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ABSTRACT

A continuous-energy partial-wave ané.lysis of 4148 data points
on the processes yp- 1r+p, yp— % p and yn—».w_.p in the range of center-
of-mass energy from 1160 to 1780 MeV, has been made. The method
used is parameterization of resonances and background m the imag-
inary parts of the amplitudes, with the real parts being calculated
from fixed-t dispefsion relations, thus ensuring a proper treatment of
the Bornbterms., It is found that the imaginary parts of the amplitudes
are resonance dominated, though not resonance saturated. -Many_N*Ny
couplings (of both isospin 1/2 and isospin 3/2 resonances, N*) are de-
termined for the first time. A corr'lpar‘ison of the signs and magnitudeés
of the various resonance formation partial-wave amplitudes (depending
on the product of the N*Ny and N*Nw couplings) is made t;o the predicr-
tions of the essentially parameterless naive quark model. The critical
comparison of the signs is found to be extremely favorablé to that mod- -

el, while there is an overall qualitative agreement in magnitude.



1. INTRODUCTION

Over the last few years pion’ i)hotoproduction has been playing an
increasingly important 'part in resonance systematics. The photon has
spin 1 and isospin 0 or 1, so that it has two independent couplings to
isospin 3/2 resonances (Ni/z) and four independent couplings to iso-
»spin 1/2 resonances (NT/Z); moreover, these couplings can bé deter -
mined relative to the Born approximation in sign as well as magnitude.
This confrasts to the determination of wIN couplings from =N elastic
.scattering where for each of these resonances we can bnly determine
the magnitude of one number. Thus, from photoproduction we obtain
knowledge of numbers associated with each resonance which can be a
test of, or a guide to, theories of elementary particle structure. None
of the numbers are prédicted by SU3 alone because, since y belongs to
a different SU3 multiplet than w, the process y +N—- n+ N is ""SU3 in-
elastic. ni More particularly, SU3 together with the F/D ratio and
vector dominancé photon couplings (with, for example, ghaxk model signg)
only pr‘edicts the ratio of the two isospin couplings of any one isospin
1/2 resonance in any one helicity transition. Much more powerfully,

a quark model will predict every number in magnitude and sign. -5
These predictions may be compared with the numbers obtained from a
partial-wave analysis of the data..5

To improve our knowledge of these numbers, an experiment on
pion photoproduction, by polarized photons on hydrogen and deuterium
in. the resonances region, is underway in the 82''-bubble chamber at
SLAC, which will furnish a considerable increase in the world data of
polarized events in photoproduction. As a preparation for analyzing

the new world data set, which will result from this and other forth-
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coming experiments, and also because there have been new experimen-

tal results since the previous photoproduction3’ 6-8

analyses, we have
undertaken a partial-wave analysis of existing data. The analysis in-
cludes most existing data from 250 MeV/c to 1200 MeV/c photon labora-
tory energy in the reactions (i) Yp— 1r+n, (ii) yp— °p, and (iii) yn— 7 p.
The method and resuits are intéresti.ng enough to report in full, a short
report containing our preliminary results having aiready been made. >

The difficulty with the analysis of photoproduction is that for each
process (i)-(iii) there are four independent complex amplitudes at each
energy and angle, giving seven independent real quantities apart from
the overall phaée, and thus to fnake an independent determination at
one energy and angle we need to make at least seven experimental mea-
suremetns--say one differential cross section and six measurements
involving polarization of one orb more particles. Meanwhile the exper-
imental situation within our energy range is that the coverage of differ-
ential cross sections is b&rely adequate in quantity and quality; while
the total number of data points on all measured polarization quantities
is less than the> number of differential cross-section data points.

