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ABSTRACT

Single ﬂ+ and T photoproduction rates from deuterium
have been measured at the Caltech 1,5 GeV electron synchrotron
at 32 photon energies between 585 and 1250 MeV .and for 13 CM
pion angles between 6 and 160° at each eﬁergy. The cross section
for the reaction yn - 7 p has been calculated via the ﬂ—/ﬂ+
ratio from déuterium and via the spectator modél for the
deuteron., |

A partial wa&e analysis haé been done on the reactions
Yp > n+n and» yn > m p in the region of the second and third
photoproduction resonances using the model of R. L. Walker.

The results show some &isagreements With recent quérk theories.
A case is made for the possibility that the 511(1535) is
excited by isoscalar photons, in agreement with some results

of n photoproduction experiments, and in disagreement with
quark theory. Finally, the helicity 3/2 component of the
315(1688) resonance in m photoproduction is seen to be small,

but not zero as predicted by the quark model,
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PART I

INTRODUCTION

3 1.5 gev)

Low energy pion phogoproduction.data (ki
have been used to locate and identify some of the more
prominent pion-nucleon resonances without extensive partial
wave analysis. The totai cross—section for single positive
pion photoproduction off protons (Figure 1) clearly shows
the presence of the "lst", "2nd", and "3rd" photoproduction
resonances which have been identified as the.P33(1236),
D13(1520), and (partially) the F15(1688) respectively., .From
phase shift analyses of pion-nucleon scgttering data, several
other resonances are known or believed ﬁo exist in this
energy region, namely the Pll(1470), 511(1535), D15(167O),
511(1700)’ 831(1650), D33(1670), and perhaps the Pll(l780).
Recent quark model schemes have made predictions for
the amplitudes of these resonances for the Photoproduction
of pions off of both proton and neutron targets.(l,z;Zl)
In order for one to be able to confirm or deny such predictions,
it would be helpful if the photoproduction data were sufficiently
precise in this energy region for partial wave analysis.-
It is desirable to have precise data for both proton
and neutron targets, not only to confirm or deny quark model

schemes, 'but in order to pin down the isospin character of
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the electromagnetic interaction, which has always been an

interesting question, Tﬁis point is clearly illustrated by
writing down the amplitudes ﬁor the four single pion photo-
production reactions in terms of the isoscalar and isovector

amplitudes As and AV as follows:

1t
1
1
!

AGyp » 7ty = 4T = ITHAT - (T W - A5

= (DA + (ITH W - 4%

ACyp » 7%p) = A° = + -
- V3 v s @D
CAtm o) = A = (VIR - (7R A+ a5
AGyn » 1°0) = A% (/7T + /T7D) AL + A

The vector part of the interaction gives possible final

. . . . V3 V1
states of isospin 3/2 and 1/2 with amplitudes A"~ and A
respectively. The scalar part gives,finai states ef isospin
1/2 with amplitude AS. The sbove form of the equations,
taken .from Walker(3), assumes no isotensor interaction.
The isoscalar and isovector amplitudes may be calculated
if at least three of the photoproduction amplitudes (including
at least one with neutron target) are known. The isoscalar
and isovector character of a spin 1/2 resonance may be

. . + - V3
determined if (eg.) A and A are known since A'~ = 0 and
1

the difference of Av ‘and AS is taken for proton targets while

the sum is taken for neutron targets.



Finally, photoproduction data and associated partial
wave analyses can be .used in the application of low energy
sum rules and in comparison with dispersion relations pre-

dictions.

A. Previous déta - or lack thereof.

In.the past few years, comprehensive differential cross
section measurements of both ﬂ+ and 1° photoproduction off
protons in the energy region k#ab < 1.5 GeV have been made
bby Fischer et al.(4), Betourne et al.(S),vEcklund et al.(6),
Thiessen(7), Fischer et al.(S), and Wolverton(Q)L Further
measurements at selected energies and angles have been made
by many groups(10,11,12,13,14,15,16,17,49,55). Also, several
recent experiments have measured recoil nucleon polarizations
and polarized beam asymmetries for the ﬂ+ and 7° reactions(lS,
19,20,22,23,24,25,26,27). Finally a recent experiment has
measured the ﬂ+ cross Section-at 40° using a pqlarized.tafget
(28). a compilaﬁion of experiments done before 1967 may
be found in the report by Beale et al.[29).)

Several groups(3,30,31,32,33] have attempted partiél
| wave ‘analyses of these data, using various constraints and
models to overcome the difficulty of fitting twice as many amplitudes

as in pion-nucleon scattering analyses. Of special interest to



me is the comprehensive analysis of low energy photoproduction
data carried out by R.L.-Walker(3). A discussion of my work
with Walker's modél appears in Part V.

The data for photoproduction off neutrons have been
relatively sparse due to the difficulties associated with neutron
targets. Since fixed targets of free neutrons are impossible
to maintain, compound (eg., deuterium) targets must be used;
or measurements of the inverse reaction might be made., In
both cases, the yn cross section must be calculated under
certain assumptions, ie, the spectator model for deuterium
or time réversal invariance for the inverse reaction.

ﬁp until 1968, when our experiment was started, the main
body of w photoproducfion data below kiab = 1.5 GeV had been
éollected in experiménts with deuterium targets by Sands et
al.(34), Beneventano et al.(BS), and Neugebauer et al.(36),
totalling about 100 da?a points (all below kiab = 1.0 GeV),
It was our desire to augment the above by measureing detailed
angular distributions (every 10 to 15 degrees) for many lab
photon energies between 575 and 1250 MeV and to improve upon
the energy resolution and statistics as much as possible.

-Since the start of this experiment, several other groups
have published ﬂ; data. Among these are two bubble chamber
experiments: Lodi-Rizzini et al.(37);and Hilpert et al.(38).

. o :
A counter experiment at 90 - has been done by Beneventano et al.

(39).



Also, a counter measurement of ﬂ+ and 7 photoproduction
ét 180° using bremsstrahiung subtraction to improve the energy
resolution has been made by Fujii et al.(ll]. Finally, a
measurement ofvthe ﬂ_/ﬂ+\ratio from deuterium at'Oo'has been made
by Ito et al.(éO). All of the above experiments were done
with a deuterium target. Comparison of these experiments
with the results of our experiment is giﬁen in Part IV,

One further measurement of the m cross section has
been made via the inverse reaction pm - ny (41). The results

1ab _ 500 to 1000 Mev

of this experiment in the energy region k
are not yet available for comparison,
Finally, there have been several new measurements‘of
polarized beam asymmetry and recoil proton polarization for
the T reaction(20,42,43,53). I have'tried.tO“incorporéte some

of these in a reanalysis of the T reaction using Walker's

model (see Part V).

B. Preparation of the experimental apparatus.

For our experiment, it was desired to use the existing
experimental setup in the south beam of the Caltech 1.5 GeV
electron synchrotron with as little modification as possible.
The synchrotron - now defunct - produced an external brems-

strahlung photon beam with cutoff energy at the endpoint of



the circulating internal electron beam. The bremsstrahlung
beam was then collimated, gﬁept of charged particles, and
allowed to strike the (3 inch diameter) liquid deuterium
or liquid hydrogen target in the experimental area. A
schematié diagram of the beam line and experimental area is
shown in Figure 2.

The particle detection apparatus cénsisted of two
mégnetic spectrometers:. one for low momentum (< 600 MeV/c)
. and the other for'high momentum (600 ~ 1650 MeV/c) charged
particle detection. The low energy magnet (LEM) had seven
momentum channels with a Egggl_moﬁentum range AP/PO ~ 107
while the high energy magnet (HEMA) had four channels with
the same total momentum spread. The two spectrometers had -
been used in a number of previous experiments, most recently
by S.D. Ecklund, H.A. Thiessen, and F.B. Wolverton in measure-
ments of n+ and 1° pho;opfoduction from hydrogen. In addition,
Wolverton's m° experiment made use of a simple coarse scintil-
lation counter hodoscope array (with Pb converter), set up‘and
moveable on a track of aboﬁt 32 inch radius around the target.
This was used to detect gamma ray decays from the °.

The above apparatus appeared to be immediately useable
for meésurement of 7. photoproduction which produces'two

charged particles in the final state. One of the spectrometers



Sidirgl

XIAN3IddV

L394VL
ARIE3LAAd | (3NIT Wv3E
vy 40 LNO NMOHS)
3 Y3INNOD 0934\ | 4313NVLINVND

, % _ \N SHIFWVHD NOI NIHL
A\ | _
1 \ ‘%ﬁ_mi -" _

IR
TN =l O .
/ TV /.W..x‘\ ..\ \gi\wé

U/
438NVHO NOI ¥1NO 5.‘ SY3dVEDS
YIHOLVO Wv3g 439914 LN0 .. |
| / - HOLVIQVY

FIGURE 2

<

AV38 HLNOS
SLINOVIN ONIdIIMS

| HOLYWITT0O AYYWINd
YIWIH . 13941 S¥3dVYOS
Y3L3NOYLOIdS W31 N390YHAAH V 101N ,

- Y313IN0YL03dS



could be used to detect the pion while a simple hodoscope
set up on the track could be used to detect the recoil
proton.

The modifications of the existing setup to measure
7 photoproduction were as follows:

1) The "hydrogen' target was, of course, filled with
deuterium,

2) The seven channel momentum hodoscope (produced by
four overlapping counters) on the low energy magnet was replaced
by a four channel hodoscope (produced by four non-overlapping
counters). |

'3) The four channel "gamma counter" hodoscope on the
track sufrounding the target was replaced by a single channel
counter telescope (the "recoil counter"). |

4) Finally, the electronics of the experiment was com—
pletely rewired from scratch, using the newer Tollestrup

circuit modules to replace the older Marshall circuit modules.

The maénetic spectrometers had already been calibrated
by Thiessen and Wolverton (see Appenddix III) and it was
deemed unnecessary to recalibrate them except to translate
the acceptance parameters for the seven-channel hodoscope on
the LEM to acceptance parameters for the ﬁew four-channel

momentum counter (44). A more detailed description of the
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apparatus and electronics is presented in Appendix IIIL.

C. Division of work on Qhe'experimeﬁt.

This w photoproduction experiment was a joint effort
of myself (P.S.) and Patrick L. Walden (P.W.). The division
of work on the experiﬁght was as follows:

i) Physical modification of apparatus - P.S., P.W.,
various undergraduates, and the synchrotron crew.

2) Setﬁp of.electronics - P.S. and P.W.

3) Initial Monte Cario study of effects of using
"recoil counter" - P.S. |

4) Determination of optimum recoil counter size - P.VW.

5) Beam energy monitoring analysis - P.S.

6) Reduction of scaler data to true particle rates -
P.W.

7) Calculation of acceptances and direct cross sections
_ using spectator model - P.W.

8) Averaging.and interpolation of final data, simple
resolution correction - P.S.

9) Attempt at .partial wave analysis of final cross sections
- P.S, |

10) Investigation of deuterium effects neglected in the

cross section calculation - P.S. and P.V.
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PART IT

THE DEUTERIUM PROBLEM

As mentioned above, the.différentiql cross section for
the reaction +yn ~ 7 p must be calculated from particle
rates of photoproduction off a compound nucleus (deutérium).
The actual reaction is then yd > 7 pp . The main considera-
tions with a deuterium target are:

1) The target neutron is bound.

2) The momentum of the bound nucleons in deuterium is
notrnegligiblé compafed with the other péfticle momenta,

3) In the initial state, the proton in deuterium
"shadows" the neutron with consequent effect on the cross
section (Glauber effecﬁ).

4) 1In the final state, the outgoing pion and "recoil”

proton may interact with the “gpectator" proton.

A, The spectator model of photoproduction from deuterium

The spectator model is used to approximate the behavior‘
of the neutron in deuterium to take care of problems 1) and
2). The model is equivalent to the "impulse approximation"
for ccemplex nuclei which states that the reaction amplitude
is the sum of reaction amplitudes off of eéch nucleon sepavately,

with no collective effects. The conditions for the validity
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of the impulse apﬁroximafion are discussed by Chew and
Lewis(45] and are shown to be satisfied by the deuteron,
because of its small binding energy and spread out wave
function. Since a single T can be photoproduced only from
neutrons, the spectator model assumes that in deuterium,

only the neutron reacﬁs with the incoming gamma ray to preduce

"spectator' whose

a single w , while the proton acts as a
momentum in the final state equals its momentum in the

initial state. Thus in its simplest form, this model ignores

initial and final state interactions with the spectator.

B. Bound nucleon momentum,

A rough derivation of the internal momentum distributibn
of nucleons in the deuteron can be made assuming a simple
nuclear potenﬁial and relatively simple form for the deuteron
wave function. One such "derivation"(46), using. a Yukawa
potential, gives the Hulthen wave function ui(g) and associated
Fourier transform momentum space wave function c(ﬁ) (see
_Appendix'iV). The probability density for the magnitudé of
the nucleon momentum is given by 4ﬂk2|c(ﬁ)l2 and is plotted
in Figure 3. The most likely momertum for the target neutron
in the deuteron is roughly 50 MeV/c, a quahtity which cannot

be ignored in comparison with the momenta of the other
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particles. in the reaction.

On the other hand, begause of the simplified assumptions
and the approximations used, Wé know that these functions
are somewhat innaéurate; and specifically, our lack of any
knowledge of the true wave function and potential at small
radius p is translated into large uncertainty in the momentum
distribution at large momenta. In fact, recent measurements
of this momentum distribution in md production experimentsf
(bubble chamber) have shown relatively large numbers of events
at spectator momenté‘greater than 200 MeV/c in disagreement
with the Hulthen function prediction.(56)

A comparison of the Hulthen momentum function with the
spectator proton momentum distribution obtained in the 7
photoproduction bubble chamber experiment by Hilpert et al.
(38) shows that for photon energies below 1.5 GeV, the
Hulthen function is in fair agreement with experiment for

momenta below 300 MeV/c (Figure 4).

C. Energy resolution of the 7 photoproduction experiment.
The target nucleon momentum has an effect on the calcu-~
lation of the-photon energy at each data point. The gamma

ray beam incident on the deuterium target is a bremsstrahlung
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beam, continuous Iin energy up to a cutoff équal to the end-
point energy of the synchrotron. The specific photon.energy
for the reaction mus t be caléulated at each data point from
kinematics determined by measurement of outgoing.particles
an& our knowledge of the photon beam direction. The finite
width of the spectrometer aperture is reflected into.a finite
resolution width in our knowledge of the photon energy.

Other contributions to the resolution width are finite target
size and finite beam width,

This resolution width is not too broad in experiments
done using a hydrogen target, where the target nucleon (proton)
can be considered to be at rest in the lab. The two-body
kinematiés of‘the reaction are completely determinea by
measurement of the vector momentum of one outgoing particle
(plus our knowledge of the photon beam direction). The
width of the éﬁectrometer aperture, target width, and beam
width.are reflected into a small resolution width in photon
energy, eg. about 25 MeV at forw;rd angles.

However, when a deuterium target is used, the targét
nucleon is in motion; and, at each data point, events corres-
ponding to many possible target nucleon momenta are counted.
If'again, only one outgoing particle is dé;ected (in the

spectrometer); the two-body kinematics can be calculated
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assuming the validity of the spectator modél. But now,
there is another.majér contribution to the photbn energy
resolution width: the uncerfainty in thé'initial»momentum
of the target nucleon. The‘effect ig to increase fhe‘energy

resolution width by a factor of two or more.

D. Reduction of energy resolution width by using a 'recoil
‘ counter" to detect the second charged particle,

It seemed likely that the use of a counter telescope or
hodoscope té detect the second charged particle ("recoil
proton") in the feaction might help to reduce the resolution
width to acdeptabie levels. I have done a Monte Carlo
investigation of the angular distribution of proton recoils
as a function of initial target neutron momentum for a given
spectrometer setting and aperture, Thus I have been able
to determine the effect of using a recoil counter to detect
this recoil proton. I£ was found that events with the largest
angulai deviation from the central recoil angle had high
target neutron momenta ;, a result which is not very surprising.
Thus, a recoil counter of appropriate size could be used to
discriminate against these high neutron momenta and improﬁe
the resolution of the experiment. Figure 5 shows a typical

result- of the analysis. The high momentum tail of the Hulthen
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momentum distribution has been cut off by the addition of

the recoil counter. As may be seen in Figure 6, the CM total
energy resolution has.begp improved, mainly by cutoff of
large tails due to high target neutron momenta. Figure 7
shows a similar improvement in the resolution of the CM

pion angle,

A study made by Patrick Walden of the tradeoff between
percentage of events (corresponding to a pion in the spec-

- trometer) detectea by the recoil coﬁnter and reduction in
résolution width was used to determine the optimum counter

size. Roughly, the optimum size was determined to be the
angular aperture which accepted 50% of the events corresponding
to a pion in the spectrometer. For smaller recoill counter size,
the enérgy resolution width fell off slowly, while for larger
counter sizes, the resolution width increased rapidly.

Based on these results, a recoil counter telescope
system was designed by Craig Maxwell to be placed on the
existing circular track surrounding the target. Details of
the recoil counter system are given in Appendix III.

A short summary of the actual resolution widths for this
experiment calculated at selected pion CM angles and "free"

neutron rest energies (see Appendix I) is given in Table 1.
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TABLE 1

RESOLUTION WIDTHS FOR

SELECTED PION ANGLES AND PHOTON ENERGIES

cM . "Lab" 20 (degrees) 20 (MeV)

Pion  Photon Angular Resolution Energy Resolution
Angle  Energy Pion With Pion With
(deg) (MeV) Only Recoil Only Recoil

6 - 612 1.1 | 70

6 916 1.2 108

6 1220 1.6 150
45 612 4.1 1.4 64 29
45 916 3.9 1.4 100 45
45 1220 3.7 1.5 132 68
75 612 6.4 2,5 60 T 40
75 916 5.8 2.6 90 62
75 1220 5.2 2.8 112 84

120 612 8.0 3.3 72 80

120 916 7.5 3.0 112 106

120 1220 7.6 4.5 146 124

160 672 8.5 1.8 108 90

16C 916 8.9 1.7 192 120

160 1220 8.6 1.7 248 148



23

It is obvious that the energy resolution at backward
pion angles is very poor and that the recoil counter is of
little help. On the other hand, the angular resolution is

greatly improved by the use of the recoil counter.

E,  The Glauber effect.

The Glapber gffect is the reduction of cross section
per nucleon in a compound nucleus frouw the free nucleon
cfoss section due to the "shadowing" effects on a given
nucleon by all the rest. In deuterium, the m photoproduction
cross section off the target neutron should be slightly
reduced compared with the free neutron cross section because
for a certain fraction‘of the time, the proton intersects
the line of sight between the incoming photon and target

neutron.

The rough effect, as derived by Glauber[é?), can be
expressed as a relationship between the total cross section
from deuterium and the total YN cross section from the free

neutron and proton:

gy = cp + o, - G.C. (11.1)
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where G.C., the Glauber correction, is given by:

=P n L
G.C. i 7| , (11.2)

where r is the average separation of the nucleons.in the
deuteron, If we take r = 1.7 fermi, and op =0, = 100 b,
then this correction is equal to 0.028 yb or . 0.028% ,
whiéh is negligible,

However, it has been shown[48) that the photon can
materialize és a po which interacts strongly in nuclear
matter. A_rough estimate of the pN cross section is
OpN = 25 mb, If we replace OP and o, in equation IT.2 with
this value, the the correction becomes 6.9%, which is
significant. An indication of the fraction of time that
the photon spends as a po while traversing the deutéron
may be obtained by application of the uncertainty principle.
Consider the materialization of a 1 GeV photon into a po

with the same momentum. The energy of the p0 is then given

by:

Ep =7 (1) + (.765)% = 1.26 GeV

where ,765 is the rest mass of the po. The extra energy
needed is AE = 260 MeV. Applying the inequality AEAt > ®/2,
=24

we obtain At = 1,26 ><10"2 sec., which, even at the speed

of light, corresponds to only 0.4 fermi. The mean free
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path of the po in nuclear matter is about 3 fermis, and thus
the photon has relatively little time to interact as a po
for photon energiles n 1 GeV.

Thus we conclude that the Glauber effect is negligible

(v 1% or less ) for our experiment.

F. Final state iﬁteractions.

There remains the possibility that in the rveaction
yd ~> frnprpS ‘the outgoing pion or the recoil proton P, interacts
with the spectator proton P The only.easily separated
component of these final state interactions is the effect
of the Pauli exclusion principle on the allowable final
states of the two-proton system. A calculation of the
effect of the Pauli principle on the deuterium photoproduction
cross section has been made by Chew and Lewis(45). The
deuterium cross section is given in terms of the "spin-flip"
and "spin-non-flip" cross sections off free nucleons and.
the deuteron form factor aséuming the Hulthen wave function
for the deuteron (see Appendix V).

The calculation of other final state effects (eg. TN

scattering) is very difficult. Because of this, and because
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our experimental results seem to indicate that most of the
final state effects seem to be accounted for by the Pauli

principle, we have chosen to neglect these other interactions,
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PART III.

CALCULATION OF THE ymn -~ ﬂ—p DIFFERENTIAL CROSS SECTION

A, Methods.
In order to try to overcome deuterium problems and
for comparison purposes, the cross section for yn - 7 p was

calculated in three ways. These were:

1) Ratio method.
The spectrometer rates of 7 from the reaction yd + T pp
+ , +
and of 7 from the reaction yd - 71 nn were measured and
used to calculate the cross section for the reaction yn =+ T p
according to the formula:

Rate(Yd > PP) x O-(-Yp - -n'+n) (III. 1)

o(yn -~ ﬂ"p5 = "
- Rate(yd - 7 nn)

where the protoh crosé sections were taken from the fit made
by Ecklund(G] of the W+ cross sections from hydrogen meaéured
by Ecklund(6],and Thiessen(7). This method assumes that ﬁhe
deuterium corrections cancel in the ratio, thus making the
ratio equal to that of the free nucleon cross sections. To
the extent that deuterium effeéts, especially final state
effects, do not cancel in the ratio, the Yn cross sections

calculated by this method will be inaccurate,
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Final state effects, espeqially that due tobthe Pauli
exclusion principle, are most prominent at small forward
pion angles (corresponding to small recoil nucleon momentum)
and thus.this ratio calculation probably has a moderate
systematic error at our smali angle settings 6, 10, 20, and
30 degrees CM. An attempt to calcplaée_this correction by
using ""spin-flip" and "spin-non-flip" cross sections is made
in Part V.

Despite-the above problems, the ratio method is the
simplest way to determine the T cross section off neutrons.
Until exact corrections can be worked oug in detail, this
method provides the best estimate of this cross section,
especially at small pion angles.

One disadvantage of the ratio method as we used it.
is that the energy resolution .and angular resolution were

poor because the recoil counter rates were not used.

2) Recoil (and reverse recoil) cross sections.

The recoil counter was used to detect the recoil proton
when the pion went through the spectrometer; and at backward
pion angles the recoll counter was used to detect the:pion
when the proton went through the spectrometer (reverse recoil

runs) .,
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Y3 direct calculation of the yn cross section.was made,
using the spectator model, Hulthen wave function,:and recoil
counter rates. Since both oﬁtgoing particles were detected,
this method gives improved energy and angular reéolution,
besides reducing background rates,

The calculation of the spectrometer and recoil counter
acceptances, and the average CM pion angle and "lab' photon
energy at each setting was done by means of a Monte.Carlo
program written by Patribk_Walden. The program randomly
chooses the following variables for each experimental setup:
the pion (or proton for reverse recoil runs) lab momentum
across the acceptance of one momentum channel of .the spec~
" trometer, the position of the reaction in the target, the
lspectator nucleon initial momentum weighted by the Hulthen
wave function. The:program then calculates the photon energy

and weights the total event by the bremsstrahlung spectrum
at that photon energy. The program then checks whether or
not the recoil proton (or pion for reverse xecoil rug) went
through the recoil counter. By ﬁalculating many such events,
the program obtéins'average values of the photon energy, CM
pion angle, and spectrometer and recoil counter acceptances
for the given experimental setup. Knowledge of the particle

rates and system acceptance glves the cross section average
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over the acceptance,

The program makes corrections for momentum loss of the
spectrometer particle as it travels from the target, through
air and various counter materials, to the last counter in the
system. Corrections are also made for energy loss of the
recoil proton in escaping through-the:aluminum,wall of the
target assembly ana in traversing the material in the recocil
cunter systém. The effects of pion decay (7ri > ui + V) were
'investigated-by a specilal Monte Carlo program whichvwas run
for a selected number of experimental settings. The results
of this program were combined with corrections for nuclear
absorption in the spectrometer to produce a final acceptance.
This final acceptance was multiplied by the rates.to obtain
the final recoil éross section. Details on the above corrections
and about the geometrical acceptance calculations may be
found in the Ph.D. thesis by Patrick Walden.

