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ABSTRACT

In an experiment performed at the Caltech synchliotron the
recoil proton polarization in the reaction yn - m p has been measured
at CM pion angles of 90° and 120° in the region from 450 to 900 MeV
in lab photon energy. A deuterium target was used and the observed
reaction yd = w pp was related to yn = 7 p by a simple spectator
model, The polarization was determined from the distribution in
the azimuthal scattering angle, ¢, of the recoil protons from carbon
in a range -scattering chamber consisting of alternate spark gaps and
carbon plates. A maximum likelihood method was used to extract the
polarization from the observed ¢ distribution of the p-C scatters.

" The m coincident with the recoil proton was detected in a magnetic
spectrometer where its momentum was quite accurately determined.
Background cqnf;a.mination was less than 2% and the inelasticity of

the p-C scatters was included in the calculation of the carbon analyz-
ing power. However, the uncertainty in this inelasticity was the
primaryi source of systematic error.

The resulting polarizations were fit, along with other data on
the reaction yn — m p, using a resonance-background model of pion
photoproduction in order to determine the couplings of many I = 1/2
nucleon isobars to this reaction. These couplings, several of which
are better ‘determined than in previous studies, are compared to
Aquark model predictions. The quark model is found to give a very

good description of many of thes e couplings.
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1. INTRODUCTION

In the past several years there. has been a marked renewal of
‘interest in pion photoproduction in the resonance region. The origin
of this interest is the fact [1, 2, 3, 4that the electromagnetic widths of
the nucleon isobars are a particularly good place to study the constitu-
ent quark model. Despite their almost naive simplicity, several such
models with the quarks bound by harmonic oscillator potentials have
been found to explain, at least qualitatively, many of the features of
pion photoproduction in the resonance region [3]. Furthermore, the
patté‘rrn of agreements and disagreements between the data on photo-
production and quark model predictions provides a useful test of the

-various features of these models.

Pion photoproduction a.nd the study of "N resonances have, of
coursé, long been connected [5, 6]. However, photoproduction data
cannot hope to rcompete with data on TN scattering in statistics or,
until the introduct%on of relatively monochromatic photon beams, in
resolution. Therefore, photoproduction has played a relatively minor
role in the '"discovery' of TN resonances. Earlier phenomenological
studies of yN =7mN have been mainly directed toward: (1) determining
how the known resonances affect the photoproduction reaction [7, 8,9
and (2) pursuing topics such as dispersion relations [10,11,12] or
pastimes such as'looking for isotensor photons [13]. More recently,
‘a dramatic iﬁérease in the amount of photoproduction data in the reso-
nance region -- largely due to experiments performed at laboratories
in Europe and Japan -- has made possible greatly improved phenome-

nological analyses of pion photoproduction in this kinematic region.
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(A list of these new experiments may be found in reference [157]). The
results of such studies [14, 15] are now mainly directed ‘toward im-
proving knowledge of the electroma‘gnetic couplings of nucleon reso-
nances and comparing these results to quark model predictions.

All of these analyses suffer from a lack of data on photoproduc-
tion from neutrons. For the reaction yn ~7%n this lack of data is un-
derstandable. The reaction yn =7 p, however, ‘has two charged par-
ticles in the final state, and the only excuse for not having more and
better data on this rea'ction is{ that such experiments require the use of
targetsv at least as complicated as deuter‘ium. The manner in which
""deuterium effects'' complicate the ana.lysis of such experiments is

 discussed in Section 2.

For isospin 3/2 resonances, this lack of data has not been a

serious issue because, assuming the photon to be a mixture of I =0

and I = 1 components, the photoproduction amplitudes may be written
as [9]

A" '@‘AV3 EVCNINGINS
AP @ INES /%_(A‘fl _ A%
AT = /%-_Aﬂ - f—g (av! 4 ASA) |
A" = @AV3 +f-§(AV1 + A%)

‘Where A+, Apo, A7, and A" are the amplitudes for yp -‘1T+1’1, yp-"nop,

(1.1)

- . 3. .
yn =7 p, and yn =7°n , respectively. AV’ is the amplitude for the
I = 1 component of the photon to interact with the nucleon in a total

isospin 3/2 state; Av1 is the amplitude for this component to interact
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in a ftotal isospin 1/2 state; and A® is the amplitude for the photon to
intelv"act viaits I =0 componbent. |

- For I = 1/2 resonances the existence of the independent ampli-
tudes Avl and A® means that A” and A”° are not determined by At
and AP°. A separate determination of the contribution éf these reso-
nances to the reaction yn =7 p is therefore necessary. Aside from
testing quark model predictions, such a determination also allows
one to say something about the isoscalar, As , versus the isovector,
AVl, contributions to such resonances. This is an interesting issue in
pho;c;)production physics due to apparent iannsistenéies when these
resonances are observed in different final states [3, 167]. *

It is well known [17, 18]that a knowledge of the recoil proton
polarization is very helpful in determining the contribution of various
resoﬁa.nces to pién photoproduction. This is particularly true for the
polarization at CM pion angles of 90° if resonances of opposite parity
are interfering with each other. The region from 400 to 1200 MeV in
laboraféry photon energy contains the odd parity resonances 811(1530),
S31(1660), 511(1700), D13(1510), and D15(1650) as well as the even
parity resonances P11(147O), 'P11(165O), and F15(1688). Also, the
tails of the even parity resonances P33(1233) and F37(1925) strdngly
affect this region so there is ample scope for interferences leading
to non-zero recoil polarizations at 90° as well as at other CM pion
angles Wheré the interference of resonances of the same parity can
also contribute. »An experiment to measure the recoil proton polari-

zation for the reaction yn =7 p in this region thus offers an oppor-

"The most well studied of these 'different final states is vN = nN.
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tunity to improve f.he knowledge of the photoexcitation from neutrons
of many of the I = 1/2 nucleon resonances. Such an expériment was
- performed at the Caltech synchrotron,and the analysis of this experi-
mént is discussed in Sections 2 through 4 of this thesis.

The manner in which this experiment was performed may be
briefly but’liﬁed as follows. The final state m p was photoproduced
from neutrons in a deuterium targé’c, a simple spectator model being
used to relate the observed reaction yd =7 pp to yn =7 p. The
final state was identified by a coincidence between the pion detected in
a magnetic spectrometer, where its momentum and angles were quite
accurately determined, and the recoil proton detected in a scintilla-

" tion counter. The recoil proton was allowed to scatter from carbon
in the‘ plates of a range-scattering spark chamber and its energy was
measured by bringing it to rest in this chamber. The azimuthal
angular distribution of these p-C scatters, as reconstructed from
pictures taken of each event, determined the polarization of the re-
coil profon. A maximum likelihood calculation, based on fhe_ spin

0 - 1/2 scattering formalism, was used to extract this polarization:
from the azimuthal distribution.

Unfortunately, there exist far too many I = 1/2 resonances in
the region being studied for the results of this experilneht alone to
‘ determine the coﬁpling of any of them to this reaction. Therefore, in
discussing the results of this experiment (Section 5), the following
procedure is used. A phenomenological fit to a large sample of yn =
7 p data including the results of this experiment is made in the re-

gion from 400 to 1200 MeV in laboratory photon energy using the
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same model as in several previous studies [9,157. 1Itis hoped that
the inclusion of the present polarization results in this dnalysis will
impréve the knowledge of the coupling of at least some of the I = 1/2
resonances to this reaction. The degree to which this hope is real-
ized will be discussed after the results of this analysis are presented.

Finally, the resonance couplings determined by this analysis
will be compared to the results of certain quark model calculations
to see how successful a p'articular version of this model [4] is in
predicting these couplings. A discussion of this comparison will in-

dicate where meodifications of this model might be necessary.
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2. THE EXPERIMENTAL METHOD
The quantity being measured in this experiment is the polari-
. zatiori.of. the recoil proton in the reaction
Yo -=7mp . (2.1)
There are, of course, no neutron targets, and the reaction actually
observed was
yd =7 "pp , (2.2a)
which was interpreted as a photon interacting with the loosely bound
neutron in the deuterium nucleus (to form the 7w~ and a recoil proton)
w1th the proton, Py in this nucleus being Ufnaflfected by fche interac-
tion. Thus, the reaction is viewed as
(\{n)pS - (n-p)ps . (2.2Db)
The assumptions made in this simple 'spectator'' model of (2.2a) are:
(1) t}ie binding energy of the neutron is negligible, serving only to de-
fine the momentum distribution of the spectator proton and the initial
neutron via' the Hulthén Wéve function*; (2) the radius of the interac-
tion is small compared to the inter-nucleon distances in deuterium;
and (3) the spectator does not interact with fhe other particles in the
jinitial and final states. (1) is certainly a reasonable assumption; (2)
and (3) are less obvious. The possible initial and final state interac-
tions of the spectator proton are discussed in Section 2.3. Even in

this simple model, the fact that the initial neutron has a momentum

" The momentum distribution given by this wave function peaks near 45
MeV/c. It gives a reasonably good description of the observed spec-

tator momentum distribution for the beam energies used in this exper-
iment [197. The coincidence between the pion and the recoil proton
which we require discriminates against events with high spectator mo-
menta (since these are the furthest ''off center' from the angles given
by two-body kinematics) and therefore the high momentum region in
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notrne,gligible compared to that of the other particles causes kinemati -
. cal complications which are discussed in Section 2.3 and which will

affect many aspects of the analysis.

2.1 Outline of Experimental Procedure

The manner in which this e;;periment was carried out at the
Caltech synchrotron was as follows.

(1) A Bremstrahlung beam, produced by accelerating elec-
trons and then allowing them to strike a tantalum target, was directed
onto a liquid deuterium target.

(2) Pions from reaction (2. 2a) were then detected in a 600
MeV/c spectrometer where their momenta were quite accurately de-
_tefmined. Protons traversing fhis spectrometer could be rejected by
their large pulse heights in certain counters of the spectrometer sys-
tem. There was, however, no means of distinguishing electrons or
muon's from pibns. (The effects of this lack of identification are dis-
cussed in Appendix B).

(3) Protons from the reaction (2.2a) were detected in coinci-
dence with the ™~ by a single scintillation counter. The signals from
this counter were also pulse height discriminated, this time to reject
minimum ionizing particles and accept only proton signals.

(4) The proton then entered a range-scattering chamber con-
sisting of alternating spark gaps and carbon plates. If the fast elec-
tronics indicated a coincidence between a pion signal in the spectrome-

ter and a signal in the proton counter, the spark chambers were fired

which the Hulthen wave function is known to have problems,\:ZO] is not
important in this experiment. An expression for the Hulthen wave
function in momentum space is given in Appendix D.
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and a picture was taken showing, via a system of lenses and mirrors,
two 900 stereoscopic views of the profon's track. Shown in each
pictur’e was a set of reference fiducials and also a coded set of lights to
indicateywhich channel of the' spectrometer recorded the pion.

(5) The information on each picture, along with the known po-
sition of the apparatus in the laboratory, was sufficient to completely
reconstruct each event. However, the counting rates of various im-
portant coincidences were also monitored as a means of quickly de-
tecting any problems with the apparatus.

o The layout of the apparatus is shown in Figure 1 and the vari-
ous cofnponents of the apparatus are discussed in more detail in Ap- -
. pendix A. All of this apparatus had been used in previous experi-
ments, most recently those of Walden and Scheffler (21,227 and of
Bruc_e’ Winstein [23]. The unique feature of this experiment was
that it was the first in which one of the large magnetic spectrometers
was used in obtaining a very clean trigger for the spark chamber ap-
paratus. It was also the first experiment on the recoil proton polar- '
ization in m photoproduction done at Caltech.

In all, some 361 rolls of film, with about 780 exposures per
roll, were taken at seven diffell'ent kinematical settings. These set-
tings are tabulated in Table 1 along with pertinent data on each.

(6) The film was then scanned, and only those frames in which
‘the proton uﬁ&erwent an "acceptable'' proton-carbon (p-C) scatter and
stopped in the range chamber were considered further. The scanning
procedure is described in more detail in Section 3.1, where an ac-

ceptable p-C scatter is defined. Some 32, 000 events passed the



scanning criteria.

(7) These events were then Iﬁeasured. This cohsisted of
using a projection table with movable cross-hairs to digitize the pro-
ton's track as well as several of the reference fiducials in both views.

(8) Using this information along with the momentum channel
of the pion and the surveyed position of the apparatus in the labora-
tory, a computer analysis program reconstructed the kinematics of
each event. This reconstruction is discussed in Section 3.2. The
coordinate system used in describing the observed events is depicted
in -]:;‘igure 2. The polarization of the recoil protons is determined
from the ¢p' distribution in the observed p-C scatters, each weighted
according to a known fupction of Tp' and ep, called the "'analyzing
power'" of carbon. The manner in which this d)p, distribution is re-
late;i to the recoil proton polarization is described in Section 2.2.

Finally, a word on terminology. Data were taken at seven
different settings shown in Table 1. However, in calculating the po-
larization, all the data at a given CM pion angle were grouped to-
gether and then divided into equal bins in laboratory photon energy.
Whenever the term 'kinematical setting'' is used in this thesis, it
will refer to one of the settings in Table 1; and whenever the te.rm
”kinematical bin'' is used,' it will refer to one of the bins for which
the results are .reported (see Table 3).k

2.2 The p-C Scattering Formalism and the Polarization Calculation

The proton-carbon scatterings observed in the range chamber
can be dealt with using the well known [247] formalism for spin 0 -

spin 1/2 scattering processes.
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The most general parity conserving amplitude for such a

scattering is given by

M = f+g(o-8). (2.3)

In this formula, f and g are functions of the scattering angle & and
’ o= —\,

energy E ; 1 is the normal to the scattering plane, n= ::’;P,‘ , where

; and S’ are the initial and final momenta, respectively; and o =
(6,0 ,0_ ) are the Pauli spin matrices.
x'7y Tz
If the initial beam of spin 1/2 particles has a polarization PI’

then the initial density matrix, p. , is given by

‘T) ., (2. 4a)

)

I

[\

=

+

gi »

i I
while the final density matrix is given by

+
p; = MpM . (2. 4b)

The normalization in (2. 4a) is chosen such that the cross section for
this scattering is given by

o(6,¢) = Trp, = TrMpM' . (2.5)

Inserting (2. 3) into (2.5) gives the brasic formula of our analysis:

0(8,¢) = o, (8)(1 + B RA(E, 8)) (2. 6)

where
X
A(E,8) = 2Re (f g)/co(G),
is called the analyzing power of the spin 0 target and

o (8) = 1112 + |g)?

is the cross section for an unpolarized incident beam.
Let us now apply this formalism to the p-C scatters observed
in our range chamber. Since parity is conserved in the strong and in

_the electromagnetic interactions, the polarization of the initial
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proton beam, i.e., the récOil protons from the photoproduction re-
action,A would be entirely along the direction kX ISR (see LFigure 2)if
-the initial neutron were at rest. However, the Fermi motion of our
initial neutron, as well as possible final state interactions between the
recoil and spectator protons, can produce a small but non-zero polar-
ization in the EX E)R plane (see Sections 2.3 and 3.3). Our apparatus
would be sensitive only to the component of this polarization "in the
plane" perpendicular to the proton momentum ﬁR . Therefore, as-
sume that the polarization of the recoil proton beam has the form

B = B ®xpg)/|Expp | + Pypg xExpp) )/ |E g x(kx )|
Then using (2. 6) and the coordinate system of Figure 2, we have

9(8,s &) = Oo(ep,)(HP_LAC(Tp” 8 Jcosd +PYA (T, ep,)sind)p,)

(2.7)
which is the desired relation between the recoil polarization and the
d)p, distribution of the cbserved p-C scatters. AC is the analyzing
power of the carbon in the chamber. The properties of this analyzing
power and thé accui‘acy to which it is known for a given event are dis-
cussed in Appendix E.

In applying (2.7) to determine P, and P| we use the maximum
likelihood method; namely, if these polarizations have values of P}
and Ph respectively, the 'likelihood" of observing a given p-C scat-
tef is proportional to the quantity

1+P'_LAC(TP,, @p,)cosd)p, +P'||AC(Tp,, Qp,)sinqbp,

where the variables Tp" Bp,, and ¢p' are measured from the events

reconstructed track. The "likelihood'' of the N p-C scatters observed
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 in any kinematical bin is then given by

i=1

Ley, Py = [ (;+p3_AC(Tp,, 6 Jcosd FPIA (T, Sp,)sind)p’,)i. (2. 8)

The values of P and Pil which maximize this likelihood are the best
estimates obtainable from the data for the quantities P, and P) re-
spectively. B

2.3 Deuterium Effects 7

Even with a target nucleon at rest (H2 target), photoproduc-
tion experiments with a Bremstrahlung beam suffer from a rather
broad resolution in photbn energy (typically of the order of 20 Merif

| only the pion is detected) due to finite apertures and target size |
coupled with the f‘act that essentially all values of k are present in
the beam. A deuterium térget with. its spread in the initial neutron
momentum makes this resolution even worse (by at least a factqr of
2) if only the pion is detected. Detection of the recoil proton in co-
incidence with the pion significantly improves this situation [227,
becausev a proton detector, centered on the recoil angles for an ini-
tial neutron at rest, discriminates against events with large neutron
Fermi momenta. This improves .the resolution in photon energy and
also in CM pion angle. In the experiment of Walden and Scheffler
[z21, 221 , the size of the recoil proton detector was chosen by a com-
promise betweeﬁ the impfovement in these resolutions and the re-

sulting decrease in counting rates. . In our experiment, the proton

e .

mAssuming the distribution given in (2.7), an estimate of P, can also
be made from the average of cos¢ , over the observed events (P ~
2 cos¢_,/A where A is the averageanalyzing power for the events in
a giveh bin), but this estimate is not as good [237] as the one given by
the maximum likelihood method.
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counter sirze was chosen such that as few events as possible left the
sides of the scattering chamber; however, the solid angle covéred
was approximately the same as theirs so that nearly the sarﬁe im-
pro{rement in resalution was obtained.

The fact that in our experiment the total range of the recoil
proton in carbon was measured might be thought to offer an even
larger improvement in resolution due to knowledge of the proton en-
ergy. However, this is not really the case, since each event con-
tained a proton-carbon scatter with an undetermined inelasticity and
therefore the resolution in proton energy was ﬁot better than about
25 MeV. In fact, the main deuterium problem in this experiment was

_that the broad resolution due to the Fermi motion of the neutron made
the inelasticity of the p~-C scatters unmeasurable, and this in turn
caused a large uncertainty in the value of the carbon analyzing power
used.for each event (see Section 4.2). |

The other types of deuterium effects are those caused by the
spectator proton. In the initial state, the main concern is the shadow-
ing of the target neutron by the spectator proton. This shadowing, or
Glauber effect, is not expected to be an important effect in the energy
rggion of this experiment [21, 25]. Furthermore, any shadowing is
presumably uncorrelated to the recoil proton polarization.

In the final state, the most obvious '"interaction' of the spec-

tator and recoil protons is the reduction in the number of possible
final states due to the Pauli exclusion principle. This reduction is

T
0

proportional to the deuterium form factor F(D)k [21]. In our kine-

FF(D) = [expl(%-9)- F1u°(F)a°T, where D = |k-3|is the Hulthén
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matic.,‘regién F(D)=~0, and so the exclusion principle fortunately has |
- a negligible effect on our results.
‘,The p'os-,sible stronginteraction between the recoil ancil specta-
tor protons is far harder to assess. We can say: (1) the charge in-
depe_ndenée of the strong interaction coupled with the fact that in our

kinematic region © _l_(off HZ)/G off DZ) ~1 (after the Pauli principle
T

TI‘+(
is corrected for) would indicate that the effect is small; (2) the spec-
tator momentum distribution observed in the data did not differ sig-
nificantly from the prediction of the Hulthén wave function modified by
our ééceptances (see Section 3. 3) which would also indicate a small
effect; (3) detecting the recoil proton in coincidence with the pion
‘discriminates against large spectator momenta which might be ex-
pected to have the largest final state interactions; and (4) the few
theoretical calculations which exist [26,27,287 also indicate a small
final state intei‘action at our energies. Howevér, all these arguments
are rafher irnpreciée, and the best that can be said is that this effect
is certainly well below the statisticalr errors of about 10 per cent.
This alsoc means that any polarization in the k X ISR plane due to this

effect should be negligible within the statistical errors.