There is a similar though less severe problem in the analysis of
pion-nucleon elastic scattering where, if for simplicity we illustrate by
the isospin 3/2 reaction 1r+p - 1r+p, there are two independent complex
amplitudes at each energy and angle givingbthree independent real quan-
tities in addition to the overall phase. Expefimenta.lly, over much of
the resonance region there i‘s differential cro.ss section and one polar-
ization measurement. The problem of finding the scattering amplitude.s
is resolved firstly by including only a limited number of partial waves

in the fit to the data (which among other things resolves the overall

phase indeterminancy) and secondly, by making strong use of the
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continuity in energy of the amplifudes.

We can make use of these same means in the analysis of pion
photoproduction, but because of the relatively much worse data sit-
uation, we Would not expect to be successful without further input. For-
tunately . such input exists; because from the pion-nucleon partial-wave
analysis we already have a list of the s—qhannel resonances which are
active in photoproduction through the processes yN— N*—> alN and thus,
so far as these processes are éoncerned, the only unknowns to be de-
termined from the photoproduction data are the (Nﬂ< Ny) couplings; .
Moreover, ‘there are indications from existing data and analyses3’6_8
that resonances dominate the imaginary parts of the amplitudes and, to
the extent that this is true, the energy variation of the imaginary parts
of the partial-wave a.mplitudes will be largely predetermined and the
analysis of pion photoproduction correspondingly simplified.

In choosing a method of analysis, there is a further important
feature of the data to be considered. It is well established that the real
part of the amplitudes is important—in particular, the pion exchange in
charged pion photoproduction that can be expressed gauge-invariantly
by the Born approximation. 3,6

It seemed clear to us that the combination of poor data with a
knowledge of energy dependence indicated analysis by a continuous en-
ergy éarameterizatién of the amplitudeé. Also the presumed resonance
dominance of the imaginary (but not the real) parts of the photoproduc-
tion amplitudes led us to parameterize the imaginary parts (in terms
of resoﬁances and background), but to calculate the real parts from
these imaginary parts by fixed-t dispersion relations. The param-

eters are then determined by fitting the resulting complex amplitudes

to experiment. A further advantage of this methed is that by definition,
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the fixed-t -dispersion relations include the Born terms in the real
parts. This neatly solves the pfoblem of double counting of thg Born
rterms, which may occur when real par‘ts of background and resonances
are added to the explicit Born or pion pole tei‘ms in more naive res-
onance or isobar models such ;':Ls those of Refs. 6 and 7. Of course the
fixed-t - dispersion relation approach raises some problems, for‘ ex-

ample, that of the parameterization of the high-energy imaginary pa‘rts

‘outside the range of detailed experimentation. Such points are dis-

cussed in Section 2 below.

We should briefly distinguish our method from previous uses of .
fixed-t dispersion relations in pion photoproduction phenomenology,
which has been mainly in the first reAsonance region, 9,10 One line of
work9 has been to project the fixed-t dispersion relations into multi-
pole amplitudes, obtaining a set of coupled integral equations which
can then be solved self-consistently in principle without reference to
the photoproduction data except for the useful assumption of the dom-
inance of the M1 multipole of the })33 (1230) resonance. These the-
oretical calculations are in the large successful, but are necessarily
approximate, and adjustments to the calculations are made from time
to time to give better agreement with outcoming data. Alternatively,
stroﬁger assumptions on the dominant M1 multiple of P3s (1230) can be
made. 10 Recently, over an energy region similar to ours, Devenish,
Lyth, and Rankin, 1 in a series of papers, have used' imaginary parts

3,7,8

from previously existing partial-wave analyses in fixed-t dis-

persion relations and have inspected the resulting fits to data; they
have examined what adjustments to these preexisting imaginary parts
are necessary to fit the data better. Unlike our parameters their imag-

inary parts were not in a computer minimization loop.