Unfortunately, the calcuiation using the recoil counter
rates could not be done at forward pion angies, because the
recoil proton does not have enough energy to escape through
the mylar and aluminum walls of the.target assembly. Thus, the

. . 0
"recoil" cross sections were calculated only at angles 2 45 CM.
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3) Direct cross sections - pion only.

The third method is a direct calculation of the ﬂ~ cross
section using only the spectfometer (pion) rates. The
calculation proceeds exactly as din 2) except that.the recoll
counter is ignored. The corrected system acceptance is
multiplied by the particlg rates to oﬁtain the final "pion
only" cross sectionms.

This method has all the disadvantages of the other two,
The.energy aﬁd angular resolutions are poor. The Hulthen
wave function was used at high values for the internal nucleon
momentum, an area where it is known to be inaccurate. Finally,
background rates were significant, especially at backward
pion angles, Also, while this method could be uséd to calculate
cross sections at pion CM angles < 450, the results are very
likely not equal to the true yn cross section, because of
the predominance of finalkstate effects in this region.

It should be noted that fhe average lab photon energigs
and CM pion angles calculated by the ﬁonte Carlo program
for each experimental setting by this method are the saﬁe
angles and energies which have been.assigned to the ratio

cross sections (Method 1).
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B. Elimination of competing reactions.

Since photodisintegration of deuterium (yd - pn) is
eliminated by either requiriﬁg a pion in the spectrometer
or by requiring two outgoing charged particles, the main
competing reactions are multiple pion photoproduction,
especially the following: ’

1) yd » ar r%n Y
2) yd > pﬂ+ﬂ~n
3) yd s opromp
Reactiéns 1 and 2 may contaminate ﬂ+ photoproduction (from
deuterium) and reactions 2 and 3 méy contaminate m photopro-
duction.

These reactions were limited by reducing the synchrdtron
- endpoint below the threshold photon eﬁergy required for
producing the second pion. This completely eliminated 2w
contamination, except perhaps in the lowest of the four
momentum channels of the spectrometer. A schematic diagfam
showing the situation is given in Figure 8.

For single pion photoproduction, the four momentum
channels of the spectrometer are reflected into resolution
curves in the photon energy. Each curve gives the probability
that a photon of given énergy will produce a single pion in

the given momentum channel., The channel of lowest momentum
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- is reflected into the energy resolution cuive of lowest energy.
A similar set of four energy resolution curves can be.generated

for double pion photoproduction. These are shown in the

’:For our spectrometer, the highest energy’resolution;
curve for single pion photoprqduction is separated from the
lowest energy curve for double pion photoproduction by a
small gap. Thus if the synchrotron endpoint is set in the gap,
oniy single pions can be produced, However because of tﬁe
_poor resolution due to deuterium smearing, and the fact that
the bremsstrahlung endpoint is not sharp, the tail of the
bremsstrahlung spectrum and the lower side of the resolution
curve for the lowest momentum channel for double plon photo-
production overlap as éhown.

Thus our lowest momentum channel may have significant
2m contaminétion. This problem, however, becomes insignificant
in cases where the resqlution is improved by addition of the
recoil counter. Also we hope that most of the 27 contamination
for our bottom channel will cancel out in the ratio method
described above, For a detailled czlculation of the 2 effects
for this experiment, refer to the Ph.D. thesis by Patrick

Walden.
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PART 1V

RESULTS

-+ . + . ' e
The m /m ratio, m cross sections from deuterium,
T cross sections from deuterium via the ratio method, via the
direct method with plon only detected, and via- the direct

method with both pion and recoil proton detected are given

in Tables 2, 3, and 4 and in Figures 9 and 10.

A. The ﬂ—/ﬂ+ ratio, (Table 2, Figure 9)

The ratio curves show very well the general effect that
has been observed in this experiment: the T cross section
is relatively low compared to the ﬂ+ cross section in the
.third resonance region at about 1000 MeV photon energy (total
CM energy = 1650 MeV). These ratio curves have not been
corrected for resolution effects, so that the dip éhouid
actually be a little deeper, especially at 45 and 60° CcM,
where the ﬁ+ cross section‘shows avpronounced peak at the
above energy.

The ratio curves are fairly smooth, indicating a good
consictancy from setting to setting in the experiment. There
are a few anomalously high points at 135 caused by tﬂe

T rvesults. These are as yet unexplained.
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At the angles 20°, 60°, 90°, 120°, 150°

, and 160° are -
plotted the ratio data of Neugebauer(36) (dark points).

The agreement is excellent, é result which is not too surprising
since the two experiments were performed with almost the

same experimeﬁtal apparatus (nine yearé apart).at the Caltech

synchrotron,

.B, The ratio cross sections. (Table 3, Figure 10)
The ratio cross sections have been plotted twice, for

comparison with the "recoil" cross sections and the "pion

only" cross sections. At small angles, where the ratio cross
sections and direct.croés sections differ due to final state
effects, a few points (half-blacked inj have beén artificially
generated by interpolation where thé ﬂ+ rates were not available
to form the ratio, (These points are identified by a * in

Table 3.) This was done becausebwe believe the ratib results to
be the best indication of the yn + 7 p cross section at these
small angles. The direct cross sections, calculated via the
spectator model from the deuterium w rates, are expected to

be smaller than the yn cross secfions due to the above-mentioned

final state effects(45). This seems to be born out on our

experiment, The difference between our ratio cross sections
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and our direct cross sections approaches zero at about 45°
CM, a result which is consistant with some preliminary calcu-
lations of "spin-flip" and "épin~non~flip" cross sections
and the deuterium'model used by Chew and Lewis(éS]. See
Part V. |

In the ratio cross sections, a simple correction for
resolution effects was made at 45% and 60° M at photon energies
around 1000 MeV. (These points are half-blacked in in Figure
10.) Here the (direct) m cross section is flat with energy
while the n+ cross éection has a pronounced hump. Use of the
uncorrected ratio to multiply the Ecklund cross sections
would have given a hump to the 7 (ratio) cross section, a
result which would be inconsistent with the direct m rates.
The effect of the correction was, essentially, to set the m
ratio cross section equal to the direct (pion only) cross
section at these few points. A complete unfolding of the

cross sections was not done.

C. Direct W+ cross sections from deuterium. (Table 3, Figure 9)
The ﬂ+ cross sections from deuterium (calculated by method

3 in Section III,A) have been plotted for'comparison with the
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fits made by Ecklund(6),5f the w+ crogs sections from hydrogen
measured by Ecklund(6) and;Thiessen(7). The deuterium cross
sections are lower in thg forward direction, a result which

is consistent with the expected drop due to final state effects
(45).

However, in the backward direction, the deuterium ﬂ+
results appear anomalously high. This apparent jump in the
cross section at 90° seems to be correlated with our switching
from the high momentum spectfometer (HEMA) fo the low mementum
spectrometer (LEM). After much thought and calculation
(especially by Pat Walden), we think that this might be due
to an electron-positron background at large angles; which we
previously thought to be negligible. Since the LEM was not
equipped to distinguish pions from electrons (as HEMA was),
this background Will show up in our direct cross section
calculations. Thieséeﬁ(SO)-seemed to observe a similar effect
in his ﬂ+ experiment (hydrogen target) at wide angles where
he used the same spectrometer. He made a small number of
measurements of the effecf and has made a'fit.of the results,

Using this fit‘and normalizing it to the electron rates
observed at 75° ﬁith the HEMA, Pat Walden has calculated that

this effect could completely account for our high results
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at hackward angles. The ratio cross sections are relatively
insensitive to this effect since the direct (pion only) m

cross  sections have a similér high behavior at backward angles.
However, since electrons are not expected to completely cancel
in the ratio, a small systematic error in the backward ratio
cross sections is indicated. The recoil cross sections are
believed to be unaffected by the electron problem because a

coincidence of two particles is required.

D. Direct m cross section (pion only detected) from deuterium.
(Table 3, Figure 10)

The direct m cross section calculated via the spectator
model from the spectrometer pion rates only is plotted with
the ratio cross sections for comparison. The direct cross
sections are lower than the ratio cross sections at plon angles
less than 45° M, a result which is again consistent with thg
Chew and Lewis treatment  of final state effects. This.gives
us hope that the ratio cross section might be a good approxi-
mation to the real yn cross section,

As in the ﬂ+ case, the direct T cross sections (pion

only detected) seem to jump at 90°. As I have said above,



40

we believe that this is due to an unsubtracted electron

background.

E. Direct m cross section (both pion and recoil proton
detected) from deuterium. (Téble 4, Figure 10)

These 'recoil" cross sections are plotted with the ratio
cross sections for comparison. In general, the two crossb
sections agrée well with each other, There are, however,
some specific areas of disagreement., At angles less than
75° at the smallest energies, the recoil resﬁits are off,

This is due to the problems encountered when trying to correct
for protons which do not escape from the target. Therdetails
of this correction and the various difficulties involved

are discussed by‘Patrick Walden{éé).

At 105° the recoil results deviate wildly from the ratio
éross sections at low energieé. We have not been able to
explain this behaVior an@ I am inclined to blame the problem
on the recoll electronics which may have been acting up.that
day. At 150 and 1600, there are some spots at intermediate
energies where the recoll and ratio results disagree. This
is a region of poor statiséics and large aécidentals and perhaps

one of these is the cause of the discrepancy.
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F., Accidentals and dead,time at backward pion angles.

Because of a mistake in the setup of the HEMA and LEM.
electronics, we were not able to distinguish between some
accidentals and dead time corrections, This problem was not
severe at angles less than 120° as the maximum possible
correction was of the order of one pefcent or less. However,
at larger angles and especially at 150 and 1600, the possible
coirections érew to as much as 207. Since we were unsure
-‘whether we sﬁould'ggg_a correction (for dead time) or subtract
a correction (for accidentals), we simply increased thg error
bars in proportion to the possible corréction. Thus, at
backward angles, the errors listed are not completely statistical
but may contain a systematic component due to our‘uncertainty
about this problem. In any case, all runs with an "accidentals"
rate of more than about 4% have been thrown out and are not

included in the graphs .or tables.

G. Backgrounds. (Figures 9 and 10)
Empty target backgrounds were measured for about two
- +
thirde of the m settings and for a small number of the 7

settings., For the m settings for which no backgrounds were
g v

taken, an interpolated background was used to calculate the
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the subtracted 7 airect cross sections. (These interpolated
points are indicated by vertical bars in Figure 10) “The
measured and interpolated backgrounds are plotted along with
the direct (subtracted) m cross sections to show.their general
level.,  The few measured ﬂ+ backgrounds are plotted along

with the deuterium W+ cross sections in Figure 9.

An artificial subtraction has been performed on the
deuterium ﬂ+ cross sections using the 7 backgrounds divided
by the w~/w+.ratio. This is equi#alent to assuming that the
w+ backgrounds were the same percentage of the foregrounds
as the m backgrounds were of their foregrounds., Comparison
of the measured ﬂ+ backgrounds to the artificially generated
ones gives rgugh agreemént.

The ﬁn/ﬂ+ ratio was calculated from the foregrounds only,
which is equivalent to using the asbove assumption on the back-
grounds, The question of whether we should have taken more
ﬂ+ backgrounds is still a moot point; time wés a factor, and
to reserve more time for wf backgrounds would have cut time
from taking foreground data. The effect on the ratio of
using the foregrounds only ié_veqy small except perhaps at

/
backward angles, where the backg}ound percentages are highest.
Finally, the backgrounds for the recocil rﬁns were very

small and we have neglected them in the calculation of the

final recoil cross sections.
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TABLE 2

v Jut RATEQ

See Appendix I for explanation of

"lab" photon energy.



Lab cM
Photon Pion S
Energy Angle 1w /w  Stat.
(MeV) (deg.) Ratio Error
583.9 6.22 1.169 0,068
601.1 6.23 1.207 0.070
614.1 6.27 1.162 0.069
630.8 6.35 1.231 0.068
641.0 6.21 1.277 0.077
659.1 6.22 1.093 0.068
674.2 6.30 1.164 0.130
695.5 6.29 1.290 0.083
713.4 6.20 1.039 0.059
©730.2 6.25 0,987 0.059
748.0 6.30 0.908 0.056
764.5 6.38 .1.001 0.063
. 874.5 6.28 0.575 0.056
898.8 6.31 0.603 0.060
922.2 6.35 0.553 0.058
947.2 6.43 0.693 0.071
585.4 10.12 1.305 0.108
601.1 10.18 1.200 0.080
616.8 10.23 1.236 0.083
631.6 10.34 1.128 0.073
642.0 10.09 .1.080 0.074
659.6 10.13 1.277 0.090
675.8 10.18 1.100 0.076
694.8 10,29 1.170 0.081
711.4 10.00 1.255 0.089
727.6 10.10 1.169 0.105
747.8 10.18 0.973 0.076
770.8 10.22 1.000 0.075
790.1 10.18 0.715 0.044
808.3 10.24 0.751 0.046
831.3 10.28 0.662 0.042
850.1 10.42 0.618 0.040
875.3 10.19 0.656 0.046
896.4 10.22 0.602 0.045
923.9 10.29 0.542 0.042
947.4 10.35 0.470 0.039
1073.3 10.07 0.648 0.042
1096.3 10.20 0.763 0.118
1121.7 10.29 (6.802 0.058
1156.4 10.36 0.745 0.075

bt

Lab M
Photon Pion _
Energy Angle w /m  Stat.
(MeV) (deg.) Ratio Error
1170.3 10.24 0.738 0.099
1198.2 10.30 0.644 0.090
1216.7 10.46 0.780 0.107
1243.9 10.56 0.786 0.112
583.8 20.20 1,099 0.061
508.7 20.32 1.175 0.065
617.0 20,38 1.246 0.069
632.1 20,57 1.186 0.063
642.5 20.15 1.112 0.062
659,6 20.29 1.214 0.067
677.8 20.41 1.113 0.061
695.3 20,61 1.207 0.068
711.5 20,09 1,160 0.051
731.3  20.21 1.104 0.050
750.8 20.37 - 1.016 0.048
768.0  20.53 0.916 0.045
786.7 20.24 0.769 0.076
808.8 20,40 0,745 0.047
829.9 20.53 0.713 0.045
850.8 20.72 0.646 0.042
869.5 20.18 0.634 0.033
896.1 20.23 0.593 0.031
919.7 20.44 0.585 0.030
946.4  20.62 0.600 0.032
967.5 20.28 0.590 0.027
994.2  20.37 0.582 0.026
1026.1 20.45 0.586 0.032
1054.,1 20.62 0.625 0.030
1069.8 20.24 0.658 0.037
1096.2 -20.41 0.740 0.044
-1124.9 20.64 0.708 " 0.042
1158.8 20.75 0.797 0.048
1166.1 20.24 - 0.838 0.089
1192.1 20.40 0.901 0.102
1220.6. 20.56 0.901 0.100
1249,8 20.70 0.894 0.111
585.3 30.17 1.122 0.070
599.4 30.34 1,081 0.065
616.5 30.49 1.108 0.065
632.8 30.76 1.098 0.065



Lab CM
Photon Pion I
Energy Angle 1w /m  Stat.
(Mev) (deg.) Ratio Error
644, 6 30.05 1.085 0.051
658.1 30.34 1.030 0.076
676.5 30.52 1.067 0.050
693.1 30.84 1.040 0.048
710.8 - 30.13 0.965 0.043
728.4 30.37 0.901 0.040
752.0 30.45 0.969 0.045
771.2  30.79 0.844 0.041
785.7 30.16 0,688 0.053
810.9 30.20 0.810 0.063
830.6 30.53 0.662 0.053
856.3 30.72 0.642 0.051
874.1 30.03 0.682 0.026
8§99.2 30.19 0.646 0.031
923.9 30.44 0,647 0,023
949.9 30.71 0.590 0.022
968.9 30.03 0.608 0.035
998.1 30.18 0.600 0.027
1025.0 30.41 0.577 0.026
1056.7 30.62 0.688 0.032
1164,2  29.99 0.880 0.053
1195.2  30.15 0.916 0.058
1230.5 30.40 0.876 0.058
1264.6  30.68 0.920 0.063
585.0 45.07 0.959 0.078
602.5 45,13 0.964 0.076
617.7 45.57 0.887 0.070
633.3 45.99 0.929 0.069
640.8 45,15 0.832 0.046
659.6  45.34 0.841 0.047
677.5 45.66 0.843 0.046
696.8 45,98 0.797\ 0.044
712.5 44,96 0,813 0.040
729.4  45.30 0.803 0.040
750.8  45.54 0.756 0,050
773.3 45,87 0.664 0.035
786.2 44,83 0.703 0.031
807.4 45,20 0,712 0,052
833.1 45,44 0,695 0.040
854.8 45.90 0.629 0,030

45

Lab CM
Photon Pion
Energy Angle w /u tat,
(MeV) (deg.) Ratio Error
875.0 44,92 0.623 0.040
898.0 45,19 0.566. 0.036
922.0 45,63 0.542 0.035
949.8 45,99 0.527 0.078
971.5 44,78 0.545 0,026
996.8 45.24 0.565 0.029
1027.4 45,57 0.552 0.027
1058.4 45,84 0.568 0.029
1062.3 44,88 0.636 0.030
1098.5 45,02 0.647 0.034
1128.3  45.48 0.768 0.041
1161.6 45,79 0.790 0.045
1161.8 44,77 0.900 0.113
1194.2 45.22 0.933 0.060
1233.7 45,49 0.932 0.064
1270.1 45.83 0.834 0.060
585.5 59.8% 0.893 0.058
599.,2 60.38 0.920 0.060
619.3 60.54 0.896 0,056
636.2 60.97 0.841 0.052
640.1 59.87 0.832 0.032
659.6 60.14 0.755 0.027
679.2 60.48 0.748 0.033
701,2 60.86 0.714 0.024
707.6 59.89 0.743 0.034
730.6 60.14 0.707 0.057
751.1 60.59 0.691 0.035
776.0 60.99 0.735 0.042
786.1 59.70 0.703 0.044
808.8 60,11 0.618 0.031.
835.3 60.52 0.664 0.034
858.6 61.04 0.554 0.031
872.7 56.74 0.587 0.047
898.9 60.22 0.603 0.048
925.2 60.57 0.520 0.041
957.7 60.96 0.427 0.035
967.3 59.60 0.437 0.030
998.7 60.03 0.472 0.027
1028.8 60.49 0.442 0.026
1064.5 60.82 0.509 0.034
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0.890

Lab CM

Photon Pion = +
Energy Angle w /v Stat.
(MeV) (deg.) Ratio Error
1063.1 59,69 0.481 0.031
1102.7 59.90 0.620 0.043
1131.9 60.47 0.629 0.091
1168.7 60.91 0.820 0.074
1160.3 59.43 0.712 0.058
1186.2 59.89 0.828 0.076
1232.8 60.53 0.837 0.082
1276.9 60.75 0.921 0.104
581.8 74.78 0.852 0.034
599.0 75.32 0.825 0.030
617.4 75.52 0.818 0.050
638.3 75.85 0.790 0.031
639.6 74.67 0.834 0.063
659.1  75.15 ‘0.699 0.071
680.0 75.51 0.818 0.051
699.7 75.97 0.809 0.043
706.1 74.47 0.758 0.043
731.5 74.96 0.802 0.047
752.1 75.59 0.704 0.045
774.4 76.03 0.604 0.044
783.5 74.59 0.660 0.060
809.1 75.03 0.564 0.057
834.9 75.43 0.628 0.070
865.4 75.82 0.577 0.073
866.6 74.56 0.448 0.034
897.8 74.96 0.554 0.044
925.0 75.44 0.391 0.047
959.7 75.84 0.350 0.045
964.,9 74.67 0.345 0.028
996.6 74.98 0.399 0.034
1030.7 75.41 0.363 0.035
1064.0 75.95 0.418 0.041
1059.4 74,42 0.379 0.036
1094.1 74.77 0.4%8 0.049
1132.1 75.44 0.647 0.073
-1169.4 75.76 0.647 0.138
1156.3 74.24 0,656 0,104
1198.2 74.83 0.701 - 0.118
1233.7 75.41 0.815 0.151
75.80 0.181
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Lab cM
Photon Pion
Energy Angle « /v Stat.
(MeV) (deg.) Ratio Errox
579.8 89,70 0.916  0.057
598.5 90.06 1.014 0.058
619.2 90.43 0.973 0.060
637.9 90.86 0.919 0.077
636.0 89.54 0.700 0.040
657.6 89.85 0.755 0.043
679.0 %0.49 0.773 0.041
700.8 90.78 0.754 0.041
702.6 89.32 0.750 0.025
725.3  89.89 0.757 0.035
750.2 90.33 0.736 0.048
776.1 90.72 - 0.702 '0.029
780.3 89.16 0.719 0.034
803.3 89.92 0.679 0.035
833.1 90.26 0.591 0.036
860.9 90.71 0.557 0.039
577.3 104.4 1.041 0,068
598.7 104.6 1.096 0,120
617.3 105.2 1.058 0.067
637.0 105.6 1.034 0.064
633.4 104,1 1.056 0.073
655.8 104.8 1.024 0.088
676.9 105.1 0.834 0.092
698.3 105.7 0.965 0.065
769.6 104.1 0.725 0.039
799.5 104.7 0.738 0.043
829.2 105.1 0.5%4 0,046
857.9 105.5 0.604 0.085
854.6 103.8 0.591 0.045
886.6 104.6 0.544 0.045
920.1 105.0 0.553 0.048
949.9 104.9 0.553 0.051
©49.5 103.8 0.563 0.069
982.5 104.3 0.590 0.043
1014.8 104,8 0.504 0.040
1051.1 105.3 0.628 0.069
1035.6 108.6 0.672 0.038
1075.1 109.1  0.637 0,041
1115.8 109.6 0.659 0.047
1154,3 109.8 0.577 0.043



