MWPC's
(3) trigger of the WSC's
(4) gate of strobed buffers
(5) gate of analogue to digital converters (ABC's)
(6) gates of a start signal and stop signals of time to digital converters
(TDC's)
(7) fast inhibition of the electronics to protect from the spark noises
of the WSC's
Time differences between the counters T4 and Tl, and between the
counter T4 and the Cerenkov counter were measured with a TDC module to
identify particles and to reject

backgrounds. Pulse heights of the

counter T4 and the Cerenkov counter were stored in ADC buffers as additional informations to identify the particles. Nevertheless, the coincidence between the y and P signals was good enough to identify the y-P
event without these informations.
The succesive master signal was inhibited by 180 msec to wait
charging up of the WSC high voltage.

3-6

On-Line Data Taking System

The data were stored and monitored by the on-line system of INS
which is shown in Fig.2. The system consists of a CAMAC data taking
system, a mini-computer of TOSBAC-4O/C (T-40) and a central computer
of TOSBAC-3400/M51 (T-3400).
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The informations from the MWPC's, WSC's, scintillation counters
and lead glass Cerenkov counter were stored in CAMAC modules which are'
listed in Table 4. Data were transferred to T-40 through Crate Controllers
of type-A (CCA) and a branch driver (BD) event by event. The Information
of one event consisted of 224 CAMAC words (1 CAMAC word - 24 bits) and
T-40 condensed it to 74 storage units (1 storage unit - 48 bits). T-40
displayed firing points of the WSC's and MWPC's on a cathode ray tube
(CRT) as shown in Fig.12, and stored raw data up to 12 events. Then the
raw data were written on a magnetic tape for further off-line analyses,
and transferred to the central computer of T-3400 for on-line real time
analyses.
The detailed description of T-3400 on-line programs is given in
APPENDIX D. The flow chart is shown in Fig.37. T-3400 stored the raw
data on a disk by a program PRAtf. Every 120 events, all the data were
written on an MT by P3MT and analyzed by PREC. The raw data were processed
by P3MT into various type of distributions such as the firing points,
pulse heights of the photon, the time of flight of the proton and so on,
bit Informations of counters and the efficiency of each chamber. The
reaction points, momenta of protons, incident photon energies, directions
of scattered photons etc. were calculated event by event by the program
PREC. At every run end the information of these quantities were sent
back to T-40 and printed out with the line printer by request af the
programs PLPM, PLP1, PLP2 and PLP3.
The programs of T-3400 were written mainly with the FORTRAN language.
The subroutines for the bit manipulations were written with an ASSEMBLY
language to reduce the time for the data analysis.

Consequently the

time spent in analyzing one event reduced to be 300 msec, and only half
of the CPU time of T-3400 was spent for on-line analyses even for the

- 14 -

experimental runs with the highest event rate.
The performances of the detecting system were monitored by the CRT
display by T-40 and by these on-line analyses. For example the break
down of the high voltage power supply for the WSC or the broken wire of
the WSC were noticed very quickly by the observation of the CRT display.
The variation of chamber efficiencies and inefficient wires of the MWPC's
were easily found from the on-line analyses'by T-3400. Finally the
preliminary data of the proton Compton differential cross sections were
also calculated by the on-line programs of T-3400 by testing the kinematics of the Compton scattering and provided a useful guide for the data
taking schedule.

- 15 -

CHAPTER 4.

4-1

DATA REDUCTION

Differential Cross Section

The differential cross sections were evaluated by using the formula

,
where Y, N , N

and Kl* denote the yield of the proton Compton scattering,

number of the incident photons, number of the target protons and solid
angle acceptance, respectively.
Details of each quantity will be described in the succesive sections.

4-2

Number of Incident Photons

The total charge at the shower maximum of the incident photon beam
was collected in the thick-walled ionization chamber. The total charge
was integrated during a run by an integrator. The total energy U of the
bremsstrahlung photon beam was obtained from the count of the integrator
(THICK) with the following formula.

U - THICK x Cj x C T

where C

,

(4-2)

is the calibration constant of the integrator and is 3.00 x 10

Coulomb/Count. C_ is that of the thick-walled ionization chamber and
varies slowly with the top energy E

p

as follows.

C T = (3.424 - 0.8442 x 1 0 ~ 3 E T O p + 0.7621 x 1 0 ~ 6 E T O p 2 )
x 1 0 1 8 MeV/Coulomb
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(4-3)

Thus the number of the incident photons was evaluated by the relation,

J

' max _,..
min

• a 'EIOP * ^ " w W

»B «

«-V

where E . ™ denotes the top energy of the bremsstrahlung, k
maximum energy in the data bin, k .

is the

is the minimum energy in the data

bin, B(k) represents a bremsstrahlung form factor which is calculated
from the Schiff's formula of thin target bremsstrahlung

', and Q -

U / E O p denotes the equivalent quanta.

4-3

Number of Target Protons

The number of the target protons was obtained as

N T = (p x L / M) x N A

,

(4-5)

where p is the density of liquid hydrogen, L is the target length, M
is the atomic number of hydrogen and N. is the Avogadro number.
The target length L was measured at

room

temperature and at the

pressure being 1 atmospheric pressure higher than outside. The values
of L were measured to be 137.£ ± 0.5 mm and 133.0 ± 0.5 mm, depending
on the type of the refrigerator used in the measurement as was described
in section 3-2.

4-4

Yield

The yield of the proton Compton scattering was evaluated in the

- 17 -

following way.
The momentum and Che emission angle of the proton were calculated
from the trajectories of the recoil proton.

These trajectories were

reconstructed in the following way.
(1) Horizontal and vertical informations of the MWPC's or WSC's were
treated independently.
(2) In principle, unless more than two chambers had firing points,
the event was rejected.

However, if there were only two chambers

which had one firing point, the line trajectory was determined
uniquely, and the event was accepted.
(3) The line trajectory was determined from the firing points of the
most outside chambers.

If these chambers recorded multiple firing

points, the additional firing point recorded in another chamber was
used to determine the trajectory.
In evaluating the momentum and the emission angle of protons, the effective
length method for the magnetic field of the spectrometer was used.
The incident photon energy and the scattering angle of the photon
were also calculated assuming Yp •+ YP kinematics.

Then the expected

position of the scattered photon on the Y hodoscope was calculated.
On the other hand the observed position of the scattered photon
was known from the information of the Y hodoscop ..
As shown in Fig. 13, the distribution of the difference between the
observed and expected positions of the photons (X_,_ for the horizontal
direction and Y

lm

for the vertical direction), shows a sharp peak of

the Compton events over a broad background due to the events of the
neutral pion photoproduction.