—



© experiments and we are enabled to do this by our extensive data range
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In our approach using fixed-t dispersion relations we determine |

the imaginary parts, which are our only variables, by fitting to the

and the use of all three measured charge channels simultaneously.
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2. THE INVARIANT AMPLITUDES AND THEIR PARAMETERIZATION;
THE DISPERSION RELATIONS '

In this section we explain in detail the K-matrix formalism for the
imaginary part of the amplitudes, and the variable parameters used
therein; we also formulate the. construction of the imaginary part of the
invariant amplitudes from the K-matrices and our use of the fixed-t -
dispersion relations for generating the real parts of the invariant am-
plifudes. We also give explicitly all other necessary parts of the for-
malism, such as the isospin structure, and the connection pf the invar-

iant with the helicity amplitudes.

2.4. The Expression of Invariant in Terms of Helicity Amplitudes

The T-matrix for any single pion photoproduction process such

as yp—~ 1r+n may be written (in the Pauli metric) as

il - 1
T =[50 y,%, 4 (042075 B, (-3 10, Ayle, 0
(2.1)‘
+ Ysyp qvA3(5, t) + YSY}L (ZPV- IMYV) A4(5, t)] ( Epkv- €v k}l)

where q“,kp are Fhe four -momenta of the pion and photh respectively,
PP- = -;— (p1H+ pr) being the average of the four -momenta of the initial
and final nﬁcleoﬁ, Ep being the photon polarization, vandb_ where
Ai(s, t)(i=1, 2,3, 4) are invariant functions of the usual Mandelstam in-
variants s and t. The nucleon mass is M..

The transition matrix elements are obtained by sandwiching Eq.
(2.1) between initial and final state spinors, For the calculation of ex-
perimental quantities it is usual and easier to work in the center-of-

mass system and reduce the T-matrix to a form d where

A



'.7:"‘

T, Tup) = 2 Ty (2.2)

where Xp X; are the Pauli two-component spinors of the initial and
final states quantized along the z axis. The factor 47E/M is a conven-
tional normalization, with E being the center-of-mass energy. Using

projection operators to express Dirac spinors in terms of Pauli spinors

one finds the standard expression

Y

q-ig e T @agtxe Tprieneg Triegeo 3, @

where k, q are the center<of-mass three-momenta, and ¢ the polar-
ization of the photon in the radiation gauge. The normalization of the
T-matrix is such that the differential cross section from an initial nu-

cleon spinor X3 to a final nucleon spinof xf is

d ' 2
=l Oxe 1T Ixp) 1% (2.4)

" The relationship between the Ai and gi is

. _fe.
. E-M 1 . kyqy -R-q
31 = gaE (DyD)* [A+(E-MA, - —=FF (A5-A))]
pD. 1 k - ke
_ E-M 722 - 0% - X2
32- 8"E(D_1) ol -A, + (E+MA  + —5 22 (A,-A))]
- E-M 3
33 = §og (D,D)% al (E-M)A, +A,-A ]
1
¥ 22

E-M zZ 2
47 BrE(D,) T1-(EtMA+A,-4,]

1

1 . 1
2 2
D, = M+ikH" +M, D, = (MP+gh) M. (2.5)
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From Eqs. (2.3) and (2.4) one can readily deduce the expressions for
the experimental quantities in terms of the 31 as given for example in
Ref. 9. However, we prefer rather to work in terms of helicity ampli-

tudes which are given by writing in the center-of-mass system

: M — L
= xg () T O)x ) (2.6b)
A= )‘v -hy o BN, (2.7

where u(pi, Xi) is a gpinor representing a nucleon of four-momentum
) ‘helicity LY T(Xy) is such that in Eq. (2.1) the photon has helicity
)\y’ and xi()\i), ? ()\Y) are the corresponding quantities in the two-
component spinor expressjion. Equation (2.7) defines the initial state
helicity N and the final state helicity p. In Eqs. (2.6) we have conven-
tionally omitted functional dependence on energy of the helicity a.mplij
tudes,

There are four independent helicity amplitudes; the dependence

of the other four being expressed through the relationship

A-p., N (6, 4) = _ei(k‘n)(‘n’-Z‘b)Ap‘)\(e' é). (2.8)