2.4 Backgrounds

The most serious potential background in this experiment
would be a reaction that would produce a ™~ and a proton in the final

‘state, thus gii}ing a ''real' trigger, albeit from a false source. The

wave function [21]. In our experiment D is large, and therefore F(D)
is quite small. (In the forward direction, on the other hand, F(D)~1
and this leads to a 1/3 reduction in the cross section off deuterium
from what it would be off free neutrons).
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only irﬁporfant candi'date ié 2w photoproduction from deuterium. The
' contamination due to this background, as discussed in Appendix B, is
fortunaﬁely very small. It is estimated to be less fhan 1 per cent
when a coincidence is required between the pion and the recoil proton.

Another potentially annoying source of contamination is the fact
that the spectrometer was unable to distinguish among pions, muons,
and electrons. The effects of this lack of particle identification are
discussed in Appendix B. It is found that electron contamination is
very small (S1 per cent). The only important source of muons is the
reaction under study, and their detection is found only to broaden the
resolution in pion momentum somewhat.

Empty target background runs were not made in this experiment
since the running time necessary to get meaningful statistics would
have béen enormous. The small counting rates for empty target runs

indicate that such backgrounds are quite negligible.
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3. DATA REDUCTION
The procedure by which the exposures in this expériment
were.s‘canned to select thoée suitable for analysis ‘as well as the
method in which the information on these pictures was used to obtain
polarization values will now be described. All of the kinematical
variables referred to below are defined in Fi\gure 2.

3.1 The Scanning and Measuring Process

The first step was to scan the 361 rolls of film taken during
the running and select thlose events that were suitable for analysis.
The ériteria that defined a suitable event were as follows.

(1) The frame had to have not more than one track in each
~vie.w, excluding obvious e'lectron tracks. The information available
for each event did not allow the determination of the proper track if |
there‘ Were two possible ones. Such events were fortunately rare,
and resulted iﬁ the elimination of < 3 per cent of the original sample
for each setting.

(2) The track had to (appear to) stop inside the range chamber
_in both views. Since the Fermi motion of the neutron made the initial
' energy of the recoil proton unknown, its energy after the p-C scatter
had to be measurable in order to compute the analyzing power for that
event. Therefore, the total range of the particle after the p-C scatter‘
had to be known. This resulted in the rejection of 5 - 10 per cent of
the original sample depending on the beam energy.

(3) The event had to have one proton-carbon scatter of at
least 3 degrees in one of the views and of not more than 30 degrees in

either view. The limit of 3 degrees is used because the ana.lyzing ‘
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power of carbon is small and poorly known for angles less than this.

' Also, detection efficiency and the resoiution in d)p' become problems
for suéh small scatters. Because of this cut, which eliminated 35 -
40 per cent of the original sample, only events with Gp, 2/Z % 3% are
used in the actual analysis. The 30 degree cut, which eliminated 12 -

15 per cent of the events, is again because the analyzing power is
poorly known for angles larger than this. These scattering criteria
were the main cause of events being rejected during scanning. Many
frames simply did not have a significant p-C scatter.

E (4) The event could not have a significant double scatter. The
indeterminancy in the inelasticity of the p-C scatters caused the kine-
-mafics to be too poorly determined in such events, which were, in any
case, rare. This cut caused the elimination of less than 5 per cent of
the oxiginal sample.

(5) Finally, each track had to have at least three sparks after
the scatter. There are two reasons for this criterion: (a) it took at
least three sparks to get a good fit on the final trajectory of the pro-
ton; and (b) the carbon analeing power is poorly‘ known for energies
" less than 90 MeV so that only events which penetrated through at least
two carbon modules after the scatter are useful. This criterion
eliminated 12 - 18 per cent of the events which pas sed criteria (1) - (4).

Besides the rejections due to these criteria, there were the
frames (15 - 20 per cent, depending on the setting) which had no dis-
éernible track or in which the track failed to penetrate more than two
modules into the chamber.

-’Ifhe scénning was performed by two independent groups of
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scanners ahd any conflicts were resolved by the most experienced of
-our scanners (who did not participate in either of the initial scans). It
is VerY' important that no artificial bias be introduced into thé data
during the scanning process. Appendix C discusses this point and
shows why it is believed that no serious bias of this nature exists in
the present experiment.

The events which passed the scanning step were next measured.
This process consisted of digitizing the proton track in each view
along with three of the reference fiducials and punching these spark co-
ordiﬁdtes onto computer cards. These cards also contained the event
number as well as the momentum hodoscope channel of the pion. The
information on these cards was immediately put on a magnetic tape to
serve as input for the program which reconstructed the events.

3.2 Event Reconstruction

\

This tapé, containing all the information known about each
event, was now processed in order to calculate the values of those
variables necessary in obtaining the éolarizations as well as others
used in making various checks on the data sample. Table 2 gives a
"list of those quantities of particular interest in the .analysis along with
the estimated resolution in each.

The procedure used in obtaining these quantities from the in-
formation on the tape is outlined below.

(1) The coordinates of the reference fiducials for each event

were fit to a master grid. " This fit preserved straight lines, but al-

e
B

This master grid was recalibrated after every 10 to 15 rolls by re-
peated fiducial measurements on a particularly good exposure. This

recalibration allowed for drifts in the digitizing equipment during the
measuring process, as well as changes in film holder positions.
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lowed correction for any movement of the film holder or mis alignment
" of the lens - mirror system. Events with too' iarge a XZ. for this ''grid
fit'' were considered poorly measured and were not used in the polari-
zation calculation.

(2) Using the coordinates of the sparks in the proton track
(translated into the '"master grid frame''), the trajectories of the pro-
ton before and after the proton-carbon scatter were determined. For
those settings with a large amount of carbon in front of the chamber
the resolution in the initial trajectqry was noticeably degraded by mul-
tiple scattering. Also, it was hard to get a good fit to the trajectory if
there were only 2 or 3 spark‘é before the scatter. These effects are il-
‘lustrated in Figure 3, which shows the distributions in the X and
x X ﬁRo intercepts of the initial trajectory in the median plane of the
target Where ISRQ is the value of ﬁR along the center line of the range
chamber (see Figure 2). The large ta.Lils on the curves in Figure 3 do

not come from events that originate outside the target but are due to

the ‘er;oi' in the initial trajectory. Any event in which the reconstructed
track missed the target by more than dne standard deviation in the reso-
lution of the initial trajectory was considered to be poorly measured and
was not used in the polarization calculation.

Figure 3 contains only events with at least two sparks before the
scatter.‘ The initial trajectory of events which scattered sooner than
ﬁis can be réconstructed only by assuming that the event originated in
the center of the target and (for events which scatter before entering
the chamber) by assuming that it scattered in the median plane of the

carbon in front of the chamber. As indicated in Table 2, such events,
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especially if there is much carbon involved, have rather poor resolu-
tioﬁs, Except for these special cases, the trajectories airé calculated
by a straight-line fit to the sparks in the track. Events in which the
XZ of this fit was too large were not used in the polarization calcula-
tion.

(3) The initial lab angles, ep and ¢p , of the protc;n are im-
mediately calculable from the fitted trajectories using the surveyed
position of the spark chamber apparatus.

(4) Also, from the initial and final trajectories, the vertex of
p-Cvscatter as well as the angles, Sp, and d)p,, of this scatter can be
calculated. The resolution in the position of the vertex was on the

- order of 0.5 cm, and all events in which the closest approach of the
reconstructed initial and final trajectories lay outside a distribution
with _tilis width were not used in the polarization calculation.

(5) The final trajectory was checked to be certain that the par-
ticle did truly stop within the desired fiducial volume and thus had a
known range.' Events which left this volume or which would have left
it if ¢p' - d>p,+3.80O were not used in calculating the polarization. The
reason for the exclusion of events whose reflection in d)p, left the
chamber is discussed in Section 3.4 and in Appendix C.

(6) From the length of the initial and final trajectories and the
type of‘material traversed, the energy of the recoil proton after the
Ap-Cscattér,"Tp, , as well as its initial energy, Tp’ can be calculated.
In these calculations the formula used is

4

b
L

i
. ai(logloR) s (3.1)

(log ), T) =

o}
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Wheré R is the range in gm/cmz. The constants a, are determined
empirically from range-energy curves.
. The resolution in Tp' is reasonably good except in cases
where the proton scattered before the chamber, making the vertex
rather poorly defined (especially if there was much carbon in front of
the chamber). The resolution in Tp is severely limited by the lack
of knowledge of the inelasticity of the p-C scatter, equation (3.1) giv-
ing this energy properly only if the scatter was elastic.
(7) The iab angles of the pion, GTT and da,ﬂ , for a given spec-
trometer placement, are well determined by the spectrometer aper-
ture. The momentum of the pion, q, is also well determined from
"the hodoscope channel and the magnet setting of the spectrometer.

An exception to this is any case (due, presumably, to knock-on elec-
trons) where two or more momentum channels counted in a given
event. In these, fortunatély rare, cases the central momentum set-
ting had to.be assumed, and the resolution became the full width of the
spectroﬁleter; Finally, for some fraction (about 10 per cent) of the

~ events, the pion decayed before completely traversing the spectrome-
ter. These indistinguishable events also have a somewhat broader
resplution in q (see Appendix B). |

(8) Once the above quantities are known, the remaining quan-

‘tities of in»ter»est bcan be calculated from the kinematics. These quan-
tities include the lab photon energy, the pion angle and the total
energy in the CM frame of the 7~ and the recoil proton, and the mo-
mentum and angles of the spectator.

“All of the above information about each reconstructed event was
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plécéd on magnetic tape to serve as input for the program which did
the actual polarization calculations.

‘3. 3 Mbnte Carlo Calculations

In the process yd =7 pp , there are 5 four-momenta involved
and therefore twenty quantities are needed to determine the kine-
matics. | The masses of the particles and energy-momentum conser- -
vation give 9 of these. The fact that the initial deuteron is at rest
plus the known lab angles of the photon give 5 of the remaining 11
quantities needed. The other 6 are obtained from the measured mo-
mentum {or energy) and kangles of the recoil proton and the pion. But
this exhausts the list of measurable quantities, and at least one of
these, Tp’ is rather poorly known since each event contains a p-C
scatter of unknown inelasticity. Thus, from the observed kinemati-
cal distributions alone, it is hard to make any sort of consistency
check on the data. Such a check is highly desirable to be sure that
the reconstruction procedures are giving sensible answers as well as
to check the é,ssumption that the various backgrounds are small.

In order to have a check on the aﬁalysis, Monte Carlo calcula-
tions were méde of the expected distributions in various kinematical
quantities. These calculations were based on the spectator model of
the process yd = m pp and used the yn =» m p cross sections of

Scheffler and Walden [21,227. The manner in which these calcula-
tions were performed is discussed in detail in Appendix D.

Some of the results of such calculations for each of the kine-

matical settings are'shown’ in Figures 4-11. For each setting, the

proton energy and spectator momentum distributions are shown along
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with two other distributions selected from among the pion momentum
and 't‘he proton and spectator angles to give an idea of the tSrpe of
agreement 'obtained. Figure 11 shows the agreement for the proton
energy'after the p-C scatter for: (a) all of the Q:M = 90° data, and
(b) all of the GSM = 120° data grouped together, In general, the
Monte Carlo diétributions agree with the observed data distributions.
However, some of these distributions deserve special comment,

In the Monte Carlo calculations, the position in the spec=-
trometer is randomly chosen, whereas in the real data the pion is,
of course, assumed to have gone through the center of the hodoscope
channel, This accounts for the apparent difference in resolution in
these curves,

The curves for total proton energy agree quite Well..

The "structure' in the proton energy curves, especially those

in Figure 11, is strictly due to the binning coupled to the fact
the ‘ene,rgies’ are ''quantized'" by the fact that we assume the
proton scatters and stops at the center of the modules in
question, This effect has nothing to do with any real "structure!
in these quantities. The agreémen‘c obtained for the proton .
énergy is the best indication we have that the event reconstruc-
tion process is giving sensible results,

The Monte Carlo calculation made no correction for any final
state interactions with the spectator proton. Therefore, the agree-
ment with the observed spectator momentum distributions (excluding
differences due fo the Tp inelasticity) would seem to indicate that such

final state interactions have at mosta small effect onthe results ofthis
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experiment.

Finally, it might be mentioned that the reasonable ‘agrreement
betweeh the Monte Carlo simulations and the obsér'ved data distribu-
tions in the type of curves shown is sufficient to guarantee a similar
agreement for any other kinematical distribution such as the lab
photon energy or CM pion angle. This is a result of the fact that (given
the narrow resolutions in the lab pion and photon angles as well as the
facf that the deuteron is ‘at rest) the quantities shown are sufficient to
.determine the kinematics.

3.4 The Polarization Calculations

The output of the event reconstruction program was then sub-
mitfed to another program which actually calculated the polarization
values. First of all,those events which >did not reconstruct well were
deletec’l.’ Most of these rejections have.‘already been mentioned in Sec-
tion 3.2. Theyrinc'lude events with too large a ¥ 2 for the ''grid fit, "
even‘cs>with too large a X'Z for the proton trajectory fits, events which
missed the target by more than one standard deviation in the resolution
of the initial trajectory, events which left the fiducual volume, and
events in which the vertex was too poorly defined.

Next, events which reconstructed properly but which were not
useful in the polarization calculation were rejected. These included all
events outside of the scanning cuts of 4. 2% and 30° in & , (see Section
3A, 1), events oﬁtside of the range 90 MeV STpv, < 300 MeV (since the
analyzing power is poorly known outside this range), and all events
with an analyzing power of less than 0.1 since the uncertainty in the

analyzing power is always about this large. They also included events
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| which would have left the chamber if ¢p' "¢p'+1800 in order to avoid
‘an aftificially induced bias in the d)p' distribution due to the rejection
of evenfs which left the chamber. This point is discussed in more de-
tail in Appendix C.

The events which survived these cuts were then divided into

bins of 50 MeV in lab photon energy at CM pion angles of 90° and

120°. For each bin, the likelihood function, as defined in Section
2.2, is
N
L(Py, Py) :ﬂ1(1+PJ_AC(Tp,‘,9p, Jeos g, +PYA (T .8 Jsing ),

(3.2)
where N is the number of events in the bin. The analysis program
ﬁsed Newton's method to calculate the values of P, and P| which max-
imize this function, these being the best estimates of the polarizations
obtainable from the observed d)p, distribution. The results of these
calculations are summarized in Tablé 3. In Figures 12 and 13, the
likelihood func‘\cions L(P,) and L(Py) are shown for several of the bins.
In Figure 14 a' threé-dimensional plot of the function L(P,,P)) is
‘'shown for one of the bins,* These .curves are all normalized to be
equal to unity at their maximums.

The statistical error in the polarization values calculated in

this manner is given by

AP:—_ITA/%, O (3.3)

A

where N is the number of events in the bin and A is the average

als
L

The sign of P in Figures 12-14 as well as in Table 3 has been
reversed. The reasons for this are discussed in Section 4.
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carbon analyzing power for these events; that is,

_ N
A = .E AC(T

2 HeTpre Bpry

S=

If we were observing a true two-body interaction, parity con-
servation would require that only P_L (the component of polarization
along k xf)R) be non—zero; However, in the present experiment a
non-zero value for the polarization in the & x f)R plane can result
from é, final state interaction with the spectator proton or from the
initial Fermi momentum of the neutron, The first effect was discussed
in Section 2. 3 and is felt to be well below the statistical errors, A
non-zero value of Bn means that we now have available independent
axial vectors such as k x f)n, in addition to k x f)R. These products
can also be combined with g to give a scalar amplitude and can lead to
non-zero values for P|. The size of this effect will now be discussed.

To estimate P one must begin in the rest frame of the proton
for the 2-body reaction yn - m p. Inthisframe the proton's polariza-
tion may ‘be described by a four-vector whose time component is zero.
By parity conservation the recoil polarization in this two-body reac-
tion is perpendicular to the plane of the reaction, so that in the CM
frame the polarization vector still has no time component and its
space component is perpendicular to QCM XISRCM.

Now we trénsform the polarization vector into the lab frame
using 5 = (En+§)/(En+k) (where i;n #0 since we do not actually have a
two -body reaction). If this is done and the resulting polarization

transformed to the protons rest frame, this polarization will be found
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to now have components in the plane k x I‘SR as well as perpendicular
to it. (This is just the familiar precession of a four -vector under
non-commuting orentz transformations. )

For i:;n = 0, P_L = PSM and B = 0. But in our case the above
effect can cause a b, # 0 and also P_L # PJ(_:M. However, a calculation
of the magnitude of P” and (P_L - PSM) in our kinematic region* [29]
indicates that this effect is less than 1 percent, far below the statisti-
cal errors (as are the effects due to final state interactions with the
spectator). This means Pll should be consisﬁent with zero within the

limits set by its errors.

* ' -
k ~ 750 MeV, T~ 300 MeV, Ip,| ~MeV/c.
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TABLE 2. Experimental Resolutions

Kinematical How Deter -

Quantity @ mined

initial be%m surveyed beam

angle; 6 line and beam
Y pictures

initial deuteron at rest
momentum; ED

pion angle; B-rr spectrometer
setting

pion angle; ¢'1T spectrometer
' setting

pion momentum; spectrometer
q setting and hodo-
: scope channel

recoil proton initial trajectory

angle; © in range cham-
P ber

recoil proton initial trajectory

angle; ¢ in range cham-
p ber

recoil proton ki~ range in carbon
netic energy; Tp

photon energy; k kinematics

CM pion angle; kinematics
CM

8
i

spectator mo- kinematics

mentum; P

recoil proton range in carbon
kinetic energy '
(after p-C scat-

ter); Tpl

Main Sources of
Uncertainty

| Resolution

survey error;
beam drift

thermal motion

spectrometer aper-
ture; origin of event
in target

spectrometer aper-
ture; origin of event
in target

spectrometer ac-
ceptance

measurement error;
vertex error; multi-
ple scattering

measurement error;
vertex error; multi-
ple scattering

inelasticity of p-C
scatter

error in quantities
of which it is a
function

error in quantities
of which it is a
function

error in quantities
of which it is a
function

uncertainty in range
due to resolution in
vertex and stopping
point

<0.2°

negligible

20-25 MeV©

25-40 MeV

of

A
™

~10% 1%

&
10 MeV ™
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Experimental Resolutions (continued)

TABLE 2.
. Kinematical How Deter -
Quantity 2 mined
angle of p-C . . initial and final
scatter; 8 , trajectories in
P range chamber
angle of p-C initial and final
scatter; ¢p' trajectories in

range chamber

Main Sources of ‘Resolution

Uncertainty :
———p—

measurement error; 1.3°

vertex uncertainty;

multiple scattering

measurement error; Aco_sd)p. ~

vertex uncertainty; .07

multiple scattering

*Unless otherwise specified, all quantities refer to the laboratory
frame (defined in Figure 2). The settings referred to are those de-
fined in Table 1.

b BY = 0, so ¢y is undefined.
“This increases to lo%for the (indistinguishable) 7m-u decay events (Ap-
pendix B) and for events with knock-on electrons, i.e., two channels
counting. The former make up ~10% of the sample and the latter < 1%.

dFor setting 7 multiple scattering increases this to 0.75°. Events that
scatter in or before the first carbon module must be assumed to have

originated in the center of the target, involving an uncertainty of <1.5°,
If they scatter before the first spark gap, the vertex error leads to an

uncertainty of from 0.2° to 2.0°, depending on the setting.

<100

€®The error due to the uncertainty in range is at most 8% (for Tp

MeV) and decreases as Tp increases, averaging ~ 4%.

fDDrnin’.aL’c,ed by the uncertainty in T_, these values refer to individual
events. The spread for a given setting is much greater, due to the
large Tp bite (Table 1).