Lab CM
Photon Pion N
Energy Angle 1 /v  Stat.
(MeV) (deg.) Ratio Error
574.1 119.0 1.421 0.088
592.,5 119.6 1.449 0.085
617.4 119.9 1.215 0.068
638.6 120.5 1.470 0.081
628.0 118.9 1.445 0.091
652.8 119.5 1.537 0.094
673.2 119.9 1.231 0.075
698.1 120.4 1.121 0.069
.692.5 118.9 1.109 0.065
716.6 112.5 0.966 0.059
744,0 119.6 1.000 0.063
769.6 120.0 0.873 0.065
762.1 119.0 0.897 0,059
794.0 119.2 0.817 0,057
824,5 119.7 0.702 0.055
850.3 120.2 0.665 0.060
846.0 118.9 0.633 0.058
878.8 119.0 0.642 0.059
909.6 119.7 0.604 0.057
944.6 .120,0 0.562 0.058
943.8 118.8 0.576 0.054
984.4 119.5 0.522 0.054
1023.7 120.0 0.520 0.053
1074.9 120.6 0.572 0.064
1020.,2 118.3 0.550 0.034
1071.0 118.7 .0.533 0.036
1105.1 119.3 0.711 0,080
1147.0 119.7 0.558 0.059
1109.4 118.0 0.643 0.054
1159.3 118.7 0.720 0.059
1205.4 119.0 0.696 0,071
1247.3 119.7 0.716 0.110
570.7 134.2 2.195 0.164
587.3 134.1 1.895 0.135
611.6 134.6 - 1,849 0,132
633.7 135.0 2.009 0.154
622.0 133,8 2.000 0.151
647.1 134.4 1.843 0.135
668.4 134.5 1.650 0.118"
694.1 134.8 1.815 0.141
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Lab cM
Photon Pion S
Energy Angle = /m  Stat.
(MeV) (deg. Ratio Error
681.,3 133.7 1.462 0.102
710.3 134.2 1.285 0.089
737.7 134.7 1.155 0.085
767.3 134.6 1.436 0.118
750.4 133.6 1.526 0.113
787.3 133.9 1.078 0.086
814.9 134.7 1.009 0.088
847.2 134.6  0.906 0.086
831.2 133.5 1.064 0.089
865.3 133.9 0.994 0.085
901.8 134.2 1.045 0.099
926.0 134.8 0.774 0.084
026.8 133.6 0.763 0.072
974.8 134.3 0.777 0.077
1017.6  134.5 0.695 0.073
1063.1 135.0 0.659 0.079
1012.1 133.6 0.599 - 0.072
1058.8 133.7 0.581 0.074
1114.,5 134.3 0.568 0.080
1166.4 134.8 0.772 0.117
563.6 149.,0 2.098 0.169
584.3 149.,1  2.344 0.194
611.5 149.2 2.289 0.185
629.4 149.5 2.762 0.243
617.7 148.8 2.230 0.180
640.9 148.9 2.451 0.202
666.8 149.3 2,497 0.210
690.5 149.3 2.376 0,207
679.9 148.6 1.861 0.170
706.6 149.2 1.956 0.176
733.8 149.1 2,126 0.216
755.4 149.3 1.696 0.178
815.0 148.1 1.663 0.158
852.4 148.6 1.273 0.128
808.2 148.8 1.277 0.135
924.7 149.3 1,266 0.147
912.3 148.4 1.412 0.152
953.4 148.6 1.087 0.117
1006.6 149.2 1.199 0.133
1057.8 149.7 0.912 0.117



Lab

CM

Photon Pion
Energy Angle 7 /v Stat.
(MeV) (deg.) Ratio Error
993.6 148.3 1.107 0.134
1053.9 149.2 0.944 0.115
1104.0 149.5 0.981 0.130
1162.2 149.7 1,171 0.176
1062.9 147.9 0.984 0.123
1114.9 148.4 0.970 0,137
1155.6 148.5 0.948 0.156
1211.9 148.8 0.633 0.122
610.4 158.5 2,495 0.223
636.6 158.6 2.719 0.234
660.4 158.8 3.240 0,300
688.0 158.9 3,095 0.284
673.4 158.6  2.581 0.266
698.4 158.8 .2.838 0.307
725.8 158.8 2.163 0.227
755.1 159.0 2.167 0.240
821.3 158.5 2,110 0.211
862.4 158.8 1.794 0.182
906.2 159.0 1.657 0.172
945,7 159.3 1.699 0.190
1 898.5 158.3 1.923 0.210
949.3 158.7 1.582 0.164
1005.2 159.0 1.740 0.219
1046.4 159.1 1.701 0.228
992.4 158.7 1.482 0.172
1024,7  158.6  1.562 0.149
1081.5 159.1 1.428 0.160
1137.0 159.0 1.752 0.183
1044.,2 158.3 1.474 0.211
1104.4 158.4 1.329 0,206
1146,7 158.4 1.342 0.217
1178.1 158.2  1.007 0.188
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TABLE 3

+ . . ,
1) 7w (Direct) Cross Section from Deuterium

‘(pion only detected)

2) T (Direct) Cross Section from Deuterium

(pion only detected)

3) 7 (Ratio) Cross Section (neutron cross section
— -} .
calculated from m /7 ratio and free proton

cross section)

See Appendix I for explanation

of "lab" photon energy.

* indicates artificial (interpolated) cross section
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- Lab cM w+ T Ratio
Photon Pion Cross Cross Cross
Energy Angle  Section Stat.,  Section Stat. Section Stat.
MeV)  (deg.) (ub/sr) Error  (ub/sr) Error (ub/sr) Error
583.9 6.22 14.78 0.75 17.20 0.73 20.72 1,21
- 601.1 6.23 14.75 0.74 17.65 0.74 21.44 - 1,24
614.1 6.27 14,96 0.79 17.54 0.71 21.13 1.26
630.8 6.35 14.73 0.72 . 18.21 0.71 22.00 1.22
641.0 6.21 14.92 ° 0.80 19.23 0.91 23.12 1.39
659.1 6.22 15.01 0.80 16.06 0.85 20.26 1.26
674.2 6.30 14,51 1.66 16.94 0.84 21.29 2,38
695.5 6,29 12,09 0.69 15.73 0.80 22.54 1.45
713.4 6.20 14.29 0.74 14,98 0.68 17.83 1.01
730.2 6.25 13.04 0.69 12.75 0.63 15.30 0.91
748.0 6.30 12.14 0.65 10.84 0.58 13.47 0.84
764.5 6.38 11.13 0.62 11.31 0.57 14.59 0.92
790.9 6.25 10,71 0.55 13.15% 0.48
808.7 6.25 10.25 0.49 12.13% 0.44
828.6 6.33° 8.64 0.45 10.54% 0.41
848,8 6.39 7.72 0.41 9.41% 0.38
874.5 6.28 10.23 0.85 5.41 0.54 7.76 0.75
898.8 6.31 9.17 0.78 5.64 0.50 7.59 0.76
922.2 6.35 8.61 0.74 4. 74 0.46 6.78 0.70
947.2 6.43 7.58 0.68 5.63 0.47 7.40 0.76
1670.8 6.14 3.80 0.36 5,03% 0.33
1097.4 6.18 4.16 0.35 5.48% 0,30
1123,7 6.26 3.41 0.52 4,.41% 0,51
1155.6 6.34 3.09 0.30 4.34% 0,26
1170.0 6.41 4,13 0.45 4,92% 0.35
1191.5 6.58 4.03 0.43 4.68% 0,35
1213.7 6.69 3.30 0.44 4,30% 0.33
1250.2 6.70 3.06 0.40 3.86% 0.30
585.4 10.12 12.68 0.72 16,57 1.11 20.32 1.68
601.1 10.18 13.72 0.75 16.45 0.78 18.63 1.24
616.8 10.23 12,55 0.70 15.54 0.73 19,42 1,31
" 631.6 10.34 13.84 0.73 15,57 0.73 17.38 1.12
642.0 10.09 13.46 0.72 14.66 0.77 17.00 1.16
659.6 10.13 11.73 0.67 14.94 0.79 20.27 1.43
675.8 10.18 12.55 0.69 13.58 0.75 17.17 1,19
694.8 10,29 11.76 0.65 13.88 0.72 17.55 1.21
711.4 10,00 10.86 0.65 13.41 0.66 18.57 1.32
727.6 10.10 10.26 0.63 12.06 0.88 15.90 1.43
747.8 10,18 11.36 0.66 11,16+ 0.67 12,30 0.96
770.8 10.22 10.21 0.62 10.26 0.55 12.07 0.90
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Lab CcM T T Ratio
Photon Pion Cross Cross Cross
Energy  Angle Section Stat., _.Section Stat. Section Stat.
MeV) (deg.) (ub/sxr) Error (ub/sx) Error (ub/sr) Error
790.1 10.18 10.28 0.47 7.29 0.39 8.55 0.52
808.3 10,24 9.78 0.46 7.3 0.38 9.01 0.55
831.3 10.28 9.46 .44 6.22 0.35 7.62 0.49
850,1 10.42 9.16 0.43 5.81 0.32 6.89 0.45
875.3 10.19 8.85 0.44 5.81 0.38 7.29 0.52
896.4 10,22 8.06 0.41 4,83  0.34 6.31  0.47
923.9 10.29 8.05 0.40 4,29 0.32 5.42 0.42
947 .4 10.35 7.60 0.39 3.66 0.28 4,17 0.35
970.5 10.17 3.40 0.27 4,27% 0.25
994.8 10.25 3.56 0.28 4.43% 0,26
1025.2 10.31 2.86 0.25 3.78% 0,23
1050.8 10.38 3.42 0.28 4.14% 0.28
1073.3 10.07 5,04 0.28 3.35 0.18 3.83 0.25
1096.3 10.20 4,14 0.25 3.18 0.50 4,11 0.63
1121.7 10.29 3.91 0.24 3.09 0.20 3.86 0.28
1156.4 10.36 3.90 0.24 3.04 0.28 3.17 0.32
1170.3 10.24 3.73 0.34 2.84 0.31 3.22 0.43
1198,2 10.30 3.91 0.36 2.48 0.31 2,62 0.37
1216.,7 10.46 3.54 0.34 2,65 0.32 2.99 0.41
1243.,9 10.56 3.11 0.31 2.50 0.29 2.77 0.39
583.8 20.20 11.02 0.49 12,17 0.50 13.02 0.73
598.7 20.32 10.64 0.48 12,46 0.51 13,81 0.76
617.0 20.38 9.87 0.45 12,29 0.50 14,32 0.79
632,1 20.57 10:.42 0.45 12.36 0.49 13.71 0.74
642.5 20,15 10.77 0.48 12.05 0.50 13,15 0.73
659.6 20.29 10.14  0.46 12,22 0.51 14,17 0.78
677.8 20.41 10.23 0.46 11.30 0.48 13.03 0.72
695.3 20.61 9.30 0.43 11.33 0.46 13.98 0.78
711.5 20.09 9.38 0.33 10.96 0.39 13.24 0.58
731.3 20.21 8.82 0.32 9.72 0.36 11.62 "7 0.53
750.8 20.37 8.03 6.30 8.10 0.33 9.86 0.47
768.0 20.53 7.95 0.30 7.27 0.31 8.30 0.41
786.7 20.24 7.58 0.69 5.80 0.33 6.87 0.68
808.8 20.40 7.29 0.28 5.47 0.31 6.62 0.41
829.9 20.53 7.25 0.28" 5.21 0.30 5.90 0.37
850.8 20.72 6.99 0.27 4,47 0.28 5.31 0.35
869.5 20,18 7.53 0.27 4,66 0.22 5.34 0,28
896.1 20.23 7.29 0.26 4. 40 0.20 4.96 0.26
919.7 20,44 7.35 0.26 4.28 0.20 4,75 0.24
846, 4 20.62 6.91 0.25 4,21 0.19 4,76 0.25
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Lab M ﬂ+ T Ratio
Photon Pion Cross Cross Cross
Energy Angle Section Stat. Section Stat. Section Stat,
(MeV) (deg.) (ub/sr) Error (ub/sr) Error (ub/sr) Error
967.5 20.28 6.76 0.25 3.90 0.12 4,73 0.21
994,22 20.37 6.88 0.26 3.98 0.12 4,57 0,21
1026.1 20.45 6.43 0.24 3.77 0.11 4,40 0.24
1054.1 20,62 5.60 0.22 3.55 0.11 4,25 0.20
1069.8 20.2¢4 5.80 0.22 3.86 0.19 4.32 0.24
1096.2 20.41 4,79 0.20 3.56 0.18 4,42 0.26
1124.9 20.64 4,95 0.20 3.50 0.18 3.72 0.22
1158.8 20.75 4,31 0.19 3.38 0.18 3.69 0.22

- 1166,1 20.24 3:75 0.23 3.14 0.29 3.80 0.40

1192.1 20,40 3.06 0.20 2.74 0.27 4,00 0.45
1220.6 20.56 3.27 0.21 2.94 0.28 3.81 0.42
1249.8 20.70 2.62 0.19 2.36 0.25 3.62 0.45
585.3 30,17 9.25 0.44 10,49 0.46 12.26 0.76
599.4 30.34 9.87 0.45 10,59 0.47 11.71 0.70
616.5 30.49 9.71 0.44 10.70 0.46 11.86 0.70
632.8 30.76 9.56 0.43 10.52 0.45 11,82 0.70
644.,6 30.05 9.67 0.35 10.52 0.38 11,95 0.56
658.1 30.34 9.87 0.68 10.01 0.38 11.40 0.85
676.5 30.52 9.24 0.34 9.91 0.36 12.12 0.57
693.1 30.84 9.37 0.34 9.82 0.35 11.78 0.55
710.8 30.13 10,05 0.34 9.71°  0.33 10.80 0.48
728.4 30.37 10.23 0.35 9.17 0.32 9.30 0.41
752.0 30.45 8.52 0.31 8.29 0.30 9.09 0.42
771.2 30.79 8.25 0.30 6.96 0.27 7.32 0.35
785.7 30.16 7.73 0.46 5.28 0.29 5.76 0.44
810.9 30.20 6.98 0.44 5.70 0.30 6.55 0.51
830.6 30.53 6.98 0.43 4.64 0.26 5.02 0.40
856.3 30.72 7.26 0.44 4.63  0.27 4,87 0.38
874.1 30.03 6.72 0.18 4,61 0.15 5.38 0.20
899.2 30.19 6.91 0.19 4,49 0.16 5.32 0.26
923.9 30.44 7.09 0.20 4,54 0.15 5.25 0.19
949.9 30.71 7.06 0.18 4,18 0.15 5.00 0.18
968.9 30.03 7.90 0.29 4,72 0.18 5.41 0,31
998.1 30.18 7.64 0.28 4. 44 0.16 5.43 0.24
1025.0 30.41 7.62 0.28 4.33 0.12 5.19- 0.23
1056,7 30.62 6.57 0.26 4,50 0.13 5.62 0.26
1064.9 30.02 6.49 0.25
1095.8 30.24 6.06 0.24
1126.8 30.44 5.24 0.22
1160.2 30.70 4.67 0.21
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Lab M T il Ratio
Photon Pion Cross Cross Cross
Energy  Angle Section Stat.  Section Stat. Section Stat.
MeV) (deg.) (ub/sr) Error (ub/sxr) Error (ub/sr) Error
1065.2 20.04 4,57 0.21 5.08% 0.21
1094.0 30.26 4,28 0.21 4.85% 0,20
1128.3 30.42 4.36 0.20 4,81% 0,20
1160.3 30.68 4.47 0.21 4.90% 0,21
1164.2 29.99 4.91 0.22 4,31 0.22 4,44 0.27
1195.2 30.15 4,29 0.20 3.76 0.22 4,32 0.27
1230.5 30.40 3.94 0.19 3.54 0.19 3.85 0.26
1264.6 30.68 3.75 0.19 3.54 0.19 3.94 0.27
585.0  45.07 9.65 0.46 9.28 0.65 10.08 0.82
602.5 45,13 9.99 0.46 9.48 0.65 10,21 0.80
617.7 45.57 10.25 0.46 9.15 0.63 9.53 0.75
633.3 45,99 11.08 0.48 10.36 0.66 9.97 0.74
640.8 45,15 10.56 0.42 §.82 0.37 ¢.07 0.50
'659.6 45,34 9,59 0.39 8.00 0.35 9.57 0.54
677.5 45,66 10.10 0.40 8.47 0.36 G.95 0.54
696.8 45.98 9.80 0.39 7.88 0.34 9.29 0.52
712.5 44,96 10.23 0.49 8.40 0.21 9.39 0.47
729.4 45,30 10.05 0.48 8.12 0.20 8.34 0.41
750.8 45,54 9.04 0.44 6.76 0.35 7.16 0.48
773.3 45,87 8.84 0.44 5.80 0.17 5.65 0.30
786.2 44,83 7.65 0.26 5,30 0.18 5.50 0.24
807.4 45,20 6.65 0.46 4.67 0.17 5.04 0.37
833.1 45,44 6.50 0.33 4.43 0.16 4,57 0.26
854.8  45.90 6.58 0.24 3.96 0.30 4,00 0.19
875.0 44,92 6.49 0.30 4.27 0.20 4.17 0.27
898.0 45.19 7.21 0.32 3.87 0.15 4.08 0.26
922.0 45.63 6.88 0.31 3.82 0.15 4.00 0.26
949.8 45.99 7.77 0.34 4.02 0.31 4,12 0.61
971.5 44,75 7.78 0.21 4.32 0.15 4,33 0.23
997.5 45,21 8.03 0.21 4,42 0.18 4.67 0.26 -
1027.1 45.55 7.52 0.20 4.10 0.15 4,29 0.24
1059.1 45,81 6.58 0.19 '3.77 0.14 3.73 . 0.24
1063.3 44,84 6.80 0.42
1097.9 45.02 6.04 0.23
1128.5 45.46 4,72 0.20
1162.1 45,78 4.39 0.24
1062.3 44,88 4.22 0.13 4,38 0.24
1098.5 45,02 3.89 0.15 4.20 0.22
1128.3 45,48 3.62 0.12 4,02 0.21
1161.6 45,79 3.37 0.12 3.36 0.20
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Lab M " T Ratio
Photon Pion Cross Cross Cross
Energy  Angle  Section Stat.  Section Stat. Section Stat.
(MeV) (deg.) (ub/sr) Error (ub/sr) Error (ub/sr) Error
1161.8 44,77 4.02 0.21 3.56 0.44 3.91 0.49
1194,2 45,22 3.62 0.20 3.44 0.15 3.50. 0.23
1233.7 45,49 3.17 0.18 2.89 0.15 3.05 0.21
1270.1 45,83 3.19 0.19 2.72 0.14 2.63 0.19
585.5 59.89 9.41 0.53 8.48 0.32 8.50 0.55
599.2 60.38 8.83 0.51 8.03 0.32 8.96 0.59
619.3 60.54 9.32 0.51 8.35 0.32 8.92 0.56
636,2 60.97 9.79 0.52 8.25 0.32° 8.63 0.53
640.1 59,87 9.84 0.46 8.14 0.30 8.69 0.33
659.6 60.14 11.06 0.32 8.42 0.41 8.18 0.30
679.2 60.48 10.24 0.46 7.84 0.30 8.42 0.37
701.2 60.86 - 10.45 0.35 7.61 0.29 8.03 0,27
707.6 59,89 10.05 0.59 7.41 0.23 8.35 0,38
730.6 60.14 9.13 0.55 7.02 0.22 7.26 0.58
751.1 60.59 8.44 0.53 6.11 0.24 6,28 0.32
776 .0 60.99 6.69 0.47 5.07 0.25 5.57 0.31
786.1 59.70 6.73.  0.22 4.65 0.21 4.83 0.30
808.8 60.11 6.30 0.24 3.86 0.15 3.50 0,18
835.3 60.52 5.42 0.20 3.35 0.14 3.12 0.17
858.6 61.04 5.36 0.20 2.96 0.13 2.56 0.14
872.7 59.74 5.06 0.28 2,92 0.14 2.81 0.23
898.9 60.22 5.01 0.27 3.01 0.13 3.01 0.24
925.2 60.57 5.50 0.29 2.84 0.13 2.75 0.22
957.7 60.96 5.74 0.30 2.44 . 0,12 2.45 0.20
967.3 59.60 5.82 0.26 2.63 0.19
998.7 60.03 5.88 0.26 2,82 0.19
1028.8 60.49 5.80 0.26 2.59 0.17
1064.5 60.82 4,83 0.25 2.88 0.19
967.5 59.60 2.70 0.09
999.1 60.02 2.73 0.08
1028.2 60.52 2,76 0.10
1063.0 60.88 2.66 .12
1063.1 59.69 5.36 0.25 2.55 0.14 2.84 0.18
1102.7 59.90 3.97 0.21 2.47 0.13 2.74 0.19
1131.9 60.47 3.54 0.20 2.23 0.31 2,17 0.32
1168.7 60.91 2.30 0.16 1.90 0.12 2.04 0.18
1160.3 59.43 2.90 0.19 2.07 0.11 2,03 0.17
1196.2 59.89 2.22 0.17 1.84 0.10 1.84 0.17
1232.8 60.53 1.89 0.15 1.58 0.10 1.47 0.14
1276.9 60.75 1.57 0.15 1.44 0.10 1.46 0.16
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Lab CM W T Ratio
Photon Pion Cross Cross Cross
Energy Angle  Section Stat. Section Stat. Section Stat.
MeV) (deg.) (ub/sr) Frror  (ub/sr) Error (ub/sr) Error
581.8 74.79 8.54 0.26 7.19 0.24 6.71 0.27
598.8 75.32 8.99 0.26 7.41 0.25 6.62 0.24
617.3 75.51 8.99 0.26 7.24 0.61 6.77 0.42
638.3 75.85 9.17 0.59 7.12- 0.73 6.95 0.27
639.5 . 74.64 8.58 0.26 7.20 0.53 7.47 0.56
659.1 75.23 9.73 0.91 7.14 0.19 6.42 0.65
680.0 75.52 9,01 0.22 7.45 0.37 7.98 0.50
699.7 75.97 8.44 0.22 6.95 0.30 7.97 0.42
706.1 74.47 8.66 0.36 7.62 0.44
731.5 74.96 8.24 0.36 7.69 0.45
752.1 75.59 7.26 0.33 5.67 0.36
7744 76.03 6.26 0.31 4,03 0.29
706.9 74.55 ' 6,59 0.24
730.9 74.98 6.26 0.39
753.3 75.51 5.05 0.20
776.4 75.90 3.85 0.18
783.5 74.59 5.72 0.38 3.71 0.18 3.98 0.36
809.1 75.03 5.22 0.37 3.14 0.16 2.54  0.26
834.9 75.43 3.96 0.32 2,52 0.15 2.28 0.25
865.4 75.82 3.37 0.30 1.81 0.13 1.77 0.22
866.6 74.56 3.93 0.22 1.75 0.10 1.42 0.11
897.8 74.96 3.32 0.20 1.85 0.11 1.63 0,13
925.0 75.44 3.64 0.21 1.42 0.16 1,21 0.14
959.7 75.84 3.37 0.37 1.18 0.09 1.12 0.14
964.9 74.67 3.84 0.25 1.34 0.06 1,19 0.10
996.6 74,98 3.31 0.23 1.29 0.06 1.46 0.12
1030.7 75.41 3.31 0.23 1.20 0.05 1.28 0.12
1064.0 75.95 2.89 0.24 1.18 0.06 1.26 0.12
1059 .4 74,42 3.05 0.20 1,13 0.09 1.27 0.12
1094.1 74.77 - 2.48 0.18 1.24 0.09 1.30 0.13
1132.1 75.44 1.68 0.15 1.08 0.09 1.25 0.14
1169.4 75.76 1.35 0.14 0.89 0.17 0.83 0.18
1156.3 74,24 1.65 0.15 1.01 0.08 1.09 0.17
1198.2 74.83 1.28 0.13 0.85 0.07 0.85 0.14
1233.7 75.41 1.01° 0.12 0.81 0.07 0.74 0.14
1274,8 75.80 0.90 0.12 0.74 0.08 0.68 0.14
579.8 89.70 7.18 0.32 6.51 0.33 5.74 0.36
598.5 90.06 7.22 0.33 7.34 0.32 6.19 0.36
619.2  90.43 7.30  0.33 . 7.10 0.35 6.34 0.39
637.9 90.86 7.62 0.34 7.06 0.54 6.26 0.52
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CM T ™ Ratio