We choose the four independent amplitudes to be those’ with )\Y = +1 and
by separating the phase factor ei()"”)q’ we define amplitudes HN(G),
HSP(O) HSA(B), HD(B) (where the suffixes refer in an obvious way'12

to the helicity-flip properties of the amplitudes) through:

“_
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= Ai/Z, 1/2(9, $) N2 cosio(( '32- 31)+%(1 -cos8){ 33-’3;)] (2.9a)

23

ZA

2
[

Hgp(0) = e'i¢A1/2’3/2(9, $) = 4AZ sind6[(1+cos6)( T+ J,] (2.9b)

HSA(O) = ef-i“’A_i/z’i/z(e', $) =ﬁ sin 10[( T, +F,)+ 2 +cos) "+ T ]
A (2.9¢)
HL(6) = e-Zi¢A_‘1/2,$/2(9, $)=1AZcos6[(1-cos)( - A1, (2.9a)

. Experimental quantities can be expressed in terms of the HN, HSP’

HSA’ HD as described and given in Appendix A, For example the dif-

ferential cross section is

do

1- 2 2 2 1 2
30 = 73 UHy]"+[Hp | “+[Hgp | T+ ]Hga |9 (2.10)

\

2.2. The Expression of Helicity Amplitudes in Terms of Partial-
Wave Amplitudes

The helicity amplitudes ‘have the expansion

- oo j i(A-p)¢
A,6.9) -g al, 2jrya @ (2.11)

where A{; )\comprise foubr independent amplitudes of total angular mo-
mentum j, which can be combined into four independent partial-wave
amplitudes (proportional to Aﬂ)\ + Af.pi)_'of good parity‘and total angular
momentum j. For these latter we employ the normalization and nota-
The notation Al'+, Bl+
waves with j =£+1/2 and parity (-1)l'and A(“’“"
1+1

tion as used by Walker.7 is used for partial

B(yi1)- for j=2+1/2

and parity (-1) Thus the integer suffix { or £+1 is the orbital angu-
lar momentum of the nN system. The amplitudes A, B have initial total
photon-nucleon helicity [ X in (2.1 1)] of 1/2 and 3/2 respectively. Equa-
tion {2.11) can be rewritten in terms of the amplitudes HN, HSP’ HSA’

HD defined by Eq. (2.9) on the left-hand side, and the amplitudes A, B

-10-

instead of the amplitudes A}JL)\ on the right-handsside:

oo

HN(G) = N2 cosls 12;0 (A1+ - A(1+1)-)(P£| _ p}+1)
H_(0) = 1 sin 10 (14 cosH) Z (B -B )(B,"-Pr )
SP NZ T g S VA= Vel B A%

Hg,(6) = N2 sin}6 Z (At A ) )P + B
£=0 (2.42)

it

H(6)

o0
1 1 Z C
Jz coezbt-cosf) ¢ (By 4 Bypy) JEY+ FYyy)

2.3. Charge and Isospin Amplitudes

The formalism of sections 2.1 and 2.2 applies to amplitudes for
any of the processes yp— ﬂ+n, yn— 7 p, yp— 1'r°1".). For none of these
amplitudes is isospin a good quantum number, but the nN interaction
conserves isospin, and nlN resonances are in states of definite isospin.
Conséquently it is necessary to dietinguiehvthe isospin properties of the
amplitudes. If we consider the aniplitude Ai as referz;ing to the emis-

sion of a pion of isospin index a, then

A = A§+) + Ag') %[Tu’ 73] + A(i°) Ty (2.13)

6(13

‘Equation (2.13) only assumes that the photon interaction with had-

" rons occurs thr ough isoscalar éndj'is;cine.ceon@awi-, so that A(o) is an

isoscalar amplitude and A(+), A(') are isovector amplitudes. By taking
pion-nucleon final states of definite isospin we find that the combinations
Al 42419, A A1) ead to isospins in the final state of 1/2, 3/2

respectively and we define



"y
S 2 3 Alo) :
A =.-(3) ‘_A (isoscalar amplitude)
V1 1, (-
A = (1/3)2 (Ag )+ ZAi( )) (isovector amplitude leading (2.14)
to isospin 1/2 in nN)
V3 14+ -
A = 2/97 P Al)) (sovector amplitude leading

to isospin 3/2 in wN).