The spread of the Compton peak is due to

(1) ambiguities in the momentum and emission angle of the proton due to

- 18 -

the multiple Coulomb scattering and resolutions of the chambers,
(2) an ambiguity in the reaction point due to the beam width,
(3) an ambiguity in the position of the scattered photon due to the width
of each counter in the y hodoscopes.
A Monte Carlo simulation reproduced well the spread of the Compton peak.
In order to obtain the Comptcn yield, we applied cuts in X_T1T, (¥„„„)
oUB
SUB
and divided the distribution of Y_._ (X_ n _) into a center part and offbuiS

center parts.

burl

We fitted the distribution in the off-center parts by 3

polynomial of the fourth power.

Then the distribution in the center part

was fitted, assuming that the Compton peak was expressed with a Gaussian
form and the background with the polynomial which had been determined
from the distribution in the off-center parts.

That is,

f (x) = A-expt- | ( ~ i 0 ) 2 ] + R-(C Q + C t x + C 2 x 2 + C^3

where 0

+ C^x 4 )

(4-6)

is the width of the Compton peak, A and B are the normalization

factors of the Compton peak area and the background, respectively, and
N_ is the number of events in the Compton peak.
result is shown in Fig.14.

N

An example of the fitting

was evaluated from the distribution of Y

and from the distribution of X_.,o, separately.

™

These two values offer N_

agreed each other within the errors, then, we accepted the average value.

4-5

Corrections

The value of N_ does not represent the correct yield of the Compton
scattering because of the reduction due Co the inhibit time, the reconstruction efficiency of the proton trajectory and the conversion efficiency
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of the photon. The inhibit time and the reconstruction efficiency of
the proton trajectory do not depend on reactions, and the conversion
efficiency of the photon is nearly constant in our energy region. The
ratio of the Compton yield to the total yield remains correct among the
all reconstructed events. Then, the Compton yield was evaluated by using
the sealer data in such a way that

Y

where Y

C "

Y

Yp

X

( N

C ' N TOT > •

<*"«

, H_ and H-,n~ denote the sealer data of y P , the number of the

reconstructed Compton events and reconstructed total events, respectively.
In this calculation the accidental events between the photon detector
and the spectrometer were subtracted. This accidental ratios amounted to
1.5 X, 0.9 X and 3.3 X at 130°, 100° and 70° runs, respectively.
After this normalization several corrections were applied. The
correction for the photon absorption
scattered photon by e e

, that is, missing of the

pair creation in the material between the

interaction point and the veto counter, amounted to 8 t> 9 X.
Over vetoing to the Cerenkov signals due to the high counting rates
of the veto counter, was estimated using the counting rate of the delayed
v
coincidence between the veto and Cerenkov counters, as

nc - ( c - c-v6 ) / c ,

(4-9)

The values of n« depended on the set up parameters and were 4 X at 130°
runs, 6 Z at 100° runs and 19 % at 70° runs.
The loss of the protons by the interaction with the materials in
the path was estimated to be 2 ^ 3 %, from the data compilation of p-p
and p-n total cross sect-i™

' using the A

rule for the nuclei.

The yield from the empfy target which amounted to 2 ^ 3 %, came
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mainly from the nuclei in the Mylar walls of the target container. Hence
we concluded that the fitting procedure applied to extract the Compton'
yield subtracted this background events together with the background from
the neutral pion photoproduction.

4-6

Acceptance

The acceptance of the whole detection system was calculai-ed by a
Monte Carlo method. The flow chart of the event simulation is given in
Fig.15. First the values of the following quantities were chosen randomly;
the incident photon energy in the laboratory frame, k ; the azimuthal
and horizontal angles of the reaction in the CM system, S c m and <|> ;
and the reaction point, (x 0 , y 0 , Z Q ) . Next the track of the recoil
proton which is meandering due to the multiple Coulomb scattering and
losing its energy, was traced. The standard deviation of the distribution
of the deflection angles due to the multiple Coulomb scattering was
approximated as follows.

where z, p, 0,L and L

, denote the charge, momentum and velocity of

the projectile in the unit of c, the path length and the radiation length
of the material, respectively.
The displacement due to the multiple Coulomb scattering y

was

taken to be

y
= L-9
. / /I
J
rms
proj

.
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(4-11)

Bie range of the proton was parametrized as R = b-T a , where T
denotes the kinetic energy of the proton, and a and b are parameters
dependent on materials. So the energy loss of the proton in the matter
of length L is given by

AE - T(R) - T(R - L) - ( £ ) 1 / a - ( 2-=-^ ) 1 / a

.

(4-12)

The events which did not hit the trigger counters were rejected.
The track of the scattered photon was also traced, and it was seen
whether it hit the Cerenkov counter or not. The spacial resolutions of
equipments such as 2mm spacing of the anode wires of the MWPC's, 15 mm
width of the y hodoscopes and 0.5 mm (standard deviation) for the WSC's
were considered in this track tracing.
After the track tracing, the data of the pseudo events were calculated
by taking into the resolution of the photon detecter and so on. Then the
reconstruction process were proceeded as same as those for the real data
described in section 4-4.
The solid angle acceptance Aft* is obtained from the number of trials
N_,

and the number of accepted events N_ , as

an* - 4* « N Q K / N r a .

(4-13)

An example of the photon energy acceptance is shown in Fig.16.

4-7

Results

The differential cross sections were calculated from the equation
(4-1) for each experimental set. As shown in Fig. 17, data of different
sets agree well each other. We took the average of the same data bins
weighted with their error bars. We chose the photon energy bin of 25 MeV
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for each data point.
The final results are shown in Fig.18 with the data of other
laboratories, and listed in Table S.
The differential cross sections of the neutral pion photoproduction
were also calculated in the same method, and the results are shown in
Fig.19. The consistency with the analyses by Metcalf and Walker (MW)
and Moorhouse, Oberlack and Rosenfeld (MOR)

which reproduce the

measured cross sections in this angular and energy region, assures the
validity of this experiment.