Photon Pion Cross Cross Cross
Energy Angle Section Stat. Section Stat.,  Section . Stat.
(MeV)  (deg.) (pb/sr) Error (ub/sr) FError (ub/sr) Error
636.0 89.54 7.56 0.32 5.29 0.26 4.87 0.28
657.6 89,85 7.58 0.33 5.74 0.27 5.48 0.31
679.0 90.49 8.48 0.35 6.60 - 0.29 6.09 0.32
700.8 90.78 8.60 0.37 6.44 0.31 6.07 0.33
702.6 89.32 . 8.37 0.21 6.30 0.18 6.20 0.21
725.4 89.88 8.10 0.21 6.09 0.31 - 6,31 0.29
750.3 90.32 6.79 0.36 5.01 0.16 5.16 0.34
776.0 90.72 5.92 0.24 4.20 0.16 3.99 0.17
780.3 89.16 6.43 0.24 4,62 0.19 3.96 0.19
803.3 89.92 5.55 0.22 3.80 0.17 2.90 0.15
833.1 90.26 4.39 0.19 2,61 0.14 1.95 0.12
860.9 90.71 3.72 0.18 2.01 0.14 1.40 0.10
577.3 104.3 5.28 0.29 5.55 0.26 5.08 0.33
598.7 104.6 5.49 0.59 6.02 0.28 5,17 0.57
617.3 105.2 5,66 0.31 5.89 0.28 5,30 0.33
637.0 105.6 6.38 0.35 6.63 0.31 5.36 0.33
633.4 104.1 6.02 0.32 6.38 0.34 5.58 0.38
655.8 104.8 6.41 0.49 " 6.60 0.35 5.77 0.50
676.9 105.1 6.87 0.71 5.74 0.33 5.12 0.56
698.3 105.7 6.93 0.36 6.64 0.37 6.14 0.41
698.0 104.4 6.52 0.26

723.7 104.8 7.03 0.27

749.1 105.2 6.18 0.26

775.5 105.4 5.10 0.25

696.6 104.0 5.75 0.23

720.5 104.06 5.56 0.23

750,7 105.0 4.09 0.20

775.2 105.5 3.99 0.20 _
769.6 104.1 5.80 0.24 4.30 0.18 3.84 0.21
799.5 104.7 4.93 0.22 3.59 0.15 3.18 0.18
829.2 105.1 4.27 0.21 2.72 0.22 2,05 0.16
857.9 105.5 3.54 0.20 2,15 0.19 1.64 0.23
854.6 103.8 3.52  0.19 2.06 0.10 1.63  0.12
886.6 104.6 3.21 0.18 1.82 0.10 1.35 0.11
920.1 105.0 3.02° 0.18 1.69 0.10 1.36 0.12
949.9 104.9 3.03 0.20 - 1.48 0.14 1.38 0.13
949.5 103.8 2.99 0.16 1.75 0.20 1.38 0.17
982.5 104.3 3.16 0.17 1.93 0.11 1.43 0.10
1014.8 104.8 3.10 0.18 1.53 0.11 1,15 0.10
1051.1 105.3 2.43 0.17 1.42 0.16 1.15 0.13
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Lab cM ﬂ+ T Ratio
Photon Pion Cross Cross Cross
Energy Angle Section Stat.,  Section Stat. Section Stat.
(MeV) (deg.) (ub/sr) Error  (ub/sr) Error (ub/sr) Error
1035.6 108.6 2.26 0.14 1.62 0.10 1.50 0.08
1075.1 109.1 2.04  0.14 1.27 0.11 1.01 0.06
1115.8 109.6 1.71 0.11 1.14 0.10 0.62 0.04
1154.3 109.8 1.60 0.12 0.84 0.12 0.35 0.03
574.1 119.0 4,32 0.22 6.14 0.29 5.09 0.32
592.5 119.6 4.37 0.21 6.34 0.29 5.49 0.32
617.4 119.9 4.75 0.21 5.75 0.29 4.75 0.27
638.6 - 120.5 4,69 0.22 6.92 0.33 6.03 0.33
628.0 118.9 4.43  0.23 6.40  0.30 5.86  0.37
652.8 119.5 4.65 0.24 7.:.17 0.32 6.86 0.42
673.2 119.¢9 5,23 0.26 6.43 0.31 5.84 0.36
698.1 120.3 5.88 0.31 6.59 0.34 5.84 0.36
692.5 118.9 5.48 0.26 6.11 0.28 5,76 0.34
'716.6  119.5 5.43 0.26 5.25 0.26 5.41 0.33
744.0 119.6 5.25 0.27 5.25 0.28 5.08 0.32
769.6 120.0 4.31 0.25 3.72 0.24 3.91 0.29
762.1 119.0 4.58 0.24 4.15 0.23 4.22 0.28
794.0 119.2 4,63 0.25 3.81 0.23 3.30 0.23
824.5 119.7 4,08 0.24 2.85 0.20 2.31 0.18
850.3 120.2 3.61 0.24 2.36 0.20 1.98 0.18
846.0 118.9 3.73 0.23 2.36 0.19 1.92 0.18
878.8 119.0 4,00 0.25 2.57 0.21 1,83 0.17
909.6 119.7 3.97 0.26 2.40 0.20 1.77 0.17
944.6 120.0 4.05 0.29 2,27 0.22 1.68 0.17
943.8 118.8 3.12 0.23 1.86 0.17 1.71 0.16
984.4 119.5 2,73 0.21 1.51 0.14 1.67 0.17
1023.7 120.0 2.84 0.22 1.44 0.16 1.53 0.16
1074.9 120.6 2.32 0.20 1.21 0.17 1.12 0.13
1020.2 118.3 2.58  0.16 1.50 0.09 1.60 0.10
1071,0 118.7 2.43 0.16 1.26 0.12 1.06 0.07
1105.1° 119.3 1,82 0.21 1.32 0.12 0.93 0.10
1147.0 119.7 1.89 0.16 "0.98 0.15 0.42 0.04
11092.4 118.0 1.61 0.15 1.15 0.07 0.77 . 0,06
1159.3 118.7 1,33 0.12 0.79 0.13 0.46 0.04
1205.4 119.0 1.20 0.12 0.91 0.09 0.26 0.03
1247.3 119.7 i.11 0.13 0.78 0.16 0.25 0.04
570.7 134,2 3.29 0.23 7.22 0.37 5.61 0.42
587.3 134.1 3.72 0.24 7.05 0.37 5.70 0.41
611.6 134.6 3.80 0.25 7.02 0.37 6.03 0.43
633.7 135.0 3.52 7.08 0.40 6.50 0.50

0.25
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Lab CM ﬂ+ T Ratio
Photon Pion Cross Cross Cross
Energy Angle Section Stat. Section Stat, Section Stat.
(MeV) (deg.) (ub/sr) Error  (ub/sr) Error (ub/sr) Error
622.0 133.8 3.64 0.25 7.28 0.39 6.41 0.49
647.1 134.4 4.00 0.26 7.36 0.39 6.35 0.46
668.4 134.5 4,63  0.30 7.65 0.41 6.19 0.44
694.1 134.8 4,14 0.29 7.51 0.44 7.64 0.59
681.3 133.7 4.35 0.27 6.39 0.35 5.81 0.41
710.3 134.2 4.67 0.28 6.01 0.34 5.69 0.39
737.7 134.7 4.53 0.29 5.20 0.33 4,80, 0.35
767.3 134.6 3.67 0.27 5.24 0.36 5.28 0.44
750.4 133.6 3.73 0.25 5.79 0.32 6.07 0.45
787.3 133.9 3.74 .25 4.03 0.28 3.52 0.28
814.9 134.7 3.55 0.26 3.55 0.28 2.78 0.24
847.2 134.6 3.53 0.28 3.14 0.28 2,40 0.23
831.2 133.5 3.39 0.24 3.70 0.25 2,80 0.23
865.3 133.9 3.54 0.26 3.67 0.25 2.75 6.23
901.8 134.2 3.00 0.24 3.07 0.25 2.95 0.28
926.0 . 134.8 3.37 0.30 2.44 0.27 2.21 0.24
926.8 133.6 3.32 0.25 2.56 0.22 2.20 0.21
974,8 134.3 2.98 0.24 2.42 0.20 2.34 0.23
1017.6 134.5 2.95 0.24 2.03 0.20 2.11 0.22
1063.1 135.0 2,51 0.23 1.54 0.20 1.62 0.20
1012.1 133.6 2.74 0.25 1.60 0.20 1.84 0.22
1058.8 133.7 2.48 0.24 1.49 0.18 1.47 0.19
1114,5 134.3 2.13 0.22 1.23 0.17 0.86 0.12
1166.4 134.8 1.71 0.21 1.29 0.20 0.75 0.11
563.6 149.0 3.33 0.24 6.96 0.38 4.99 0.40
584.3 149.1 3.20 0.24 7.49 0.41 6.35 0.53
611.5 149.2 3.44 0.26 7.89 0.42 6.69 0.54
62%.4 149.5 2.97 0.25 8.23 0.46 7.88 0.69
617.7 148.8 3.42 0.25 7.63 0.40 6.40 0.52
640.9 148.9 3.25 0.24 7.97 0.41 7.00 0.58
666.8 149.3 3.30 0.25 8.24 0.44 7.74 0.65
690.5 149.3 3.26: 0.26.. 7.75 0.44 8.03 0.70
679.9 148.6 3.98 0.33 7.43 0.40 5.97 0.54
706.6 149.2 4.18 0.34 8§.21 0.42 6.84 0.62
733.8 149.1 3.12 0.29 6.63 0.39 6.92 0.70
755.4 149.3 3.52 0.34 5.94 0.41 5.24 0.36
815.0 148.1 3.03 0.25 5.07 0.34 3.81 0.36
852.4 148.6 3.19 0.26 4,05 0.32 2.94 0.30
898.2 148.8 3,11 0.27 3.96. 0.33 3.14 0.33
924.7 149.3 3.20 0.32 4.05 0.37 3.14 0.36
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Lab M 0 m Ratio
Photon Pion Cross Cross Cross
Energy Angle Section Stat. . Section Stat. Section Stat.
MeV) (deg.) (ub/sr) Error (ub/sr) Error (ub/sr) Error
912.23 148.4 2.68 0.25 .81 0.28 3.50 0.38
953.4 148.6 3.08 0.28 3.36 0.27 2.67 0.29
1006.6 149.2 2.74 0.26 3.29 0.27 2.99 0.33
1057.8 149.7 2.69 0.28 2.41 0.25 2.00 0.26
993.6 148.3 2.48 0.24 2.76 0.34
1053.9 149.2 2.70 0.25 2.13 0.26
1104.0 149.5 2.43 0.25 1.62 0.22
1162.2 149.7 2.13 0.26 1.38 0.21
994.8 148.4 2.93 0.23
1054.0 149.1 2.69 0.20
1103.6 149.4 2.44 0.20
1157.1 149.7 2.42 0.21
1062.9 147.9 2.68 0.27 2.55 0.28 2.17 0.27
1114.,9 148.4 2.34 0.27 2.37 0.25 1.50 0.21
1155.6 148.5 2.06 0.27 2,02 0.26 1.15 0.19
1211.9 148.8 2.69 0.38 1.62 0.31 0.70 0.14
610.4 158.5 3.01 0.25 7.58 0.41 7.18 0.64
636.6 158.6 3.18 0.25 8.45 0.46 7.63 0.66
660.4 158.8 2.89 0.26 9.51 0.50 9.32 0.86
688.0 158.9 3.35 0.30 10.34 0.59 9.08 0.84
673.4 158.6 3.24 0.31 8.37 0.51 7.32 0.75
698.4 158.8 2.93 0.30 8.33 0.53 8.88 0.96
725.8 158.8 3.58 0.34 7.74 0.52 6.04 0.63
755.1 159.0 3.70 0.38 8.01 ’0.58 5.46 0.60
821.3 158.5 2.64 0.25 5.48 0.38 4,76°  0.48
862.4 158.8 2.93 0.27 5.36 0.37 3.94 0.40
906.2 159.0 2.89 0.27 4,81 0.37 3.83 0.40
945.7 159.3 2.70 0.28 4,56 0.39 4,00 0.45
898.5 158.3 2.51 0.25 4,85 0.35 4,41 0.48
949.3 158.8 3.02 0.28 4,80 0.36 3.72 0.39
1005.2 159.0 2.10 0.23 3.60 0.33 3.86 0.49
1046.4 159.1 2.13 0.25 3.64 0.35 3.22 0.43
992.4 158.7 2.50 0.32 3.55 0.46 3.31 0.38
1024.7 158.6 2.13 0.23 3.35 0.37 3.31 0.32
1081.5 159.1 2.00° 0.23 2.64 0.42 2.24 0.25
1137.0 159.0 1.68 0.22 3.28 0.27 2.02 0.21
1044.2 158.3 1.81 0.25 2.97 0.29 2.87 0.41
1104.4 158.4 1.81 0.26 2.53 0.31 1.87 0.29
1146.7 158.4 1.87 0.28 2.46 0.36 1.51. 0.24
1178,1 158.2 2.28 0.38 1.92 0.47 1.02 0.19
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TABLE 4

"Recoil" Cross Sections

direct calculation from rates where

both pion and nucleon are detected,

1) Forward recoil runs - pion through spectrometer
and recoil proton through recoil counter -

o

6° - 110° (also 120° points marked *)

2) Reverse recoil runs - recoil proton through spectrometer
and pion through recoil counter -

120° - 160°

See Appendix I for explanation of

"lab" photon energy.
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Recoil

Lab CcM Recoil Lab M
Photon Pion Cross Photon Pion Cross
Energy Angle Section Stat, Energy Angle Section Stat,
(MeV) (deg.) (ub/sr) Error (MeV) (deg.) (ub/sr) Error
608, 5 44,85 14,21 4,11 714.0 59.47 7.20 0.45
615.6 45,32 17.22 4,09 735.1 59,83 5.86 0.44
632.6 45,42 . 8.92 2,14 757.9 60.18  5.45 0.39
648.7 45,77 17.45 3.31 782.7 60.58 4.66 0.31
657.4 44,93 10.80 1,65 791.1 59.49 4,16 0.45
673.1 45.18 11.50 1.52 811.2- 59.93 3.37 0.41
691.9 45,33 9.18 1.16 839.1 60.35 2.84 0.36
708.0 45,74 10.20 1.15 866.0 60.75 2.21 0.31
725.7 44,77 9.44 0.76 876.4 59.53 1,77 0.49
738.9 45,07 8.89 0.71 906.1 59.86 2.40 0.30
761.6 45,33 5.54 0.41 932.1 60.29 2.27 0.18
783.4 45.62 5.26 0.50 963.3 60. 80 22,00 0.16
7%7.0 44,59 4,94 0.46 971.6 59.35 2.25 0.11
818.7 44,92 4,18 0.36 1004.7 59.79 2.46 0.12
842.3 45,17 4.23 0.36 1036.0 60.20 2.46 0.12
867.6 45,48 3.54 0.32 1069.1 60.67 2.50 0.14
882.7 44,67 5.18 0.47 1067.2 59.58 2.42 0.1¢9
904.7 44,92 3.62 0.35 1101.8 59.89 2.30 0.21
930.7 45,34 4,20 0,38 1135.8 60.29 1.94 0.16
960.8 45,61 3.77 0.35 1174.8 60.70 1.70 0.15
976.9 44,60 3.96 0.28 1163.1 59.41 1.73 0.16
1007.5 44,97 4.05 0.45 1199.2 59.73 1,63 0.14
1038.8 45,26 4.32 0.31 1240.0 60,30 1.30 0.12
1066.3 45,59 3.80 0.27 1281.6 60.70 1.22 0.12
1072.7 44,57 4,14 0.26 586.2 74,41 4,84 0.93
1102.7 44,94 3.78 0.24 604.1 74,84 5.92 0.62
1138.,2 45,17 3.27 0.25 622.6 75.21 5.79 0.39
1168.7 45.61 3.47 0.24 641.5 75.66 5.65 0.64
1166.5 44.61 3.03 0.29 642.7 74.55 5.95 0.27
1204.06 44,92 3.23 0.32 662.9 74.96 5.26 0.41
1239.2 45,33 2.81 0.23 684.3 75.33 6.10 0.27
1276.7 45.64 2.67 0.22 706.3 75.76 5.97 0.27
591.0 59.59 7.72 0.62 711.0 74,37 5.98 0.44
605.7 59.91 7.06 0.56 733.5 74.86 6.53 0.48
624.6 60.22 7.58 0.59 757.6 75.23 4.36 0.35
643.1 60.61 8.02 0.59 782.3 75.68 3.54 0.32-
645.5 59.57 6.65 0.52 787.4 74.43 3.15 0.22
665.1 59.82 . 7.06 0.71 812.5 74.93 2.60 0.20
684.5 60,21 7.42 0.52 839.2 75.24 1.95 0.19
60.68 6.66 0.48 869.1 75.75 1.32 0.13

706.3
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120.0

Lab M Recoil Lab CM Recoil
Photon Pion Cross Photon Pion Cross
Energy  Angle Section Stat, Energy  Angle Section Stat,
MeV) (deg.) (pb/sr) Error (MeV)  (deg.) (ub/sr) Frror
871.3 74.41 1.46 0.13 858.2 104.3 1.38 0.10
903.2 74.88 1,30  0.12 892.7 104.8 1.29 0.10
933.1 75.30 1.06 0.11 926.2 105.1 1.21 0.09
964.9 75.82 0.93 0.10 958.0 105.5 1.12 0.11
968.8 74.33 1.05 0.07 953.7 .104.2 0.94 0.13
1001.3 74.88 1.00 0.07 991.2 104.6 1.14 0.11-
1037.2 75.30 0.89 0.08 1022.5 105.2 0.95 0.10
1072.1 75.70 0.95 0.10 1058.9 105.6 0.77 C.20
1064.3 74.32 0.75 0.09 1043.2  109.3: 0.77 0.09
1098.5 74.77 0.90 0.09 1082.1 109.7 0.62 0.09
1138.6 75,32 - 0.93 0.10 1124.9 110,1 0.46 0.12
1173.5 75.87 0.75 0.09 1165.8 110.5 0.30 0.06
1159.7 74,31 0.78 0.09 594.1 119.8 4.71 0.50
1199.3 74.88 0.72 0.10 605.5 119.7 5.47 0.38
1239.7 75.38 0.70 0.08 626.3 120.0 4.98 0.33
1281.4 75.82 0.67 0.09 648.2 120.,1 5.52 0.44
583.0 89.50 5.42 0.58 647.0 119.6 5.58 0.56
601.8 89.87 5.28 0.38 666.7 119.7 6.07 0.49
623.2 90.38 5.40 0.38 688.2 120.0 5.43 0.42
641.5 90.74 5.94 0.46 709.9 120.1 5.96 0.46
639.8 82.53 4,35 0.32 713.6 119.6 5.11 0.35
. 660.4 89.85 4.79 0.34 735.4 119.8 4,95 0.33
" 681.5 90.35 5.49 0.36 758.7 119.9 4.10 0.34
703.9 90.71 5.03 0.34 782.9 120.1 3.42 0.31
705.5 89.31 5.21 - 0.24 789.9° 120.1 2,91 0.28
730.2 89.73 4,78 0.22 816.7 120.3 2.34  0.24
754.6 90.23 3.91 0,18 842.0 120.2 2.13 0.23
780.4 90.60 3.08 0.42 864.0 120.2 1.56 0.18
783.1 89.35 3.76 0.23 876.2 119.8 1.64 0.18
810.6 82.79 2,95 0.19 903.9  119.8 1.56 0.17
837.1 90.36 1.85 0.14 929.8 119.8 1.46 0.16
866.2 90.80 1.26 0.12 964.6 119.9 1,22 0.15
636.9 104.4 5.32 0.40 972.5 119.6 1.38 0.16
658.7 104.9 5.81 0.42 1000.0 119.7 1.40 0.16
682.3 105.1 4,87 0.38 1040.7 119.8 0.92 0.13
706.4 105.6 6.42 0.45 1068.4 119.6 - 0.88 0.12 -
775.5 104.4 3.56 0.23 1119.5 118.9 0.53% 0.05
806.4 104.9 2.21 0.22 1169.6 119.5 0.29% 0.04
834.9 105.3 1.67 0.42 1217.5 119.8 0.21% 0.07
866.7 105.7 1.30 0.22 1262.2 0.23% 0.05
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Lab CcM Recodil Lab cM Recoil
Photon Pion Cross Photon Pion Cross
Energy- Angle Section Stat. Energy  Angle Section Stat,

MaV)  (deg.) (ub/sr) Error (MeV) (deg.) (ub/sr) Error

587.6 134.8 5.76 0.48 976.8 149.7 2.29 0.28
613.4 134.8 5.55 0.45 1000.0 149.8 2.35 0.30
628.6 135.0 5.22  0.42 1023.8 149.7 2.53 0.33
646.8 135.1 6.46 0.50 1046.9 149.7 2.08 0.29
645.0 134.7 6.40 0.58 1061.5 149.7 1.26 0.19
665.7 135.0 6.74 0.55 1096.1 149.8 1.79 0.23
694.8 135.0 5.95 0.43 1128.0 149.8 1.66 0.22
703.6 134.8 5.73  0.44 1153.8 149.8 1,20 0.20
716.7 134.8 5.64 0.47 1172.8 149.9 1.12 0.20
726.9 134.6 5.17 0.44 1203.8 149.8 0.68 0.15
756.4 134.7 3.95 0.32 1231.0 149.8 1.06 0.19
786.3 135.1 3.86 0.36 1259.3 149.7 1,05 0.20
790.6 134.7 3.67 0.29 592.4 159.8 7.27 0.68
812.,9 134.8 3.24 0.26 609.5 159.8 8.50 0.76
841.3 134.8 2.55 0.21 623.9 159.7 7.44 0.58
870.1 135.0 1.97 0.19 642.1 159.9 7.60 0,73
874.9 134.7 1.94  0.17 640.5 159.7 9.35 0.76
898.3 134.8 2,12 0.18 657.9 159.7 8.56 0.62
933.0 134.9 2.02 0.18 673.9 159.6 8.67 0.66
970.3 135.0 1.68 0.16 702.5 159.7 9.17 0.78
590.0 149.7 7.20 0.57 705.6 159.6 8.72 0.73
604.4 149.7 6.95 0.53 733.2 159.7 9.32 0.80
629.8 149.9 8.36 0.67 756.5 159.,6 7.32 0.59
646.3 149.9 8.28 0.81 782.9 159.8 6.78 0.58
644.0  149.8 7.81 0.61 779.6 159.5 6.01 0.53
659.1 149.8 8.83  0.69 817.4 159.6 6.24 0.58
683.0 149.9 9.48 0.74 834.8 159.7 5.39 0.49
707.1 150.0 7.48 0.75 853.4 159.6 5.09 0.46
713.0 149.7 7.84 0.68 875.0 159.8 3.80 0.40
732.1 149.7 6.27 0.52 893.9 159.8 4,94  0.57
756.1 149.7 5.85 0.50 925.0 159.8 4,53 0.47
781.1 149.8 5.20 0.47 938.1 159.7 4,02 0.47
786.9 149.8 5.49 0.50 981.3 159.8 3.63 0.41
816.1 149.7 4.48  0.41 1002.5 159.7 3.92 0.46
837.6 149.8 4,42 0.40 1028.8 159.8 3.61 0.45
866.7 149.8 3.48 0.32 1056.8 159.8: 2.72 0.34
870.8 149.8 3.26° 0.31 1071.0 159.7 2.66 0.33
906.4 149.8 3.59 0.35 1098.8 159.7 3.12 0.38
923.2 149.6 3.30 0.31 1124.4  159.7 1.91 0.27
957.6 149.8 0.27 1145,2 159.7 1.86 0.28

2,78
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Lab CM Recodil

* Photon Pion Cross

Energy Angle Section Stat.
(MeV) (deg.) (ub/sr) Error

1171.7 159.9 1.36  0.24
1205.2 159.8 1.68 0.28
1219.3 159.8 "1.82  0.30

1253.0 159.6 1.06 0.24
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FIGURE 9

1) TOP - njat Ratio
| Dark points at 20, 60, 90, 120, 150, and
| 160° are from Neugebauer et al.(36).
Dark points in Fig. 9.9 are for 110°.
2) BOTTOM -~ ﬂ+ Cross Section from Deuterium (background
subtracted) and'ﬂ+ backgrounds.
Ecklund's fit to ﬂ+ photoprodﬁction from
hydrogen has been plétted for

comparison ("'X").
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FIGURE 10

1) TOP -~ Ratio Cross sections and Recoil Cross Sections
Half-~dark points are artificial (interpolated)b
cross sections.