The expressions for the transitions yp -~ n'n, yo—> 7 p,yp—~ 7 P
and yn— ¥n in tgrins of the isoscalar and isovector amplitudes Eq.(2.14)

" are from Eq. (2.13):

Ay = (vnlaylwy - “(1/3)%Avé+(2/3)%(AV1_AS)
Ay = (PrlAlw) = (2/3)7 aV3 +(1/3)%(AV1-A5)
A = (wpladyny = /3t A" - @/aniaviy aS
Aino = (Pnlaylym)y - (2_/3)%1\V3 F/9%@V1 1 A5, (245

Exactly corresponding linear relations to Eq. (2.15) hold between
helicity amplitudes and partial-wave amplitudes with corresponding iso-
spin properties, and in what follows we will use the indices of the left-
or right-hand sides of Eq (2.15) for any amplitudes without further ex-
planation. (We have no further use for the amplitudes Ai(+), Ai(-) and

lo)

Ai of Eq. (2.13), so no confusion will arise).

-

2.4. The Parameterization of the Partial-Wave Amplitudes

Having formulated isospin we can proceed with our constructive

approach and e}ipl;in the parameterization of the imaginary parts of

V3 BV3 AVi BV1 AS S

Ajsr» By AL B, AL, By, (2.16)

for ingertion into Eq. (2.12). Any of Eq. (2.16) can be regarded as a

partial T-matrix (which we shall just denote by T without any indices:

=42~

where no confusion can arise), which may be constructed from a K-
matrix by the formula

-k oiq (2.47)

e

where g denotes the diagonal matrix. of center-of-mass momenta., In
principle T and K are of dimensions to include all the open channels, \
but that is impracticable and a suitable approximation is to take three ’
channels, two being strong interaction channels and one being a yN
channel. Of the strong interaction channels, one is the wN channel,
and the other is a pseudochahnel representing all the other energet-

ically possgible strong interaction states; we will call this pseudochan-

nel the inelastic channel. By the mnature.of aur-dttrplitudes (2.46) boththe

mN and the inelastic channel correspond to eigenstates of isospin.

Our notation is

N : channel 1
inelastic: channel 2
yN : channel 3

and we write the K-matrix as a sum of factorizable poles

R (r) (r)
’ Yi Y;
Ky, (B) = Zi £, = - (Li=1,2,3). ' (2.18)
r= r .

‘In Eq. (2.18), E is the center-of-mass energy and Er-is a parameter -
which may take on any value and the corresponding pole in (2.48) would
only necessarily be a resonance if it lay in or near the physical region
where we analyze the data. In particular, the poles such that Er is in

the unphysical left-hand region of the E-plane do not correspond to
resonances and are a representation of the singularities in that region,

Er = +{ for poles in the left-hand region, while &rz +1 for poles in the
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physical region, from causality. For an isolated resonahce pole
(r))Z is proporﬁonal to theb partial width for Vdecay into channel i.

There are motivations for the use of factorization in Eq. (2.48).
Firstly, the factorizable form is economical in parameter. Secondly,
it ensures that the zeros of the T-matrix denominator derived through

Eq. (2.17), are given by an equation of order R in E where R is the

number of poles. Without factorization of the K-matrix, the order in

E is greater than R, thus giving extra poles in the T-matrix. 13
Our partial waves contain barrier factors as follows:
B.(E)-
(r) _ () i 2.1
Yi = Y.i Bi(E. ) E < Ep (2.19a)
P - ;
(r) _ () - E
Yi Syt . E > Ep’ (2.19b)

(r)!

where Y; are constants and Ep is the position of the lowest energy

resonance pole in the sum (2.18).