BThis error varies from 18% to 3% as T, increases such that AT_, is
approximately constant and 10 MeV is apgood average. For eventd
scattering before the first spark gap the vertex error can make ATp:
much larger. The upper limit on such events ranges from 12 to 35

MeV depending on the setting. The typical error is some 5 to 10 MeV

smaller.

For events scattering before the second spark gap, the origin(and in
some cases the vertex) error again degrades this resolution. The up-
per limit becomes 2.5° for settings 1 to 6 and 4.1° for setting 7.

JThis is a typical value (8_,~10°, 10°< ¢_,<80°). The upper limit (8_,=
4.2°, ¢,i=0%0r 1809 is geherally Acosdbs ~ 0.11, but for events with °
poor résolution on the initial trajector? due to origin and vertex er-
rors this upper limit can become as large as Acos¢p‘~0.25 .
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4. RESULTS

- The Fermi momentum of the neutron means that perfect two-
body kinematics do not hold in the reaction yn = 7 p observed from
deﬁterium. This, in turn, causes some ambiguity in.exactly which
variables to use in reporting the polarization results. In photopro-
duction from hydrogen the variables generally chosen are the CM
angle of the pion and the laboratory photon energy. In order to use
analogous variables in the deuterium case, we focus attention on the
- CM frame of the pion and the recoil proton. The angle between the
pion and the incident photon, BSM, in this frame will be one of the
variables used in reporting the results. * Next, let W be the total
- energy of the pion and the recoil proton in this frame, and let k.N be
defined as the energy that a photon would need in striking a free neu-
tron at rest in order to give the observed value of W. kN is then
analogous to the laboratory photon energy in photoproduction from

hydrogen and is used as the other variable in reporting our results.

4.1 The Polarizé.tions

With these definitions for kN and BfM, the recoil polariza-
tion results for this experiment are given in Table 3. These results
are also shown in Figures 15 and 16. The data for all of the kine-

matical settings at a given CM pion angle have been grouped together

“and then divided into bins of 5OAMeV in kN and the polarization values

calculated for each bin (see Section 3. 4).

S [@)

In fact, this angle, 6 M, has been referred to somewhat loosely as
the CM pion angle throughout this thesis. The connection is now
made more precise. -
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In our analysis we actually calculated the value of P, along
Tex ‘i)»R (Figure 2). However, in order to be consistent with the pre-
ferred notation, the results in Table 3 give the value of P, with re-
spect to kX§. Since the kinematics are not quite those of a two-
body reaction, fex ‘f)R = _k Xq is only an approximation, and a small
error (less than 1 per cent) is made in simply reversing the sign of
P, , as has been done. This error has been added to the statistical
errors. Since the direction of Py has no particular significance,
its sign has not been reversed in going to the kx§ plane.
The effects which can give a non-zero value for Py (see
Sections 2.3 and 3.4) are felt to be quite small in this experiment,
- Thbus, it is reassuring that iﬁ almost every case the resulting value
of P is within one standard deviation (in the statistical error) of
Zero,

4,2 Systematic Errors

The errors AP, and AP) given in Table .3, as well as the er-
ror bars shown in Figures 15-18, include only the statistical error in
the likelihood calculation and the small error involved in reversing the
sign of the polar‘ization. Table 3 also qu;otes an estimated systematic
error for each bin and the sources of this error will now be discussed.

One contribution to the systematic error is the contamination
due to backgrounds. The various backgrounds have been discussed in
Section 2.4 and in Appendix B. The only potentially serious ones --
27w photoproduction and electron contamination in the spectrometer --
were both found to be at most 1 per cent effects when a coincidence is

required between the pion and the recoil proton. Empty target back-
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grounds are believed, on the basis of empty target counting rates, to
be negligible. |

The other impértant contributioh to the systematic error is
thé resolution in the various quantities that determine the polariza-
tion, namely cos ¢p, and.AC(Tp1,8p,)(See Section 3.4). The resolu-
tion in cos cbp, (quoted in Table 3) is felt to be reasonably good,
especially for those scatters with larger analyzing powers (Gp, 2 8°).

The resolution in analyzing power comes from three sources:

(1) the errors in the experimental data on the carbon analyzing power; ,
(2) the resolution errors in the quantities Tp‘ and 8 _,, of which the |
anélyzing power is a function; and (3) the indeterminacy of the in-
" elasticity in the p-C scatters. The error due to each source is dis-
cussed in Appendix E. Except in cases where the uncertainty in the
initial trajectory is large, the unknown inelasticity ofb the p-C scat-
ters, which can lead to an uncertainty of the order of 20 per centin
the analyzing power, dominates all the other systematic errors.

The systematic errors quoted in Table 3 are an estimate for
each bin of the maximum probable combined effect of these errors in
either direction. The best method in which to eliminate the dominant
c'ontribution to this error -- the undetermined inelasticity of the p-C
scatters -- in future work would be to use beams of known photon
energy s uch that> the kinematics are overdetermined and the inelasti-
city of each scatter therefore measurable within a few MeV. The
large error in the initial trajectory for certain events could have
been avoided with a set of hodoscope chambers placed in front of any

carbon used.
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4.3 Comparison to Other Experiments

The only other measurements of the recoil protoﬁ polarization
for the reaction yn =7 p are those of Beneventano, et al. [31], .and
Kenemuth and Stein [30]. Both are at GT?M = 90° in the region 500
MeV < ky S 725 MeV. These data are plotted in Figure 17 along with
the 90° results of the present experiment. The bin widths in energy
are indicated in this figure. The results within the region of overlap
appear to be reasonably consistent within the statistical errors. The
only exception is the 700 - 90° point which may be a little high in the
present experiment.

Figure 18 compares our results to the values predicted by a
' récent phenomenological fit to photoproduction data [15]. The re-
sults of this experiment were not used in obtaining these fits and they
are,-therefore, a valid prediction of our results. The agreement is
fairly impressive in most cases. This shows that the polarization
values measured in this experiment are generally consistent with
what otﬁer data exist on the reaction yn =7 p and on the related pho-
toproduction reactions yp ~1'n and YP -»Trop .

In the next section, this procedure will be reversed, and our
results used in an attempt to improve the phenomenological anaiysis
of this reaction. Thus, the discrepancies in Figure 18 (especially in
the BTTCM = 90° curve) may give new information on the nucleon reso-

nances contributing to this polarization.



ST I0II® J3T3eWIR}SAS 9yj pue ‘oxez seydeoidde

uvotgezirejod 2yj se [rews 0ol aq 03 A[OMI] ST 9jeWII}S ST,

“10 "0 JO I9pIO0 O} JO 3}SBOT 38 9q 03 }[9F shemye

M

0°1¢
0°2¢
0°0¢
0°02
G°61
G°61
S61

-49 -

0°12
G 81
081
081
G°81
0°02
g°'81
0°1¢

)

ki

DTeUIf}SAS
pljewin}sy

LIOIIN

8T~ ¥0°
80 ° q0 '~
LO" 80 "~
80 ° 80"
80 ° 60 '~
It 01"
12N e’
oe” P1°-
rA N Lo~
80 ° 90"
Lo~ 90"~
Lo" 0°0
60 ° 60 "~
or” 12°
0zZ* 8T "~
gV __nm
sueid mu X

ut uorjezTIClOq

81 88 °-
80" 29"
Lo " LT -
80 * I1°-
80 * 12
I €1 "
$¢ 29"
0¢€ Lz -
A 89 -
80 * gL~
LO" 25 °-
Lo" LE "~
60 70"
o1 " €z -
0z* 01"
._.nmq ._..n.H
b xy 8uore
uoheRtreroq

senTep uoljeZrieiod

9611 7 %9L y v SLL
8 61T € 12l y -t
8611 L %L9 y 0 SL9
1°021 ¥ '929 y n 529
€0zl 0°%LS ¥ u SLS
¥ 02l ¥ 626 y o 62§
9 02l G'L8% 9 F,021 GTF GLY
€06 6856 ¥ 0 056
606 9568 ¥ no 006
606 LL¥8 y 0 098
06 L 86L " W 008
1°06 8 0GL ¥ wo0SL
2°06 G'20L  u 4 00L
€ "06 1°059 Y n 059
€06 0°609 9F 06  S2F 009
Azwmv ) Ewoq Ewm Nyw Ny

surg 103 SUIPIM pue

sanTe A °3BISAY

‘¢ HTIVL

SUIE TEOTIRUWRUTY]



50

ST TuNOIL

NOL1BHd 110334 *NOId 40 - (A3D ASH3INT W3
199°1 €€9°1 h09'1 hLS'1 RRS'T €ISTT 28hT OSh'l  LIR'1  hBE'1  BhE"I
r | | t { { i I [ | i

JWHY4 NOYLNAN 3344 - (AF3) M NULOHd

Q00"1 0S6°0 006°0 0S8°0C 008°'0C O0OSL°0 00L°0 0S8"0 009°0 0S50 oom.ma.ﬂ
i ] 1 | i i I i ] -

n % ~SL'0-

- % 1050~

% , ~52°0-

L L..H" m D-D

b——

i
e

-162'0
— -105'0
¢ 'd) TATHYEY

- ( 4 4HINDIONIdEId | - gL 0

| | ] | ] . | : | | | 00" 1
334930 0°06 3I19NH NOId W)
NOIIHZIHYI0d SNANIW Id

d

Q
=

NOILHZ1dY



51~

9T TYNOIA

NOLOHd 110234 ‘NOId 40 - (A39) ASHINT W)

h09'1  hLSTT  WES'T  €1S°1 28Rl OSh'l  LIRT1 RSl ehetl  mISTl 8271
[ I i [ | [ 1 ! { i i
dWHY S NDYININ 33Hd - (AZI) M NQLOH
00B'0 0S8°0 008'C OSL'0 00L'0 0S9°0 009°0 0S5°0 00S°0 OSh'0 00RO
T I I _ I | I T T 00" 1-
— % —sL 0~
- —05°0-
- | % 52" 0-
“ | * } W " “ * " W “ m - i 0'0
- % - —s2'0
{
- ~08°0
¢ "4y 137BHEd @ I
- ¢ Td) HEINDIONIdY3d [ S50
| | | | | { b L > | . 0o° 1

S334930 0°0c1 m_u_.uzm NDId W3
NOILHZId98710d SANIW Id

NOIL1HZI4Y70d



-52—

sjusutiedxy a9y3lQ o3 uosTaedwo) /T TANOII

NDLOHd 10738 “NOId 40 - (A39) ASY3NI W)

199°1 €€9°1 hw09'1 hLS°1  HRS'T  €16°T  28h"1  OSh'1  LIh'1  HBE'1 BRE"I

] ] | ! I | 1 [ | [ |

JWHH4 NOHLINAN 3344 - (A39) M NDLOHd

000°1 0SB0 00B°0 0S8°G 008°0 0OSL'0 0OL°0 0S80 008°0 0850 oom.mo.ﬁ
! ! | i | | | i { -

+ IT . ~ 6L 0-

T _ ) w} H— i 1 .WOQO|
] 1
I " 3l = dero
H —

—t “ " “ “ + " i === 0'0
~ -162°0
— INIWI¥EIXE SIHI X ‘ : o050
[T€] *IV 1Z ‘ONVINZAANEG I
— _ . 6.0

[0€] NIZLS ANV HIAWENTY @
L1 . _ _ | L _ | doot1

S334930 0°06  ITONY NOId WI
NODILHZTYE10d SONIW Id

NOT1BZ145970d



-53~

00e 1

[cT] muamummmm ur 21Td TEeorS8oTouswousyg 03 uosTaedwo)

(A3E)> ADHINI NOLOHd 881
000°1 008°0 009°C 0Ch'O

SISTANY
0" 1-

! _ I _

0"0

06 = 3719NY NOId "W'3J
| _ |1

8T 41914
(A38> ASYINT NOLOHd 891
000"t 0080 00S°C 00h'0 oom.m.ﬁl 0021
! D
(L
™
=
Im-Ol ~ —
=
C
)
—
m
| 0 2
# 0’0 =
-
3
—
D
XL
- —s0 i —
D
-
021 = 319NY NOId "W"3 S
_ I T o1
SANIW Id

SANIW Id

0°1

- NOILYZIY87104 NO3TONN 110334



-54-
5. PHENOMENOLOGY OF 7~ PHOTOPRODUCTION

Having obtained a set of values for the recoil prdton( polariza-
tion in the reaction yn =w p, we shall now see to what extent these
values make possible a better determination of the electromagnetic
couplings of certain I = 1/2 nucleon resonances. The first part of
this section describes the model of pion photoproduction that will be
used to describe the m data. This is followed by a discussion of the
actual fitting procedure and the results that were obtained by the
present analysis. In the last part of this section é.very brief sketch
is given of how the quark model can be used to predict the electro-
magnetic couplings of nucleon resonances. The results of one such
quark model calculation are introduced and compared to the values
obtained in the fitting analysis in order to see how well this model
describes the photoproduction of these resonances.

5.1 The Model

Photoproduction phenomenclogy has been actively pursued for
the pasf decade, and there are as many models as there are groups
engaged in this research. Most of these models use some physical
principle (dispersion relations, resonance saturation, etc.)to limit
the number of parameters used to fit the typically sparse and fre-
quently inconsistent data on photoproduction. These models fall into
two main groups depending on whether or not dispersion relations
are used.

Early dispersion relation models [10, 11, 127 generally pro-
jected fixed-t dispersion relations into multipole amplitudes to obtain

a set of coupled equations which could then (in principle) be solved
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selt-consistently without reference to any data. Such calculations,
though quite successful at least in the low energy region, were neces-
sarily approximate (using assumptions such as the dominance of the
Mi_,_ multipole in first resonance region) and were constantly being
adjusted to accommodate new data. More recent work with disper-
sion relations [14, 34] frequently assumes resonance saturation of the
imaginary part of the photoproduction amplitudes and then uses a
fixed-t dispersion relation (with a pion i)ole term) to obtain the real
part. In one of these models [14] some of the "resonances ' --1i.e.,
polés in the K-matrix -- occur outside the physical region so ""reso-
nance saturation' is not completely realized. However, the use of
the K-matrix formalism allows the effect of other channels to be
properly taken into account.

Models not using dispersion relations [9, 15, 32, 33] employ a
Breit-Wigner form for the resonances and include complex back-
ground terms in the partial waves. The exact Breit-VWigner form
used depends on the model, the main difference being the inclusion
of an arbitrary phase (with respect to the Born terms) in some
cases [32,33). The background terms may be essentially free pa-
rameters [32, 33 ] or may be constrained to vary smoothly (to some
degree) in energy [9,157. The background terms are limited to the
lower partial waves (j £5/2 or 7/2) §vith the electric Born terms
(Figure 19b) supplying the contribution of the higher partial waves.
The one exception to Breit-Wigner resonances in these models [32]

is the use of a K-matrix formalism for the A amplitude in the

+

second resonance region in order to properly describe the 7 -
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threshold. The present analysis uses the same model as reference
(157 with strictly Breit-Wigner resonances and smoothly va;'ying
backgfound terms.

The reaction yn =7 p will be analyzed in the center of mass
frame in terms of thé helicity amplitudes Aw\ where | is the final
helicity along the pion direction and A is the initial helicity along the
photon direction* (see Figure 19a). Although there are eight such
amplitudes in pion photoproduction, only four of them are independent.

This is because conservation of parity in the strong and electromag-

netic interactions demands that [9]

O i(-u)re29) |
AL l80) = - A0 (5.1)

The various experimentally measurable quantities describing
this reaction -- the cross section, the recoil proton polarization, the
polar'ized photon symmetry, and the polarized target asymmetry --
are then expressible in terms of these amplitudes. Precise defini-
tions of these experimental observables are given in Appendix F.

This appendix also contains expressions for these guantities in terms

Lo ot
E

3"

The helicity amplitudes are then partial wave analyzed in

of helicity amplitudes Au

terms of helicity coefficients au)\(W}' This partial wave analysis is

summarized by the expression [9, 35]

:FIf Ao M and )\f are the helicities of the photon, initial nucleon, and
final nucleon respectively, then pu = -A;= 1/2, -1/2, and A = h-A; =
3/2, 1/2, -1/2, -3/2.

as*The A are understood to be functions of the total CM energy, W,
and the M* CM angles of the pion, §and ¢.
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_ j . j iAo
Am\(w, 8, ¢) = 233 am\(W)(ZJ-%- l)d?\u(a)e . (5.2)

The hélicity coefficients are re-expressed in terms of helicity ele-
ments which describe final states of definite parity and are, there-
fore, more useful in the present analysis. These helicity elements
ALi and 'BLi are related to the helicity coefficients by the following

expressions

j
A 1/2,1/2 %172, 1/2

1%
(5.3)

= £ JZRETZ) (a) o) Lz
Bys v (21/2,3/2 a_1/2,3/2) (¢=1)
In these expressions 1 is the relative orbital angular momentum of
the pion and the nucleon in the final state. The parity of these he-
licity elements is thus ~(—1)L. - The quantity n = j - 1/2 and j=
4 £ 1/2 for 4% respectively. The elements A, obviously refer to

states with initial helicity 1/2 and the B L to states with initial he-

4
licity 3/2 (and thus 421).

- We are now in a position to describe the various components
of the photoproduction model used in the present analysis-and how
they contribute to the helicity amplitudes.

The first contribution coﬁes from the electric Born terms
represented by the diagrams in Figure 19b. In these diagrams, e
signifies the minimal electromagnetic coupling and g the 7N coupling
(see Appendix F.3). The magnetic Born terms, which arise from the
'anorﬁalous magnetic moments of the strongly interacting particles, are
not explicitly included in this analysis since they contribute signifi-

cantly only to the lower partial waves (j £ 7/2) where the other com-
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ponents of the model are expected to dominate. The electric Born
terms, especially the pion pole term, are included primarily to take
care of the contribution of higher partial waves (j = 7/2) not included
in the other components of the model. However, no attempt is made
to explicitly "absorb out" théir contribution to the lower partial
waves. ' Explicit expressions for the contribution of the diagrams in
Figure 19b to the helicity amplitudes AHJ\ are given in Appendix F.3.

The next contribution is that of the resonances. A particular

resonance, (L)ZIZJ’ * will contribute to either the AL+ (and BL+ if

j 23/2) helicity element or the -AL (and B if j 23/2) helicity ele-

L-

ment depending on J . For example, a ID13 resonance contributes to

- the A2 and B2 ‘helicity elements, while a D15 resonance contributes

to the A, | and B, , elements. (Recall that L+means j= L% 1/2.)
The contribution to a given helicity element of a particular
resonance is given explicitly in Appendix F.4. It is a modified
Breit-Wigner form. The resonances used in this analysis are listed
in Table 4 along with the values of the various parameters that appear
in this Breit-Wigner expression. Only resonances with j £ 7/2 are
used. The masses and widths of the resonances are taken from mN
scattering phase shift analyses with slight modifications resulting
from a recent phenomenological analysis of the reactions yp = -n-+n and
yp — w°p [157. The statistics and the resolution in such data are far

superior to those in the present reaction and, therefore, no attempt

is made to adjust these parameters in the present analysis.

“In this notation J is the spin and I the isospin of the resonance. L is
the final orbital angular momentum if the resonance decays into a
mN final state. '
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. The couplings* of the I = 3/2 nucleon resonances to the re-
action}s yn - T P, YP 1r+n and yp - -n-op are simply relatéd by isospin
conservation (see Section 1), Therefore, the values of these cou-
plings determined from an analysis [15] of these latter two reactions
are used (again because the -n-+ and n° data are more numerous and
of a better quality). No significant evidence for any change in these
values was found in the present analysis,

The cquplings of the I = 1/2 nucleon resonances are of course
varied and their determination is the main goal of this analysis.
They are not varied in the sense that a computer program varies
them té minimize a XZ. Only the backgrounds (as discussed below)

"are varied in this manner. Depending on the resulting shapes of
these backgrounds, however, the I = 1/2 resonance couplings are
changed in a manner described in Section 5.2 to obtain the 'best"
values, The main point is the}t the model attempts to relate any
rapid energy variation in the data to resonant behavior and to remove
such variations from the backgrounds by modifying the couplings of
the resonances.