4-8

Uncertainties

The error bars in the figures and tables denote only statistical
errors including uncertainties of fitting and subtraction of the background.
The resolutions of the whole detection system in the incident
photon energy were calculated with the Monte Cailo method and were ±7
MeV at 130°, ±9 MeV at 100° and ±18 MeV at 70°. The angular acceptance
of the system were about ±3° for all angles.
Other possible sources of errors are listed in Table 6 and are
described below.
(1) The calibration constant of the thick-walled ionization chamber had
been measured using a Faraday cup within an accuracy of 1. £ .
(2) The number of the target protohsuas'"estimated within an accuracy
of 1 Z.
(3) The statistical error of the Monte Carlo simulation for the geometrical acceptance was less than 4 %.
(4) The error in the estimation of the acceptance due to ambiguities of
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,

the setting parameters of counters, caused an error in the differential
cross sections less than 1 Z.
(5) An error In the normalization of the yield, due to the energy dependence of the photon conversion efficiency, was estimated to be less
than 2 Z.
(6) An error In the photon absorption correction due to the error in
the quantity of the materials in the path, was estimated to be less
than 0.9 Z.
(7) An error in the over vetoing correction was estimated to be 0.4 Z,
0.6 % and 1.9 Z for the 130" runs, 100" runs and 70° runs, respectively.
(8) An error in the nuclear absorption correction of the proton due to
the error in the quantity of the materials in the path or the error
in the cross section with the nuclei, was estimated to be less than
1 Z.
(9) Inefficiency of the counters including the electronics was estimated
to be less than 2 Z.
After all the total systematical errors in the data amounted to 5.4 Z
for the 130° runs and 100° runs, and 5.7 Z for the 70° runs, respectively.
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CHATTER 5.

5-1

THEORETICAL CALCULATIONS

General Description

The existing analyses such as by Toshioka et al.

or by Greenhut

do not fit our data in the high energy or backward region, as shown in
Fig.

18.
Toshioka et al. analyzed the proton Compton scattering via the

unitarity and the fixed-t dispersion relation. From the unitarity condition, the transition matrix T_. is given by

N

d3p

I< 2 ">* EsiJ* IIn^l
'°(2,)3?2E

n

^

Assuming the time reversal invariance and only nN and nA states as
the intermediate states m, the equation (5-1) is written

On the other hand, the real part of the amplitude can be calculated
with the fixed-t dispersion relation. As the amplitudes of the single
pion photoproduction are well known* the reason of the poor fitting of
the analysis Is probably due to the error in the estimation of the
contribution that comes from the process of the two pion photoproduction
which is not well known, or the three or more pion photoproduction and
the n photoproduction which are omitted In the calculation.
Greenhut used an isobar model for analyzing the proton Compton
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scattering, and decomposed the amplitude as

A - AR + AB + AT

,

(5-3)

R
B
T
where A > A and A are the contributions from the resonances, the Born
term and the t-channel n° and n exchange term, respectively. He adopted
only four resonances (P 33 (1232), P u ( 1 4 7 0 ) , D 1 3 (1520) and F 1 S (1688) )
in his model. He used only the magnetic partial wave amplitude or the
electric one for a resonance, and the magnitudes of the amplitudes are
different from those of the recent partial wave analyses of the pion
photoproduction.
Hence, we tried to fit our data by an isobar model using the nev
photon couplings of the resonances.

5-2

Formalism

Invariant variables s, t and u are expressed by four momenta of
the initial photon and proton ( K"(k,£) and P=(E,p) ) , and the final
photon and proton ( K'-Ck',£') and P'-(E',p') ) , as

s - (K + P ) 2 = CK' + P 1 ) 2

,.

t - (K1 - K ) 2 - <P' - P ) 2

,

2

.

u - (P' - K )

1

= (K

- P)

2

(5-4)

We define the T matrix by the following formula.

S

- 6

fi

fi

+ i(2»)V(K + P - K' - P1)
S-^Ty T
(kk'EE1) '

, (5-5)

where W = k + E.
The T matrix Is expressed using photon polarization vectors e, e'
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and the Fauli's spin matrices a.

+ R2{(kx?).(k'xe"')} + 1R 3 {a- (?' xe) }

- (J-k) ft.(?«?•)}] ,

(5-6)

with k - fcVk and k' - £'/k'.
The differential cross section ~^rA» recoil proton polarization P
and polarized photon asymmetry Z are given by formulae,

§* -|-[|(l+x 2 ){|R 1 | 2 +|R 2 | 2 } +|(3-x 2 ){|R 3 | 2 +|R 4 | 2 }
+ (l+3x 2 ){|R 5 | 2 +|R 6 | 2 } + 2(l-ht2)Re(R4R* + RjR*)
+ axReCRjRj + RjR4 + 2R3R5 + 2R^R6) + 2x(3+x )Re(R5R6)]
1

21/2

A

A

A

A

P - — = j - (l-x ) ' Im[(R2 + xR1)R3 + (R1 + xR2)R4] ,

(5-7)
8

an*

On the other hand, we treat the T matrix using the helicity formalism

which is convenient for partial wave analyses.
Let's helicicles of the initial photon and proton to be X_ and p.,

and those of the final photon and proton to be X_ and u ? , respectively.
As a photon has a helicity of only ±1, each helicity state is distinguished

-
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by the total hellcities A =» A

- y

and y = X

- y . There are 16

possible helicity amplitudes. From the parity conservation, 8 amplitudes
are independent. We define the helicity amplitudes H. = A

by the

following formulae.

(5-8)

From the time reversal invarience H- = H_ and H o * - H.•
/
J
o
4
A
is decomposed into partial waves using d-functions d^ (8).
UA
Ay
A ^ c w . e ) = i(2j + i ) A ^ ( w ) d ^ ( e )

.

(5-9)

The explicit formulae of the d-functions are given in APPENDIX E.
- j ^ A , P and I can be expressed with H. 's by the following formulae.

d£ - I v IH I2
|H 6 | 2 ]
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,

?

- - do" Imf

H

X

+ H H

+ H H

5 4

6 3 "W

'

dn*
Z

- d ^ Re[HlH3
dn*

+ H H

The relations between H

5-3

3 5 "H X
f

+ H

A

]

•

s and R J ' S are given in APPENDIX F_.

Model and Fitting Procedure

First we applied the model of Greenhut, using the values of the
photon couplings which had been determined from the recent analyses of
the pion photoproduction. Explicit formulae of these terms are described
in APPENDIX G. Particle Data Group

80)

averaged the photon couplings

from analyses of the single pion photoproduction by Hoorhouse et al*
Knies et a l .

84

' , Metcalf et a l .

81

p-(\
Barbour et al.

' , Devinish et a l .

85

,

86

' , Crawford ',

88^
and Feller et al.