Dark points in Fig. 10.9 are for 110°

2) BOTTOM -~ Ratio Cross Sections and 7 (pion only
detected) Cross Sections from Deuterium (background‘
subtracted) and ™ Backgrounds.

Half-dark points are artificial (interpolated)
.cross sections.

Dark points in Fig. 10.9 are for 110°.

Artificial (interpoiated) background points

- are identified by a vertical bar.
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H. Final v cross sections (yn ~ T p)

To obtain a final set of data poiﬁts for publication and
fitting purposes; the following procedure was used. The ratio
cross sections and recoil cross sections were separately
interpolated to standard energies at each rough angular setting.
‘The interpoléted fatio cross sections and interpolated recoil
cross sections were then averaged to obtain the final cross
section for the reaction +yn = % p . These final cross sections
are listed in Table 5 and plotted in Figures 11 and 12.

Details of the interpolation and averaging were as follows.
A straight line interpolation between data points was used.
While this type of interpolation tended to smooth out large
deviations, the later averaging of the two types of cross
section would do the same thing. Therefore, I considered a
linear interpolatioﬁ to be.adequate.

The final cross section was a weighted average accdrding
to the formula:

) Cl/Ei + Cz/Eg

C = (Iv.1)
1/E‘i + 1/_E§

where C1 and C2 are respectively the ratio and recoil cross
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sections and E1 and E2 are their statistical errors.

The final errors of the averaged cross sections were set

equal to the larger of the following:

~

1) The standard deviation of the data points from their

average:

-G FOTEN T+ (6,0 /By
/I/ET + 1/ES

S.D. . (IV.2)

2) The standard error in the average of the two data
.ﬁoints:

c = : 1 (Iv.3)

m— )
/1/1:1 4 1/E2

I. Total cross section, 0° cross section, 180° cross section.
By means of Moravesik fits, Pat Walden(44) has obtained
values for the 0° cross section, 180° cross gsection, and total
integrated cross section at each energy. These are given in
Table 6 and plotted in Figures 13, 14, and 15. The errors
given are due to the possible erroé of the fit. A notable
characteristic of all three curves is the sharp dropoff
occuring between 700 and 800 MeV lab photon energy} A

discussion of this behavior is given in Part V.
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TABLE

(93]

FINAL CROSS SECTIONS FOR THE REACTION yn - 7 p

Average of Ratio and Recoil Cross Sections (only

. . o
Ratio cross sections at angles less than 45 CM)



1lab ‘
kY Aeﬂ c(8) Ac(8)
600 6.2 21,39 1.24
600 10.2 18.75 1.27
600 20.3 13.85 0.76
600 30.3 11.72 - 0.70
600 45,1 10.19 0.81
600 60.4 8.95 0.58
600 75.3 6.63 0.25
600 90.1 6.21 0.36
600 104.6 5.18 0.55
600 119.7 5.22  0.25
600 134.6 5.78 0.31
600 149.4 6.78 0.38
600 159.8 7.82 0.71
620 6.3 21.44 1.24
620 10.3 18.98 1.27
620 20.4 14,20  0.78
620 30.5 11.86 0.70
620 45.6 9.59 0.75
620 60.6 8.91 0.56
620 75.6 6.79 0.40
620 90.4 6.34 0.39
620 105.2 5.31 0.33
620 119.9 4.99 0.22.
620 134.8 5.79 0.40
620 149.3 7.09 0.40
620 159.2 7.54  0.45
640 6.2 23.01 1.38
640 10.1 17.07 1.15
640 20.3 13.29 0.73
640 30.3 11.90 0.62
640 45,2 9.17 0.52
640 59.9 8.68 0.34
640 74.7 7.45 0.56
640 89.6 4.99 0.29
640 104.3 5.63 0.42
640 119.6 5.84 0.51
640 134.6 6.18 0.33
640 149.3 7.46 0.64
640 159.2 7.73 0.50

26 1lab

660 -

660
660
660
660
660
660
660
660
660
660
660
660

680
680
680
680
680
680
680
680
680
680
680
680
680

700
700
700
700
700
700
700
700
700
700
700
700

g (8)

20.33
20.19
14.15
11.48

9.58

8.18"

6.49
5.55
5.64
6.27
6.41
8.14
8.82

21.63
17.25
13,15
12.05
9.86
8.41
7.98
6.09
5.27
5.77
6.59
7.40
8.56

21.35
17.87
13.77
11.40
9.31
8.05
7.96
6.07
5.67
5.77
7.19
8.96

Ao (6)
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kY 6Tr g (8) Ac()
720 6.2 16.83 0.97
720 10.0 17.15 1.38
720 20.1 12.55 0.56
720 30.3 10.01 0.44
720 45,1 8.92 0.44
720 60.0 7.76  0.44
720 74.7 7.66 0.44
720 89.8 6.28 0.27
720  119.6 5.22  0.24
720 134.5 5.42  0.29
720 - 149.4 7.00 0.45
720 159.2 7.73 1.19
740 6.3 14.30 0.87
740 10,1 13.69 1.14
740 20.3 10.83 0.50
740 30.4 9.20 0.42
740 45,4 7.76  0.44
740 60.3 6.81 0.46
740 75.2 6.86 0.41
740 90.1 5.63 0.32
740 119.7 4,96 0.23
740 134.6 4,74 0.26
740 149.7 6.13 0.51
740 159.2 6.99 1.46
760 6.4 14,28 0.90
760 10.2 12,18 0,93
760 20.5 9.03  0.44-
760 30.6 8.35 0.39
760 45.5 - 6.18 0.38
760 60.5 5.76 0.32
760 75.5 4,69 0.41
760 90.4 4.14 0.48
760 119.9 4.22  0.23
760  134.4 4.68  0.48
760 149.7 5.75 0.49
760 159.6 7.25  0.59
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780
780
780
780
780
780
780
780

780

780
780
780
780

800
800
800
800
800
800
800
800
800
800
800
800
800

825
825
825
825
825
825
825
825
825
825
825
825
825

119.9
134.7
148.9
159.0

0.66
0.72
0.59
0.41
0.23
0.26
0.23
0.32
0.15
0.20
0.23
0.47
0.41

0.46
0.54
0.52
0.48
0.26
0.20
0.17
0.12
0.33
0.20
0.19
0.46
0.56

0.41
0.50
0.38
0.43
0.25

- 0.16

0.16
0.10
0.15
0.14
0.17
0.43
0.59
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M

kY eﬂ a(8) Ao(®)
850 6.4 9.33 0.39
850 10.4 6.90 0.45
850 20.7 5.33 0.35
850 30.7 4,91  0.39
850 45.7 4,10 0.18
850 60.8 2.74  0.14
850 75.5 1.83 0.14
850 90.5 1.60 0.08
850 105.4 1.68 0.18
850 119.7 1.94 0.11
850  134.4 2.54 0,19
850 149.1- .3.40 0.50
850 159.1 4,62 0.48
875 6.3 7.76  0.75
875 10.2 7.29  0.51
875 20.2 5.27 0.27
875 30.0 5.38  0.20
875 45.0 4,23  0.22
875 59.8 2.64 0.39
875 74.6 1.46- 0.08
875 104.4 1.38 0.07
875 119.4 1.74  0.12
875 134.5 2,21 0.40
875 149.3 3.17  0.22
875 159.3 3.85 0.28
900 6.3 7.55 0.75
900 10.2 6.19 0.47
900 20.3 4,93 0.26
900 30.2 5.32 0.25
900 45,1 4,04 0.21
900 60.1 2,76 0.34
900 74.9 1.45 0.14
900 104.8 1.31  0.07
900 119.6 1.68  0.12
900 134.6 2.36 0.38
900  149.3 3.33  0.24
900 159.0 4,25 0.29
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lab
Xl

925
925
925
925
925
925
925
925
925
925
925
925

950
950
950
950
950
950
950
950
950
950
950

975
975
975
975
975
975
975
975
975
975
975

c{B)

6.85

5.36

4.75
5.24
4,03
2.52
1.16
1.27
1,60
2.11
3.26
4,14

4,18
4,75
5.00
3.97
2.28
1.04

1.21

1.51
2.02
2.82
3.80

4,30
4.68
5.42
4,21
2.38
1.11
1.23
1.53
2.34
2.55
3.73

Ao (8)

0.71
0.41
0.25
0.19
0.23
0.23
0.09
0.07
0.13
0.14
0.23
0.25

0.34
0.24
0.19
0.31
0.20
0.08-
0.10
0.19
0.19
0.20
0.29

0.25
0.21
0.30
0.22
0.18
0.11
0.18
0.15
0.23
0.23
0.30
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1000
1000
1000
1000
1000
1000
1600
1000
1000
1000
1000

1025
1025
1025
1025
1025
1025
1025
1025
1025
1025
1025

1050
1050
1050
1050

1050

1050
1050
1050
1050
1050
1050
1050

10.3
20.4
30.2
45.2
59.8
74.9
104.7
119.7
134.4

149.1-
159.0

10.3
20.4
30.4
45.4
60.2
75.2
105.1
119.,1
134.1
149.3
159.0

10.4
20.6
30.6
45,6
60.5
75.5
105.3
109.0
119.2
134.3
149.5
159.0

o(0) Ac(®)
4,32 0.25
4.54 0.21
5.41  0.24
446 0,27
2.54 0.17
1,10 0.18
i.19  0.10
1.50 0.12
2.20  0.23
2.64 0.18
3.62 0.24
3.78 0.23
441 0.24
5.19 0.23
4.29 0.20
2.51 0.10
1.03 0.17
1.05 0.11
1.43  0.13
1.88 0.15
2.52 0,18
3.45 0.22
4.13  0.28
4,27 0.21
5.53 - 0.25
3.97 0.19
2,57 0.13
1.03 Q.17
1.04 0.16
1.08  0.28
1.20 0.12
1,65 0.14
2.08 0.15
2.85 0,20

lab cM
kY 61r o(6) Ac(8)
1075 6.1 5.10 0.33
1075 10.1 -3.85 0.28
1075 20.3 4.34 0.25
1075 30,1 5.00 0.21
1075 44,8 4.22 0.17
1075 59.7 2.61 0.21
1075 74.5 0.96 0.23
1075 109.3 0.88 0.17
1075 118.8 1.04 0.08
1075 133.9 1.29 0.17
1075 149.1 1.75 0.18
1075 159.0 2.46 0.18
1100 6.2 5.37 0.32
1100 10.2 4.07 0.58
1100 20.4 4,33 0,25
1100 30.3 4,84 0.20
1100 45,0 4,02  0.19
1100 59.9 2.54  0.22
1100 74.8 1.04 0.18
1100 109.5 0.72 0.09
1100 119.2 .0.95 0.10
1100 134,31 1.02 0.14
1100 149.2 1.71 0.13
1100 159.0 2.27 0.29
1125 6.3 4.41 0.50
1125 10.3 3.79 0.28
1125 20.6 3.72 0.22
1125 30.4 4,82 0.20
1125 45.3 3.79 0.28
1125 60.2 2.13  0.15
1125 75.2 1.03  0.16
1125 109.7 0.54 0.04
1125 118.8 0.60 0.06
1125 134.4 0.84 0.12
1125 149.2 1.53  0.12
1125 1.91 0.14

159.0
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kY o o(6) Ao(B)
1150 6.3 4,35 0.31
1150 10.3 3.30 0.31
1150 20.7 3.69  0.22
1150 30.6 4,87 0.21
1150 45.5 3.50  0.15
1150 60.5 1.93 0.13
1150 75.5 0.92 0.08
1150 109.9 0.38 0.03
1150 118.9 0.45 0.07
1150  134.7 0.78 0.12
1150 149.3 1.29 0,12
1150 159.0 1.59 0.18
1175 6.4 4.86 0.35
1175 10.3 3.11 0.42
1175 20.3 3.87 0.42
1175 30.0 4.40  0.27
1175 44,8 3.32 0.32
1175 59.6 1.81 0.13
1175 74.5 0.81 0.10
1175 119.1 0.35 0.05
1175 149,2 1.04 0,13
1175  158.9 1.19 0.16
1200 6.6 4.53 0.34
1200 10.3 2.66 0.37
1200 20.4 3.94  0.44
1200 30.2 4,25 0.27
1200 45,1 3.36 0.18
1200 59.8 1.70 0.11
1200 74.9 0.76  0.08
1200 119.1 0.27 0.02
1200  149.3 0.77 0.11
1200 159.8 1.63  0.27
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0.32
0.40
0.42
0.26
0.17
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FIGURE 11

ANGULAR DISTRIBUTIONS OF FINAL m CROSS SECTIONS

. o .
Points at 180" are from the experiment by

Fujii et al.(ll)
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FIGURE 12

ENERGY DISTRIBUTIONS OF FINAL 7 CROSS SECTIONS

(at rough angular settings)



OBUCTION

¥

<
(Y

111

9

bl

NGL

i
i

N

{71
R}

_—

T

?;)
i

i

Fan 'Y
Y
Wrid

oo
N | SN v/ NG
v Ehm=i
1 reny )
f d 1

i

b o]

i
-

EH
HEH
et
Y

AR

HH
&3

b

)
}m.,..":z;w,_i

d

]

e

] L ! !

) O\

o sgraead

Cds/arly NOTLO3S

FIGURE 12.1

AIS

) N 1

EEEINY

s |

]

-
<)
(.

womd

¢
83

~
o
L

CLionmne

S’



€3

2

b

112.

£y
L

S et

- |

o et

o :’} P— ...,a

N
e
R

| ! |

1200 130

1100

- Y
& . ot -

CUS/4arty NoI

FLGURE

13

12 2. .

0

A4S

o
o

Gl

)

U

e



P

HEH
HEH
€I | LEH

] i
o) B

R
= ek

L. ] | } 1.

pree

-w»,j-@

™

o T 0 ey oo =

f”\,x ] vd

(4s/arly NOTLOAS SSOHD 4410

FIGURE 12.3

V)

3

j —
]

| —

4
Vit
§

§
H

(



e

..

114

i i i i i
B
ey
- o) .
D 5
b HEH
(r) ,
5]
&1
bl -
e 1 p £l -1
) £
- =
» = -
i,."i::j Kot
] tEH
0. £l
= &l
- (m...) f;':‘z‘ et
&1
M
HEM
- befE -
Ty
HEH
MEH
b
"~ Pt ' s
5]
.|
- »a
1 I I | !
. o) Nls) od o )
o o~ ot v

1G/4r) NOTIOES ¢

FIGURE 12 4

e

™

!

M

L2
£
1)

s

&)
Y

"

ey
-

et

)

|

D
-
LE3

-

=R

EV)

V’E

p

L

&
!,,.f\..,.
&
-

0.
o
i
]



o

&3

] i I i i
El
E}
L 1=
—
£
I
Lol ,
- J g"ﬂ annd
2 &
1 &
— 3
& Ko -
oo 3
Q. HEH
-3 L I
ucame (.J E_.\:a ' P
&3
K
. = -
r
EH
FEH
M
- P{;},{ wans,
£l
b
455
b fiterd
v am ;M,{:'}...,,l e
| | [ I |
. D ¢ €Nl o0 = ')

N

QN

simeref

o~

cus/ary NOTio3

- FIGURE 12.5

.«. n\

- \;i)

GS

J‘ﬂ]

(»D
A
|

=

whacinesm

Ll

M..y

&

I

&I
-

AR
L
]



€3

116

lacne

-
o

Lid

1

e,

foeerd

b-Ei
]
14
b
e

Semmmarne ;\;"'xwm._»!

J i

b

o

i

wmal

G2

(HS

arly

> NDLLIEAS 68

FIGURE l?. 6

O

i

I‘\

f.

(.4

o

4

REEIN

-

1 &

wgpennd

)

g

o |



)
o
{W......
-
=
-
£
(X
(1.

I\
)

)

117

s

.....

3

o

€0

h NOTLDIG

FIGURE 12,7

[ivans

o
L
R

gl

(9

1eD

=

e



(7
o
=

e
Jeemd

. %"""

e

froomd

0.

118:

e

)
o)

.

=
)

|

fl..

gy

o

Srvasaa”

1 ! L

......

4

g

e

e |

o0 £ -l

CUS/arhy NOTLIOES 86

FIGURE 12,8 .

wd (0

4y
L i

)
€
N

O

iy

£

o

(-
-
LY

QY 3

LY 441

v

IR
LI B

]
H

N EN:



119

... | €2
LM | i
- _

s |

Ll | 2
ok ’ oy
(xjj e |
4{: ' . MEN T

I .
amns ! e —
. _ o S
6:) K ) s

s - e -

(- ‘ '
e S
. = N 0

€D _ VEH L1l

& - s RS

L s
e , -

= | z
€ £
n. | | i

( ,-:! - . b o, g

. [N

- T - %‘3
pre : prenecfrd T

s

et o Bt

Aoleers !“‘ﬁ%“l - ’ {,:.,.)

- S, B o D
4 peren o] D

| . ; | I 15
o oy oo W = o o,

S
/gﬂj NMlLJﬁ@ %@@ﬁa ﬁjlu

FIGURE 12.9



<.

120

e

-
gt
—

L)
5
e
i
e
&2

-

o=y

391

-l
§
]

o™

el

{3

NEH L

. FIGURE 12.1

L ]

- |

S

0.




121

&
- B

= - 5 S

.
- & o

ﬁ::) - e L ‘3 !\g «../

) ! =

@ B . b w-,ul % ";‘;‘"
- MEH : froe

., EH . 5

- S HEH o
VB o

=) P I
o | pefiied o]
- o] ‘
e REH L

- | e B

I

N 3 : o3 £ it L &3

YS9y NDT JRES EEEQQHJ REEEY

.. FIGURE 12 11.



122

03
o
n
o
[
s}

-

TN

2
L

)

)
£

s

éai

L

()
sl

1]

HEH

A

ey

a
m.l

Eh

foned

o

.:"3.4“\:{

.

b

o]

9
)
P

0

-y

%t

0

d

s

g

12,12

FIGURE



123

-
R SIEE P
¢y B i“
1.0

o e

- : ” (S B

é:) - [ty ” 3 S\t
59, qee]
[ — R E] oy

e )]
... (.J O LI [yt
- 4 T o0 -

C) o
e oo o ‘ -y 3 “j:’

tEG RN

el o O
“ . .\-,,.u!“q :’*‘ 2w ' ‘ i::\‘. {Aﬂr"“}

g

L.
e o] : . i

e el -y &2

' ¢
1 ] o ko 1. AE
o\ I 00 ) o £\ T

e gy
“J/dﬁ) N @Qg CCOYT " 447
. TIGURE: 12, 13 '




N

£
£
o

Q..

A

KD

-

D'Ex»m )

0.

o
=

e
Brwend

Rrpreacn

[

124

T
S
o

.

&

2

! Lo B

wta

€77

gt

o
TN

e

(o

e

et

5.“”)
IELS)

e

1

oy
A
1

ey
e

™

e

o oo 0

Cus/arly

. EIGURE

NOTLDES

12,14 .

o N

H
A
=

L,

SSRYD " A1



125

TABLE 6 -

1) Total m Cross Section

-

2) 0% 7 Cross Section -

O —
3) 180 7w Cross Section.
from Moravesik fits of final 7 angular distributions,

See Ph.D. Thesis by Patrick Walden,
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1lab

(ﬁgv> 0. o, (0% Ac(0°) 0(180%) Ao (180°)
600.0 93.63 1.63  23.49 1.00  7.62 0.37
620.0 94.48 1.77 23,74 1.02 7.72 0.34
640.0 93.28 1.65 23.49  1.02 8.30 0.38
660.0 96.15 1.64  «24.33  1.09 9.15  0.40
680.0 97.98 1.64  22.67 1.23  8.67 0.39
700.0  96.64  1.60 23.91  1.25 9.98  0.75
720.0 91.15 1.58  20.22 1.04 9.43  0.86
740.0  81.65 1.63 16.87  0.94 7.98  0.95
760.0  68.72  1.68 16.63 0.92 7.91  C.67
780.0  58.43 1.01 16.04 0.69 6.96 0.51
800.0 49.96 0.93 14.30  0.52 6.84 0.59
825.0 41.46 0.83 13.12  0.51 6.55 0.78
850.0 35.31  0.74 11.61  0.48 5.65 0.67
875.0 32.05 0.65  10.50 0.72 L.72 0.4
900.0 31.73  0.74 9.66 0.72 5.21  0.46
925.0 30.15 0.60 8,71  0.66  5.39  0.39
950.0 28.18  0.68 6.60 0.76  4.71  0.46
975.0  28.56  0.76 6.56  0.63 4,35 0,48
1000.0  28.84 0.72  7.03  0.65 4,56  0.41
1025.0  27.49  0.64 6.26 0.61 4,29 0.37
1050.0 26.16 0.70  6.85 0.71 3.53  0.34
1075.0 24,06  0.91 6.82 0.41 3.20  0.34
1100.0  23.03  0.76 7.32  0.45 3.01  0.40
1125.0  20.88  0.57 6.21  0.46 1.89  0.13
1150.0  18.71  0.42 5.82  0.37 1.53 0.13
1175.0  16.11  0.56 6.50  0.44 1.30  0.15
1200.0  15.17  0.44 6.00 0,43 1.11° 0.16
1225.0  14.41  0.44 6.13  0.42 1.49  0.23

1250.0  13.54  0.49 6.01 0.44 - 1.26  0.22
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~J. Comparison with other experiments.

Since the present experiment wés started, the results
of several other m photoproduction experiments have been
published. Comparison of the results of our expefiment with
these new data are given in Figures 16, 17, 18, 19, and 20,
The total crosé section for the bubble chamber experiment of
Hilpert et al.(38) (Figure 16) is in good agreement with the
total cross gection obtained from the Moravesik fit of our

‘data. Hovever, some of the differential cross seétions from
the bubble chamber experiment disagree with ours; these occur
mostly where very few events were observed in a given energy-
angle bin for Hilpert et al. and thus where their statistics
were very poor,

The bubble chamber experiment done by Lodi-Rizzini et al.
(37),is in poor agreement with ours in the region just above
the second resonance, .The total cross sections are compared in
Figure 17. The drop in the cross section above the second
resonance has been displaced downward about 50 MeV in the
bubble chamber experiment. This disagreement, as yet unexplained,
may cast some doubt.on the partial wave analysis of m photo-
production in this energy region, eupecially on the values

of the S11, P11, and D13 resonances (see Part V).
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Comparison of the results‘of Ito et al.(40) at zero
degrees with the results.of-the Moravesik fit of our experiment
at this angle is given in Figure 18, The agreement is very
good except perhaps at 1100 MeV where the discrepancy is about
three standard deviations.

0
at 20

Aol

The counter experiment of Beneventano et al.(39)
is compared with our fit in Figure 19. There is a slight
disagreement at about 620 MeV,. Siﬁce we had a couple of
aanomalously low points near this energy, I am inclined to
believe the data of Beneyentamo here.

Finally, the results of Fujii et al.(ll) at 180° are
compared with our fit in Figure 20, ln general.Fujii‘s results
are higher than ours while also showing more structure., The
resolution of our experiment was very poor at 180° and this
explains our lack of structure,. Howéver there s still
probably a slight normalization disagreement between the
two experiments. The results of Fujii et al., have been used
in the partial wave analysis of 7 photoproduction described

in Part V.
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PART V

PARTTAL WAVE ANALYSIS

The large amount of new data for singlé pion photoproduction
from this experiment and others will help in the determination
of partial wave amplitudes, An analysis of the three reactions
Yp > ﬂ+n, Yp > wop, and  yn - n—p has been made by Walker(B)
based on data taken before 1967, i will present here a refine-—
ment of Walker's analysis for the first and third reactions
which uses some selected data taken up to 1971. A list of the
experiments included in the analysis is given in Table 7. An
attempt has also been made to analyse the second reaction
(yp ~ wop) but the results haye not been clear cut due to
disagreements of different 7° experiments. Work on the analysis
of these single pion photoproduction‘reactions is being continued
by William J. Metcalf and Robert L. Walker.