The addition of our Breit-Wigner resonances to each other
(when they occur in the same partial wave) aﬁd to the background
terms without the use of a2 K-matrix formalism means, among other
things, that the effect of other channels is not properly taken into

account [36]. Except in the case of the effect of the n-threshold on the

5
The ''coupling'' of a resonance to a particular helicity element is

equal to its contribution (purely imaginary) to this element at the
resonance energy (see Appendix F.4).
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Ao-F amplitude, this failure to use the K-matrix is not expected to
be a serious problem. Some compensétion for this effect‘may be ex-
pected to show up in the background, but would be difficult to dis-
tinguish as such.

The above mentioned background terms are the last component
of the model. Independent real and imaginary background terms are
included for each helicity element up to j = 7/2 and 4= 4. They ac-
count for any non-rescnant contribution to the reaction without being
too precise about the source of this contribution. Such a contribution
could arise from, for example, the tails of resonances outside of the
region covered by the analysis, absorption of the electric Born terms
in tirle lower partial waves, or the contribution of the mapgnetic Born
terms. The only assumption made is that these background terms
vary smoothly in energy compared to the energy variations due to the
resonances. The hope is to isolate any rapid energy variations in the
experimental data in terms of the contribution of the resonances and
in this way rather accurately determine the coupling of these reso-
nances to the reaction yn =7 p . The parameterization used to ensure
a smooth energy variation in the backgrounds is discussed in Appendix
F. Briefly, it consists of specifying the value of each background term
at each of seven reference energies (see Table 5) and then using a
smooth interpolation to get the value at any other energy.
| Since the present analysis begins above several inelastic
thresholds, no attempt is made to enforce Watson's theorem [37]on
any of the amplitudes. Each resonant and background term contains a

proper threshold dependence,but since we begin well above threshold
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these factors are not important. Finally, since the effect of the mn-
threshold is felt to be below the present resolution in the yn =7 p
data, it is not explicitly taken into account; however, some effect of
this threshold might be expected to appear in the A , background, at
least to the extent that the data ""know!'' about this threshold.

5.2 The Fitting Procedure

The procedure by which the above model was used to obtain
fits to the data on the reaction yn =7 p is basically the same that was
used in several previous analyses [9,15]. It will now be described in
outline form,

(1) Data on this reaction were collectea at intervals of 50 MeV
in iaboratory photon energy, k"L’ from kL = 400 MeV to 1200 MeV.
The region below 400 MeV was not included because it is completely
dominated by the P33 (1236) resonance whose coupling to photoproduc-
tion is very well determined by the low energy data on the reaction
Yp - Trop [9,14,15]. The w~ data in this region are internally incon-
sistent and of poor resolution. Above 1200 MeV the data are too
scarce to permit any significant analysis. The types of data useci
were cross sections, * recoil proton polarizations, and polarized pho-
ton asymmetries. A precise definition of each of these experimental
quantities is given in Aiopendix I. Table 14 gives a list of all of the

experiments from which data were taken along with the symbol by

which the data from a particular experiment are distinguished in

* - T - .

Data on © /m ratios from deuterium are also used. These data are
converted into w cross sections by multiplying by the nt cross -
sections determined in reference [15].
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Figures 20-26,

(2) The background_ terms were all set to zZero inifial_ly by
specifying zefo values at the reference energies. The couplings of
the I = 1/2 resonances were also set to zero. The couplings of the
I=3/2 resonances were fixed at the values determined from analysis
of the reacfions Yyp = 'rr+n, n’op [15]. The electric Born terms were
included in the amplitudes.

Then, at each energy where a fit was made (i.e., every 50

MeV beginning at 400 MeV), .the amplitudes A |, are computed from

A

these pieces and used to calculate the theoretical value of each data
point. From these theoretical values and the experimentally meas-

ured values (and their errors) a total XZ for that energy is obtained.

(3) The background terms Re A Im A Re A

o+’ o+’ Re Bl-i—’

1.?
2

and Re B were then allowed to vary in order to minimize this X .

2 -
The computer algorithm which performed this minimization was a
modification of a program written by Paul Scheffler [227 and is out-
lined in Appendix F.6. The reason why only these backgrounds were
- allowed to vary at first is that they are the ones which tend to be-
come large in any case*, and it was found that far more stable solu-

tions were obtained in this manner.

In varying these backgrounds, their initial values were also

“The reason that these Re parts become large is that these are the
helicity elements which have big contributions from the electric Born
terms. In this reaction the Born terms tend to be largely absorbed
out in the low partial waves and therefore the Re parts of these back-
grounds have about the same size but are opposite in sign to the con-
tribution of the Born terms.
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included as data along with the experimental data points. This use
of the "parameters as data' was the way in which the criterion of
smooth backgrounds was enforced and was absolutely necessary if
any consistency from energy to energy was to be maintained in the
background terms in view of the fact that in the following steps,
where all of the background terms were allowed to vary, the number
of parameters was often greater than the number of experimental
data pointé. Using the parameters as data tends to keep them close
to their smoothly varying initial values unless a change causes a
significant reduction in the XZ due to the experimental data to com-
pensate the increase in XZ due to the change in the parameter. The
errors assigned to the backgrounds when they were used as data
were scaled such that a change of one standard deviation correspond-
ed to a change of (0.5)(1 /Z)j-"% @b in the differential cross section.

The resulting background terms were then plotted as func-
tions of energy. These curves were checked for any energy varia-
tion interprefable as being due to one of the resonances. This vari-
ation was then removed by changing the coupling of this resonance.
After the removal of such variations smooth curves were drawn
ﬂlrough the resulting backgrounds and the values of these curves at the
reference energies formed the new parameterization of these back-
grounds. |

(4) Using the new values for the background terms and the
resonance couplings the helicity amplitudes were reca.lculate‘d and a
new set of initial er‘s computed. The full set of background terms

(up to j= 7/2, 4 =4 ) were now allowed to vary in order to minimize
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this )(2 at each energy where a fit was made. The resulting back-
grounds were again plotted and inspected for resonant beiaavior.

After any such variations were removed by appropriate changes in the
resdnant couplings, smooth curves were drawn through all the back-
grounds and the values of these curves at the reference energies
again determined the new initial values for these backgrounds at all
energies (see Appendix F.5).

(5) Step (4) was repeated until the changes in the backgrounds
in a given iteration were all within their elrrors or else varied so
randomly from energy to energy (even after any variations attributa-
ble to the known resonances had been removed) that some smooth
“average had to be settled on. This stage was reached after some six
to eight iterations.

(6) At this point a 'fit' was made in which the backgrounds
wete not alloWed to vary. The initial XZ and the values of the experi-
mental observableg at intervals of 10 in CM pion angle were calcu-
lated at ’each énergy. If these quantities gave a reasonable descrip-
tion of the data, the fitting process was complete. If there was a
serious disagreement with any of the experimental data, one or more
of the backgrounds and/or resonances were forced to take on radi-
cally different values, based on an estimate of what the trouble was
due to, and the search for a solution began again at step (4). For-
tunately, this was not necessary in the present analysis.

The results of the present analysis of the reaction yn =7 p
are contained in Tables 4 and 5. Table 4 gives the resulting reso-

nant couplings. The errors quoted in these couplings were deter-
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mined in the following, admittedly subjective, manner. Once the
final solution had been obtained, the couplings of the various reso-
nances were changed one at a time until the resonance began to show
up in the corresponding background term. This procedure ~- the
only one readily available ~- certainly gave an upper limit on these
errors and often a far smaller change would induce undesirable
features into the fits. Table 5 gives the values of the background
terms at the selected reference energies. It will be noted that most
of them are, indeed, smoothly varying in energy.

Table 6 gives the final XZ at each energy. To indicate how
much of this Xz comes from inconsistencies in the data, this table
also includes a quantity called X?ree which was obtained by allowing
the final background terms to vary once a solution had been
obtained. Thé fit obtained in this manner has no smooth be-
havior in energy but is usually as good a fit as can be obtained to
the given data. To illustrate how good the fits obtained in the pres-
ent analysis Were, Figures 20 - 26 show the resulting fits to the ex-
perimental data for all types of data at various CM pion angles and
lab photon energies throughout the region being studied. The ex-
periment corresponding to each plotting symbol in these figures is
listed in Table 14. In general, the resulting fits are at least as good
as those of several previous a.rialyses [9, 14, 15, 22] and often much
better. The fits to the recoil proton polarization data are especially
satisfying. |

To demonstrate how much, if any, this analysis (with the new

polarization data included) has improved the knowledge of the elec-
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tromagnetic couplings of the I = 1/2 nacleon resonances, Table 7
compéres the results of the present analysis to several o‘;her analy-
'ses.\k The results indicate a significant change in several of the

couplings and an improved resolution in many of these couplings.

5.3 The Quark Model

Among the first to use an L-excitation quark model to calcu-
late the electromagnetic decay widths. of nucleon resonances were
Faiman and Hendry [l] . Their non-relativistic model, with harmonic
oscillator potentials binding the quarks, Bas been the basis of several
successful descriptions of many of the features of photoproduction in
the resonance region, notably those of Copley, et al, [2]and Walker
[37. None of these calculations, however, include the important re-
coil term [397. In principle, such a term is easily incorporated in a
non-relativistic model, but recent interest has centered on the rela-
tivistic model of Feynman, et al. [47. More will be said below about
this important model, to which the present results on the electromag-
netic couplingé of several nucleon resonances will be compared.

In a simple version of this model (1,2, 3j the baryon is viewed
as being a composite of three quarks bound to each other by harmonic
oséillator potentials. The state of the baryon is then a combination of
a space state describing the excitation of the oscillators, a total spin
state (each quark having spin 1‘/'2), and an internal charge-stfa.ngeness

state given by SU(3) . The total state is assumed to be symmetric

k& B + .
The table includes the results for yp =™ n from reference [15]1n
order that statements may be made on the isoscalar -isovector char-

acter of these resonances (see Section 6).
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under the group 53 , i.e., under permutation of any two of. the quarks.
‘As is well known [247, the possible SU(3) states of three quarks fall
in the following representations: a '_Lanti-symmétric, A, under the
group S, a 10 symmetric, S, under S3 : and two 8's of mixed sym-

metfy, M, under S Similarly, the total SU(2) states of three spin

3
1/2 parti‘cles fall into a 4 (s = 3/2) of S symmetry under 83 , and
two g_"s (s =1/2) of M symmetry under S3 . The total spin-internal
wave function of the baryon is found by combining these pieces, a
process made far simpler by use of the Clebsch-Gordan series for S3
[387. When this is done, the results are found to fall into the follow-
ing SU(6) representations: a 20 of A symmetry under 53 and of SU(3)
(SU(2)) components 8 (1/2) and 1(3/2); a 56 of S symmetry under S3
and components 10 (3/2) and 8 (1/2) ; and two 70's of M symmetry

under 'S, and each with components 10 (1/2), §(3/2), 8 (1/2), and

3
1 (1/2). In pion photoproduction we deal with only non-strange parti-
cles so any pieces containing an SU(3) 1 will not be of inter-
est nor will m;any of the states in the 8's and the 10.

If the space states of the oscillators are studied, after the CM
motion is removed, the following pattern emerges [387. The ground
state (N = 0) obviously has total angular momentum L = 0 and is sym-
metric, S, under S3. The first level of excitation (N = 1) has L =1
and A symmetry under SS' Fof N = 2 there are many more possi-

bilities: two sets of L. = 2 states of M symmetry under S, ; a set

3 ;
of L = 2 states of S symmetry under S3; a set of LL = 1 states of A

symmetry under 53; two L = 0 states of M symmetry under S,; and a

3;

L = 0 state of S symmetry. Since we are interested only in the lower
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lying nucleon resonances, we stop at this level of excitation. The par-
ity of the space state is given by P = (-1.)N since the ground state has
even paﬁty and each excitation is accomplished by a vector operator.
The actual form of these space states, of course, depends on the dy-
namical model used for the oscillators.

The space states can now be combined with the SU(6) states to
give all the possible low-lying baryon states in this model. This proc-
ess is again simplified by use of the 53 Clebsch-Gordan series and by
the requirement that the total state have S symmetry under S3. The
results are summarized in Table 8, which also gives a tentative iden-

tification [4] of the corresponding nucleon resonance. The notation

25+1
N

level of excitation, LP are the total angular momentum and parity of

used in listing these states is [SU(6), L-P] SU(E’,)J where N is the
the spaée state, and S is the total quark spin which combines with L
to give total angrula.r momentum, J , of the state.

- With these states, the photoexcitability of various nucleon reso-
nances in the process yN = N can be calculated using the diagram in
Figure 27. Thus, the process is viewed as a photon exciting a nucleon
ground state [5&, O+]o 2§J 1/2 into some resonance [SU(6), Lp)]N
ZS+ISU(3)J which then decays back into the ground state by emitting a
pion. The actual details of such calculations are determined by the dy-
namics used for the harmonic oscillator potentials (i.e., by the actual
fbrm of the spéce states) and by tile expressions used for the interaction
at the two vertices \(NN* and N*Nw .

Feynman, et al. f[41have carried out such calculations. In their

model the dynamics of the oscillators and the interactions at the ver-
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tices (in Figure 27) are treated in a relativistically invariant manner.
Such calculations automatically includerthe important recoil term ne-
glected in many non-relativistic calculations. The relativistic model
also gives the expected even spacing in mass-squared for Regge
recurrences of the baryon resonances. Therefore, in spite of certain
problems, such as the need to use cut-offs to avoid violations of uni-
tarity, this essentially one-parameter model is particularly interest-
ing to compare to phenomenological data on the nucleon resonances.

In making such compariséns for the photoexcitation of nucleon
resonances, what Feynman, et al. actually ca:lculate are the electro-
magnetic decay widths, AII\T/2 and AI?:I/z , which are the amplitudes for
‘a given resonance to decay into a photon and a neutron in helicity
states 1/2 and 3/2, respectively. These amplitudes are easily re-
lated to the couplings, A and B respectively, discussed above by sepa-
rating out the contribution of the pion vertex into a pion decay width
and a Clebsch-Gordan coefficient for N* = p+w . These relations
are giveh explicitly in Appendix F. 4.

Feynman's rresults for AII\I/2 and Al,;r/z are given in Table 9
along with the results of the present analysis for the I= 1/2 reso-
nances and the results of reference [15]for the I = 3/2 resonances.
The results are seen to be in quite good agreement for many of these
resonances. The specific agreements and disagreements will be dis-
cussed in the next section, but in general it may be said that this very

basic and essentially parameterless model gives a surprisingly good
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ate
kS

description of the photoexcitation from neutrons of many nucleon

r'esonances.

:‘ﬁThe pattern of agreements is quite similar for photoexcitation from
protons [4, 14,157 .
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TABLE 5. Background Terms

This table gives the final values of the background contributions to the
various helicity elements at the selected reference energies. The
values of these contributions at other energies are then obtained by
using the interpolation formula in Appendix F.5. Re and Im stand
for real and imaginary parts. The units are yb2X 1073 and again W is
the total CM energy.

k.lab(BeV) 0. 400 0.550 0.700 0. 850 1. 000 1.200
W (BeV) 1.272 1.383 1. 481 1.573 1. 660 1.770
Re Ag, 625 760 1050 1045 1150 850
Im Ay, 195 240 230 225 045 -030
Re A _ 800 1150 1515 1300 1105 1020
Im A, 050 -050 110 160 040 080
Re A, -040 -096 -077 -080 -083 ~152
Im A, 017 ~010 -030 -020 -050 -020
Re BH_ 230 380 540 630 670 780
Im B, -035 085 120 118 ~037 030
Re A, -050 _080  _025 025 020 _165
Im A, 000 020 003 060 010 -045
Re B, _ 340 420 700 900 1150 1170
Im B, 070 070 070 020 060 060
Re A, , 010 040 .015 -045 010 050
Im A, 015 -035 -080 _010 025 020
Re B, -015 -018 025 -007 -035 000
Im B, -015 -010 -020 -015 010 -005
Re A, -010 005 020 025 010 020
Im A, 010 060 040 025 065 020
Re B, -020 -038 -035 000 007 000
Im B, _ 000 014 000 -034 012 000
Re A, 010 012 027 000 024 _005
Im A -010 - 000 020 010 008 007

3+
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TABLE 5. Background Terms (continued)

Ky (BeV) 0.400 0.550 0. 700 0. 850 1.000  1.200
W (BeV) 1.272 1.383 1. 481 1.573 1. 660 1.770
Re B, ~005 003 005 009 -030 015
Im B, 000 -010 020 020 017 000
Re A, . -005 025 005 027 027 035
Im A, 010 010 010 018 012 007
Re B, 005 -008 020 010 020 018
Im B 005 010 015 008 003 010

4.




-75-

TABLE 6. xz's of the Fits

2
These are the y 's for the fits described in this section to the data on
Yyn =T p. At each energy where a fit was made the number of data
2
A ! data’ the y of the
fit, ¥, and the yx  attainable by allowing variation of the final

pdints not including parameters used as data.*, N

¥
P

2
parameters , Y. . are given. W is the total CM energy.

. 2 sksk 2
kla.b (BeV) W (BeV) Ndata X Xfrea
0. 400 1.277 25 79 73
0.450 1.313 14 25 16
0.500 1.349 21 37 26
0. 550 1.383 14 28 12
0. 600 1.416 43 203 140
0. 650 1.449 41 87 43
0.700 1.481 32 70 66

£ 0.750 1.513 38 90 64
0. 800 1.543 31 96 50
0. 850 1.573 19 4.5 2
0. 900 1. 603 20 8.5 5
0.950 1.632 17 29 4
1. 000 1. 660 18 18 17
1. 050 . 1.688 15 22 10
1.100 1.716 17 22 3
1. 150 1.743 17 28 10
1. 200 1.770 15 32 T

“See Section 5.2 .

*A large value of XZ does not necessarily mean a bad fit, especially
»if X?ree is large, indicating inconsistencies in the data. But e\gen if
X 2> Xiree’ the fit is not always bad (see Figure 23),as the ¥ can
be due largely to 1 or 2 data points.
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Quark

State

b2
(56,0735 812

2

(70,1711 812

M
-~J
=]

20,177,

—
2\3
“O

l']l

3
-
S

17]

[

(56,077,
[56,0"1,
(56,277,
(56,277,
(56,271,

+
(56,271,

+

+
156,2%1,

+
r70,2%1,

2

2372

2

2

2

19,2

105 /2

81/2

4

2

1952

832

2

B5/2

4

4

4

4

2

1912

1032
10 /2
l97/2

£93/2

+. 2
[70,2 ]2 105/2

Dy

P

TABLE 8. Quark Model States

Nucleon
Resonance

nucleon

3k
S 1530)

11(

e
3 (1510)

831 (1660)

1-
D33 (1700)

s als
2R

P11 (1430)

et
P33 (1700)

13(

Ed

F15 {1688)

ok
P3y (1850)

>‘.<:,‘<-1-
9
P33 (7)

ale At.
LR

F35 (1880)

F37(1925)

Souts 3o

o (S
Pag

Fag (7)
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Quark

State

+. 4
(56,071, “10,

4
(79,13, 8y,

4
Py

4
1 85/

(79,077, 81/
(70,071, "8,
(70,03, “10,
(70,271,
(70,271,
[70.273, 78,
[19’2+]z 83/
70,277, "85,

+ 4
70,2, "y,

/2
2
2

2

2

2

Nucleon
Resonance

P33(1236)

Sll (1700)

Kk

.T_)13 (1700)

D15 (1650)

P11 (1650)

St
b
P13 (?)