Using their values, we calculated

the differential cross sections.
As is shown in Fig.20, the present model reproduces the data fairly
well at the forward angle ( 9 C m » 70°), but at the backward angle ( 8 c m
= 130°) the calculation predicts too large values, notwithstanding the
good tendency. The energy dependence of three terms showed that the
t-channel exchange term is stualler than other terms and that the contribution from the Born term is large in the backward region.
In the higher energy region namely the Regge region, the amplitudes
can be expressed by the Pomeron exchange and the other Reggeon exchange
with the absorption correction. In the concept of the duality, the
Pomeron exchange corresponds to the diffractive part. The other Reggeon
exchange corresponds to the resonances and the absorption correction
corresponds to the background. Then in our energy region, the model with
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the resonances plus the background is plausible except the forward
diffractive region. Here, we restricted our analysis in the non-diffractive
region. From the above calculation, the Born term is a candidate of
the background, and must be small at the backward angles. Then we
adopted a two components model

A - AR + AB x e - C ( 1 - x )

where e

*

,

(5-11)

"' Is a dumping factor for Che Born term.

was done by Bando, Machida and Nakamura

'

A

similar- treatment

' for the single pion photo-

production considering the duality of the Regge and the absorption
correction.
We fitted data of the differential cross sections of ours and other
laboratories, by varying C as a free parameter In the region k « 240 "x
1150 MeV and Bca

- 40° -v 130°, which are listed in Table 7.

The results are C « 0.455 ± 0.008 and x2/number of freedom - 6.31.
The fit is fairly well.
Then fixing the value of C, we made a fitting in the second resonance
region, by varying the photon couplings of P.. 1 (1470), D _(1520) and
S .,(1535) as free parameters. In this fitting the photon couplings of
the other resonances were fixed. The energy region was limited to 550 •>.
950 MeV. The signs of the photon couplings can not be determined from the
proton Compton scattering because a photon coupling contributes to the
amplitudes quadratically. Then we adopted the sign which had been determined
from the single pion photoproduction.
The resultant x^/number of freedom was reduced to be 6.34. The photon
couplings of P u ( 1 4 7 0 ) , D 1 3 (1520) (helicity - 3/2) and S u ( 1 5 3 5 ) gave
nearly the same values with those of Particle Data Group, however, the
photon coupling of D

(1520) (helicity = 1/2) required a somewhat large
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value. The values of the photon couplings obtained by the fitting is
listed in Table 8. The results of the theoretical calculations are
shown in Fig.21 with data points.
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

We have measured energy excitations of the differential cross
sections of the proton Compton scattering at B c m = 130°, 100° and 70°
in the photon energy regijn between 37J MeV and 1150 MeV, systematically
and accurately. The measured energy region covers from the tail of the
first resonance to the third resonance region. The data are plotted in
Fig. 18 with previous measurements. There have been i:o measurements'in
the energy and angular region of the present experiment except the
data by Bonn group ' and by Daresbury group

. At 6 c m - 100°, our data

show the second resonance peak at k - 740 MeV and a plateau due to the
third resonance at k - 900 "»> 1000 MeV, and decrease in the higher energy
ragion. The data at 6 c m - 130° show the second resonance peak at k = 700
MeV and decrease rapidly with the Increase of the incident photon energy.
.An isobar model of two components, that is, the resonance plus
background ( background = Born x dumping factor ) was made. For the
form of the dumping factor, e
the photon couplings of P

vas chosen. The coefficient C and

(1470), 0^.(1520) and 3^,(1535) were determined

by fitting the data including the present results, ^rhus, the photon
couplings of the resonances were determined from the proton Compton
scattering, for the first time. The results were that the helicity 1/2
photon couplings of P
coupling of D

(1470) and 8^,(1535), and the helicity 3/2 photon

(1520) were consistent with those determined by the

analyses of the single pion photoproduction, and that the helicity 1/2
photon coupling of D,_(1520) was somewhat larger Chan that from the
analyses of the single pion photoproduction. The value of C was determined
to be 0.455.
The energy excitation at 6

* 130° shows the second resonance peak
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at k = 700 MeV, and that of B C m = 100° at k - 740 MeV, while the previous
data of Tokyo group (Toshioka et al.
at 8

) show the peak at k = 750 MeV

= 90°. This dependence of the peak energy on the angles is

explained in our model by the interference between the second resonance
and the background term.

The values of the present analysis are

shown in Fig.21aMi wUth data points. Our model also reproduces well
the previously measured polarization data, that is, the polarized photon
asymmetry by Frascati group
polarizations by Tokyo group

shown in Fig.2lg, and the recoil proton
shown in Fig.21h.

To justify our model and to investigate the higher resonance region
more accurate and systematical measurements are needed not only on the
differential cros* sections but also on the polarizations.
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APPENDIX A.

Target System

As shown in Fig.22, the target system consists of a compressor,
a refrigerator, a condenser chamber and a target container.
As " a refrigerant, helium was used, that remains gas even at the
temperature of the voiling point of hydrogen. Helium gas is compressed
2
to the pressure of 18 kgW/em

by the compressor and supplied to the
2
refrigerator. It returns with the pressure of 10 kgW/cm . The diagram
of the compressor unit is shown in Fig.23.
The refrigerator is based on a principle that gases cool when they
are expanded adiabatically. A simplified block diagram of a refrigerator
is shown in Fig.24. A regenerator extracts heat from the incoming gas,
stores it, and then releases it to the exhaust stream. Once a steadystate operation is established, the regenerator maintains a temperature
between that of the inlet and the exhaust gases at each point along its
length. The temperature profile of the refrigerator is shown schematically
in Fig.25. The cooling processes is as follows.
(a) When the piston is at bottom of its stroke and the valve A is opened,
compressed gas enters into the regenerator with the room temperature.
(b) As the piston rises, the gas passes through the regenerator warming
the matrix in the regenerator (3 ->• A) and cooling itself (2).
(c) The gas fills the space beneath the piston at inlet pressure (5).
(d) With the valve A closed and the valve B opened, the gas expands
and cools further (6).
(e) Heat flows from the load through the cylinder walls (7).
(f) The gas passes through the regenerator cooling the matrix (4 -* 3 ) and
warming itself (8).
(g) The piston descends, pushing the remaining cold gas out of the cylinder.
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Actually" the regenerator Is placed inside a double-ended cylinder
which is called a diaplacer, and two-stage system was used as shown in
Fig.26.
Liquified hydrogen is stored in the target container and the condenser
chamber. It took about 2 hours to reach the temperature of the voiling
point of hydrogen and another 3 hours were needed to fill the target
container of which volume was 260 cc, with liquid hydrogen. For the
stationary operation, a heater was turned on or off according to the
pressure of the hydrogen gas.
For target empty runs, if the cold valve is closed, the liquid hydrogen
is thrust up immediately to the condenser chamber by the voiling pressure
of hydrogen.
Temperatures of two refrigeration stages and the target container,
the vacuum pressure and the liquid level were plotted on a recorder and
observed through a television continuously during an experimental run..
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APPENDIX B.