- l .
By(B) = (4;0)"/[D, (a;r)]? (2.20)

where q; is the c.m. momentum in channel i, and £, the orbital angu-
lar momentum in channel i, r is a parameter in the range 0.5 to 1.5
fe and may be different for different partial waves. Dﬂ‘ {qr) is the

Blatt-Weisskopf denominator facl:or14

Di(x) =1+ xz, Dz(x) =9+ 3xz+ x4.

so that, e.g., Do(x) =1,

There is a problem in the definition of 13, the orbital angular
momentum of the yN system since our partial waves are not eigenstates

of the total yN orbital angular momentum. A , B + both involve pho-

1+ 1

ton orbital angular momenta, IY = 1 and f+2, while A B both

1-" Th-

involve photon orbital angular momenta, IY: £ and i-2 (with the

-14-

obvious exception of £ =1). We have always taken the lowest possible

value for £_:

3
(ly=1,1+g) A1’+’ Bl+ : 25 =4
(£, =4,£-2) A, , B, : f;=14-2
(2. =1) A i, =1, (2.21)

Y 1- : T3

In connection with a possible ina.dequacfof tilis choice we may
note: (i) at center-of-mass energy 1403 MeV, k is already 0.58 GeV/c
compared to k = 1.08 GeV/c at the third resonance energy of 1705 MeVv
so that for those partial waves, ngmely d3/2 and upward, which are
only important above 1400 MeV, the choice of 13 is not critical; (ii) the
value of 13 ig exact for the P1/2 wave (Ai-) and for the dominant M1
multipole of the p3/2 wave. This leaves just the lower energy 31/2
wave and the (small) E2 part of the p3/2 wave as pqssibly being crit-
ically affected by the choice of 13 in the part of our energy range from
1160' to about 1240 MeV center-of-mass energy. We see from Eq. (2.21)
tﬁat 6ur prescription for 81/2 waves is 13= 0, but in our preliminary

work‘S (Table Va below) we had chosen 13=>1; We obtained a signifi-

cant improvement in the fit to the lowest energy region in changing to

We return now to the consideration of the form (2.48) of the K-
matrix where we see that the y3(r)' s, which when (r) corresponds to a
resonance state is an N¥ partial width, are the only parameters per-
taining peculiarly to the Ny system. We determine the yi(.r), yz(r), ’Er
and gr by fitting the pion-nucleon elastic scattering partial waves (in
the energy range where we will use the photoproduction data) using the

purely hadronic part of the K-matrix (2.18). 15 This fit determines the

* s R .
N resonances and background terms which appear in our parameteri-
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zation (2.418). The variable parameters to be determined by a fit to

1
the photoproduction experiments are the y3(r) .

We must now construct the proper charge amplitudes, using the
isospin properties. As shown in section 2.3, there are three indepen-

dent amplitudes (2.14) and so correspondingly there are three types
(r) (r) () (),
3 Y3 Yyr Vg

(r) _(r) _(r)
Yv3 s Yyqr Vs -

of photon .couplings y.,”’, which we denote

v - (2.22)

For the isovector photon coupling to isospin 3/2 resonances,

(r)

Yvi (r) must be an isospin 3/2 resonance (or background term) while

for the isovector and isoscalar photon couplings to isospin 1/2 res-

(r)

(r)
Yviq S

onances, and yo ', (r) must be an isospin 1/2 resonance {or back-
ground term).
Consequently for a given JP and total yN helicity, A (1/2 or 3/2)

we define three different K-matrices:

vio Y owY e
K..O = i S E ooy r (2.23a)
ij r(53/2) Br E Y3 Yv3
v Y(r)‘ﬁ(r) (r) _ ()
1 : i j r T
K..” = , = (2.23b)
ij r(l-1/2) Er~ E Y3 Yvq
s R (r)_ _ (r)
K. = i, Y e Y t (2.23¢)
1} r(I=1/2 Er" E 3 S

which, through the relation T'1 = K-1 -ig construct the corresponding

T-matrices:

(2.24)

-16-~
We only require the T13 elements of these matrices, and using

Eq. (2.15) we can form the photoproduction T-matrix elements, for a

given 7F and total yN helicity \ for yp — 1'r+n, yp -~ 7P, yn—~ 7 p.
+ et 1.V, o3 Ve S .