In my analysis, tﬂe new polarization and asymmetry data
have a large effect on the partial wave amplitudes, especially
bringing into question the amplitudes for the 811(1535) and
P11(1470) resonances.

In the m reaction, new amplitudes will be given for the

S, (1535), D;,(1520) (helicity 1/2 part), and the F<(1688)

+ . . . .
resonances. In the m reaction, new amplitudes will be given
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TABLE 7

EXPERIMENTS USED IN PARTIAL WAVE ANALYSES

1) 7 photoproduction

a) Scheffler and Walden[SZ) - cross sections 600 -
1250 MeV. '

b) Fujii et al.(ll) - 180° cross sections.

c) Neugebauer(36) with Thiessen(7) ~ cross sections
at 510 MeV,

d) Beneventano et al.(42) ~ 90° recoil proton polari-
zations. Interpolated,.

e) Metcalf(43) - 90° recoil proton polarizations.
Interpolated.

f) ZXondo et al.(53) - 90° polarized beam asymmetries.
Interpolated.

g) Alspector et al.(ZO] - 90o polarized beam asymmetries.
Interpolated. '
+ .
2) 7 photoproduction
a) Betourne et al.(S);~ cross sections 400 ~ 750 MeV,
b) Ecklund and Walker(6) - cross sections 600 - 1270 MeV.
c) Thiessen(?) - cross sections 500 ~ 1250 MeV.
d) Fujii et al.(ll) - 180° cross sections.

e) Hahn et al.(l9);f 60° and 90° recoil neutron polari-
zation. Interpolated, S

f£) Grilli et al.(lS) - 90° polarized beam asymmetry near
400 MeV. Interpolated.,
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TABLE 7 (continued)

g) Liu et al.(54J - 90° polarized beam asymmetry.,
Interpolated.

h) Alspector et al.(ZO) - 90° polarized beam asymmetry.
Interpolated, .

i) Althoff et al.(28) - 40° polarized target asymmetry.
Interpolated.
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for the Pll(1470),‘F15(1688) (helicity 3/2 part) and perhaps

the Sll(ISSS)Iresonancest

A. Model for the partial wave analysis.
The model used 1s the same as that given by Walker(S).

The relatively poor brecision of photoprodqction data, combined
with the small excitation of higher partial waves in the energy
region of jnterest (kiab = 500 to 1300 MeV), precludes any
"rveasonably pfecisé determination of partial waves for jtot > 5/2,
Instead of setting these equal to zero, Walker sets them equal
to the partial wave decomposition of the electric Born approxima-
tion (see Appendix VII) which is (perhaps) closer to reality.

In any case, these amplitudes are small for jtOt > 5/2, Also,
the elecéric Born approximation is known to have roughly the
same qualitative behavior as the photoproduction cross section
(eé. the forward peak for ﬂ+ photoproduction and the forward

and backward peaks for m photoproduction) so that the Born

terms are also added to the lower partial waves to try to reduce
the background. The parameters of the fit are then the extra
lowest partial waves (jtot = 1/2, 3/2, 5/2) which are added to

the Born terms to give the best fit to the experimental
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data. .

Walkef divides these extra lowest partial waves into
twé parts, resonant and non-resonant. Using the ¥ and A
resonance widths and energies obtained from nN scéttering
analyses, and Breit-Wigner forms for the resonances (Appendix
VII), he then detérmines the resonénce amplitudes which make
the non-resonant (background) part of the fit as small and as
smooth as possible with energy.

Explicitly, the parameters of the fit are the resonance
amplitudes (helicity 1/2 and helicity 3/2 ﬁarts) and the extra .

add-on helicity elements A2+ and BZ+ which are added to the

electric Born terms and the resonances., The- total helicity

elements A£+ and B

o+ Bre then obtained by summing the Born

contribution, the resonance contribution, and the add-on
helicity element contribution.

The définition of the helicity amplitudes and helicity
elements are given in Appendices V and VI, The helicity
element Azi is the amplitude for an initial state of total Cﬁ

helicity 1/2 (in the photon direction), total angular momentum

Jeot = 2 = 1/2, to go into.a final state of orbital angular
momentum & ., (parity ~(~1)£), and total angular momentum jtot =
L x 1/2. The element B£+ is similarly the amplitude for an

initial state of total helicity 3/2, total angular momentum
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jtot = 9 % 1/2, to go into a final state as above. Note that
the amplitude is not given for a fiﬁal state of definite
helicity, but rather of;défiﬁife parity (or equivalently of
definite orbital angular momentum). These amplitudes can
then be used to describe resonant behavior, since the resonances
have definite parity.

The (initial) helicity 3/2 <B£i) and helicity 1/2 (Ali)
components of the (resonance) amplitudes are linear combina-
tions of the (perhaps more familiar) electric (E i) and

magnetic (M2+) multipole components which were introduced by

CGLN(SlJ. Expressing the E M in terms of the A2+’ B

L’ Tk 2x?
we have:
B =+ @ 4w )
L+ et T
- -1 1
Mo, = A+ 1) " (4, - 50+ 2) B )
" (V.1)
- -1 : )
By =@+ D - Gy - 0+ 2) Broygyo
Megpry- = G F 17 (A pyy + %2 Begigy)

For further orientation, Table 8 gives the properties of the
lowest order helicity elements and their relationship to

electric and magnetic multipoles.
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B. Fitting procedure.

Walker's fit was done essentially "by hand". That is,
a set of parameters was chosen and the calculated. cross sections,
polarizations, and asymmetries were plotted for visual
comparison with the data. A table of first derivatives was
printéd to determine the first order effects on the cross
sections, etc. of small changes in the parameters. Then the
parameters were adjusted according to the effects of their
derivatives to improve the agreement between the fit and
experiment. This procedure was done at many energies (roughly
50 to 100 MeV: apart) and an attempt was made to smooth the
energy dependence of the add-on helicity elements and still
keep a fairly good fit at each energy. The smoothing is part
of the model and is justified by the belief that the true
amplitudes are smooth. The smoothing was necessary because
there are not enough déta to determine all the parameters very
well at each energy. A free energy by energy f£it would in
some cases cause large variations in the parameters because
of statistical fluctuations of the data.

vThe above ?rocedure was very tedious and time-consuming,
but nevertheless has given a set of helicity elements and
resonance parameters which fit the available data very well.

I have written a computer program which will adjust all
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the parameters automatically by minimizing xz at each eﬁergy.
The procedure for minimizing *2 is described in Appendix VIIT,
The main problem in fitting the photoproduction data was to
find a way to automatically smooth the data with energy. I
have tried two methods: \

1) In a grand design to fit all energies at once, the
add—-on helicity element parameters were approximated as

polynimials with réspect to photon energy. For example, A, (k)

1€
was given by:

_ _ Lo 2
Al+(k) =c, + Clk + Czk (v.2)
a second order polinomial in k described by the three parameters

cC,C

o and C,. While this method may yet work for small

1? 2
energy regions or larger order polynomials, I had much more
success with a second method which I now describe.

2) The initial set of add~on helicity elements (the initial
parameteré of an energy by energy fit) were treated as experimental
data points and weve assigned "errors'". These artificial data
points were included in the calculation of xz; and thus the fitted
add-on helicity elements were prevented from departing too favx
from their initial values. As an initial set of parameters
(add-on heleicity elements), I used the final results of Walker's
analysis., Assuming that the initia%/set,of (smooth) parameters

is close to the true parameters,/égis method seems to be a

good way to constrain the fitted parameters to be relatively



146

smooth with energy and is alsdﬂa good method to observe

any resonant behavior which we have not yet removed from

the add~on elements. Any ia;ge deviation of the fitted
parameters from the injtial set probably represents a real
behavior of the hélicity elements, since they are straining

to increase the gzﬁifiéial part of XZ while the total xz

was reduced, Any observed resonant behavior in the fitted add-on
elements should be removed and added to the resonance amplitudes.

~

C. Results of partial wave analysis.

1y 7 Photoproduction, )

Some striking behavior was observed in the initial fit
of 1 photoproduction using the second method described above.
The initial values for the add-on elements were set equal to
the final values of Walker's analysis. The resonance parameters
were set equal to Walker's with some small changes in the
energies and widths. - The data used in the fit were taken from
- the experiﬁents listed in Table 7.

The results of the initial fit are shown in the ten
graphs of Figure 21. The plotted points/gfe the dnitial set
of add-on helicity. elements (Walker's /final values). The

jagged lines are the program's fitted set of add-on elements.
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Also plotted for comparison aré the resonance amplitudes and
(in some cases) the decompositior. of the electric Born
approximation for the particular helicity element (see page
148 for key). )

A striking resonant behavior is observed for the AO+
add~on element (Figure 21.1), which seems to want to cancel
the given resonance awmplitude due to the 811(1535). (For
a list of the resonances and the helicity elements they
affect, refer to Table 9.) The resonant behavior of the add-
on element is shifted down by about 40 MeV, which indicates

that perhaps the central energy used for the S 1535 MeV,

_ 11
is slightly off. This new behavior disagrees with the quark
model prediction(Z], which supports a iarge négative amplitude,
in agreement with Walker's value.

Another fitted add-on element with a possible resonant
behavior is the A2_ (Figure 21.5).‘ The resonance correspénding
to this element is the-helicity 1/2 component of the D13(1520)
which is located at a photon energy of about 760 MeV. The real
part of the fitted add-on amplitude has a strange behavior betwéen
600 and 700 MeV, but it does decrease rapidly at the resonance
energy, a behavior which is characteristic of a positive resonance
(see Appendix VII), Walker's analysis was unable to determine
any definite finite value fqr the helicit& 1/2 component of the
D13(1520) and so it was set to zero. The present fit, perhaps,

wants to give the A, resonant element a definite positive value.

-
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FIGURE 21

INITIAL FIT OF ADD-ON HELICITY

ELEMENTS FOR 7 PHOTOPRODUCTION

The Figure, consisting of ten graphs, is a little confusing
on first glance; so a short explanation is given here.
There are ten graphs for the ten lowest order heleicity
O+ 140 Brpo Agos Byl (o = 3/2)5
Ayrs Boos Ay s B, (Jtot = 5/2). Refer to Table 8 (page 143) for

the characteristics of these helicity elements.

elements: A, and A1~ (jtot =1/2); A

 As described in Section V.A on Walker's model, the total
helicity element is composed of three parts: the Born part, the
resonance part, and the add-on or background pért. In my fit,
the Born part and the resonance part are initially set and are
not varied during the fit. The add-on part is initially set to

; . . o ma aa s 2
Walker's values and is varied during the fit to minimize ¥,

Figure 21 is a plot of four distinct quantities:

1) A continuous plot of the Born part of the particular
helicity element (line identified by £.). The Born
amplitude is completely real,

2) A continuous plot of the reéonanqg part of the particular
helicity element (curves are identified by {3 for real
part and ¥ for imaginary part). Typical behavior of
a resonant amplitude is given on page 239,

3) A set of points showing the initial add-on elements of

the_fit. These are taken from Walker's analysis. The real
part is given by xf and the imaginary part by - .

4) A jagged plot of the final fitted add-on elements. The fit
was done at energies 510, 600, 620, 640, 660, 680, 700, 720,
740, 760, 780, 800, 825, 850, 875, 900, 925, 950, 975, 1000,
1025, 1050, 1075, 1100, 1125, 1150, 1175, 1200, 1225, and
1250 MeV. A continuous (jagged) curve was drawn through the

points at these energies. The curve for the real part is

identified by ¢ and the imaginary curve is identified by Y
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The interesting point is to compare the curves 4) with
Walker's points 3), to see how much the fit wanted to change
the add-on elements from their initial values. Remember that
the fitted add-on elements were constrained not to depart too far
from their dinitial (Walker) values by the artificial errors
assigned to the Walker values (see page 145). The artificial

exrors used in this fit were *.2 for the j = 1/2 elements,

tot

+,1 for the jtot = 3/2 elements, and *,05 for the jtot = 5/2

elements. For convenience, the artificial error is shown on the left

of each graph. ‘
Note: for a list of the resonances and the helicity

elements which they affect, see Table 9, page 161.
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Finally, this w fit seems to want to reduce the amplitude

of the B3~ resonant element (Figure 21.10) which corresponds to

the F15(1688) resonance, helicity 3/2 component. The quark model
[1) predicts that this resonant element is zero, and it is

interesting to note that the fit is pushing the B, amplitude

3
in the right direction to agree with the model, However, the
amplitude apparently does not go completely to zero. The
smallness of the F15(1688) in this analysis appears to be

directly related to the smallness of the 7 cross section

compared to the W+ cross section at kiab = 1000 MeV.

The Al— add-on element (Figure 21.2) wants to add a sig-

nificant imaginary part in the region of the P11(147O) resonance.
However, the real part of the add-on amplitude does not have

the correct behavior for a negative resonance amplitude, and thus
a resonance interpretation of the add-on amplitude is dubious.

I have set the initial value of the Pll regonance to ~0.250

instead of zero as in Walker's paper. Walker had the same problem

with the P and he noted that the A

11 resonant amplitude was

1— .
poorly determined for m photoproduction. In any case, despite
- my insertion of the resonance and along with an already negative
add-on amplitude, this fit wants to add even more negative
imaginary part.

There seems to be very little resonant behavior for the

and B, :helicity elements (Figures 21.7 and 21.8). Thus, I

Aot 24

leave the amplitudes for the D15(167O) resonance at Walker's values.
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Eurthermore, the data are too poor to determine any definite
amplitudes for the 531(1650), b33(1670)9 and 811(1700) all of
which were left out of Wélker;s analysis.

I have done a final fitnwith changes to the resonances as
given in Table 9. Plots of the add-on and of the total helicity
elements which resulted from the fit are given in Appendix IX.
The cross sections produced by this fit are the curves plotted
through the final angular distributions (Figure 11) of this T
expefiment.

The fitted proton polarizations are plotted at 90° for
comparison with the data in Figure 22 while the fitted beam
asymmetries and experimental beam asymmetry data at 90° are
plotted in Figure 23, The fit to the asymmetries is very good
while the fit to the polarizations is aé éood as can be expected
with the poor consistency of the data. It should be noted that
the smoothness of the polarization and asymmetry fits is due
to the fact that in£erpolated smooth values of data Qere used

at each energy of the fit.
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a) The zero degree cross section.

The zero degree cross section obtained from ﬁhis fit
and the one obtained from a Moravesik fit (Figure 13)'are
élmost identical. The main éharacteristic of the zero degree
cross section for m photoproduction is the sharp dropoff
at kY = 700 MeV., A possible explanation fow this sharp drbpoff
is the interference of a positive resonance (real part) with
a positive background (real part) or of a negative resonance
with a negative background. While this may be partially the
bcase, my finol fit seems to indicate that most of the dropoff
ié due to the add-on (background) elements. This clouds the
physical interpretation of the 0° behavior of the cross section.

Figure 24 is a plot of the total helicity amplitude H, (see

2
Appendix V for the definition of the helicity amplitudes Hi) at 0
and of its various components. The total real and imaginary
parts (square and '"x") both have the above behavior at 700 MeV,

although the behavior is not so striking in the amplitude as it

is in the cross section. The interference (sum) of all the

resonant components of the helicity 1/2 elements (A£+) produces

the resonant component (real and imaginary parts) of H,
(octogon and "cradle" curves) which has a slight dropoff effect.
The interference of all the add-on components of the helicity

elements produces the greatest dropoff, especially in the real

part ("diamond" curve).
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It should not be surprising that the main component

of the real part of H, at 0° is that due to the Born approxima~

2

tion (triangles) which is characterized by a forward peak.

v+ b) The deuterium cross section,

After fitting what we hopé are the true neutron cross
sections, we can calculate what the deuteriﬁm cross section
should be from the final state modél of Chew and Lewis(45).
~The relationship between the deuterium cross section, ﬁé;tron
cross section, "spin-flip" cross section, and "spin-non-flip"
cross section (see Appendix V) is illustrated in Figure 25.
The spin-non~flip cross section goes to zero at forward and
backward angles while the spin~flip cross section approaches the
neutron cross section'at these angles. The deuterium cross
section is reduced at forward angles.and gradually merges with
the neutron cross section at about 60°. A comparison of the
deuterium cross section calculated from the fit and the
deuterium experimental cross section data at 10° is given in’
Figure 26. The agreecment is excellent except at the lowest
energies. This leads to the conclusion that (at least above
650 MeV) the "ratio" cross sections are probably a good
approximation to the true neutrom cross sections. Also, most
of the final state effecﬁs seem to be accounted for by the

Pauli exclusion principle.
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2. ﬂ+ Photoproduction,

I Lave also done a ﬁreliminary fit of ﬂ+ photoproduction
from 425 MeV to 1269 MeV using the data listed in Table 7.
Since the data for this reaction had been fairly comprehensive
at the time of Walker's analysis, I did not expect much
change in the resonance parameters. . However, as with the
i anaiysis, there were some striking effects(fig. 27) mainly due
to the addition of new polarization and target asymmetry data,

The most interesting effect was in the A, amplitude

1
at the energy corresgonding to the Pll(1470) resonance.

The add-on imaginary part had a large hump of amplitude equal
to the initial.resonance amplitude (-0.250). The real part
of the add-on element had the correct béhaﬁior for a negative
resonance but with a much smaller amplitude. I have thus
increased the Pll.amplitude to ~0.400 which is enough to
cancel the behavior of the real add-on amplitude.

The only other definite résonant behavior was in’.the B3“
element, corresponding to the F15(1688) resonance, helicity 3/2
~ component. A small decrease in this amplitude was indicated;

I have changed the value from -.600 to —.500.

There are two other possible cases of resonant behavior

in the add-on elements. One is the significant deviation
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- FIGURE 27

INITIAL FIT OF ADD-ON HELICITY

ELEMENTS (BACKGROUND) FOR ﬂ+ PHOTOPRODUCTTON

There are ten graphs for the ten lowest order partial

A B A B A

242 Py B

waves A A 3-» B3

o+ Ao s By Aoy Bos
vRefer to Table 8 (page 143) for the properties
of these helicity elements. Refer to Table 9
(page 161) for a list of resonances and their

associated helicity elements. Refer to page 148

for key to symbols on graphs.

Artificial errors assigned to the Walker helidity
elements are shown on the left of each graph. They
are *.1 for the j = 1/2 elements, and *.05 for the

i =3/2 and j = 5/2 elements.

The energies used in the fit were as follows:
425, 450, 475, 500, 525, 550, 603, 635, 663, 698, 733, 772,
813, 857, 902, 977, 1002, 1028, 1056, 1102, 1131, 1174,

1204, 1235, and 1269 MeV,

The experiments used in this fit are listed in Table 7.
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of the imaginary part of the Ao+

element at an energy some-
what below that of the 811(1535) resonance. The presence
of the jagged real part in Walker's solution, which was
inserted to reproduce the cusp effect seen in the.OO and
180° data at the n threshold, ﬁakés the search for resonant
behavior very difficult, Even.so, it seems that a slight
resonant behavior of the real add-on part is indicated, since
the fitted solution is greater than Walker's solution below
the center of the imaginary (add-on) hump, and the fitted
solution is less than Walker's above the center of the hump.
However, the differences are very small and probably do not
Justify changing the value of the resonance,

There may also be a slight resonant behavior in the

B,, element, corresponding to the D._.(1670) resonance, helicity

2+ 15

3/2 component, There appears to be an imaginary background,
with a slight resonant hump beneath the DlS' The "inverse"
behavior of the.imaginary part is not reassuring, however.
Unfortunately, there are several places where.humps seem
to be needed to fit the data but where no resonances are
known to occur. At about 600 MeV photon energy, many of the
elements have a hump in the real or imaginary parts. I have

not had time to investigate this phenouenon fully and canndt

make a statement as to its cause. I can only say that in
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my final fit, where the humps are included, the fit and the
‘data agree very well.

I have obtained a fipal fit of the W+ reaction where I
have usged the altered values of the P11 and F15 given above.
Plots of this fit (add-on and total heligity elements) may
be found in Appendix IX,

The final fit to the availlable polarizations and asymmetries
is shown in ¥Figures 28 - 31, The agreement is not as good
as in the 7 case; but is within the error bars.

| Again, as in the 7 case, we can calculate the expected
ﬂ+ cross section from deuterium using the model of Chew and

Lewis. A comparison of this calculation with the deuterium

ﬂ+ data at 10° (Figurg/§2) shows fair agreement. Thus it

seems that most of the final state effects are due to the

Pauli exclusion principle.
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D. Discussion of results for the 511(1535) resonance.

AS shown above (page 149), the amplitﬁde for the 811(1535)
resonance in photoproduction seems to want to go té zero
or perhaps even to positive values, In a "final' fit, I have
set the resonance amplitude to 4+0.25 and the energy to 1520
(page 251) to remove most of the resonant behavior in the real
" part of the fittéd add—on element., The imaginary part of the
fitted add~on element still wants to go positive at energies
below the resonance energy. This behavior may be due to wrong
values for eﬁergy, width, or amplitude of the resonance, or
may be unrelated to resonance behavior. Obviously, more work
needs to be done on this problem.

In any case, whatever the final valpes of the resonance

parameters for the S 1> W initial analysis (Figure 21.1, page 149)

1

shows that a large negative amplitude is unlikely. Now the
final results of Walker's analysis give amplitudes of -0.65 and

-0,80 for the S., in ﬂ+ and 1 photoproduction respectively.

11

(Table ' 9) These amplitudes are roughly in agreement with the

quark model and imply that the S is excited mainly by isovector

11

photons (see eqn. I.1l, page 3). However, if the 7 amplitude
is wrong and should be changed to zero or positive value, this

would imply a significant amount of isoscalar excitation.

It is interesting to note that the Sil has been predicted to

be mainly isoscalar from the results of n photoproduction

experiments.(57)
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PART VI

CONCLUSIONS

1) The reaction yn - 7 p has a much smaller cross section
than yp ~ ﬂ+n in the third resonance region (1000 MeV photon
energy). A partial wave analysis of the T reaction indicates
that this is mainly due to weaker excitation of the F15(1688),
helicity 3/2 resonance. This resonance appears to have a‘finite
»amplitude, however,in disagreement with a quark model prediction
of zero.

2) The above partial wave analysis favors a positive

amplitude for the S..(1535) resonance in 7 photoproduction,

11
in disagreement with previous analyses and with a quark model
prediction. The positive amplitude seems to be required to

fit the new polarization and asymmetry data. The present

analysis may indicate the S.., resonance is excited by isoscalar

11
photons, in agreement with the results of Anderson -and Prepost
(57) in n photoprdduction.

3) The status of the.Pll(1470) resonance in pion photo—
production is still indefinite although there appear to be
large humps in the imaginary parts.of the corresponding
helicity elements.

4) Final state effects in the deuterium cross section

seem to be mostly accounted for by the Pauli exclusion principle,
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5) Partial wave analysis of photoproduction in the
low energy region (kiab< 1.5 GeV) is still presenting difficulties
due to lack of data. Especially needed are polarization .
and asymmetry data at many angles and energies. In the
analysis of T photoproduction presented in this paper, the
effects of a few new asymmetry and polarization data.points

were very large.
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APPENDIX I

NOTES ON KINEMATICS

A brief explanation—of some kinematical quantities is
necessary for the inﬁerpretation of tables and graphs.

The measured reaction is~yd + 1 pp , which has a three-
body final state. From this, we extract cross section infor-
mation about the reaction yn - m p and express our results
in terme of kinematical quantities defined for the two-body
final state.

Define as fourwmomenté k, Pgs 95 Pos and P for the
bincoming photon, the target deuteron, the outgoing pion, the
"yecoil" proton, and the 'spectator" proton respectively.