“The notation used for the quark states is explained in Section 5. 3. The

nucleon resonances listed are possible candidates for these states.

e wl,
Sask

TNot used in present analysis.

lMiXing possible within same level of excitation.
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FIGURE 27

Pion Photoproduction in the Quark Model
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6. DISCUSSION AND CONCLUSIONS

'I’heA purpose of the research described in this thesis has been
two-fold. First it was desired to obtain a set of polarization measure-
ments for the recoil proton in the reaction yn - w p in the resonance
region. Next it was hoped that these polarizations would make
possible a better determination of the couplings of several nucleon
isobars to the pion photoproduction reaction. Such improved deter-
minations of these couplings would be quite useful, among othe.r things,
for cbmparison to quark model calculations of the electromagnetic
decay widths of these isobars,

The initial goal, the determination of the recoil polarization
values at CM pion angles of 90° and 120° in the region from 500 MeV
to 909 MeV in lab photon energy, has been successfully attained. The
é,nalysis des cribed in Sections 2through 4 has yielded polarization values
(Table 3) which are consistent, within the statistical and the system-
atic errors, with other polarization measurements for the reaction
yn = m p. QOur polarization values also agree reasonably well with
thé predictions of a phenomenological study of photoproduction which
did not include these polarizations (see Figure 18). This indicates
that our results are consistent with the other experimen_tal data, of
various types, which exist not only for the reaction yn = w p, but
also for the related reactions yp - 1r+n and yp - i P.

Using the results of this polarization experiment along with
various other data on the reaction yn - 7 p a phenomenological

analysis of the reaction has been carried out (Section 5), With a
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resonance ~background model that had been used in several previous
analyses [9,15], the current analysis was able to extract the cou-
plings fo negétive pion photoproduction of many oif the I = -; nucleon
resonances (in the energy region from 1. 300 to 1.800 GeV). The
results for these couplings are summarized in Table 4 and are com~-
pared to ‘the results of similar analyses [14, 15] in Table 7. In
general the present analysis agrees with the-results of both these
previous studies. The agreement with reference [15] is not sur-
prising since the same model was used and the data, except for the
new polarizations, were essentially the same., However, the cou-
plings determined in the present analysis show a slightly better
're’solution, especially in the cases of the P11(1470) and the Sll(1530)
resonances. The fits to the data obtained in the present analysis
were, on the whole, quite good (as indicated by Figures 20-26).
One interesting feature of the results in Table 7 is the size
of the S, ,(1530) coupling compared to the helicity 3 (i.e. A, ) cou-
pling of the Di3(1510). At one time it was felt that the helicity
1 coupling of the D13(1510) was quite small[9], as it is in yp — -rr+n, *
and that therefore the structure of the 180° cross section (see Figure
24) in this region, which must be a helicity 3 effect, was due to the
5,,(1530) which then had to be large, as it is in its w coupling.
This similarity in the couplings V’co yn = 1w p and yp = - iﬁdicated

that these couplings were dominated by the isovector component

* The, couplings of the I:% nucleon resonances to the reaction

-+ r'n as determined in reference [15] are also included in
Table 7 for comparison.
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(see Equation 1.1). The more recent analyses (including the present
one) shpwn in Table 7 all indicate a dramatic change frorﬁ this point
of view., All of these analyses, while being consistent with an iso-
‘vector domination of the helicity 3/2 (i.e. BZ-) coupling of the
D13(”1510), indicate a large isoscalar contribution to the 511(1530)
coupling as well as to the helicity 1/2, D;,(1510) coupling.

This increase in the isoscalar contribution of the 811(1530),
although it is certainly not dominant, is perhaps encouraging in view
of the fact that a recent experiment [16] on the coherent photoproduction
of n's from deuterium indicates a large isoscalar amplitude for
this resonance, which dominates yN = 7N at threshold. On the other
‘side of the coin, however, is the research of Heusch, et al. [40] on
the reaction yN — 1N which agrees with a very small isoscalar
'amplitude for this resonance.

Among the other I = 1/2 resonances the isovector amplitude
seems to dominate the 811(1700), P11(1650), the hélicity 1/2 cou-
pling of the F|(1688), and the helicity 3/2 coupling of the D, ((1650),

~at least on the basis of the results of thé present analysis, along
with the 1r+ couplings of reference [15]. The P11(1470) also shows
a larger isovector contribution than in the other analyses in Table 7,
which is interesting since this resonance is felt to be rather better
determi.ned, beca.use of the new polarization data, than in the pre-
vious analyses. The extent to which these various behaviors agree
with quark model predictions will now be examined.

Thé electromagnetic decay amplitudes of many of the nucleon

resonances as predicted by the quark model of Feynman, Kislinger,



-93-
and Rawvndal (which will be referred td as the FKR model) are given
in Table 9 accompanied by the results of the present analy}sis,. * In
comparing these two sets of values it must be kept in mind that
vwhereas the numerical value depends on details of the wavefunctions,
etc. used in the model, thevsigns in both cases are .fixed. The arbi-
trary sign of the intermediate sfate in the quark model calculations
appears at both vertices and cancels out so that the overall sign in
both cases is fixed relative to the Born (pole) terms. In many cases,
however, the quark model value depends on the difference between
the recoil and the non-recoil contributions and thérefore depends on
the details of the dynamics used. Furthermore, the cuark state used
for each resonance is often only one possible choice and in such cases
mi:dng’of an undetermined amount may occur. Therefore, in making
specific conclusions about the FKR model it is important to first look
at places where (1) no mixing occurs and (2) there is no interference
between the recoil and non-recoil terms. In Table 9 these are the
cases Which do not have a dagger (1) after the quark state nor a (if)
after the FKR value,

The first of these 'definitive'! comparisons is the P33(1233)
which appears in the same SU(6) multiplet as the nucleon. In this
case the FKR values are seen to agree with the present analysis in
sign and to at least a reasonable degree in magnitude. The larger

numerical values found in the phenomenological analysis agree with

The couplings of Table 4 are converted into the decay amplitudes
of Table 9 by dividing out the part due to pion vertex (see Appendix
F- 4). ’
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similar analyses (14, 15] and indicate that the details (i.e.,the form
of the Wavefunctions, etc. )'of the FKR:model are not perfect, which
is hardly surprising.

The D15(1650) is also free of possible mixing and interference
effects and the agreement for the helicity 3/2 coupling is quite good.
The helicity 1/2 coupling of this resonance, on the other hand, is a
definite disagreement and it is hard to see how the uncertainty in
the fitted value could be stretched to include the FKR value. There
are, however, many nucleon resonances in this region (several not
even included in the present analysis) and a change in this coupling
is possible in 2 more refined analysis. Otherwise, a modification
"of the present quark model is indicated.

The F15(1688) is also a "definitive'' case, assuming that it is
the Regge recurrence of the nucleon, and its agreement is quite good.,
This is especially significant for the helicity 3/2 amplitude. The
vanishing of this amplitude was predicted quite early in quark model
studies [2] and the continued evidence of a zero value even with new
data included is strong support for this model.

The final case witho;lt any mixing or interference is the F,
(1925)., As in the case of the P33(1233), the couplings of this reso- |
nance were determined by the analysis in reference [15], but its
tail does affe(;t the region of our analysis and the present results
Vshowed no desire to vary the values used. The agreement of these

values with the FKR model for the F,,(1925) is quite impressive.

37!

Thus in summary for these definitive tests 7 out of 8 signs agree

with the FKR quark model and the magnitudes in 5 of these 7 cases
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agree (or very nearly agree) within the-quoted errors.

For the other resonances in Table 9 the agreement is not as
impressive; however, in all these cases mixing is possible within
the same level of excitation and in all but one of these cases the
recoil and non-recoil terms have the opposite sign making the final
sign dependent on the dynamical details of these two terms. Despite
these ambiguities the signs agree for 7 of the remaining 10 couplings.
This would indicate that (1) in general, mixing is not an important
effect and (2) the FKR model describes the actual .dy—namics far better
than one has a right to expect from such a naive model. This latter
fact is supported by the numerical agreements among many of the
rdefinitive" resonances.

In the case of the D13(1510) the close agreement in the
helicity 3/2 amplitude indicates that there is little or no mixing for
this resonance. This is supported by the fact that the signs agree
for the helicity 1 /2 amplitude. The numerical discrepancy in this
amplitude coula be eésily accounted for by the uncertainties
in the dynamical details, @ The S,,(1510) also agrees in sign but
in this case it is not obvious which effect might account for the
numerical discrepancy. One diéturbing feature of the Sll(1530) and
the helicity 1/2, D1,3(1510) couplings is that the FKR values tend
to support the isovector dorninance of these amplitudes in disagree-
ment with the more recent phenomenological results indicated in

Table 7 [4,15].
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Perhaps the largest disagreement in Table 9 is the P1 1(14:70).
All recent analyses (see Table 7) give a sign for this ampiitude that
disagrees with the FKR value as well as with the results of non-
relafivistic quark models [2, 3]. * There are in this case, however,
several good candidates for mixing and in view of the resolution in
the present analysis it would seem that the time has come to investi-
gate this possibility rather than citing the ''elusive' nature of this
resonance [9, 14] in photoproduction.

In summary the agreement in signs (14 out of 18) and on mag-
nitudes (in the case of the 'Hefinitive' resonances) shown in Table 9
is most impressive. The conclusion (especially when its many
other successful predictions [3, 4, 14] are considered) is clearly
that the guark model, despite a simplicity that frequently prevents
it from being taken very seriously, presents a picture that is in
many aspects very close to what the experimental data tell us about
pion photoproduction in the resonance region. This model certainly
deserves‘much closer study, at least until some better model is able
to explain as much as this model does about the nature of the cou-

plings of the nucleon resonances to photoproduction.

It should be noted that non-relativistic guark models give results
quite similar to the FKR model, especially in cases where the recoil
term is not important.
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APPENDIX A. EXPERIMENTAL APPARATUS

"A.]l Beam and Target
The Bremstrahlung beam used in this experiment was pro-
“duced by accelerating electrons in the main ring of the synchrotron
up to an energy equal to the desired endpoint of the Bremstrahlung
spectrum and then allowing them to strike a thin ‘tantalum target.
The resulting beam was collimated by a rectangular aperture in a
lead wall after which it was passed through a set of scraping walls and
a sweeping magnet fo remove any charged particles. Next it passed
through a target maintained by the UCLA experimental group after
which it was again scraped and swept to remove debris from this
‘target before directing it on our liquid deuterium target. The number
of e+e- pairs at the target was decreased by covering much of the
length 'be“cween the last sweeping magnet and the target with a He bag.
A diagram of the beam path is shown in Figure 1. The beam was
1.5" wide and approximately 1. 8' high at the target. This beam had
been used in many previous experiments and has been more fully
~described in other theses [41, 427,
The beam energy was monitored by integration of the charge

it produced in various thin ionization chambers during a given run.
These secondary monitors were periodically calibrated using a
Wilson quantameter whose ionization properties were quite well
measured. This description of beam monitoring has been very brief
since it was use‘d in thé present experiment only to keep track of event
rates in order t‘oy f:hec;k for any problems with the counters or the

electronic circuits. A more detailed discussion of beam monitoring



-98-
may be found in the thesis of Paul Scheffler [22] The duty cycle on
the synchrotron was some 15%, which made accidentals i;.‘l the main
trigger a negligible problem for the available beam intensities.
Our target was a three inch diameter vertical cylinder of
. 005" mylar. It was filled with liquid deuterium at a density of about
.17 gm/ém3. The liquid deuterium was contained in a sealed system
surrounded by a liquid hydrogen bath to maintain its temperature ana
pressure,
A particle from the center of the target had to pass through
3.8 cm  of liquid deuterium as well as . 16 cy of aluminum, .005
cm copper, and .013 cm of mylar to get out of the target. The
‘pions and recoil protons from the reaction being studied in this ex-
periment had plenty of energy to do so with very little slowing down
or loss from nuclear absorption (i.e., large angle scattering from
the target material causirig the particles to be lost from the detection
system),

A,2 LEM Spectrometer

The spectrometer used in the present experiment was the
600 MeV/c low energy magnet (LEM) which had been used in many
previous experiments. Its calibration and the properties of its coun-
ter system are well described in other theses (especially those of
Thiessen [41] and Walden [21]) and the present discussion will be
limited to a Brief survey of its important properties as they affect
this experiment.

The spectrometer system is shown diagramatically in Figure

28. The fan counters along the faces of the magnet were used to veto
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events in which a particle scattered off of the pole tips of the magnet.
The aperture of the system was defined by counter A which had a
horizontal accepténce, A8, of .0289 radians at thé center of the target
and a vertical acceptance, AB, of . 112 radians at the center of the
tar'gét. Counters Sl and S2 were used for trajectory definition and
particle identification, Counter P was a four channel (T, TC, BC, B)
momentum hodoscope. Originally the LEM had a seven channel
hodoscope but this resolution was felt to be too fine for an experiment
using a deuterium target (due to the kinematical smearing caused by
the Fermi motion in the deuterium nucleus). Therefore, P was re-
built to be a four channel hodoscope with approximately the same

total momentum range. This meant that AQ(Q =

POO where Po is the
central momentum setting of the spectrometer) was now about 2. 5%
for each channel. The recalibration of the spectrometer's accept-
ances using the original field map data is discussed in Pat Walden's
thesis [2‘.1]. The acceptance data for the LEM systemare summarized
in Table 10. | |

A particle was defined in the spectrometer system by a co-
incidence between counters A, SI, 52, and P with the fan counters
in veto, Protons passing the time of flight criteria were then sep-
arated by their pulse heights in counters Sl and SZ. The energy of
any protons detected by the LEM in this experiment was below that
required for minimum ionization and their large pulse heights dis-

tinguished them from minimum ionizing particles-pions, muons, and

electrons entering the system. This separation was not perfect, as
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shown by the proton efficiency curve in Figure 29% The sharp rise
‘in proton efficiency fdr high momentum settings does not present a
problem, however, since the spectrometer was used to detect only
negative particles in coincidence with the recoil proton. The mini-
mum ionizing particle efficiency as shown by the pion curve in Figure
29 was qﬁite vgood. Unfortunately the spectrometer had no mechanism
for distinguishing among pion, muons, and electrons, The problems
caused by this lack of particle identification are discussed in Appen-
dix B and \x;ere not serious in this experiment.

A.3 Proton Counter and Range-Scattering Chamber

The proton side of the apparatus consisted of a scintillation
counter and a rahge -scattering chamber in which the p-C scatters
occurred and in which protons were brought to rest. This part of
the apparatus is illustrated in Figure 30,

The proton counter was an 8" wide X 10" high X . 33" thick
piece of scintillator. The signal from this counter was used in ce-
incidence’ with the pion signal from the spectrometer side of the
apparatus to trigger the spark chambers.

This counter distinguished protons from minimum ionizin.g
particles by means of pulse height discrimination. The protons from
the reaci%ion being studied in this experiment had énergies ranging
f;rom 90 to 330 Mev, and the pulse heights due to these heavily
ionizing protons were chh greater than those of minimum ionizing
particles (mainly pions and electrons) passing through this counter.

By taking pulse height spectra of this counter gating on the pion

Figure. 29 is based on measurements by Walden and Scheffler [21,22]
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signal from the spectrometer the proton peak could be clearly identi-
fied and the amount of attenuation necessary to eliminate Lthe, minimum
jonizing background determined. Such pulse height spectra were taken
periodically during the running to maintain the proper level of attenu-
ation for eliminating minimum ionizing particles without cutting into
the proton peak. These checks were especially necessary because
this counter was acting up through much of the running due to a faulty
capacitor (it was discovered late in the run!).

It was felt that the w-proton coincidence obtained between the
spectrometer and the proton counter was sufficiently clean that no
other counters were necessary on the proton side, especially since

‘the subsequent trajectory in the range chamber clearly tagged most
accidentals. The size of the proton counter was chosen to limit the
initial proton angles such that as small é fraction as possible of the
events left the sides of the range chamber, while still maintaining a
reasonable event rate.

The ra‘nge—scaﬂ:ering chamber was the same one used in

~ several previous experiments [23,43] and, as with the spectrometer,
only a brief discussion of its features will be given. This chamber
consisted of intermixed carbon modules and sparking modules of the

type shown in Figure 31. The sparking modules were independent of

each other and consisted of three thin aluminum foils with .29" sepa-
rations mounfed on lucite frames. The outer foils were grounded and
the high voltage was applied to the center foil. This meant that each
module haa two épark gaps, greatly reducing the inefficiency due to

failure of a gap to spark.
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The twenty -four carbon modules were constructed to have
the same area (17.5" X 17.5") as the spark modules, They consisted
of graphite covered by a thin aluminum foil to act as a ground and as
a protection for the neighboring.spark gap. The carbon plates had
thicknesses of 1 cn and 1.5 cm  and the chamber was constructed
such that ‘these plates and the spark modules could be shuffled like a
deck of cards in order to achieve the best resolution in proton energy
both before and after the p~C scatter., However, after such a config-
uration change several days were required.to get the gas flowing
smoothly in the chamber again and all the shielding, etc., back in
place. Therefore, due to time limitation it was decided to maintain
fhe same chamber configuration during the entire run. This config- -
uration was designed for proton energies in the 90-230 MeV range
and for kinematical settings with higher proton ener gies (the maximum
was around 320 MeV) we simply placed enough carbon in front of the
chambber to make reasonably sure that the proton stopped in the
chamber.’}= At 'the tiine this was considered a reasonable decisioﬁ;
even though multiple scattering and vertex uncertainty due to this
 carbon lowered the resolution in proton energy and angles. Far more
annoying, however, was the large increase caused in the number of
events that scattered before they entered the range chamber. The

only way in which these events could be reconstructed was to assume

that they came from the center of the target and scattered in the

center of the carbon in front of the chamber., As the amount of

als

The amount of carbon necessary at each setting is indicated in
Table 1. Recall that in this experiment a knowledge of the proton's
range, thus energy, is essential to the reconstruction of the kinematics.
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catrbon increased this assumption became more extreme and the
resolution in proton énergy and angles correspondingly dégraded.
A set of thin hodoscope chambers mounted in front of this extra
carbon would have greatly helped these resolution problems, but
such chambers were unavailable at the time we were running.

The number of tracks per exposure is determined by the delay
between a particle's passage through the chamber and the appearance
of a track (some 500 nsec) coupled withthe counting rate in the proton
counter. In the present experiment well over 90% of the pictures had
only one track, excluding stray electrons which were clearly distin-
guishable, In order to get the maﬁmum detection efficiency with the
" minimum number of background tracks, the voltage of the ion sweeping
field was set at the value (50 V) where the chamber efficiency just
begins to fall below 100% for the given trigger delay of some 500 nsec
f437]. In order to further reduce the Ymemory' of the chamber,
ethanol was added to the argon-helium gas mixture as a quenching
agent,

Two large field lenses with focal lengths of 19' were used to
allow the camera to see into the entire chamber. The distortion due
to the lens and mirror system has been determined by a éqmparison
of the fiducial system as measured in photographs to its known posi-
tion [43]. This distortion is found to be very small compared to
normal measuring errors and no special correction is made for it.
The lenses and mirrors were carefully aligned to be sure that the -

camera was looking directly into the chamber in both views.
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'Reference fiducials for the range chamber consisted of
crosses accurately machined on lucite strips. These strips were
attachéd to é rigid aluminum frame which straddled the range
chamber but was independent of it so that the whole spark chamber
housing ldid not have to be resurveyed if this chamber was removed
for é,ny reason.

If the observed p-C scatters are to be accurately measured
the absolute position of the apparatus in the laboratory must be
accurately determined. This surveying was done in the following
manner: (1) The desired proton lab angle was located using the
previously surveyed photon beam line and a precision protractor
mounted at the origin. The spark chamber housing was then centered
along this proton line using a transit and a precisién straight edge
(see Figure 32), The position of the fiducials with respect to this
line were then carefully measured; (2) the distance of the fiducials
from the origin and their position with respect to the previously
surveyed photon beé.m height were then carefully measured; (3) the
spectrometer was already mounted on a track pivoting about the
origin such that the pion lab angle could be quite accurately set.