MWPC

Construction

The structure of one of the MWPC's is shown in Fig. 27. Among eight
2
planes of the MWPC's, four planes have sensitive area of 280 * 280 mm
and the other four have that of 150 x 400 nun . The gap length between
the electrodes is 6 mm. The anode plane consists of gold plated tungsten
wires with a diameter of 20 um which are 2 mm spaced each other. The
cathode planes consist of 100 um diameter copper-beryllium (or stainless
steel) wires with spacing of 1 mm.
The anode plane is at the ground potential and a constant negative
high voltage is supplied to the cathode planes. Frames of each chamber
are made of G-10 epoxy fiber glass.

Readout system type-A

The detailed description of this system is given by Chiba et al,

'

Fig.28 shows the block diagram of the readout system and a data format.
The system consists of amplifier cards, encorders, a master controller,
a monitor and a CAMAC module. The system has 64 groups in the four
encoders. One encorder has 16 groups, each of which has 16 wires. Each
wire has an amplifier, a monostable multivibrator, a memory and a readout
gate, in the amplifier card which corresponds to eight vires and is
connected to the chamber body.
The data format of one group in the data way is composed of 24 bits
which consist of 16 bits for wire signals, 6 bits for a group number
and 2 bits for another purposes.
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The data are transferred to the CAMAC module through the master
controller group by group, synchronizing with shift pulses which are
delivered every 1 psec. Tnus 64 groups in the four encoders are scanned
within 64 usec. The encorders and the master controller are placed near the
chambers and the data are transferred to the electronics room in digital
pulses.

Readout system type-B

74)

This system consists of preamplifiers, Data Station (DS) modules,
Sub Crate Controllers (SCC) and a CAMAC module as is shown In Fig.29.
In this case, to the chamber body only preamplifiers are attached. Signals
are transferred via twisted cables to the DS modules, which select signals
and store them.The DS modules are placed with a SCC module in a sub crate
which is similar to that of CAMAC but has connectors of 44 pins.
module is capable of reading data of one group.

One DS

The data format of one group

consists of 16 bits for wire signals, 5 bits for a module number and
3 bits for a crate number.

Performance

Magic gas, which is the mixture of argon 66 ", isobutane 33 % and
freon 13B1 1 X, was flowed by 50 cc/min for a chamber. The timing
characteristic and the high voltage characteristic of the chamber are
shown in Fig. 30 and 31, respectively. In actual data talcing, the gate
width of 50 ^ 80 nsec and the high voltage of about 4.6 kV were applied.
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APPENDIX C.

WSC

Construction

Four planes of WSC's vere used to determine the track of a particle
behind the magnet. The structure of the WSC is shown in Fig.32. The
dimension of the effective area is 40 x 50 cm , and the gap length is
12 mm. The high voltage plane and the earth plane consist of copperberylliuin wires of 100 urn diameter with spacing of 1 am.

The wires of

the high voltage plane and the earth plane are stretched horizontally
and vertically, respectively, with the tension of 200 gW by a wire winding
machine. The frame of the chamber is made of bakelite of 12 mm thickness
for easiness of manufacture. For gas seal, the effective area is covered
by Mylar sheets of 127 ym thick. For protection of edge spark, the edge of
the frame is covered by Mylar film which stretches out to the effective
area by 5 mm, and silicon oil is applied.

Electronics

A negative high voltage pulse is generated by a thyratron CX1154 and
supplied to each chamber with a 4000 pF condenser, and it passes through a
SO !i resistor and each fiducial line to the earth plane. A positive
clearing field is supplied continuously to the high voltage plane.
A magnetostrictive readout method was used. Magnetostrictive waves
are converted to electric signals by a pick up coil. The signals are
amplified by a preamplifier and sent to a zero crossing discriminator
in the electronics room. The time interval between the first fiducial
signal and a spark signal is counted by a 20 MHz clock in an interval
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sealer which Is a CAMAC module.

Performance

Pure helium gas was used In the data taking. The flow rate was
about 40 cc/min for each chamber. The efficiencies as a function of the
high voltage or delay time, are shown In Fig.33 and 34, respectively.
The high voltage of -12 kV and the clearing field of 60 V were supplied.
The time delay of the high voltage pulse after the passage of a particle
was about 600 nsec. The typical efficiency of the WSC in actual data
taking was 85 -v 99 Z.
The wire of the electrode sometimes broke down. When such a trouble
occured, the Mylar film for gas seal was cut open, and the broken wire
was taken away.
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APPENDIX D.

T-3400 On-Line Programs

The block diagram of the on-line system Is shown in Fig.35. As shown
in Fig.36, the core region of T-3400 consists of a monitor area, a program
area and a direct access control (DAC) area. Data are transferred between
T-40 and the DAC area of T-3400 through an interface, a memory data
transfer unit (MDT) and a DAC unit*. Interruptions from T-40 are transferred
through the interface, an interruption multi-plexor number 2 (WMP-2)
and the DAC unit, and interruptions to T-40 are transferred through a fixed
information generator (FIG) and the interface. Communications with T-3400
are done with an input-output typewriter (IOT).
On-line programs of T-3400 can be classified into three parts;
programs for data manipulation, programs for data printing, and the
others. The on-line programs are listed in Table 9.
Programs for the data manipulation are PRAW, P3MT, PREC, PEFG, PINT
and PEND. The processes of the data manipulation is as follows.
At the beginning of each data taking run, PINT is started by an
interruption from T-40. Run parameters of the run such as the run number,
ES top energy and setting angles of the proton arm and the y arm, are
typed in from the IOT. The program initialyzes disks and DAC communication
region, and makes a head part of the MT record.
When 12 events are stored in T-40, an interruption to T-3400 is
made, and PRAW is started. The program transfers the raw data into T-3400.
Because T-40 is a 16 bit machine and T-3400 is a 24 bit machine, the raw
data are transformed to the format of T-3400 and stored in a disk file.
PRAW has the highest priority in the programs.
When 120 events have been stored in the disk file, the program P3MT
is started. P3MT is a chain job of PRAW. P3MT reads out the raw data from
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the disk file and writes them on an MT.

The program' also transforms t*he

raw data, with bit manipulations, into meaningfull data, for example a
count of a firing position of the WSC, a wire number of the MWPC at which
a particle passed or a bit information which implies whether a counter
is on or off.

These data are written on a disk file, and the distributions

of such data are accumulated.

Then P3MT starts PREC as a chain job.

The program PREC reads the data from the disk file and reconstructs
particle trajectories.

Data which have physical meanings such as the

momentum or incident photon energy, are calculated, and distributions of
such data are also accumulated.
At run end, T-3400 is Interrupted by T-40 and the program PEFG is
started.

FEFG sets the end flag in the DAC communication region and

starts PRAW.

The last data are treated by PRAW, P3MT and PREC.

the end flag and starts PEND.