Then the equation of four-momentum conservation is:
k +py=aq+p. tpg (1.1)

To express the kinematics in terms of the two-body reaction
of interest, we define fhe CM total energy W of the (m , recoil p)
system by: ]

W (g’ (1.2)
Now, if the target nmeutron in deuterium were on the mass shell,
there would be no ambiguity in the definition of the photon
energy k' in the neutron rest system for the two-body reaction.

That is, for a free neutron:

2
k' (free neutron vest system) = T

v (1.3)
n
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vwhere Mn is the rest mass of the neutron;A apd k' and W are
uniquely related. This is the relation between the lab
photon energy and the CM total energy in single pion photo-
production reactions with a hydrogen target, where Mn is
replaced by Mp. However, because the neutron is bound, this
relation is no longer true for a deuterium target with W
defined as above.

In order to compare our w photoproduction results with
experiments uéing hydrogen targets (since the results of these
experiments afe usﬁally given in terms of lab photon energy
and CM pion angle measured from the photon beam line), we
define an artificial photon energy k' given by equation 1.3,
It is this photon energy which is given in the tabies and
graphs and which is (perhaps confusingly) called the "lab
photon energy'. However, only the CM total energy W of the
two-body finél state has definite physical meaning, and the
value of k' should bé considered mainly as a means of defining
W by equation 1.3.

it should be ﬁoted, however, that in the partial wave
'analysis of m photoproduction, the values of k' given in the
tables and graphs have been treated as photon eﬂergies in the

free nacleon rest frame,
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BEAM ENERGY MONITORING

The total energy in the bremsstrahlung beam passing
through the deuteriuﬁ target for each data run was measured
indirectly with a Wilson type quantaméter[58,59]. The
quantameter could not be placed in the beam line during data
runs where the particle detected in the spectrometer came off
at a-small lab anéle (<150), due to the interference of fhe
spectrometer with the beam line. To make for efficlency, at
the sacrifice of some accuracy, the quantametef was not used
at all duriné daté runs. Rather the relative beam energy was
measured by several secondary monitors during data runs,
and these were then intercalibrated with the quantameter
during special "monitor" runs taken inbetween the data runms.
The quantameter, which could be pushed in and out of the beam
line, was located just upstream of the deuterium target
(Figure 2 )."A description of the monitors and the specific

monitoring procedure follows.

A, Wilson quantameter -~ primary monitor.

The Wilson quaﬁtameter is a closed chamber consisting of
12 plates of copper, each 1 cm. thick, and separated by gaps
alternating between 1 and 2 cm. in length. The chamber was
(initially) filled with a gas mixture of 95% argon, 5% carbon

dioxide at a total pressure =800 um. Hg.‘at a temperature
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=20" C., The amount of material is enough to almost completely
ébsorb the beam. The beam enefgy is calculated by measuring

the ionization of the gaé caused by the electron-photon shower
generated mainly in the cobber plates. The plates are alternately
held at ground pdtential‘and‘ahnegative high voltage. The
electrons from ionization are collected at the grounded plates

and the total charge collected is measured by an electronic
integrator. If we know the amount of energy loss per ion pair
formed in the gas and the ratio of energy loss in Cu to energy
loss in the gas, we can theoretically calculate the total energy

contained in the beam, given the ionization of the gas.(SB)
\

1. Calibration constant of the (south) quantameter.
The theoretical calculation described above gives for
this quantametex:

18

= (4,80 * 0.15) X 107~ MeV/coulomb

U
Q
of ionization electrons collected. This number has been
. ' o}
given for a pressure of 800 mm. Hg. and temperature 20  C.
This constant has been measured twice for our quantameter

in an electron beam at Stanford by comparing the quantameter to

a Faraday cup. The results were:

18

it

In 1960 U MeV/coulomb

Q
In 1966 U
& Q

where both numbers have been corrected to 800 mm. Hg. and

(4.73 £ 0.07) X 10

18

(4.78 + 0.14) X 10°° MeV/coulomb

20° c¢. (60)

Gomez et al.(59] suggest that the accuracy of the
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experimental numbers is not good enough to justify using them
and that the theoretical value should be used instead.

Thus the calibration constant used in this experiment

was UQ = (4,80 £ 0.15) X 1018
and T = 20° C.

MeV/coulomb at P = 800 mm. Hg.

.2. Leakage of gas,

If the ratio T(OK)/P were constant for the quantameter,
the above calibration constant would be valid for the experiment,
A change in this ratio indicates a leakage of gas (PV=nRT).

A slow leakage has been observed, and.the ratio T(OK)/P was
seen to change at a rate of +1.53% per year over the course
of this experiment (bne year). (Figure 33) If the mixture
of gasses remained the same, it might be expected that the
ionization of the gas per unit input beam energy would be
simply proportional to the gas density, or equivalently, to
P/T.

Indeed, we have made this assumption in the calculation of
beam energy.for this experiment.‘ The above calibration

constant then becomes:
18

i

C MeV/coulomb per T/P

Q

or U

(13.10 * 0.41) X 10

it

Q CQ X T/P where the units of T are °k and the
units of P are mm. Hg.

It is unfortunate. that.the calibration‘of the quantameter
has not been checked since 1966, However,-this quantameter has

been known to leak gas in the past while the two calibration

measurements mentioned above, separated by 6 years, were consistent
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with theory within experimental error. Therefore I believe that
it is safe to continue to use the theoretical cénstant.

3. Temperature and pressure.

The pressure (in mm. Hg.) of thé gas inside the quantaneter
is read off a gauge which is part of the quantameter unit.
The temperature of the gas ié.assumed to be the same as the
temperature of a Centigrade thermometer which is pﬁt in good
thermal contact with the metal case. Even if there is a long
adjustment time between gas and case (room) temperature,
the statistical scattering caused by possibly erroneous
temperature readings causes an error in T/P of the order of
only 0.27, bécause the absolute temperature is used in the

ratio. The pressure gauge on the quantameter is assumed to

be operating correctly.

B. Secondary monitors.

» Five secondary monitors were use& in this experiment to
determiﬁe the relative beam total energy during data runs. Three
of these were also active during monitor runs when the Wilson

quantameter was in the beam line for intercalibration.

1. 40 MHz probe.

The 40 MHz probe is a device to monitor the relative
circulating electron current in the syn;hrotron. It was gated
to sense the current at a time immediately before the electron

beam was dumped (converted to an external bremsstrahlung beam
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by the internal tantalum target ("radiator")). It operated
during both data runs and monitor runs. Assuming that the full

beam is "dumped'", this monitor should give a good indication

of the relative beam energy.

2. TC1 (thin chamber).

TCl was é thin (mylar) walled ionization chamber filled
with an inert gas which was placed in the path of the photon beam,
whose energy it monitored by the small iénization of the gas.
Itrwas located immediately downstream of the primary Pb collimator
‘through which the‘photon beam exited from the synchrotron.
Ionized electrons were collected and fed to a current integrator
whose output (counter and meter) was proportional to the charge
collected, and thus to the amount of ionization. TCl was active

during both monitor and data runs.

3. TC2 (thin chamber).

TC2 Was.another thin walled ionization chamber similar
to TCl and was located -downstream of the UCLA hydrogen target
énd just upstream of the last.sweeping magnet. This monitor was

active during both monitor and data runs.

4, MT (monitor telescope).

The monitor telescope consisted of two scintillation
counters located below the deuterium target and surrounded
by lead brick shielding. The counters weré physically set in
a telescopic arrangement (ong below the other) and electronically

connected in coincidence in order to detect reaction products
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moving straight down from the target, thus proﬁiding another
relative monitor of the beam total energy. Since the deuterium
target was located downstream of the Wilsoﬁ quantameter,

this monitor was inactive during monitor runs.

5. BC (beam catcher).

The beam catcher is another ionization chamber where
an electron-pheton shower is generated in a few copper plates.
Directly behind this chamber is the termination of the beam
line. This monitor, being downstream of the quantameter,
was not active during monitor runs. Also it could not be
used during data runs in which the high momentum magnetic
spectrometer (HEMA or OUTR) blocked the beam line. As with
IC1l and TCZ, the current 6utput of this monitor was integrated
and the relative charge read off on a counter and meter.
A brief description of the current integrators and integrator

calibrator follows.

C. Current integrators, integrator calibrator.

The current pulses collected by the various ilonization
chambers were fed into current integrators whose outputs gavé
the relative charge collected in units of BIP's (beam integrator
pulses). Whole BIP's were read off a counter (scaler) and
fractions of a BIP were read off a meter., One BIP is the
charge collected in the integrator by a fixed capacitance

which has been charged to a fixed voltage (Q=CV).
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The integrator used by the Wilson quantameter was
calibrated in coulombs/BIP by the integrator calibrator, which
was a circult rack containing an extremely precise capacitance
which is pulse discharged from a fixed voltage value which
has been precisely measured with a null voltmeter with
standard reference cell. The coulombs/pulse delivered by
this calibrator during our experim%nt was

10, 0.25% (on the 50 volt setting)

C/Pulse = 503.75 X 10
The combination of quantameter calibration constant,

integrator calibrator constant, and integrator calibration

constant gives the useful constant:

MeV _ MeV Coulombs Calibrator pulses
BIP Coulomb Calibrator pulse Integrator BIP

(3.1)

which for our experiment was roughly 11 X 1012 MeV/BIP -for

the integrator used with the quantameter.

D. Specific program for calculation of total beam energy
The total beam energy passing through the deuterium target

for a given data run was calculated using the followlng formula:

MeV (data run) =‘%§%§-X(QBIP'sgvg ' (3.2)

where MeV/QBIP is the energy per BIP of the quantameter integrator
as calculated in equation 3.1, and (QBIP'S)avg is as given in
equation 3.3. The MeV/QBIP was calculated once a day or after a

synchrotron endpoint change.
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(QBIP's)avg is defined by:

‘ S R fo):3n: L QBIP's
(QBIP'S) = 3 X {TCl_BIP g X (ICI-BIP's) + |momesl X (TC2-BIR's))
QBIP's )
+ [Zﬁ”ﬂﬁé]s X (40 MHz scalel)D (3.3)

where the subscript S means that an  average is taken over
the two monitor runs surrounding the data run, and D refers to
quantities measured during the data run,

An estimate of the standard deviation in the quantity
(QBIP'S)avg due to variztions of the three secondary monitors
from the average was obtained by plotting the differences

J

(@eIP's) . oy = (QBIP's)avg) . (@BIP's) ;o 0oy - (QBIP's) .

! - t . Yo .
and ((QBLP s)via 40 Miiz (QBIP S)ave) , where (QBIP S)Via 5

is the appropriate term in equation 3.3, An example of this
is given in Figure 34 . The standard deviation varies from
slightly less than 17 to about 2%. This error is a statistical
error which, however, is not included in the statistical error
given for the final data.

In several cases, one of the monitors TCl, TC2, or 40 MHz

gave wild results and was not included in the average.
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APPENDIX ITI

EXPERIMENTAL APPARATUS

A. Spectrometers and counters

At each data point, a mégnetic spectrometer was used
to identify one of the outgoing charged particles.and to
measure its vector momentum, Two magnetic spectrometers with
a total of three possible configurations were available
for this tésk. A low momentum spectrometer, or low energy
magnet (LEM) was used to measure particle momeﬁta‘up to
600 MeV/c. A high ehergy magnet (HEMA) could measﬁre momenta
up to 1200 MeV/c;: and by means of extensions to the HIEMA

"outrigger") was

frame, another configuration (OUTR for
possible Which.extended the maximum allowable momentum to
1650 MeV/c,

Both spectrometeré were set in frames which could be
rotated arouﬁd.the deuterium target assembly., The maximum
allowable lab angles for the various configurations were
148° for the LEM, 55O for the HEMA and 390 for the OUTR.

Figure 2 shows one possible position for the spectrometers

in the experimental area.

1) HEMA and OUTR
A schematic diagram of the counters in the high momentum
'spectrometér (side view) is given in Figure 35. A central

particle trajectory is shown which originates at the deuterium
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target, passes between the polé faces of the magnet, and
is there bent downward to pass through the various scintil-
lation counters and Cerenkov counters. A sét of threé FAN
counters (scintillation countefs) were set against the
inner sides of the pole faces of the magnet to veto particles
which scattered off the pole faces and went through the rest of
the system. A particle event was defined by a five-fold
coincidence between the counters Al, A2, S1, S2, and S3
along with a veto from the FAN's, Thé four—-channel hodoscope
52 defined the momentum channels of the spectrometer.

‘The horizontal aperture (perpendicular to the plane
of the diagram) of the spectrometer was defined by the
counter Al whose angular width was 0.0158 radians or about
0.90 at the deuterium target. The vertical aperture was
roughly 0.1 ?adians or about 6° at the target.

The momentum calibration and aperture measurements
were made by F. Wolverton(61). A summary of the acceptance
properties of the HEMA and OUTR configurations for each
momeﬁtum channel ié given in Table 10 and Table il.
For each channel, the momentum spread (AP/PO) was about
2,5%.

Particle jdentification was accompliéhed by means of
the two Cerenkov counters FC and LC. A sﬁitable combination

of triggers of FC and LC was used to distinguish between
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electrons, pions, and protons. Muons and pions gave the
sawe set of triggers and no attewpt was made to distinguish
between them, since i1t was assumed that all muons came from
pion decays. '

The Freon Cerenkov counter (FC) consisted of a large
gas-filled box with phototube to collect Cerenkov light
from particles moving at a speed greater than 0.99%c.

Since no pion or proton detected by the spectrometer ever
reached this speed, FC was triggered only on electrons (or
positrons). TFor electrons causing a particle trigger
(A1+A2:81+S2+83-FAN), the detection efficiency of FC was
very high, averaging around 99.77. Measurements of this
efficiency weré made (periodically during the experiment)
in a pure electron beam generated by placing a pinhole Pb
collimeter in the photon beam while the magnet was placed
at 0°.

Low energy electrons which might not trigger FC, were
absorbed by a 1/2 inch slab of 1ea& placed downstream of

LC.

The Lucite Cerenkov counter (LC) consisted of a Lucite
slab with a phototube attached at each end. A combination
of the effects of the index of refraction of Lucite and of

the optical path to the phototubes gave the counter a threshold
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of 0.9c. Since all pions and electrons measured by HEMA

and OUTR were above this threshold, LC was triggered on these

particles. However, due to losses (the optical systeﬁ was

not perfect) the pion (and eiectron) efficiency of LC averaged

only about 98.5%. This number was measured by setting the

magnetic field of the spectrometer so as tc detect only

negatively charged particles, thus eliminating protons.
Unfortunately, LC had a non-zero proton efficiency which

was probably due to "knock-on" electrons and perhaps some

scintillation due to low energy protons. The effieciency ranged from

0.7% to 4Z. . To measura this efficiency, an almost

pure proton beam was generated by setting the synchrotron

endpoint below the energy necessary to produce pions of a

given momentum in the spectrometer while still allowing

protons of this momentum. Also, time of flight restrictions

were imposed to reduce pion contamination. Nevertheless,

due to smearing, all pions could not be eliminated. A comparison

was made between a pulse height spectrum produced by this

beam and that of a pion beam in order to subtract out any

remaining pion contamination.

2) LEM
A schematic of the low energy magnet counter system is

given in Figure 36, A particle triggzer was defined by the



210

viGirst

13949VLCa Nl
]

g'0og'0L'L &//
IS

A4S

N

FIGURE 36



211

four-fold concidence of A, S1, P, and S2, along with a
veto from the FAN counters. The P counter was a four-channel
hodoscope which defined the momentum channels of the spectrometer,

The horizontal aperture was defined by A whose angular
width was 0.0289 radians or about 1.7° .at the deuterium
target. The vertical aperture of the magnet systém was
about 0.11 radians or about 6° at the target.

The LEM was calibrated by H. Thiessen(GZ) for a 7-momentumn
channel hodoscope P. We have replaced Thiessen's 7-channel
counter with a 4-channel counter. A recalculation
of the acceptance parameters for the new momentum channels,
using the field map measurements of Thiessen, was done by
P. Walden(44) and a summary of the new LEM acceptances is
given in Table 12. For each channel, the momentum spread
(AP/PO) was about 2.6%

In the LEM, parti;le identification was accomplished by
means of pulse height discrimination in counters $1 and S3
along with time of flight restrictions. Proton engrgies
in the LEM were much lower than the energy for minimum ioniza-

tion, and the larger proton pulse heights were easily distinguished

from pion pulse hei The separation, however, was not
perfect; and at best settings of pulse height discriminators,

the pion efficiency averaged 99.67% while the proton efficiency

>

hovered near 1

s
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The LEM was unable to digfinguish pions from electrons.
At the start of the expefiment, we were not worried about
this defect, since we assumed that the electron rates were
negligible at the large lab angles at which the LEM was used.
However, during the experiment, we observed a discontinucus
jump between the HEMA cross sections and the LEM cross sections
which we now believe to be due to electron~positron contami-
nation in the LEM results., A further discussion of this

problem is given in Section IV.C,

B. The recoil counter

The recoii countey was used to detect the recoll proton
P (from the reaction yd ~ ﬁ-prps) while the spectrometer
was used to detect the pion. At backward pion angles, howvever,
the arrangement was reversed with the proton being detected
by the spectrometer (HEMA or OUTR) while the pion was detected
in the "recoil" counter. The recoil counter was designed
to adcept about 50% of the recoil particles associated with
a particle in the spectrometer,

Figure 37 shows the structure and dimensions of this
counter. The actual aperture is deiined by the small counter

RC. The three counters RB, RL, and RR were used to define

a coincidence with RC and to crudely indicate any left-right
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asymmetry in the distribution of recoils., The recoil counter
systew was set up and moveable irn angle cn a cirvcular track

of 32 inch radius surrounding the deuterium target.

.

C. Electronics
Schematics of the HEMA, LEM, and recoil electronics
are given in Figures 38, 39, and 40 respectively.
In general, for the spectrometers, a fast colncidence
of about 5 nanoseconds was required between the counters
defining a particle trigger. This fast coincidence is produced

n the coincidence circuit module labelled V8" 4in

ii i

fada

and LEM diagrams., Actually, due to the fact that this module
could physically take only four inputs, the final particle
trigger was thained in the module PAR-TAN whose inputs were
a fast (5ns) pulse from S and slower (longer) pulsesg (10 ns)
from TFAN (veto) and from A2 (HEMA) .

Particle identification was then made by the slower
electronics (50 ns pulse lengths). In the HEMA electronics,
the various combinations of LC and FC and thelr vetos were
fed into the coincidence circuits w, p, e, and X. The X
coincidence circuit identified a normally impossible situation
where FC was triggered and LC was not. Counts in this circuit

were due purely to the inefficiencles of the Cerenkov counters.
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In the LEM electronicé, the coincidence signal and veto signal
frem the circuit SlUfSZU were fed into the p and 7 coincidence
circuits. As electrons were not distinguished from pious,
there was no separate electron circuit.

Finally, the 7 signal (or the p signal for the reverse
recoil setup) was put in coincidence with the 4 momentum
chamels to obtain the 7 (or p) counts in each channel.

If the recoil counter was used, the signals S (fast), -

1 (or p), and the 4 momentum channels were put in coincidence
with the final recoil signal B<C to obtain the number of
events in each momentum channel for which a recoil particle
was observed.

To monitor FAN triggers and various accidentals rates,
appropriate coincidences were defined. A problem with the
definition of Al and Al<A2 accidentals is mentioned in Section
IV.F,

The reduction of scaler counts to true particle rates
using counter efficiencies and accidentals corrections was
done by P. Walden and is completely described in Appendix 10

of his Ph.D. thesis(44).
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APPENDIX IV

THE HULTHEN WAVE FUNCTION

A useful representation of the deuteron ground state

is given by the Hulthen wave function:

[t

3 o (% - PPy
ui(p) - [Zﬁ(l - upl)] 0 (4.1)

where o = 45,69 MeV
B = 275.74 MeV

p; = 0.0088177 Mev b = 1.74 fermi

Py is the neutron-proton effective range and is related to o

and B8 by the normalization condition:

. S
P17 ey "B (4.2)

The corresponding momentum-space wave function is:

- o g (8% - o?)
¢t = [ﬂ2<1 - a01>] (0% + k2) (8% + k%) (4.3

The momentum (magnitude) probability density is then = AWkQIG(k)‘Z.
This last function is plottad‘in Figure 3 . The curve peaks

at about 50 MeV/c which is then the most likely internal nucieon
momentumn.

The deuteron form factor then is given by:

F(k) = [exp(ik-p) U§<p) a’p ¢4.4)
= T":}oo {%9} [tqnﬂl(k/Za) - tanﬁl(k/ZB) - Ztanﬂl(k/(a+8))]
0,
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APPENDIX V

NOTATION AND HELICITY FORMALISM FOR PARTIAL WAVE ANALYSIS

All variables are in the center of momentum (CM) system.
Particle four-momenta: see Figure 41.
—}. . a
k = (k,k) dincident photon
> _ - >
P, = (El,pl) initial (target) nucleon (note P, = ~%)
_)W . .
q = (w,q) outgoing pion

> o . . >
p, = (Ez,pz) final (recoil) nucleon (note P, = q)

Ml = mass of dinitial nucleon
m = mass of outgoing pion
M2 = mass of final nucleon

CM total energy

6 = GgM = angle between E and &

W

hi

Units used in theoretical formulas:
H=1
c =1

Unit of energy = 1 GeV
. . ~2
Unit of cross section = 1 GeV
Units used in graphs and numerical tables:

-30 2
Unit of cross section = 1 microbarn {(ub) = 10 cm

1
Unit of helicity amplitudes = (1 ub)/2

-2
Conversion of GeV to ub:

1 cev™? = 389.5 ub
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Variables in CM Frame
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L

Particle helicities: (in the CM system)

(Helicity is defined as the particle spin component in

the direction of motion.)

Xk = *1 = photon helicity

Al = il = helicity of iﬁitial nucleon

Aq = (0 = helicity of pion

A2 = 1l = helicity of final nucleon

A= Ak - Al = £3/2, ¥1/2 = total initial helicity (along ﬁ)
pE A = A, = #1/2 = total final helicity (along q)

Definition of helicity amplitude Auk<6’¢) : Walker( 3)

initial states labeled by A = 3/2, 1/2, -1/2, -3/2

final states labeled by U
‘ 6

&

1

0, ¢ =0

il

1/2, -1/2
> ¢

A is defined in terms of the S matrix by:

where

N

[

+ i(zw)4 64(Pf = P.) (810) A (5.1)

1
=7

(2k 2E

5N

2w 2E2) and P_. and Pi are the

1 £

total final and initial four-momenta.

The cross—section formula is (M = 87WNA)

v

4
o1 40 = )2 en® s

13 d’p
(- Pl =2 (5.2)
Toon” en

4

This reduces to:

do

M q 2
{ELA(M) =5 14,0, (5.3)
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There are 8 amplitudes A |, corresponding to the

HA
4 possible values of X and the 2 possible values of y.
However, by parity symmetry, only 4 of these amplitudes
are independent [63}. That is :

AL, (6,8) = oL Q1) (n-24)

__u,___ AU}\(G’C‘L) (-)'Af)

Definition of the helicity amplitudes Hj(G,é)

Let Hl’ HZ’ H3, H4 be the 4 independent helicity amplitudes

for photon helicity A = <1 defined by the matrix:

k
A(h =11 = bMi2,302 Mo | M H, |
k - (5.5)
' A12,372 212,102 oy H,
Note that Hl and H3 have initial helicity 3/2 while
H, and H, have initial helicity 1/2.