The range chamber configuration as well as the fiducial and
lens systems are illustrated in Figures 30 and 32. |

-A.4 Electronics

The electronics for this experiment are illustrated in Figures
33 and 34.
Thé LEM‘ electronics were the same used by Walden and

Scheffler[21,22]except that their accidental monitoring circuits
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were not used and are not included in Figure 33. The basic trigger
in the LEM system, called S, was a fast (10 nsec) coincidence
S=A.81.S2.P, where Prefers to the mixed output of the four momen -
tum channels, A particle was then defined by the slightly slower
coincidence S+ FAN. This particle signal was split into proton (p)
and pion'(-rr) signals by the pulse heights in counters S1 and S2 (no
attempt being made to split the = signal into pions, muons, or elec-
trons)., The 1w signal was put in slow coincidence (50 nsec) with the
output of each momentum channel (#.T, w-TC, n.BC, m B) to deter-
mine which channel the particle went through,

The results of these various concidences were counted on
scalers and then recorded at the end of each roll of film in order
to monitor the LEM for failures of counters or circuits so that such
failures could be (hopefully!) quickly corrected.

In order to get the trigger for the spark chambers the LEM
signals S and 7 were put in coincidence with the output of the proton
counter, | PR, after this latter signal had been pulse height discrim-~
inated to eliminate minimum ionizing particles. This reasonably
fast coincidence(approximately 20nsec) v+ S. PR was then used in the
following ways: (1) It was put in coincidence with the momentum
channel_ signals (T, TC, BC, B) to determine the momentum channel
of the pion; and (2) It was used to trigger the spark chamber. This
triggering' of the spark chamber consisted of firing the spark gaps;
flashing the fiducials; displaying a coded light to show which momen-
tum channel the pion is counted in; photographing both views of the

track, the event number and this coded light; and, finally, advancing
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the. picture frame and event counter. All this took some 300 msec
limiting the picture téki’ng to 1 frame per synchrotron pulse. The
masterl coincidence m.S. PR was therefore ga.tedrto prevent a second
trigger during a given pulse. The signals w.S.PR.T, etc., were
a,lso. counted on scalers in order to monitor the proton side of the
experimént for any troubles.

The counters used in the LEM syste.rn have beén well described

in other theses [21,41]. The proton counter was, as mentioned
above, simply a wrapped 8' x10'" X 1/3" piece of scintillator attached

to a phototube' by means of a lucite light pipé.
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APPENDIX B. BACKGROUNDS
'~ Any event which can trigger a coincidence between the proton
counter' in front of the range chamber and one of the momentum -
channels of the spectrometer, })ut which does not come from the
reaction being studied is of course an unwanted background which
could affect the value of the polarization.

One possible background would be a particle which wasn't a
proton firing the proton counter an_d causing an accidental coincidence,
However, even if such an event escaped the pulse height criteria
on the proton couﬁter it would be easily eliminated By the particle's
subsequent track in the range chamber. Electrons are clearly dis-
Atinguishable because of their undulating tracks and pions very rarely
stop in the chamber, being minimum ionizing particles. Thus the
only serious background on this side of the experiment would come
from prd’cons that didn't originate in the desired reaction, but were
in coincidence with a pion in the spectrometer. Backgrounds of this
type will be dilscussved below (Section B. 2).

Contamination from undesired particles is potentially more
serious in the spectrometer. Protons are eliminated with almost
100% efficiency by the fact that the LEM was set up to detect negative,
minimum ionizing particles. Pions which come from reactions other
than the desired one are again é problem only if they are in coincidence
with a proton on the spark chamber side of the experiment. Unfor-
tunately fhe I.LEM is also unable to distinguish among pions, electrons,
and muons. Contamination 'due to the latter two particles will be

considered in the next section.
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B.1 Muon and Electron Contamination in the LEM

" At one time e contamination was felt to be a negligible
problerﬁ for the lab pion angles at which the spectrometer was set
in this ex’periment; However, the ™ cross section measurements
of _Waiden and Scheffler [21,22] show a serious discontinuity at CM
pion anglés of 90° and greater which was felt to be due to electron
contamination [22]. In fact their cross section determinations from
detection of only the n had to bé rejected for this reason. Fortu-
nately their cross section determinations for cases where they de-
tected the m and the reéoil proton in coincidence did not show any
such effect and agreed, without any correction for electron contami-
hation, quite well with 1r-/1r+ ratio measurements for the kinematical
settings used in the present experiment [21] Therefore, since a
, "n'—— proton coincidenceis requiredinthe present experiment, it will be
assumed that the electron contamination in the LEM is a negligible
effect (less than 1%).

Muon e\'rents are not really a contamination in the sense that
the primary source of such muons, especially when the proton coinci-
dence is included, are pions from the reaction being studied. The
probability that the pion will decay via m —u V before passing com-
pletely through the spectrometer counter system varies from about
5% for the highest pion momentul;n setting (600 MeV/c) to approximately
19% for the lowe st pion momentum setting (250 MeV/c). 1If these
muons wére then lost to the system this effect could simply be ignored
since the decay of the 7 isvu’.ncorrelated with the recoil proton polar -

ization in the production reaction. However, there is non-zero



~-117-
probability that this muon will then be detected by the spectrometer,
The acceptance of the LEM for muons from the decay T UV, K

u
has been calculated by Monte Carlo methods [21,41]. The results

L

are plotted in Figure 35 as a function of mTrLo/Poc'r, where rnﬂ_is

the mass of the pion, Lo is the distance from the center of the target
to the laét counter in the spectrometer system (about 430 cm), Po is
the central setting of the spectrometer, and c¢T = 781 cm for the pion.
K o is the acceptance for detection of undecayed pions at this same
spectrometer setting. The ratio Kp/K_n_iS presumably not much
affected by whether or not the recoil proton is detected.

The effect of these m = U V events is to cause a broadening

‘of the resolution in pion momentum, This effect is shown in f‘igure
36 whi;:h shows (for a given momentum cha.nnel),‘< the acceptance for
detecting m — i Vevents for a given pion momentum P. Po is now
the central momentum setting for the channel in question; The broad
main peak is due primarily to pions which decay after passing through
‘the magnét but before reaching the last spectrometer counter, and the
long tail is primarily due to events that decay before reaching the
magnet. The analogous curve for the acceptance of undecayed pions
1aéks this long tail and is much narrower. The ratio of the widths

for the m-p to pion acceptances is given by [21]

= 7.22 - (0.00484)P
cu/qrr 7 ( ) >

The curves for other channels and for other values of P vary in
size but are almost identical in shape. The curve in Figure 36 is
based on the Monte Carlo calculations of Thiessen [41]
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where again P ié the central momentum setting of the spectrometer.

‘Therefore, when quoting the pion momentum resolution, it
must be remémbered that for some indistinguishable fraction of the
events (about 10% in all) this resolution is considerably broader than
the quoted value.. Other than this broadening of the resolution, w-y
events are no problem in the present experiment since: (1) the w-y
acceptance curve (Figure 36) peaks at the pion momentum which the
spectrometer is set to detect (within the resolution G_n_) so the kine-
matics are the same except for the broadening; and (2) the decay or
non-decay of the pion before passing through the spectrometer system
is, of course, uncorrelated to the polarization of the recoil proton
in the production reaction since the spinless pion has no mechanism
for "remembering!'’ this polarization.

B.2 27 Background

The only potentially serious background involving both a
and a proton in the final state comes from 2r production reactions.
In photoproduétion éxperiments from hydrogen this contamination
is largely overcome by setting the synchrotron endpoint below the
2w acceptance thresholds of the sﬁectrometer channels,

For photoproduction from deuterium, however, the yd-nnlNN

threshold (ECM = Zm_n_+2MN) is given by

m +2M
Ky = 2w (—Ta)
N
since
ECM2=(k+? 72 =M%+ k . M. and M. ~2M
D p* Fap Mp D N
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In fhis formula m MN and MD are the pion, nucleon and deuterium
masses respectively., This threshold is obviously lower than the
YN -~ ﬁN thréshoid from hydrogen which is
_ m1r+MN
Kjab = Zm _( My, )

Furthermore, the Fermi motion of the initial nucleons
broadens the acceptances in the deuterium case. These fa.ctoi‘s,
coupled with the normal fall -off of the photon spectrum near the
endpoint, mean that it is impossible to set the endpoint below the
2wthreshold for at least the lowest momentum channel. This effect
is shown schematically in Figure 37* where the Bremstrahlung
spectrum is plotted along with the single mand 2w spectrometer
acceptances.

It was therefore fearéd that 21 contamination might be a
serious effect in deuterium experiments. Pat Walden [21] has done
extensive Monte Carlo calculations of this contamination in the kine-
matical region of thé present experiment using a spectator model

along with the available data on the reactions

- \J
YN = g

%
YN =N .
- N7

and
YN - 7uN (non-resonant),

The separatioﬁ of the spectrometer channels is slightly exagger-
ated in this figure and the resolutions shown are somewhat narrower
than the actual acceptances, especially for the 2w channels,
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When a 7 and proton are required in the final state the only signif-
icant background reactions are believed to be (yp)n=—(mr 1r+p)n and
'('yn)p - (1r_1rop)p . The calculations showed that, as expected, the
2w background was essentially zero except for the lowest spectrom-
eter channel., What was perhaps unexpected was that even for this
channel the contamination was quite small. In the kinematic region
covered by the present experiment this background was below 1%
[21]. One reason for this is that the 27 background was found to be
-greatly suppressed until there is sufficient energy to form a N* along
with a pion and a spectator nucleo‘n.

In summary, it is felt that the total background contamination
in this experiment is at most on the order of 2%. This is far below
the statistical errors and the systematic error due to the experi-

mental resolutions.
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APPENDIX C. EXPERIMENTAL AND SCANNING BIASES

In order to obtain an accurate value for the polarization of
the recoil proton any right-left bias in the analysis of the p-C scatters
must be removed from the experimental and scanning procedures.
One 'pos sible source of such a bias would be background contamination.
However, as discussed in Appendix B, such contamination is believed
to be very small compared to the statistical uncertainties in the
present experiment. Therefore any possible polarization of this
background will be ignored, except for a small contribution to the
systematic error.

Other possible sources of bias come from the scanning pro-
cedures and from effects of the experimental procedure. These two

effects will be discussed in the following paragraphs,

C.1 Scanning Efficiencies and Biases

To see how the scanning procedure could bias the polarization
determination imagine that the film exposed during the experimental
running contained N events that met scanning criteria (cf. Section

3.1). Then if the scanners of group I found N. of these events and

1
those of group II found N2 of them, the efficiencies, € of these

scanners are defined by

N, =eN (i=1,2) (C. 1)

In order to make an estimatle of these efficiencies the following
assumptions will be made: (1) The process of finding an event is a
statistical one with a '"probability" el(ez) that scanner I(II) will find

any given event; and (2) this probability is the same for all events.
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With these assumptions the number of events found by both scanners

IandIl, N should be

12
le = elezN
Then the best estimate that can be made of 61 on the basis of the

scanning results is
& = NIZ/NZ (C.2)

with an analogous expression for €se

To get the uncertainty in these numbers note that with assump-~
tions (1) and (2) the distribution in le for a given Nz is a binomial
distribution [44]

N2! N N,-N

12 2" V12
e, (1-e)
N, NN, =N ) ] 1

P(Ny,) =

and from the variance of this distribution, again assuming fixed NZ’

we then get

_ el(l-el)
Ael = )/T (C. 3)

with a similar expression for Aez.

The above assumptions about the statistical nature of scanning,
especially assumption (2), ignore factors such as film quality, im-
provement of scanners with experience and familiafity with the film,
and the fact that all events do not have the same ''visibility,! For
‘example, p-C scatters with a large value of Gp, are far easier to spot
than events with a small value of Gp, . * This last effect is the only

one easily taken into account and in calculating the scanning

For the coordinate system used in defining p-C scattering events
see Figure 2.
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efficiéncies for fhe present experimenf the events are divided into
two groups of different visibility --those events with p-C scatters of
4-60 * and those ‘v?/ith p-C séatters of 6-30°, Within these groups it
will be assumed that finding an event is a statistical process with
roughly the same probability of detection for each scatter.

’i‘he efficiencies for scanner groups I and II in this experiment
were calculated fr‘om a random sample of some 15%of the events at
each setting and the results are shown in Table 11. For the 6-30°
scatters the efficiencies from one kinematical setting to the next
were consistent within the errors and so these settings are all
lumped together to give overall efficiencies for left (cos qSP, > 0) and

| right (cos qu, < 0) p-C scatters. T These efficiencies were somewhat
lower than the 97-98% that had been hoped for and this is attributed
to several factors: (1) the film. quality was not as good as on some
previous experiments [23,43]; (2) the scanners had very little time
to familiarize themselves with the film before serious scanning
began; and (3)' ti1e g>roup II scanners were relatively inexperienced

at the beginning of the experiment.

The actual scannlng cut was for events of § ,> 3° in one of the two
views, but only events with 9 P2 X 3° Werep used in the polarization
calculations.

T might be expected that p-C scatters, especially small angle ones,
which occurred before the proton entered the range chamber would be
difficult for the scanners to locate and that the efficiencies for settings
with a large number of such scatters would be lower. However, no
significant effect of this nature was observed.
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The efficiencies for the 4-6° scatters were also lower than
the hbped for 75% and the left -scatter efficiency for group I was
particularly iaoor for these 10\& angle events., More will be said
about this below. For these 4-6° scatters the spread in efficiencies
from setting to setting was somewhat greater, but since there were
too few of these events (in our 15% sample) at most settings to be
statistically meéningful they have also been lumped together. The
same factors as above contributed to the somewhat disappointing
efficiencies. Also the fact that this experiment did not use thin foil
chambers in front of the range chamber to help in definition of the
-initial trajectory made small angle scatters harder to pick out than
in experiments that did use such chambers [23, 43].

Since the polarization is calculated by maximizing the proba-
bilityv of the observed distribution, the individual efficiencies are not
especially critical as long as there is no right-left bias in the effi-
ciency for events of roughly similar é,nalyzing power. In order to

test for such a bias we define an asymmetry parameter [43]

€n —-€
R™L
a = T e (C.4)
R L

with
(ba) = 2 e_e_ /(e +¢ )2[ pe_/ )2+(Ae / )2]%
SLER/ELTER) LB R e /%
The results for these asymmetry parameters for scanner
groups I and II for both the 4-6° and the 6-30° scatters are given in

Table 12, For all but one group this asymmetry is easily consistent
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with Zero. The only problem is the group Il results for small angle
scatters where the aéymmetry is at least two standard deAvia,tions
away from zéro.* The only apparent explanation for this asymmetry
is that, because of inexperience, the scanners in group II improperly
used the grid which defined the trajectories of particles coming from
the target and therefore rejected many of the actual 4-6° left-
scatters as being less than 4°. Fortunately this asymmetry does

not seriously affeét the polarization for several reasons: (1) these
4-6° scatters make up no more than 10% of the event sample and at
the settings where the asymmetry is the worsttheyaverageonly 6% of
the sample; (2) the analyzing power for these small angle scatters
‘averages 30% (or less) of the analyzing power for the large angle
scatters; and (3) more importantly, the more efficient scanners of
group I did not show any significant asymmetry for these small angle
scatters. Therefore, the bias of the group II scanners was greatly
reduced in the verifying scan which resolved conflicts between the
two groﬁps. In summary, it is felt that the error resulting from
this one non-zero asymmetry is well below the statistical errors

and the systematic error due to the uncertainty in the a.na.lyziﬁg power.

C.2 Experimental Bias

The main experimental worry as far-as a right-left bias is

concerned is that the efficiency of detecting a p-C scatter to the right

This effect is present with roughly the same value at all but one
of the individual kinematical settings. The lack of asymmetry for
large angle scatters and for group I in general also holds for each
individual setting within the statistical uncertainties.
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or to the left could depend on the position of the scatter in the cham-~
ber, especially if the chamber was not exactly '"centered'" for a par-
ticular. kinematical setting, Effects such as spark efficiency and
optical distortion could contribute to such a bias. However, such
effects are felt to be negligible for our apparatus [23;,43] and the
main coﬁcern is, therefore, with events that might leave the chamber,
As discussed in Section 3, such events must be rejected because in
these cases the proton energy and, therefore, the kinematics of the
event, are undetermined., Any right-left asymmetry in these rejec-
tions would, of course, introduce a bias, In order to avoid such a
bias it is insufficient to simply reject events which leave the fiducial
| volume. An event must also be rejected if its reflection in dp, (i. e.
an event with dp' - ¢p' + 1800) would have left the fiducial volume.
Such an event is shown in Figure 38 (a). These events can clearly
not be used in the determination of the polarization since they would
have been rejected had they scattered ''the other way.'

Actually, as Bruce Winstein has pointed out [23], the above
restriction is too stringent if one is interested only in the polarization
alpng 1“<X§R. In such cases an event can be used even if q5p,+1 80°
leaves the chamber as long as 1800-—¢P, doesn't leave the chamber
and 3600-¢P, does (see Figure 38 (b) ). Such a situation corresponds
to being sensitive to only 1/2 of the total range in qSP,. In practice
the modification of the likelihood calculation to account for this partial
sensitivity in qﬁp, is more trouble than the few events salvaged war -
rant, Furthermore, the ﬁore general criteria of qﬂp,+ 180° not

leavingrthe chamber has the virtue that it also eliminates bias for the



-130-
polarization in the reaction plane (12 Xf)R) which may be(non-zero
in this experiment (see Section 3.4). Therefore, this more general
cr:’n‘:erién has been used in this experiment.

As a final check on experimental bias the polarization perpen-
dicuiar to the reaction plane was separately calculated for the right
and left hand sides of the range chamber for each kinematical bin.*
»The results were consistent, within the statistical errors, for all
cases except the 675-120° bin where the values differed by about
two standard deviations. When the systematic error is included

even this bin is not inconsistent.

The kinematical bins are those defined in Table 3.
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TABLE 11

. . . K
Scanning Efficiencies

Small angle p-C scatters (40 = ep, = 60)

Group I Group II
eL=64.3i4.4% eL:49.7i4.1%
eR=68.6 +4,2% eR:62.9 +4,2%

Large angle p~C scatters (60 < Gp, < 30°)

Group I - Group IT
e, = 95.0 *0. 91% ep = 92.4 +0.84%
ep = 94,6 +0.65% " eg = 92.7 + 0. 75%

- - - > -
€, and €p are the efficiencies for left (cos qu, 0) and

right (cos ¢p' < 0) scatters respectively.
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TABLE 12

Scanning Biases

Small angle p-C scatters (4° sep, < 6°)

Group 1 Group I

a= 0,032 +0, 046 a=0,117 + 0,052

Large . angle p-C scatters (60 < GP, < 30°)

Group 1 Group II
a=-—0,0021 £0.0056 a = 0.0016 = 0,0061
€. ~¢
a = TTTe
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(a) .

Diagramrof Event Not Used in the Polarization Calculation

k |
(360-¢) (180+¢)

Representation of the ¢ Angle in a p-C Scatter

FIGURE 38
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APPENDIX D. MONTE CARLO CALCULATIONS

 The kinematics of the individual events in this experiment
are barely determined by the quantities measured (see Section 3. 3).
Furthermore, the resolution in the energy of the recoil proton is
quite broad due to the possible inelasticity in the p~C scatters.
Therefore, although any backgrounds are expected to be quite small,
‘there is no easy way to verify this assumption just from the quantities
measured fér each event. More importantly, there are no real
checks that can be made on the overall reconstruction procedure from
the data alone. |
In order to provide such a check, Monte Carlo calculations

have been made of the expected distributions in various kinematical
quantities. These calculations, using the yn ~ T p cross sections of
Walden' and Scheffler [21, 22], are discussed below. The results,
described in Section 3. 3, indicate that thére are no obvious difficulties
with the reconstruction analysis.

D,1 Rate Calculation

Consider the reaction yd= 7 PR Pg and let K = (k, -12),
Ph = (Ep, Pp) Q= (@, d), P = (Ep, pp) and Pg = (Eg, g ) be the
four -momenta of the photon, deuteron, pion, recoil proton, and
spectator proton respectively. The corresponding masses are
0, MD’ m, Mp and Mp’ All wave functions will be normalized
such that (p'|p) = 2E 6(3—5').