PREC sees

PEND makes an end part for the MT record

and copies the histogram buffer to another disk file for printing to a
line printer (LP).
Programs for printing data are PLPM, PLP1, PLP2 and PLP3.
wants to print out the data, PLP1 must be started from the IOT.
sets the initial values for printing and starts PLP2.

If one
PLP1

PLP2 transforms

the data such as the histograms to the code for the T-40 LP.

Then PLP3

which transfers the LP data to T-40, is started.
PDSP is a program which transforms the histogram data to the code
for the T-40 CRT and transfer them to T-40.

When we want to know the

status of the data accumulation in the executing run, this program must
be started from the IOT.
PKIN is a prog-am to calculate the kinematics of the proton Compuon
scattering or the neutral pion photoproduction.
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PSV1 saves parameters in the DAC communication region to a disk
file, and PSV2 restores them at the time of the daily check of T-3400.

APPENDIX E.

d-functions

d- functions which we used are as follows.

" V Cos ! •
' M (vi+ V
II

3/2 3 l/2<
3/2,-1/2

d

3/2J.-3/2<6> " n(n+l)(n+2)
j

III

III

- (1 - c ( » e ) ( P n + 1 + P,

where n = j - 1/2 and P

O

« - Pn'>

.(.rt.lK.rtg)

d

II

a

)] sin |

,

denotes a Legendre function of the n-th order.

APPENDIX F.

Relations between H.'s and R *s

The relations between the amplitudes H.'s and R.'s are given by the
following formulae.

Hj_ " ^ cos f tU + x)(R1 + R 2 + 2R5 + 2Rf) + (3 - x)(R3 + R^)}
H 2 - j- sin | {(1 - x X R j - t t j - 2R5 + 2R$) + (3 + x

Hj - f cos Y {(1 " x)(Rx - R2 - Rj + R4)}

,

H, •• -r- sin T

,

{(1 + x) (R_ + R 2 - R 3 - R^)}

Hj - -| cos -| {(1 + x)(Ry + R 2 - R 3 - R^ - 2R 5 - 2Rfi)}

with x = cose.

APPENDIX G.

Resonance, Born and t-channel Meson Exchange Terms

Resonance terms

For resonances we used the following Brelt Wigner form with the
correct threshold factor.

- W2 -

>*o.
X2

*," m

Ii

—

—

y

" \l2* M 0 2 j 0

where k is the incident photon energy in the CMS, M is the mass of a.
proton, M Q and J Q are the mass and the spin of the resonance, respectively,
and q and £ Q are the momentum of the pion and the angular momentum
decaying into the uN state, respectively. A subscript 0 denotes the value at
the peak position of the re.c..iance. A ^
and satisfies the following relation.

For X's, we applied the values of M W 8 1 \
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is the so-called photon coupling

Born terms

The Born terms, shown in Fig.38, are expressed as follows

RB

. _ E + M - (E -

1

M)K

34) 42)
"
.

+

2M(1 - x Z )

3

X

<

2

4M 2 (1 - x 2 )

R° - - R^

3

(with A 3 «-v A x , A 4 *+ A 2 )

2M

R^ - - R*

RB
5

-

lA

l

2M

(with k± i->- A 3 , A 2 <-!• A 4 )

E- M

W + M

" 2M(1 - x 2 )

8M Z (1

E* - - R?

+

x)

3
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2M

4 M

^

_
4

">

,

_ W + M
X

2H

2

6

(with

with x = cos9, and W = k + (M2 + k 2 ) 1 / Z = k + E

iL = -2M( -y^-- + -r^) ,
1
hT - s MZ - u

A

,

= -2M( -5-^
H - s

A3 = " 1 ' ( M +

K>

j±— ) ,
M - u

•

. T h e function A ± 's are

A

« 2M(1 +

K

)

jJ
) ,
M -u

-jl
IT - s

2

A - -4M(1 + K) ( -j±— ^ -^1— )--?£-,
5

M2 - a

6

M2 - S

M2 - u

M

M2 - u

where K denotes the anomalous magnetic moment of a proton.

t-channel meson exchange terms

33)-34)

Here only the pseudo scalar meson exchange Is considered as shown
in Fig.39. The exchange term is obtained using the standard JI-N coupling
at the proton vertex and the following coupling at the photon vertex.

where e and e1 are the polarization four-vectors of the incoming and
outgoing photons, and

- 4/m 2 (mx)

,

where m is the mass of the exchanged meson, and T is the life time for
decay into two photons. Then the pseudo scalar meson exchange terms are
written as

R

2 " R3

R

4
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a/2
m(mT)

1/Z

- x + m 2 /2k 2
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TABLE CAPTIONS

Table 1.

Experimental sets. C or H represents the polarization analyzer
of carbon or hydrogen which was used in the experimental set.
6

and 6

denote the setting angles of the proton spectrometer

and the photon detecter in the laboratory system, respectively.
p
Table 2.

is the momentum of the proton which passes on the center line.

Specifications of the counters. HX and HY represent the counters
of the horizontal and vertical Y hodoscopes, respectively.

Table 3.

Specifications of the MWPC's and WSC's. For the MWPC's, X denotes
the horizontal readout, and Y denotes the vertical readout.

Table 4.

CAMAC modules.

Table 5.

Results of the proton Compton differential cross sections.

Table 6.

Sources of systematical errors.

Table 7.

Data used in the present analysis.

Table 8.

Photon couplings determined from the single pion photoproduction,
our fitting, and the quark model.

Table 9.

T-3400 on-line programs.
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Table 1.

100°

70°

e

ey

C

23.0

C

23.0

C
C

850

C

900
900

P

photon energy
acceptance

117.6

558.4

375 i- 450

115.6

616.3

400 "- 500

22.8

112. A

726.6

475 •v. 600

22.6

109.5

832.1

550 ^ 700

22.3

107.0

933.8

625 ->- 800

C

22.1

105.8

962.0

675 i- 850

H

22.2

105.8

983.6

650 i. 850

1000

H

21.8

103.5

1081.7

725 -v- 95J

1100

H

21.5

101.4

1177.5

800 ^1050

1200

H

21.2

99.5

1271.6

900 <L150

600

C

36.9

82.3

559.9

425 •>. 550

650

C

36.9

80.4

604.0

475 -v 600

750

C

36.6

77.2

688.8

550 -v 700

850

C

36.3

74.0

769.6

650 •>. 800
725 -v, 900

E

130°

Experimental Sets

TOP

C or
H

500
550
650
750

p

P

950

C

35.9

71.9

850.2

1050

C

35.5

69.7

925.1

800 •vlOOO

1200

H

34.9

66.9

1034.6

900 1-1150

1050

H

51.2

44.6

669.5

750 %1000
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Table 2* Specifications of the Counters

Name

Dimensioa (mm )

Distance
Phototube
from the
target (m B )

(W x H x T)

Each counter

Total

T1-A,B,C

70 x

50 x

3

210 x 50 x

3

946

T2-A,B,C

100 x

50 x

3

300 x 50 x

3

2235

:

56AVP

T3-A.B

200 x 150 x

3

400 x 150 x

3

3864

:

T4-A.B

150 x 150 x

3

300 x 150 x

3

4629

:

V-1,2

153 x 302 x

6

305 x 302 x

6

1212

:

HY-1^20

16 x 302 x

3

301 x 302 x

3

1257

XP1110

HX-1^20

16 x 302 x

3

301 x 302 x

3

1272

300 x 300 x 300

1300

C-l-v-9

300 x 300 x 300
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R329

Table 3.