Formulas for differential cross section, polarization, beam

Setting ¢ = 0, we have:

do) 1 q 2 1g ¥
() = [55} (6) = ERe %g]Afi(9>! = E"E‘Tr(A A)

4
1 2
=5 LI ®] (5.6)
i=1
Polarization §°(k x q) = %—%~g%5§-Tr(A+0yA)
P g .__}?_v.«, o (1 Y:V*M TN ® ~
X 508 1m(ﬂlm3 LZLIA) (5.7)
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where Oy is the y Pauli spin matriz. The above results

hold for both lk = +1 and -1,

Polavized photon asymmetyy

IRCEG a1 * .
£(6) o, T on ey Re (H L i ) (5.8)

where o, is the cross section for linearly polarized
photons with electric vector perpendicular to the reaction
plane and o, for photons with electric vector parallel

to the reaction plane.
Polarized target asymmetry

g, - O
T(8) = =

9 -
5, ¥ o K 5069 H H ) (5.9)

1m(H ?

where 0+‘and o are the differential cross sections for

target nucleons polarized + and - along the direction

~

k x q.

CGLN amplitudes ~ relationship to heldicity amplitudes

The CGLN(Sl} amplitudes Fl’ F2, F3, F4 determine the

photoproduction amplitude A by the formula:

iA(e) = 1 3¥Z"Fl + Geq o° (kxe) F, o+ A Gk g Fu o+ i Geq q¢ F,
(5.10)
)

where ¢ are the Pauli spin matrices and € is the
photon polarization vector. For photon spin defined

along the divection of motion k (=z), (helicity = +1)

we have:

E=%, = QD Gty (5.11)
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The helicity amplitudes may be written in terms of the

CGLN amplitudes:

H1(8,¢) = w(l//i} ei¢ sind cosko <F3 + F4)

Hy(0,6) = V2 cos’0 ((F, ~ F)) + %(1 - cosb) (Fy = F,))
Hy(0,0) = (1/V2) 210 Gine sink0 (173 - FZ}) (5.12)
H,(0,9) = V7 et ginie ((Fl +F,) k(1 + cos0) (Fy + Fé))

Chew and Lewis amplitudes - "spin-f1ip" and “'spin-non-fiip"

cross sections
The Chew and Lewis (45) amplitudes ¥ and L may te given by:
IAGE) = 1 (-1/V2) ( GR(e) + L(E) ) (5.13)

+
where K is the spin-flip amplitude and L is the spin-non

> -
flip amplitude. For photon polarization e = £, we have:

= @ { - i 2 [<¥d iq)
KX = F1 cosO F2 sin 0 cos¢ e F4
, . 2 . i¢
{ = SR s6 F s1 sind
ky i Fl i co F2 + sin" 0 sing e F4
\ . , (5.14)
K = gind el¢ F, + sind el¢ F, 4+ cosb einl elq> ¥
z 2 3 7 b
L = - gind elqb F
2
The "spin-non-flip" cross section is proportional to
12 . ‘s
(IL! )ave' Specifically, at ¢ = 0, we have:
1gqg .2 2
= = h ‘ .1
G(G)Snf 5 3 sin’o [F2| (5.15)
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In terms of helicity amplitudes, this is:

l : 1 . .
6(8) . =7 ;IHl(G} coglsd + H,(0) sin's® - Hy(8) sin’sd
1al2 )
+ H, (0) cos’so| - (5.16)
0(8) g =0(0) = 0(0) . (5.17)

Deuterium cross section

The deuterium cross section, obtained by assuming a
simple 2-nucleon wave function for the deuteron

and using the impulse approximation (45) is:

o (0) =(1-/3) F0) )o@+ (1 -F@® ) o(e) .

deut
(5.18)
where D is the lab nuclear recoil momentum and

F(D) is the deuteron form factor given by

FO) = [ exp(iB9) ui @) adp (5.19)

>
where ui(p) is the Hulthen wave function for the

deuteron (see Appendix IV).
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APPENDIX VI

PARTTAL WAVE AMPLITUDES

The helicity amplitudes may be decomposed into states’

of definite total angular momentum, definite initial and
final total helicity. The following equation defines the

)

helicity coefficilents Aik :

- 3 P %] (=)o
Ay (859) = g A (23 4 1) dy (0) e 6.1)

where the functions (23 + 1) d;u(o) ei(XWU)¢ are orthogonal
and normalized to 47w when integrated over all golid angles.
The d functions are described in Jacob and Wick(63}. I use
the definition given in Equation 18 of Walker[ 3).

The total cross section may be expressed very simply

in terms of the helicity coefficients:

12

= o

oy = 2 § g ; (23 + 1) [AﬂA (6.2)

where the sum goes over only positive values of A.

Helicity elements are defined as the linear combinations

of the helicity coefficients which have definite initial

corresponding to a definite final state orbital angular
momentum. These elements are formed by taking sums and
x

differences of coefficients with final total helicity n

= 4% and -%. Define the helicity elements Azi and Bii
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- 2]
A = —(/Y2) (Al/z 1/2 F 272,170
- AJ
gy = 1V2) (Al/z 172 7 212,172
) (MMZ— Wh] L (A J ) (6.3)
RO ey 1/2,3/2 T A21/2,3/2
B = e {._..._2._«._..,.} E ( A j )
(1)~ n(n+2) 1/2,3/2 ~ ~1/2,3/2

A2+ refers to initial helicity 1/2, orbital angular momentum £,

and total angular momentum j = £ % %, B£+ refers to initial
helicity 3/2, orbital angular momentum £, and total angular
momentum j = £ % Y%, The orbital angular momentum & refers to
the final pion-nucleon system. The parity of this system

, b2 s . \ . :
is =(~1)" where the initial minus sign is due to the negative

parity of the pion.

Finally, the helicity amplitudes may be expressed in terms

of the helicity elements as follows:

H1(6,¢) = (1/V2) eiqb sind coskd nzl(Bn+w (nt1)- ) (P n+1
H2(9,¢) = V2 cosk8 ZO(A ( 1) - ) ( o Pnr1?
(6.4)
B0,6) = (/) 21 stan stws anBn«-*“Bmﬂ%’ (242 )
ot v
B, (0,6) - 1 eine Y (B gy B 0)
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where the d functions have beén expressed in terms of sums
and differences of derivétives of Legendre polynomials.

The contributions of each helicity element to the four
helicity amplitudes Hi are shown in FigureV42. Note that
at OO, the only non-zero helicity amplitude is H2 and that at
1800, the only non-zero helicity amplitude is H4' Only

- . o
the AQJr helicity elements contribute at 0° and 180° because

of the conservation of angular momentum.
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APPENDIX VIT

BORN TERMS AND RESONANCES

A, Born terms.
The Teynman diagrams for the Born approximation are
shown in Figure 43, GTT is the pilon-nucleon coupling constant

for the particular reaction. The couplings are:

C,=-C =-/2¢ =V2¢ =+2¢ (7.1)

+ - o o]

0 ﬂ TP T 1

2 2 sy , ,
where G /4m = 14.7. e” /4w is the electromagnetic coupling
constant and is equal to 1/137.036 . e = -1, 0, or +1

. - 0 + . .

for coupling to a 7= , m, or m respectively. € and €, each

equal O or 1 for coupling to a neutron or a proton respectively.
My and Ho each separately equal -1.913 or +1.793 for magnetic
coupling to a neutron or proton respectively.

For convenience in the following formulas, define

1 L
Zl = (El + M1)2 and Z, = (E2 + M?)z. The Born approximation

2
for electric coupling e is given in terms of the CGLN amplitudes

(see Appendix V) by:

I 0 L U T
1 Ly WM 2W 2
1 u - M
2
T M In
2 4 ZZ(WWLIl) 2% a - M;
(7.2)
. eG qk;z . £,
- i U7 2
3 4 ”71 - m u - Mz
T 2
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G Feynman Diagrams fox

the Born Approximation

¥ Nl

FIGURE 43



2
where W

given by:

The

terms dis:

=g, and s, t, and v cre the Mandelstam variables

i 2 _ . y)
(k +p))7 = (q Fop,)
2

0
)

t= G- = (¢ - P

2 2
u= (k- p) = (g~ p)

(7.3)

Born approximation for the anomalous magnetic moment

J o M
. eGTr wkiz— Fi i u2zl ) Zuz(ix ! Ml)
IARY, 3 ?\
1 by }W/.’.l Ml k‘i?, u - MZ
2
eG ' 72 2u, (W -+ M)
:E‘ = TTT qk ul J]' - _u_-.Z« . -igww-. Ll .
7 .
2 by »WZlZ2 Mlk MZ " - M2
poo L Sn bl Ty W,
4
3 b ZWMZ Z1 u - MZ
A 2
c 7
— eG7T uzqk q W+ Ml
4 b 2WM, Z.Z 2

2 12u-M2

(7.4)
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B, Resonances.

The resonant amplitude in Walker's model( 3) is given

by:
1 11
ka,]” wor/zr/2
AGD) = AW ) | Y (7.5)
9] s ~s~-dWrT
where q 24+ rqz -+ szz
R A
0 @ X
. (7.6)
k 2Jy 'kZ + szj'y
N R e
v 0 k- + X7

where Wo is -the central energy, and ko’ Uy and s, are the
values of k, ¢, and s at W = WO. The resonance parameters
are:
a) the central energy Wo
b) the width FO
¢) the amplitude A(WO) (of the imaginary part
at the central energy)
d) the angular momentum £
e) the photon angular momentum jY (not really
a definite quantity for helicity elements)
f) the parameter X which gives a cutoff for large

k or g

Typical behavior of the real and imaginary parts of a

resonance 1s shown in Figure 44,
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Typical Behavior of a Resonance
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APPENDIX VIII

FITTING PROCEDURE

We are trying to fit cross sections polarizations,
and asymmetries with the parameters Azi’ BZi the add-on
helicity elements. Or in the case of the "all energy'" fits,
we use as parameters the resonance amplitudes, widths, energies,
and the polynomisl coefficients which specify the smooth
energy dependence of the add-on elements.

The cross sections etc. are quadratic in the A and B
helicity elements and are also non-linear in the resonance
parameters. Thus a simple least squares fit, which requires
the fitting functions to be linear in the parameters, will
not work. I will describe two methods for obtaining a fit
when the fitting functions are non-linear. I will then

write down the actual algorithm used in my analysis, which

is a combination of the two fitting methods,

A. Possible fitting methods.

1) Linearization of fitting functions

It is possible to linearize the fitting functions by
expanding them in a Taylor's series in the parameters. However,
neglecting the non-linear terms should be expected to work only
when the zero—order parameters are already close to the final
solution. After the fitting function is linearized, we then
g0 thréugh the procedure of minimizing xz, which is the

weighted sum of squaress of the deviations of the data points
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from the fitting function. Let us go through this procedure.

First, define:

X = i'th experimental data value (cross section, ete.)
where 1 = 1,2,...,n
o, = error of the i'th experimental data point

f.(a chesd = £, = ; f “dttdv unctio

1( 13899 ,am> fl value of the fitting function
at the i'th data point where i = 1,2,...,n and
81585500058 aTe the m parameters (eg. helicity
elements or resonance parameters) being determined
by the fit.

f.(ao,aO ...,ao) = £,(0) = value of the fitting function

iv71m2e m i

e o FRU PO PN [ R R e T WP VOO P
for the zervo-ovder (initial) set of parameters.

3

. _ o.
Now expand fj around the point (ai,a;....,am).

S afi 0 1 m m Bzf
f, =1, + s ‘{a, - a,) += ¢ - i
i 1(O> 'Zl 8a,<0) <a3 aj) 2 2 2 aq"5§“{0)
J J 3=1 k=1 %3°%
° o . eeoos
X (aj - aj) (ak - ak) 4 (8.1)

where (0) after the derivatives means that these derivatives

(¢}

. o ¢]
are evaluated at the point (al,az,...,am).

Define 8a, = (a, - a?)
J J J
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Now form xz

n
2 1 2
x“ = ) — Gy - 7
i=1 o
R
n 1 m ij
-1 (xi -0 = ] 0y, 6.
i=1 Cfi J"l |
% ? 1 Szf 2
- 5 s 5a(0) +Ga da - eer }
j=1 k=1 2 02408 ik

To minimize, take the derivative with respect to each

parameter and set equal to zero:

BXZ n 1 m of,
day T b TE 2 B O - T (0 e
i=1 o, 3=1
i
% ? 1 azfi ij
- = = (0)+8a,8a, - ~°']- {~—"m4(0} (8.3)
j=1 kel 2 Sajaak ik Bal
? azfl '
~~~~~~ (0)+8a, = '}
4=1 da,?d ¢
Bzfi
where use has been made of the fact that w:~5;~{0) is symmetric
Q-j ,Lg'

in j and £.

. 2
Now gather terms in 1, §a, 6a”,
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sz
32, = 0
£
n 9 : Bfi
= .E “”5'(Xi - fi(O))°(— ggffo)
i=1 o] - L
i
m n 9 Bfi Bfi
+ 1|15 [ T7o(0) 52o(0) = Gx - £ (0)
J:::l l:;l ag. J 2
i
Bzfi
aa‘ggv(O) ] . éaj 4o (8.4)
Jj L
This can be written:
0=~ A -+ B ,8a, + C,..8a,8a, - <o (8.5)
% 4=1 2373 421 k=1 ik Tk

Approximation: assume that we are close to the final

solution and that we can neglect the 6a2 (and all higher

order) terms in comparison with the §a terms., Then we have:

m
A, = ) B, ,Ga, for £ = 1,2,...,m (8.6)

f «? 2 ofy
A = = (x, - £,(0))(0)
oy ci i va, (8.7)
2
n of of 9°f . ]
R 2 i i _ _ i
By = .2 5 |57 (0) 577000 - (xy = £,(0)) 57=57—(0)
i=l o 3 L i 2
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»

In matrix notation, the‘equation is:
=362 (8.8)

The solution is:
6h =5 & - ®.9)

which can be obtained by inverting the symmetric matrix
B. The 8a's obtained in this solution do not necessarily

. . . . 2 h 3 3
give a minimum in X as we did not solve the exact equation
8.5. However, we hope that we have moved closer to the
minimum and that we might reach it in a few more iterations.
For each iteration we start with the a,'s obtained as a

solution to the previous iteration.

2) Gradient method

In the case that the solution to the above linearization
method does mot converge, we have probably started witﬁ 
parameters which are too far away from the true final values,
and thus the approximations (linearization) will not work.

Another kind of fitting procedure which requires xz
to decrease and is good when we are far from the minimum
(but not so good when we approach the minimum) is called

3

the "gradient search'. Instead of trying to move directly

to the minimum (as the linearization procedure tries),
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the gradient search tries to move towards the minimum along

s . 2,
the direction of steepest descent of ¥, ie. along the

negative of the gradient of xz.

The changes of the parameters along the negative gradient

sz
A

od ,

are proportional to - . It is only necessary to choose

a small enough proportionality factor A to insure that the

2

changing of the parameters by 68a, = A(- X ) will cause

i da,
2

X to decrease.

B, Actual fitting procedure used.

My fitting procedure is a combination of methods 1)
and 2) described above. To do this, I relate the solution
via the gradient method to the sclution via the linearization

method. The gradient solution is:

82, = A(- Xy (8.10)

Now for A very small, Saj is also very small. Then from

equations 8.4, 8.5, and 8.7, we have:

) (8.11)

and equation 8.10 reduces to:

ba = X A, (8.12)
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Now the solution to the linearization method (equation 8.9)

may be written:
)., A (8.13)

where j = 1,2,...,m. We can almost resurrect the form of

equation 8,12 by taking only the diagonal terms of 8.13 and

inserting A. This gives:

-1
Sa. = (BY).. ) A, 8.14)
37 O 4y .1

It turns out that using equation 8.14 to find a set of
parameters which cause a decrease in‘xz works almost as

well as using equation 8.12 (8.10) directly. The scale

factors (B—l)jj have little effect. This fact makes it

very easy to write an algorithm which will combine the

gradient search and the linearization method. In the algorithm,

I solve the matrix equation

»}.
A= C 8a (8.15)
for the Sa's where the matrix C is defined:

BQ, + (1 +v) for & =}
c . = J (8.16)

23 B
23 for £ # j

where A and B are given by equations 8.7. and .y is a parameter
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whose value determines whether the fitting method is closer

to a gradient search or to the linearization procedurg.

1f v is very small compared to one, G = B and the solution

is the same as for the lineardization methed. If y is large
compared to one, the diagonal elements of B predominate and

the solution is the same as fbr equation 8.14 (the modified
gradient search) with A = 1/y . T use the following algorithm

which is described by Bevingtmn@&).

Algorithm for fit:

1) Compute xz due to the initial set of paramelers.
2) Start initially with vy = 1/9
3) Compute §a wusing equation 8.15 with the
present choice of vy.
4) Compute xz from the latest parameters (aj + Saj) and
latest choice of ¥y.
2 > > 2 A
5) If x“(a -+ 8a) > x ' (a), increase vy by a factor
of 3 and go to step 3 .
2 5 > 2
6) If x (a + 8a) < ¥ (a), decrease v by a factor of
3, -congider .Z'.:,Z,+ §a to be the new
starting point, and go to step 3 .
7) 1If in step 6, the change in parameters becomes
smaller than the error of the fit, the
-
iteration procedure has converged and take a

as the final solutioun.
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Finally, in the linearization formulas, I have found

it practical to drop the second derivatives in the Blj

(equation 8.7).
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APPENDIX IX

FINAL HELICITY ELEMENT FITS

Add-on Elements - m Photoproduction

Total FElements - 7 Photoproduction
+ . .

Add-on Elements - 7 Photoproduction

A + .
Total Elements ~ w Photoproduction

{

!

Figure 45
Figure 46
Figure 47

Figure 48
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FIGURE 45

FINAL FIT OF ADD--ON HELICITY
ELEMENTS FOR 7 PHOTOPRODUCTION

See page 148 for key to symbols,

In this fit, the resonances have been changed

as follows:
311(1535) , amplitude -0.800

e 811(1520) , amplitude +0.25 (page 251)

-

D,,(1520) , amplitude 0.000 ~——¥ +0.300 (page 255)
helicity 1/2

F15(1688) , amplitude =-0.500 — ~0.200 (page 260)
helicity 3/2

See Table 9, paze 161, for complete summary of

vesonance changes.



251

D
o

T

l -
]
2
L

i

-

bt

0. L.

-

WALKER

o
<

b
811(1520) new energy and amplitud

[T

S

e

]

N

et

O

Lo

]

—y

A

&

/1L

- ip
ot -

FIGURE 45,1

!
» ST T 1 ™, [ I ] R T
AN Ld § wd T AT wd
So/ i) LINAW



D
>

oy

N

g

X C i TN
: e

£ )
- = %\ 3 (.
= . N
= N i

l
g ¥ 2

- s &

‘“.:;4 stk
¥ L i ..:Lm
y i 0
0. X _

[ ¥ -
0. L. Xy I Y g

L R -

o) Lfy 3 Lo ") L -,

N - et 2 3 3 ot

FIGURE 45.2



N S {Z

| | ! i ot

=)

o

. !

!

o

" - CD
&
-
Li]
£ I

- 57 wde A

| ¥ S5
- -
- o >
- = (1
o i
ot
- Blar
ol

e

oef :;::
(T ) o
Ly o ;5 :_
e - S~ s {:1‘3 ii‘”’)

X

RERESO—— 9

36

ol

[}

Pag

- FIGURE 45.3

(&)
3



ZOA LN T ST R A e 1y
| —i S0 L R AV m |
AN \,«.L}m \h \/(.wfl...L“m...L - i
b I g e . g e i
Pl t R HE B TN Yy O ~
UGk Uuu Q, N Uil L o
m m = : i i —d b
w hd ﬂw
o
[
c i
© o

|
L
‘!

254

]
-
B
N -

et
W~ o

)¢
]
lf:
(3
/

{
st
il

ot

R —

:
b
Wx..) renTen R .ﬂ.\l " - y — |4
R R A B A B H {3 1 !
Pi,1 P [ - —
N TUUD N - w&

FIGURE 45.4



”qu&L Kﬁwﬁtu T
TN Nwiliuma oo

NPT ANAT A0 A0a anF nnw 2
UUg i ud Uuo Udys JUT Jud U
H } { i H i

255

et Nl
Ea S d
et Py
FaS
iixd Sof
# - e
.
X
ol
4
o
Fh
t m 4 3 3, 4 i3 mf\
T T | J A M A n\w
i
o

o
l
(.
I
C
C
(L.
!
o
Q...

b

-

.

FIGURE 45,5

"

-

. e /é N
asis

D

QN

1

g

/Ll

o

7

3

—_—

(&



P

o

-

256

H
5

[ |

N
()
a. i

-

N

e

L3

0" g

L

[

o

FIGURE 45.6



o

-
wyeid

3 N
-
L)

, =

3 .’
>m
¢t
C

b

o Lt
=
(":":)
F.m.
£
1
(1.
o0

i

-
4 C
L

g £

3
N
el
J
A6
\x“:‘*ﬂ
C
( =
a3
C
(.
8
kN
&
=y
oo U
-t OO
N
-

(-

257

¥ i
G Sinar e
3

S e P B Y. ] .l
PR AT AN AT AT AT W- o e

i i

|
N
(.

!
b
(-

HEATVM

N
]

i
NS T i \!M, P H
N WCQGN Lo a~ la

FIGURE 45.7



0.

e

(.

258

N

ER

¥

X

WAL

!

|
L

{’

¥
LY s
3N oz
R
e

A
A

o e
AT i
Fotmmene e

!
i

R

TR GO Ny S SO, A 4
< prom S e TN

O

!

Se]
FaY;

O S

QN
o

MO AR

N T IS R A
Ao LINIIVN D i

=

() o

4

FICURE 45.8

] (Y

)

L G

[

o]

-
o
N

="

-

(3
@)



259

\J%J
[ W2 — w

ATWY  ASWTONT /J Pyl
\ZW ) AlaonND Nlurd
NJM).}

CQC

-,ww:

ateate I T
HE RO { [
LWL Ew Cﬁk.:

R

oy Q2

I e
N

.

i i i i i
(8891)7°4

e -VA, / .\\l\a\«m K\/\/ .

L e e N T b e L D sle s s v s

w.,ls)llll\r, .:cﬂ iy 3y %Jwictlll.‘.‘,wl Is\%/.r iy » Y e .{ »«\w(f

1 BT T i
JHHd ABUMNIOUHT = i
TN T
Pl 1 TILITILY o LEAT Q.S
ledd dad X B
i £ i i i

oo w:«wc-ﬁe»c%

L
!
a7
-n

Co
l
£
-

3

s
3

)

2

ey

45,9

b

FIGURE

3
X



-

o

{
5
3

§ IR R
!

4
spnyrTdue #ou (88971) S1g

260

T
e m i
y ; \H. \//n?\l/, . : L . m -

4
_,%)
T
-,»;
);*( o
b
PG
¥
o'
¥
Peroomeareommrond
C
¢
N
JN

B RN

ATV

AN

NO =00 — T
N T UUds R a7 i

FIGURE 45.10



261

FIGURE 46

TOTAL HELICITY ELEMENTS FROM

FINAL FIT OF w PHOTOPRODUCTION

The final total (Born part + resonance part -+ add-on
part) helicity elements (plotted curves) arve compared with
Walker's total helicity elements (plotted points).

The curves are identified by [} for the real part and by

M for the imaginary part of the total helicity element.

Note that there has been a very large change in the imaginary

parts of the A0+ and Al helicity amplitudes (pages 262 and 263).
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FIGURE 47

FINAL FIT OF ADD-ON HELICITY

ELEMENTS FOR ©1 PHOTOPRODUCTTON

See page 148 for key to symbols.and explanation
of curves,
In this fit the resonances have been changed as

foilows:

P., (1470) , amplitude ~0.250 -3 0,400

F15(1688) , amplitude ~-0.600 -——» 0,500
helicity 3/2

See Table 9, page 161, for complete summary of

resonance changes.,
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FIGURE 48

TOTAL HELICITY ELEMENTS FROM

FINAL FIT OF W+ PHOTOPRODUCTION

are compared with Walker's total helicity elements (plotted
points).
The curves are identified by (! for the real part and by

Ji for the imaginary part.
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