The first step in generating distributions for this reaction is

to express its rate in terms of known quantities or at least ones that
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can be randomly selected from a known range. The differential

cross section for yd = PrPgs d0p, is given by (183

(™ PP IM[ya)|?

4
doy= VeRIE, (27) 6(K+ PD—Q— PR-PS) X
4 (b. 1)
4 a P d4P
2.4°0Q PZ 2 R 2 2 S
x 8(Q-m°) LH §(B-M ) —= s(PE-M ) —2
T em?  ROPen? TS TP en3

where M is the invariant amplitude for this process. The relative
velocity of the initial particles is v = ¢ = 1 and therefore using the

6 functions we get that in the lab system

o - |<rr'PRPSIMIVd>|Z a’q - d3PR
D 2keMy, 202> ZER(ZTr)B
r
X (2m6(Pg —Mp) (D. 2)

with K+PD=Q+PR+PS.

Now consider the matrix element {7 P PS[M lyd) in terms of

R

the diagram in Figure 39. The deuteron is just a proton (S) and a

neutron {n) each with a momentum distribution given by the Hulthen
®

wave function ¢(pS}, Therefore,

, li;sl> ‘511,} (—) B — + = )
|d) = V2E ¢(pg") )fZTE;)/EE; Pp =P, *Pg
or

(v pppgIMlyd) = (x'pp M lyn)(pg|pg') V2E d(pg) /V2E,_ZEL
(D. 3)
where M! refers only to vertex V2 in Figure 39 and the rest of the

expression describes vertex 'Vl.

d(pg) = [——————] , (D. 3a)
S L aeend @hn)etmg)

where ‘@ = 45.69 MeV, B = 275. 74 MeV, and p=0, 00882 MeV [22].
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The spectator model, in its simplest form, now assumes that
the spectator proton is unaffected by the interaction such that’
({;’S[{;’sw = ZEé 6(578‘-55'). Using this and substituting (D. 3) and (D. 2)
yields

[<n oy M ym) |2

2 2 2

3 (D. 4)
d3q d Pr

2w(2m)°> ZER(Zn—)3

The neutron in Figure 39 is virtual; however, assuming that
it is on the mass shell  the matrix element ('n--pR 1M' lyn> can be

related to the cross section for the process yn - -rr*pR. Namely,

(a0/a0(yn=w D)) opp = (@00 AT oy = Ak | (7R M o) 1% @

. (D.5)
where

W = (Eg+w) - (Bp+d) - B9

is the total energy of the pion and recoil proton in their center-of-mass
frame and kCM and deMm a?e the photon and pion momenta in this
frame. Substituting (D.5) into (D. 4) gives do in terms of the vyt p

cross section,

2 2 2
W do :
Qo = 2kom ( (I{I) q dqd,  pg dppdily .
D"~ 3 : d w E
. CM
(Zm kEnqCM R
2 2 .2 (D. 7)

X Eq 8(PS-M

¢ (pg)Eg 6(Pg p )

This assumption means_replacing the neutron's energy in its virtual
2 2
state En = MD‘ S by ,\/ps +Mn

most 1.5% for the spectator momenta considered in this simulation
_(ps < 150 Me V/c).

. This amounts to an error of at
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At this point we must digress to do some necessary kinematics.
‘For the rest of this appendix quantities not specifically lal;elled CM
will refer to the laboratory frame of the reaction yd = -n--pRpS and
quantities labelled CM will refer to the center-of-mass frame of the
pion and the recoil proton,

In this CM frame

doM ™ (Wz+m wz -le)/zw (D. 8a)

To get k consider the invariant K. (Q+ I,i{) = K- (PD+K—P ) Eval-

CcM’ S
uating the left-hand side in the CM frame and the right-hand side in

the lab frame gives
K . = = (M. -E.tpe. cosba) (D. 8b)
cM - W WpT*g"Pg S y

where cos es = Pge k. (pS is calculated directly from K+Pp :Q+pR+-PS
once the other four-vectors are known.)

Next consider the invariant

2 2
Pg = (KAP-Bp-Q)° (D. 9)

Expanding this and differentiating with respect to k gives the ex-

pression

cosf (D.lO)

R

2 _ _
8PS [0k = ZMD-Z(w-q o ev)-Z(ER-pR

where cosf_ = §.k and cos Oy = ﬁRolz . This expression is useful in

relation
1

6(1_35-1\4;) - (k-k") | BPSZ/ak\k,.k, (D.11)

2
S

real lab photon energy, k, which can be obtained by going back to

where k' is the Vaiue of k such that P = MPZ But this is just the
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to (D. 9) and setting PS2 = Ms This gives

2 2
k = ﬁ\/[Der_n, ~2Mp(Ep tu) +2(wE -qpp cos en-R) 1/2[(w-gcos G%)

(D. 12)
+(ER PR cos eR) —MD]

where the only previously undefined quantity is cosf ,= 4 pp-
Finally, we consider two quantities which do not enter the
d
cross section formula, but in terms of which the values of (W )CM

are reported [21] The first is k the energy a photon would need

N’
in striking a free neutron at rest in order to produce the observed

value of W, This is just
= (VW -M2
kg = ( Mn)/ZMn

The second is GgM, the pion angle in the CM frame. It is obtained

by evaluating the invariant K- Q in the CM frame and in the lab frame,.

cM
(kopmom KomOcmeosty  )kw-kacos )

where all the quantities except for SSM have been previously defined.
Returning now to the rate calculation, we note that the number

of évents, C, expected at a given kinematical setting for a given

spectrometer acceptance, dquq, and a given spark chamber config-

uration is

' d20

C= f@(k)mé-?_ NL(RG)da dQ dk (D. 14)
q

In this formula: 7] is the target density; L is the photon path length

in the target; RC is a function with the value 1 if the recoil proton
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stops in the range chamber after undergoing acceptable (see Section
>3. 1) p-C scatter and the value 0 otherwise; and %(k) is the ‘number of
photons of energy k to k+dk striking the target at this setting.
The Bremstrahlung-spectrum function, B(k, Eo’ x,y), is
defined by

Bk, E_,x y)
K

?k) = Q/E_ / dxdy (D. 15)

where Eo is the synchrotron endpoint energy, Q is the total energy in
the beam for this setting, and x and y are the position in target (see
Figure 2 for the coordinate system used). In terms of y and the
target radius, R, L = Z(R2 yz)é

Substituting (D. 15) and (D. 7) into (D. 14), and using (D.11) to

do the integral over dk, we get

— | 2
Bk, E ,xy)| 2k W  do 2
C=2mR/E_ [ k° C;"I (;1-}7\1) % E—de(ps\E I \ X
(M kE gy, | CM. R
(D. 16)
1
. . 2 2z
X - dgsin 9ﬂ_ddeqiﬂdpRmnBRdeRddeXdy(R -y Y (RC)

D.2 Monte Carlo Distributions

Before using (D, 16) to calculate the distributions in various
kinematical quantities a few modifications are necessary. First of
all, in the Monte Carlo integration of this equation we do mnot actually
pick g but rather the vertical poéition, €, at which the particle went
through the spectrometer hodoscope. ¢ is then a function, fq(@, x),

of € and of the x position in the target; so we must replace dq by
of

-9
0.8

recoil proton in carbon., The energy of the recoil proton is then a

dg, Also, we doh't pick pR but rather the range, RE’ of the
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functi_on,fE(RE),‘:,of this range. Therefore, dpR must be replaced by
op, Of_(R._) : of _(R..)
BER :g-':R E ,dR'E. The quantity B E can be empirically

R E 8ER

tabulated from cazjbon range-energy curves, the other material that
the r.ecoil proton passes through making a negligible contribution.

The most ifnportant modification is in the function (RC). Just
picking Prs it would be easy to check that the proton stopped in the
range chamber but a formidablbe calculation to decide if it underwent
an acceptable p-C scatter. Therefore, the following procedure is
used to simulate the range chamber part of the experiment. As
mentioned above, rather than using PR 28 an integration variable we
ﬁse the range pf the proton in the chamber and calculate ER from this.
This improves the efficiency of the Monte Carlo process by ensuring
that no protons leave the back of the chamber. The complicafed
process of deciding if the proton made an "acceptable' p-C scatter
is then circumvented by demanding that this is so! That is to say, a -
p-C scattering‘ anglé', Gp, ‘and energy of scatter, Tp" are specified
within the acceptable scanning limits (4o < ep' <30°, and a range of
at least 3 spark modules after the p—C scatter) and the event is then
weighted by the cross section, OC(TP', Gp‘), for such a scatter.

Including these modifications in (D.16) and dropping all constant
factors (which will be irrelevantr when distributions are calculated), we

obtain



-141 -~

oo oY) o SN o P 2 4%py)Eg | 1 X
k KE q ., & 4 'CM w E Py
2 21 9f (E, %)
(R™=y ) dxdy 5% dE sind_d@_dd_ X (D.17)

8pR afE(RE)

BER BRE

dRE s:LnORd BR ddR o.( %‘,Tp,)dep, dTP,

This formula is now suitable for calculation of "theoretical"
distributions to be compared to the observed distributions in order
to check for any serious problems in the analysis. The procedure used
in generating these distributions is the following.

(1) The target position x and y are selected from the allowable
ranges and (R2 —yz)% is calculated.

(2) The position in the hodoscope, §, along with the pion

angles, e“ and ¢-rr’ are selected from the ranges.allowed by the spec-

trometer acceptance at a given lab angle and magnet setting. q js then
of (€, x)

calculated and a table of values [45] for 5E

is interpolated to
give the necessary differential.

(3) The range of the recoil proton, R, ., along with its angles,

E!

SR and Q‘R’ are selected from the values allowed by the spark chamber

configuration. ER is then calculated from the range -energy relation

given in Section 3.2 and a table of emperically determined values for
afE(RE)

— = is interpoiated to give the differential.
OR

(4) All of the cuantities necessary to calculate the kinematical
variables defined in equations (D.6) to (D, 13) are now available,

qu(pS) is also calculated using equation (D. 3a).
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(5) Using the above variables a table of B(k, E ;% y) [45]
can be interpolated to give this factor. Similarly, a table ;)f Scheffler
- and Walden's cross section results [45] can be interpolated to give the
value of (d0y/d) .y .

(6) Gp, and Tp' are selected from the desired ranges and the
value of o'c(ep,,Tp,) calculated” (actually the range after the p-C scatter
is selected and Tp‘ calculated from the range-energy relation).

(7) All the factors in the integrand of (D.17) have now been
ca,lcula,ted.“r This integrand is the weight, WGT, of the event just
generated. To get the distribution in some kinematical variable, A,
all that is necessary is to decide which bin the value of A for the event
just generated belongs in. (It is assumed that the limits on this distri-
bution as well as the bin size have been specified.) The value of WGT
for th1s event is then added to this bin.

By repeating this process many times and then normalizing
to the observed number of events a !'theoretical' distribution for the
quantity A can be generated. Since the ratio of the number of events
that scatter in the chamber to the number that scatter before the
chamber cannot be simply calculated, these two types of events are
generated independently and then mixed in the observed proportions.

Some of the results of these calculations are illustrated in Figures 4

* - 4 crs
O’C(T_p,, GP‘) = Go(Tp" Bp) [l-l-Z\i:l Ri (Tp,', Bp,)] where the cuantities

on the right -hand side of this equation are defined and discussed in
Appendix E, : ¥

T There are also factors for pion decay and nuclear absorption in the
spectrometer. These factors vary slowly enough in g that they are
essent1a11y constant for a given kinematical setting and are not shown
~in (D, 17)
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to 11, These results are discussed in Section 3. 3 and no further dis-
cussion will be given here except to emphasize that a reasonable
agreement in the type of curves shown in Figures 4to 11 guarantees

a similar agreement in all of the important kinematical variables.
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FIGURE 39 Spectator Model
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APPENDIX E. THE ANALYZING POWER

Before indicating how the analyzing power of carbon was cal-
culatedbfor the individual p-C scatters in this ex}ﬁeriment, a brief
descriptioh will be given of how this analyzing power is measured,
This may also clarify the concept of analyzing power as introduced
in Section 2, 2.

In Section 2.2 it was noted that the final density matrix, P
for a beam of protons with initial density maf:rix p and momentum

i;, scattered from carbon, is given by
- A = A + :
P = (f + o-ng pi(f + O.ng) (E. 1)

where f and g are functions of the proton energy, E, and the angle, 6,
of the scatter. fi is the normal to the scattering plane, P XD, with
—13' the final momentum. The cross section and the polarization of the

final beam are then given by
do/dQ = Tr P (E. 2a)
and P = Trpo/Trp, (E. 2b)

respectively.
Now consider the following experiment: A beam of unpolarized
protons, p; = 1, is elastically scattered from carbon at an angle 8

such that the polarization of the scattered beam is given by
2 * y A A
P = 2 Reff g)/(‘f|a+|g|2) n=A (L O)n (E. 3)

where Ac is called the analyzing power of carbon. Now this beam is
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allowed to scatter from carbon again at the same energy and with the
same scattering angle. In this second scatter Py = %(1+T?- 8) and

therefore the cross section for this scattering is given by
o(8, 8) = 0_(0)(1+A_(E, 8) |P|cosd) (E. 4)

with cosg = (P"'Xp")- (P'xP) if P! is the momentum after the second
scatter, co(e) = |f|2 + |g|2 is the scattering cross section for an
unpolarized beam. Substituting from (E. 3) for |-f>l, we see that the

asymmetry parameter

e =(a(8, 4) ‘cosd=+1"0(e’¢) ‘cosqS:-l)/(U(e"d) ‘cos¢=+1+0(e’¢)Los¢=-l)
has a value in this case of
e = AX(E,0) (E. 5)

Thus the magnitude of the analyzi_ﬁg power can be measured by
the '"right-left'" asymmetry in such a double-scattering experiment,
(Note fhat IAC] < 1.) To get the sign éf Ac -an experiment is performed
where carbon is used to polarize a beam of pfotons exactly as in the
first step in the above experiment. These protons are then slowed
down to very low energy (less thaﬁ 10 MeV) in an absorber and
allowed to scatter from I—Ie4. The low energy ];)-I-Ie4 phase shifts
are well known so that the proton polarization and, therefore, the
sign of A may be determined [23].

Unfortunately the above analysis is oversimplified, especially
if the energy of the proton' éi{ther before or after the carbon scatte ring

is poorly determined, The problem arises from the fact that the
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API’O‘tOI;l does not necessarily scatter elastically off of the c’arbon but
can excite any of several nuclear levels, with each of these processes
having its own cross section and analyzing power, In the present ex-
periment the energy of the >proton before the p-C scatter was quite
poorly known due to the Fermi motion in deuterium. As a result of
this poor resolution, the p-C scatter could have been elastic or could
have proceeded via the excitation of any of the first four inelastic
levels of C;, (with inelasticities of 4,43, 9.63, 15 and 19 MeV).*
Because of this uncertainty in exactly how the p-C scattering
proceeded the best estimate that can be made for the analyzing power

of a given p-C scatter is

4
ATy eP')JrZii:lAi(Tp“ e e 3 (E. 6)
(1 277, Ry (Tt Eg, 854 .

AC(Tp" epl) =

Ip(E. 6) the following notation is used: TP, is the energy of
the proton after the scattering as determined from its range in carbon;
Gp, is the angle of the s;atter (see Figurei 2); Ei is the energy of the
ith excited level of CIZ; Ao is the analyzing power for elastic scat-
tering and Ai is the analyzing power for the excitation of the ith

nuclear level; and finally, Ri is the ratio of the cross section for

scattering with excitation of the ith level to the cross section for

There is also a contribution from the "inelastic tail of levels above
these four up.to the maximum inelasticity consistent with our resolu-
tion, However, estimates of this contribution from available data
indicate that it is less than the uncertainty in the A data for elastic
scattering and for the lower inelastic levels. Ther%fore, this contri-
bution is ignored in the analyzing power calculations, but it does add
to the uncertainty in the proton energy.
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elastic scattering. The quantity Tp' + ,Ei appears because it is, of
‘ coursé, the energy before the scatter that matters.
The expei'imentai data on Ao’ Ai’ and Ri necessary to use

(E. 6) have been collected in the form of tables [4—6].* The tables

give the experimental values at intervals of 1° in Gp, and 10 MeV

in Tp" The range covered by these tables is 4° < Gp, < 30° and

90 MeV < Tp' < 300 MeV. For values outside of these limits the
analjzing power is both small and poorly known and such events are
not used in the polarization determination. The 4-6° p-C scatters
also have small analyzing power compared to scatters with ep‘> 6°,
which is fortunate considering the bias shown by one group of scanners
in finding these small angle scatters (see Appendix C).‘

‘Obviously the polarization values obtained in an experiment

of this nature are only as good as the knowledge of the analyzing
power., There are three main sources of error in the analyzing

power determination: (1) the errors in the analyzing pov)er data in
the abové mentioned tables;-r (2) the resolution errors iﬁ the quantitiés,
T ,and ep, , of which, Ai and Ri are functions; and (3) the indetermi-
nacy of the inelasticity in the p-C scatters, j.e.,the error involved

in having to use (E. 6) to estimate the carbsn analyzing power.

Actually the data on A, for i=2, 3,4 are not sufficient to construct

the above mentioned tabl%as. Therefore, simplifying assumptions
have been made about the behavior of these A, as functions of Tp'
and Gp, on the basis of what dataareavailable [46].

T The errors in R, are far less (S 10%) than those in A, and are not
considered in this tstimate of the error in analyzing power.
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The error. in the experimental data on the carbon analyzing
power averages ,i . 02 for elastic scatters and .1 for the inelastic
scatj:eré [46]. However, thé values of Ri all avéra.ge less than
1/5 for our kinemétical region and therefore the inelastic scatters
are far less important in determining the value of the analyzing
power, Thus the typical error due to (1), weighted according to the
importance of the data, is about .02 for each level.

The resolution in the quantities TP, and Gp, for the various
kinematical settings are given in Table 2. Using the analyzing power
tables referred to above one can then see how much the analyzing
power can change forrcha,nges in these variables on the order of their
-uncertainty.* The results of such studies show that the typical error
in the analyzing power due to (2) ranges from approximately £.035
to *+.'065. The larger errors hold for bins in which a large number
of events have a poor resolution in the initial trajectory.

The error from (3) can be as large as the difference between
the effective aﬁalyzing power calculated using (E. 6) and the elastic
analyzing power. This difference is as great as 35% for certain regions
of TP' and Gp,; however, 20% (and usually less) is a more typical value

for the Tp' and ep, regions contributing most heavily to our results.

/

This procedure is slightly complicated by the fact that events from
a given kinematical '"setting' contribute to several of the kinematical
"bins' into which the results are divided. However, the number of
events that a given setting contributes to a given bin is, of course,
known and there is no difficulty in obtaining the correctly weighted
uncertainty due to (2) for each bin.
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The importance of inelastic p-C scatters in this experiment

is indicated by Figures 40 and 41 which show the observed distribu-~

CM

. = 90° and 120° data - plotted against both

tions in GP, for the 0
o(6.,), the integral over T_, of 0 (T_p 0., [1+25  R.(T.,, 8 ]

pl 2 PI o Pl’*Pl i:l i Pl’ pl ;
and GO(BP,), the integral of GO(TP,, ep,). The agreement between the
data and o(ep'),especially when compared to the results for oo(ep,),
demonstrate how wrong it would be to simply ignore the inelastic
scatters and use Ao, rather than the analyzing power calculated
using equation (E.6), in each case.

In Section 4 the errors in the analyzing power discussed above

are combined with the other relevant errors to obtain an overall

systematic error for the final polarization values.

These integrals are weighted according to the acceptance of our
range chamber. The curves in Figures 40 and 41 incidentally indi-
cate that the reconstruction of the §_, for each event must be free
of any serious errors. P
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- APPENDIX F. PION PHOTOPRODUCTiON FORMULAE

This appendix summarizes some of the formulae related to
the model of pion photoproduction discussed in Section 5. Precise
definitions will be given of the experimental quantities that are
measured for the reaction yN — 7N, Also, more details (especially
qua;ntitative‘ expressions) are given for the contributions of the various
pieces of the model to the photoproduction amplitudes. Finally, a
brief discussion is given of the algorithm actually used in the )(2
minimization step of the fitting procedure.