Specifications of the MWPC's and WSC's

Dimension (mm)
(W x H x T)

Distance from
the target (mm)

KWPC IX

280 x 260 x 12

1044

2Y

280 x 280 x 12

1171

3X

280 x 280 x 12

1312

4X

280 x 280 x 12

1617

WSC

5Y

400 x 150 x 12

1751

6X

400 x 150 x 12

1880

7Y

400 x 150 x 12

2025

8X

400 x 150 x 12

2131

1

500 x 400 x 12

4040

2

500 x 400 x 12

4137

3

500 x 400 x 12

4447

4

500 x 400 x 12

4539
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Table 4.

CAMAC Modules

Name

Number

CCA

3

Terminator

1

Indicator

4

WSC controller

1

WSC clock generator

1

Interval sealer

IS

MWPC readout module

2

ADC

3

TDC

1

Strobed coincidence

9

Sealer Interface

3

Blind sealer

1

Switch register

6
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Table 5.

Results of che Proton Ccupton
Differential Cross Sections

k
(KeV)

do/dfi*
(degree)

<yb/sr)

375 ± 12.5

132.6 ± 3 . 0

0.132 ± 0.021

400

132.8

0.111 + 0.011

425

132.1

0.113 + 0.00S

450

131.6

0.087 + 0.009

475

132.2

0.086 ± 0.007

500

131.8

0.C73 + 0.006
0.082 ± 0.007

525

131.7

550

131.8

0.086 + 0.006

575

131.8

0.094 ± 0.006

600

130.9

0.081 + 0.006

625

131.6

0.086 ± 0.006

650

131.6

0.096 + 0.005

675

131.3

0.106 ± 0.004

700

131.0

0.118 ± 0.004

725

130.9

0.106 ± 0.004

750

130.7

0.097 ± 0.004

775

130.7

0.072 ± 0.003

800

130.7

0.066 ± 0.003

825

130.5

0.055 ± 0.003

850

130.4

0.051 + 0.003

875

130.4

0.044 ± 0.004

900

130.4

0.040 ± 0.004

925

130.3

0.042 ± 0.004
0.026 ± 0.004

950

130.1

975

130.1

0.024 ± 0.004

1000

130.2

0.026 ± 0.005

1025

130.2

0.022 ± 0.005

1050

130.2

0.021 ± 0.004

1075

130.4

0.026 + 0.004

1100

130.3

0.015 + 0.004

1125

130.2

0.013 + 0.004

1150

129.9

0.010 ± 0.004
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Table 5.

6cm

k
(MeV)

(continued)

(degree)

da/dfi*
(Ub/sr)

425 ± 12.5

105.8 ± 3.0

0.115 + 0.028

450

104.6

0.081 ± 0.018

475

104.4

0.092 + 0.012

500

103.7

0.083 ± 0.010

525

103.1

0.083 t 0.009

550

102.9

0.078 t 0.007

575

102.7

0.067 ± 0.008

600

102.4

0.085 ± 0.008

625

102.5

0.081 + 0.011

650

102.6

0.078 ± 0.009

675

102.1

0.082 ±0.009

700

101.6

0.081 ± 0.009

725

102.5

0.092 ± 0.012

750

102.3

0.094 ± 0.011

775

101.9

0.063 ± 0.008

800

102.0

0.069 ± 0.007

825

102.4

0.059 ± 0.007

850

102.0

0.066 ± 0.006

875

101.5

0.060 ± 0.006

900

101.5

0.068 ± 0.005

925

101.5

0.062 ± 0.006

950

101.2

0.063 ± 0.006

975

100.9

0.064 ± 0.005

1000

100.6

0.057 ± 0.005
0.054 ± 0.006

1025

100.7

1050

100.5

0.043 ± 0.006

1075

100.3

0.048 ± 0.006

1100

100.2

0.025 ± 0.005

1125

99.9

0.019 ± 0.005

1150

99.8

0.013 ± 0.003
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Table 5.

k
(MeV)

(continued)

e~
(degree)

750 ± 12.5

72.3 ± 3 . 0

775

71.5

800

71.7

825

71.3

850

71.1

875

70.5

900

70.0

925

69.4

950

69.2

975

68.9

1000

68.5
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da/dSi*

(wb/sr)
0.144
0.146
0.127
0.120
0.120
0.106
0.140
0.125
0.095
0.113
0.077

±
±
±
±
±
±
+
±
±
±
i

0.037
0.025
0.021
0.018
0.018
0.015
0.017
0.019
0.017
0.019
0.013

Table 6.

Sources of Systematical Errors

Source

Error

calibration constant of the
thick-walled ionization chamber
number of the target protons

< 1 X

statistical error of the Monte Carlo
simulation for the geometrical acceptance

< 4 %

error in the estimation of the acceptance
due to ambiguities of the setting parameters
energy dependence of the photon
conversion efficiency
photon absorption correction

< 0.9 %

over vetoing correction

< 0.4 Z (130° runs)
< 0.6 Z (100° runs)
< 1.9 X ( 70° runs)

nuclear absorption correction

< 1 J

inefficiency of the counters
including the electronics

total

<5.U

(130° runs)

< 5.4 Z (100° runs)
< 5.7 % ( 70° runs)

- 63 -

Table 7.

group year

Data used in the present analysin

author

k (MeV)

e cm (degree)

BONN

76

Genzel et al.

240 ->. 430

50 ->, 130

BONN

78

Jung et al.