F.1 Experimental Observables in Pion Photoproduction

The helicity amplitudes A ., defined in Section 5 are related to

T2
the S matrix for the process yN = 1N by the expression

8 W A
JTBKGE E, MM
where K=(k, k), Py =(E, p), Q=(w q) and P = (E,, p,) are the four-

| 2

1
momenta of the photon, initial nucleon, pion, and final nucleon re-

8, =6, +ilzm s (KPP ) (F. 1)

pA S H 1 Ny

spectively, Wis the total energy in the CM frame and A and W are the
initial and final helicities.

The first experimental observable, o(W, 0), is just the differ-
ential cfoss section for an unpolarized beam and for unpolarized
nucleons. With the normalization adopted in (F. 1) this cross section

as a function of Wand of 9, the CM pion angle, is

I

1 q 2
o (% 9) 4 K s%inlA“ l

2 (la

N =
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In this expression the fact that (due to parity conservation) A Y

‘ equals A within a phas eal< has been used.

s A
‘The second observable is the recoil nucleon polarization. In
the CM frame this polarization is directed along kx§ due to parity

conservation. Therefore if the coordinate system is oriented such

that E‘xﬁiis parallel to § we have, if A= ﬁxﬁ‘/ ‘l?xah

e T B
TrA A (F.3a)
_lal +
= ZkG(W,S)?rAOA n
If the matrix AIJ-X is written out, this expression gives f9]
pwe s =-2 L o Im@a A% anaTi)a (R
’ k o(W,0) 38533 T3 )

for bc_)fh photon helicities (XK = +1).

The next observable is the polarized photon asymmetry
(W,0). If éi are the polarization vectors for photon helicities
2\, = =1 and if K is along %, then for photons linearly polarized along

K

% and ¥ we have

M
™
|

t

€
= 0

n
®™>

|

|
™

~
€

(
y vzt
Combining the helicity amplitudes in this manner the cross sections

for photons polarized along %X and § are found to be

als

This phase is givén‘explicitly in Section 5.1.
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oy (W8 =3 (arsta s %A -a s
22 22 22
(Fr4.2)
‘ 2
o (W)= 32 (lArs-A 11" +|AL1+A 15 1%)
22 22 22 27
respectively., Then the polarized photon asymmetry, £9]
‘ 0.7 ql *® *
T(W,8) = ———= = Re(A A -A11A F.4.b
(W) = 575, "k ofe) "ol ApymAphay)  HAD

The other experimentally measured quantity in pion photo -

production is the polarized target asymmetry

0,-0_ q1 ) %
T(W,0) = T =i Gw,e) m(AigA Lyt ALy)
‘where o, are the cross sections for the target nucleon polarized

+
along :I:(l’;XQ) . Unfortunately no data of this type exist as yet for the

~ reaction yn -7 Pp.

F.2 Helicity Amplitudes and Elements

In Section 5. 1 the partial wave decomposition of the helicity
amplitudes Wé.S givén in terms of helicity ''coefficients,' a uN (see
Equation(5. 2)). The helicity elements A,%:i:’ Bﬂ,i’ were then defined
in terms of these coefficients byEquation(S. 3). Combining these two
equations and expl;es sing the dj)\u's in terms of the derivatives of

Legendre polynomials, we obtain the relations between the helicity

amplitudes and elements. Namely,

1 i¢ s % 11 11
A%%(G, ¢) = — e sinb cos > E’__(lBL-fB(B+1)—)(PZ-PZ+1)
A g @ A (F.5)
11(8,4) = W2 cos 5 ;“;0 (A gy =B 41y )5 ~Pran)

(continued)
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3 g Wzi (:—rn2 —M2
T H 2
: qu e e
Py =g oo (—Ty - —p)
2 t-ml  p-M,

The kinematical factors in these equations are related to the four-

vectors of Section F, 1 in the following manner

s = (K+PN1)2
t = (K—Q)2
(F. 8)
B = (K-P )2
N,
1 1
z) = (E1+M1)2 and z, -=-(E2+M2)2

/ Also, e, and e, are the charges of the pion, initial nucleon, and

€1 2 ,
final nucleon respectively. Finally, g = —41;— with Gﬂ_- =2 G;n_o

P
=~/ 2 G(where C;c_n_ = 14.7)., The use of the minimal electromagnetic

coupling without any anomalous magnetic moments is the reason for

calling these the "electric! Born terms.
AN

As stated in Section 5.1, no attempt is made to decompose

the (A

uX)Born in order to get the contributions to the individual Azi

and B of the Born termg, However, for convenience in comparing

Lt
the Born contribution to the other parts of the model, Table 13 gives

this decomposition for the reaction yn - w p at several values of

k’LAB'
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F.4 The Resonances

| Recall (from Section 5. 1) that a resonance of mas(s Wo’ width
1"0, and spin-pai'ity JPwill contribute to either the Az+(and szL if
J = '—2—‘) orthe A, (and B, ifJ= 3) helicity element depending on the
parity since P = —(—1)2' and & means J = .@:b%.
Thé form of this contri‘bution is parameterized by a Breit-
Wigner dependence, Thus the contribution of, say, the D13(1510) to

the B, _ helicity element for the reaction yn — w p at a CM energy

Wis given by [9]

, 1 pipz
BZ_(W)RES = B™[D, ;(1510)] (kgzo)zvﬁivzzw -
: (e] ' (¢]
‘with F o (a2 (cﬁi)sz -
° 9 o%+x o
and 2

T =I*(_1§..)2j‘}’ fﬂﬁy
Y ok, \ kz+XZ

In these formulae: k, q, and W are the photon momentum, pion momen-

tum, and the total energy in the CM frame (and ko, a, and Wo are

their values at resonance);jy and the threshold factor X are param-

eters describing each particular resonance whose values are given

in Table 4; £ is the orbital momentum of the final #IN state (equal to

2 in the present case); and finally, B_[Dl3(1510)] is the "coupling"

of the D13(151‘0) resonance to the helicity 3/2 initial state of the
reaction yn = w p. Analogous formulae hold for the contribution of

the D13(1510) to the AZ- helicity element and for the contributions

of the other resonances in Table 4 to the various helicity elements.
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Figure 42 shows the Real (Re) and Imaginary (Im) parts of the

)RES helicity element,

The couphngs A [N ] and B [N ] for the I=1/2

(B

.nucleon resonances~r to the reaction 'yn'-_'Tr P are the most interesting
quahtitiesdetermined in the analysis described in Section 5. They
can be rélated to the amplitudes A%N and A; for the decay of these
resonances into a neutron and a photon in helicity states 1/2 and 3/2
respectively, which are the numbers generally calculated in quark
models of the photoexcitation of nucleon isobars. The relations among

- % - %
A;N, A_§__N; AN Jand B [N ] are given by [3]
2 2

U U S RPN b LPRN
A T T RET) W T T TN L
O (o) (o]
, M T 1 (F.10)
- % 1 g 1 n o 172
.and B [N ]=2|=+ —-] X
: Tk @I W_ T_ T,
3 A~ N
x [16/((27-1)(2J+3))]¢ C A

3
TN 5

Most of the quantities in these equations have already been defined
above. T /I‘0 is the branching ratio of the resonance into N and
T
- : % -
C is the Clebsch-Gordan coefficient for N - 7 p which equals

N
J% for I = 1/2 resonances and /3 for I = 3/2 resonances.

T For I= 3/2 resonances B [N ]—B [N ] and A~ [N ]-A [N ]
where BT and AT are the couplings for m photoproductlon. In these
cases the values determined in a recent fit [15] to T photoproduction
data are used since these data are far more numerous and generally
better in quality than the 7w data.



-160-

F.5 The Backgfound Terms

"~ The final contribution to the helicity elements and the one
‘which is actually varied in order to minimize the XZ in a given fit
to the experimental data is the background contribution, The back-

groﬁnd contributions to each helicity element (ReA  ,ImA, ,,ReB d

_ g imby o ReBy ,, an
Im B&) are parameterized by specifying their values at several

reference energies Wl’ WZ’ cess WN. f The initial value of a particu-

lar background, say the Re A for an energy W such that

ot

W‘n -1

gies by the following interpolation

< W< Wn is obtained from its values at these _reference ener -

ReA_(W)gack = NW) [(1-X)A1+XA2] (F.11)
1
with (W) = qW)?/[aw)® + (0.35)°]2
wW-w_
X = ww_
n n-1
and .
N :(W—Wn_l)(W—Wn) <Rer+(Wn_Z)> .
1 (anl-Wn—ZXWn—Wn-Z) n(Wn-Z)
+ (W-Wn-Z)(W-Wn) /Rer+(Wn—1)> +
(Wn-l-wn—z)(vza—l—wn) \ n(Wn~1)
s (W-W_ _)WW-W_ ;) <Rer+(Wn) \
. (Wn_ n-Z)(Wn_Wn—l) ﬂ(Wn)
1-

The values of these reference energies for the fits described in
Section 5 are given in Table 5 where the background contributions
to the final solution are summarized.
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and AZ' given by a similar expression only with each index incre-
mented by one., ¢(W) is the pion momentum. If W SWZ-, n =3 and

x:0.0.' If W= WN—l , n=N-1 and x = 1,0, The computer program

that does the fitting then \'faries this initial value as well as that of
all of the other background contributions in order to obtain the best
fit to the datva at this energy.

In the end, however, it is the initial values of these backgrounds
which determine the solution. That is, when a set of initial values for
all the background elements has been obtained which gives a satis-
factory fit at each energgr, this is the final solution. No variation is
made in this final solution when calculating the final values for the
experimental observables., One weakness of the parameterization
used is that it does not extrapolate well te energies outside of the

range covered by the present fits,

F,6 The Fitting Algorithm

In the analysis described in Section 5.2 a well known algorithm
[227 for non-linear least-square fitting was used. The goal was to
fit the e_xperimental data points, Xi’* in terms of helicity amplitudes
which are in turn functions of the background helicity elements Aziand

B Thus, we were trying to fit the quantities Xi as non-linear

T

L£°

functions, fi’ of the complex numbers Azi and sz,i'

ata

Xi can be a cross section, a recoil nucleon polarization, or a
polarized beam asymmetry.

T The Aﬂ,i and B,, of course also contain contributions from the
Born terms and the resonances but these are constant as far as the
X“ minimization procedure is concerned.
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One possi‘ble fitting procedure would be to linearize the
dependence on the A's and B's by expanding each function fi
in a Taylor's‘ seriés in thesé parameters and truhcating the series
after the second térm. .The xz would then be minimized by setting
its derivitives equal to zero. 'I‘his procedure is sensible only if the
pa.rametérs are close to their final values and therefore is most
usefql in the final étages of the fitting. We will call this '""Method 1"
and briefly outline howiit works,

Let X. be the experimental points with their errors o.. Also,
let f be the theoretical expression for the i th data point, depending

. . . o o
on the var1ab1es 2.,e00s,a which have initial values a,,....,a_.
1 2 n 1°

n

A(a.:.L can stand for any one of the gquantities Re A, ,ImA , , ReB or

i Ly i+

1
ImBM:,for any j < E)' Then for N data points

N
Ve L (Xi-f.l)z
i=l o.
i
2
N1 nafi ° nnlafi
:—.Z-——{X f.(a ..a) 2 == o(a.—a.)-ZZ* o X
7. 2
=1 f. 1 j=1 BaJ j 335 %=1 da. Ba.k ‘a.J,a.k
(F.12)
2
X (a.~a )(a.k-a ) ...}
If f (a ) e ao) = £.(0) and 6a. = (a.-aP), the minimization condition
1 n i ] J ]
becomes
. 2 :
X N 5 L,
s =0= 2 S {eg-non( 52 |,0)
%2, g=1 oot 9ayla,
i > (F.13)
n <8£i Bfi ] fi >
+ 2 - o 0-(X.-£.(0))s—==-|.0_© ~6a.+...}
i=1 aa'@ laz Ba.j ‘aj i 1 8a,£8aj‘aj,a£ j
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. L d
Keeping only the terms linear in & a.j , i.e., using our linearization

approximation, this condition becomes

L) 5| =D 8 E(H5) L2
i=1 02 1 92, 140 i=1j=1 o2 aaj‘a.o da, ‘ao
i i i j 4
8%,
—(‘Xi-fi(o)) 0a.0a o _o >6a.
j 4 la.),a J
i’ L
or in matrix notation
CZ = Df,j Gaj _ (F. 14a)
N 5 Bfi
where C, = 2_3 ) (X, ~£,(0)) —2 iao (F. 14b)
i=1 ©, JL
2
% 2 Bfi Bfi 9 fi
and D,. = —-—(—- o = o-(X.-£(0)) /— o 0).
Zj i=1 Oiz aaj la.j 8azlaz i’i Baj BaZlaj,az

U Equaf:ion (F14.a) can then be solved for 6aj.

By repeating this procedure, each time letting a2 -a® + sa,,
one hopes to approach the best solution (i.e., the minimum in xz) ‘but
unless you are alreé,dy close fhis approach can be very slow.

Another complementary method which will be called "Method
2'" is the gradient search. It is very efficient when the a, are far
from their "best!' values but becomes less so as a solution is
approached. Instead of trying to move directly to the minimum in
XZ as method 1 does, method 2 simply moves toward it proceeding
along the path of steepest negatizve gradient. Along this path 6aj
is direcfly proportioné.l to - %—- . It is only a matter of choosing

the constant of ‘propor'tiohali'ty, Jd, such that a change 6aj= ~d ( %X;j )

causes the xz to decrease, If 6aj is small equations (F.13) and
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2

(F. 14b) show %—— > -Cj" Therefore, for smalld method 2 just

. J - ,
uses 6aj = de. Inserting scale factors (D l)jj into this relation

has no effect, so method 2 can be said to seek the minimum in ¥

via changes in the parameters given by

-1
6a. = (D 7).. dC. (F.15
J ( )JJ J )

where Djj and Cj are defined above.

The algorithm actually used in the present fitting [22] combined
methods 1 and 2 to obtain a method that would (hopefﬁlly!) be effi-
cient both near to and far from the solution. Thus; Othe changes in

the parameters for each iteration were obtained from the equation

6aJ = (G )j‘,,@ C'e (F.16)
- where
Gj.% = Djz + FJE
and

= . bzld
%z b%z%z ( /d)

The elements of the diagonal matrix F determined whether method 1
or 2 dominated the fitting procedure. If b << 1 the algorithm was
essentially that of method 1 and if b >> 1 it was essentially that of
method 2.

The actual rfitting procedure used was as follows:
(1) Compute xz using the initial parameters a;) and set b = 0.1,
(2) Comput‘e C,G’ Dj o Aand sz from the parameters a;) and the current

value of b.
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(3) Solve> for §a, and compute xz using} aj =a% + §a;
If xz (aj) > xz (aJ?), increase b by a factor of 10 ar;d go to
step (2); |
| if Xz (aj) < Xz(a;)), let a;) - a.J? + 6aj, decrease b by a factor of

10 and go to step (2);

1if XZ .(aj)s xz (a;) and the change ﬁaj in each parameter 2
is less than the error in this parameter calculated via the error
rn,atr.ix, the solution has converged.

Therefore, if the preceding step seemed to have gone in the
wrong direction, the algorithm stressed method 2 in order to get
the solution headed in the right direction again. As long as the xz
"continued to decrease, method 1 was stressed. In practice it was
found that if the solution had not converged after three or four itera- '
" tions, it generally went into an unstable loop alternating between
bigger and smaller values of XZ. In this casé one could only hope
that when the changes indicated by the results of the current iteraiion
were méde the new set of parameters would give a better conver -
gence. This was always the case unless one of the resonances had
a coupling value very different from the one sought by the data in
which case the unstable solutions iﬁ the region of this resonance-were

a convenient indication of this fact,
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Table 13: Born Approximation
The helicity element projections of the electric Born terms (Figure
19 (b)) for the rvea'ction 'y.nﬁ- 1 - p are given at several energies for
comparison to the background terms in Table 5. Re stands for the
real part. The imaginary parts are, of course, zero, The units

1 ,
are ub? and W stands for the CM energy.

k"_lab'(Bev)

0.400 0.600 0. 800 1.000 1.200

W (Bev) 1.277 1.416 1.543 1. 660 1. 770
Re Ag, -2.575 -2.147 -1.900 -1, 728 -1.598
Re A; _ -1, 466 -1.497 -1.456 -1.398  -1.340
Re A, -0, 046 0.085 o 0.160 0. 207 0.239
‘Re By, -1, 392 -1.442 -1.441 -1.425 -1.404
Re A, _ 0.313 0. 340 0. 352 0. 358 0. 362

" Re B, _ -1.231 -1, 363 -1.394 -1.395 -1, 382
Re A, -0.139 -0.129 -0.124 -0.123  -0.124
Re By, -0.194 -0.187 -0.167 -0.146 . -0.126
Re A _ | 0,055 0.031 0. 006 -0.016 -0.034
Re B 5_ -0.161 -0.169 -0. 156 -0.139 -0, 121
Re A, ~0.050 -0. 049 0. 036 -0, 024 -0. 014
Re B s, -0. 068 -0.081 -0.085 -0. 086 -0.087
Re Ay _ 0. 042 0.048 0.048 0.048 0. 049

Re By_ . -0.056 -0, 083 -0.080 -0, 083 -0.084
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Table 14

Experiments Used in the w Fits

The following list gives the vplotting symbol used in referring to
various experiments in Figures 20-26. The type of data™ and the
reference are also given for each experiment.

M. Beneventano, F. de Notaristefani, P. Mona-
celli, L. Paoluzi, F. Sebastiani and M. Severi,
Nuovo Cimento Letters, 1, 113 (1968).

G. von Holtey, G. Knop, H Stein, J. Stumpfig
and H. Wahlen, "The 7" /wT Ratio of Photoproduc-
tion on Deuterium for Energies between 240 and
440 MeV, ' Bonn Preprint PIB 1-166 (1972).

Gerry Neugebauer, Walter Wales, and R. L.
Walker, Phys. Rev. 119, 1726 (1960).

A, Ito, R. Loe, E. C. Loh, A. Ramanauskas,
D. Ritchie, and W. Schmidt, Phys. Rev. Letters,

Gerhard Knies, Private Communication on
ABHHM-Collaboration data.

Fumihiko Takasaki, "Negative Pion Photoproduc-
tion off Neutron at 180° in the Energy Range
between 300 and 1200 MeV, " Tokyo Experimental
Report (Thesis), INS~-J-126 (1971).

P, L. Walden, Private Communication as well
as references [21] .and [22].

J. Alspector, D. Fox, D, Luckey, C. Nelson,
I.. S. Osborne, G. Tarnopolsky, Z. Bar-Yam,
J. de Pagter, J. Dowd, W, Kern, and S. M.
Matin, Phys, Rev. Letters 28, .1403 (1972).

Plotting Type
Symbol  of Data Reference
B o
G o
I o
J o
24, 687 (1970).
M o
N )
S o
R A
T A

Kunitaka Kondo; Tetsuji Nishikawa, Toshio
Suzuki, Koji Takikawa, Hajime Yoshida,
Yoshitaka Kimura and Masaaki Kobayashi,

JPST 29, 13 (1970).

o refers to cross section or ratio data, A to photon asymmetry
data, and P to recoil polarization data.
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Plotting Type
Symbol of Data Reference

U A F. F. Liu, D. J. Drickey, and R. F. Mouzley,
: Phys. Rev. 136, B1183 (1964),

Q P M. Beneventano, S. d'Angelo, F. de Notaristefani,
P. Monacelli, L. Paoluzi, F. Sebastiani, M.
Severi and B. Stella, Nuovo Cimento Letters 3,
840 (1970).

Present Experiment

X P J. R. Kenemuth and P. C. Stein, Phys. Rev,
129, 2259 (1963).
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