700,750,800

40 1. 130

Tokyo

78

Toshioka et a l . 9 )

600 -v. 800
450 ^ 950

60
90

Tokyo

79

Ours

750 M.000
425 M.150
375 M.150

70
100
130

Table 8.
Resonance

Hellclty

Photon Couplings
Photoproduccion
average

Our fitting

Quark model

(GeV) -"^xio" 3 <GeV)~
Pu(1470)

1/2

-73 + 20

-58 .4 ± 14.8

27

D,,(1520)
13

1/2
3/,2

-8 ± 9
166 + 11

-43 .0 t 6.3
169 .5 ± 1.4

-34
109

1/2

64 ± 19

D-.U670)
15

1/2

19 ± 14
20 ± 13

0
0

F,.(1688)
15

1/2

-5 ± 17
132 + 23

-10
60

Su(1700)

1/2

44 ± 24

0

D.-U700)

1/2

-10 ± 38
5 ± 29

0
0

11 ± 48

-40

26 + 44
-34 + 50

100
-30

u

13

Pu(1780)

3/2

3/2

70 .4 ±

9.1

156

3/2
1/2

P,,(1810)
13

1/2

P,,(1232)
33

1/2

S 31 (1650)
D,,(167O)

3/2

-137 ±
-254 ±

7
5

L08
-187

1/2

43 ± 50

47

1/2
3/2

67 + 48
69 ± 50

88
84

P,,U690)
33

1/2

-8 ± 35
-7 ± 35

23
39

F, c (1890)
35

1/2

28 ± 25
-1 + 57

-20
-90

P 31 (1910)

1/2

-12 + 20

-30

F,,(1950)
37

1/2

-71 ± 22
-71 + 27

-50
-70

33

3/2

3/2

3/2

3/2
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Table 9.

T-3400 On-Line Programs

name

starting meti10d

PRAW

interruption from T-40
chain job of PEFG

queue

size

contents

1

3 kW

raw data transfer

P3MT

chain job of i>RAW

7

20 kW

write the raw data on an MT

PREC

chain Job of P3MT

5

30 kW

reconstruction

PEFG

interruption from T-40

3

2 kW

set the end flag

PINT

interruption from T-40

23

28 kW

initialization of a run

PEND

chain job of PREC

19

20 kW

disposition at the run end

PARM

IOT

21

8 kW

set the run parameters in
the disk file

PSV1

IOT

31

6 kW

save the DAC communication region

PSV2

IOT

33

12 kW

restore the DAC communication
region

PDCM

IOT

37

8 kU

test of the DAC communication
region

PDIO

IOT

39

8 kW

test of the DAC I/O region

PDSK

41

8 kw test of the disk files

IOT

45

8 kW

PLPM

interruption from T-40

9

kW

^

IOT

PIRN

test of the data transfer
set the acceptance flag of
LP data

PLP1

IOT

17

4 kW

PLP2

chain job of PLP1,
chain job of PLP3

13

18 kW

PLP3

interruption from T-40,
chain job of PLP2

11

8 kW

LP data transfer

PDSP

IOT

35

5 kW

CRT data transfer

P4SV

IOT

47

12 kW

save T-40 program

PKIN

IOT

43

8 kW
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initialization for printing
LP code transformation

calculation of the kinematics

FIGURE CAPTIONS

Fig. 1

Experimental layout for this experiment.

Fig. 2

Data acquisition system.

Fig. 3

Liq. H, target assembly.

Fig. 4

Construction of the photon detector.

Fig. 5

Energy response of the lead glass Cerenkov counter.

Fig. 6

Energy resolution of the lead glass Cerenkov counter.

Fig. 7

Position dependence of the lead glass Cerenkov counter at the
incident electron energy of 500 MeV (7a) and 250 HeV (7b).

Fig. 8

Efficiency of the lead glass Cerenkov counter as a function
of the electron energy.

Fig. 9

Momentum acceptance of the proton spectrometer.

Fig.10

Momentum resolution (10a) and the angle resolution (10b) of
the proton spectrometer.

Fig.11

Block diagram of the fast electronics.

Fig.12

T-40 display on the CRT.

Fie. 13
**

Two dimensional distribution of X n ¥ m versus Y_,,n.
buu
bub

Fig. 14

Distributions of X

(14a) and Y
DUO

(14b).

These were made by

bUB

limiting the center part of the distribution of Fig.13.

The

arrows denote the cut points vhich divide the distribution into
the center part and the off-center parts.

The dotted line is

the fitting result.
Fig.15

Flow chart of the Monte Carlo calculation.

Fig.16

Photon energy acceptance of the total experimental system.

Fig. 17

Experimental results of each experimental set at 6
(17a) and 6

cra

= 100° (17b).
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= 130°

Fig.18

Present results of the proton Compton differential cross sections
at 8 c n i - 130° (18a), 6 c m = 100° (18b) and 8 c m - 70° (18c).
The solid line and the broken line represent the values of the
analyses by Toshioka and by Greenhut, respectively.

Fig. 19

Present results of the differential cross sections for the
neutral pion photoproduction at 8°™ • 130° (19a), 6 c n - 100°
(19b) and 6 c m - 70° (19c).

The solid line and the broken line

represent the values of the analyses by Metcalf and Walker,
and by Moorhouse, Oberlack and Rosenfeld, respectively.
Fig.20

Results of the calculation of the present analysis : Resonance
+ Born + t-channel pole, at 6 c m = 130° (20a), 8 C m - 100° (20b),
e c m - 70° (20c), k - 750 MeV (20d) and k •= 800 HeV (20e).

The

solid line, the broken line, the once dotted broken line and the
twice dotted broken line represent the contributions from the
total, the resonance, the Born and the t-channel pole, to the
differential cross section, respectively.
Fig.21

Results of the present analysis : Resonance + Born x dumping
factor.

The solid line represents the results of our model

at e C m = 130° (21a), 6 C m - 100° (21b), 6 C m = 70° (21c), 8 c m 90° (21d), k = 750 MeV (21e) and k = 800 MeV (21f).

Fig.21g

and Fig.21h show the results on the polarized photon asymmetry
at 8 ™ = 9 0 ° and the recoil proton polarization at 8
respectively.
Fig.22

Target system.

Fig.23

Flow diagram of the compressor unit.

Fig.24

Block diagram of a refrigerator.

Fig.25

Temperature profile of the refrigerator.

Fig.26

Two stage CRYODYNE refrigerator.

Fig.27

Structure of the MWPC.
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= 90°,

Fig.28

Block diagram of the readout system of the MWPC type-A.

Fig.29

Block diagram of I.

Fig.30

Timing characteristic of the MWPC.

Fig.31

High voltage characteristic of the MWPC.

Fig.32

Structure of the WSC.

readout system ot the MWPC type-B.

Fig.33

High voltage characteristic of the WSC.

Fig.34

Timing characteristic of the WSC.

Fig.35

On-line system of INS.

Fig.36

Core allocation of T-3400.

Fig.37

Flow chart of the T-3400 on-line programs.

Fig.38

Feynman diagrams of the Born terms.

Fig.39

Feynman diagram of the t-channel pole.
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