- To =- (1/3) T 5 + (2/3) (Ty3 - Ty5) (2.25a)

1 1 .

. I _ > V3 3 Vi .S
Cype R Tgy =(2/32 T g7 4 (/3P (T30 Ty (2.25b)

1 1

o T - _ z V3 5 Vi .S

yn- mp: T, = (1/3) T, (2/3) (T3 Tys)- (2.25c¢)

Since we are working to first order in the electromagnetic coupling

constant, TV3 is a linear function of YV(I?;) and TVi, Ts are linear func-

(r) _(r)

vi+ Ys Conse-

tions of vy with the same coefficient for a given (r).

(r) _ (r)

quently, instead of y\5, Yy1'» Y& we can define the couplings
Y3 - & (isospin of r = 3/2)
R e (y\};) ) (isospin of r = 1/2)‘ (2.26)
WE = 233 (v F+ 747 (isospin of r = 1/2)

the last two being couplings of positive and neutral isospin 1/2 states
respectively. It is more meaningful to use these couplings, which are
more directly connected with experimentai processes, and so lead to

fewer questions of error correlation.

2.5, The Fixed-t Dispersion Relations and the Real Parts of the -

Amplitudes

Having constructed the imaginary parts of the amplitudes in

terms of (fixed) parameters determined from pion-nucleon elastic scat-

tering and variable yN-couplings, we can proceed to construct the real

parts of the amplitudes using the fixed-t dispersion relations for the

-
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invariant amplitudes. - These can be written, for the amplitudes AiI’

Ai-' A'iO (corresponding to yp— 11+n, yn— T p, and yp -~ P¥p respec-

tively) as
a ImA, (s’ t) ImA, O(s',t))
Re 1:!: 0(s t) = O(S t +S‘ ds'( s' -5 i s' -u
(M4m)® (2.27)
where the Born terms are given by:
B, (s,t) =N2GS, Byyls.t) = ~N2GST,

B,,(s,t) = "EG (hp'S - py' U)y By (s,0) = -“IZZTG(pp' Sty U)

B, (s,t) =§ B, (wt) (i=1,23,4) (2.28)
B, o(s,£) = 3G (StU), B,g(s,t) = - SG(SHU)T

Byole,t) = -%G%—I‘f (S-U), B, (s,t)=-3 %}-(sm)

Where G = ge/4m, S =1/(s-M?), U = 1/(a-M), T = 1/(t-™%) and ug',

p,N' are the proton and neutron anomalous magnetic moments respec-

tively. We take g2/4n = 14.7, ez/41r =1/137, pp' =1.793, py'=-1.913.

In Eqs.(2.27) and (2.28) »§i= +1 if i=1,2,4, and §i= -1 if i=3,
For practical application we divide the range of integration in

Eq. (2.27) into two parts so that

2
N
ImA, (s',t) ImA, _(s',t)
_ . i+, 0 if,0
Re Ai:h,o(s’t) =By o(s t) + ds' ( P i Py )
(M+m)
g ImA,, ~(s',t) ImA, (st t)
' _____*.._0___ — 150 7
+S ds' ( py +§ Py ) (2.29)
AZ

where E = A is the upper limit of the energy range in which we are fit-

ting the photoproduction data (or slightly greater than that upper limit)
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so that in the first integrand of Eq. (2.29) we already have a param-
eterized form of Im Aii,O(s" t) through the following steps:

(i) According to section 2.4, construct the imaginary parts of the
T-matrix elements Im T13, Im 'I‘;’3 and Im T13 corresponding respec-
tively to the processes yp— 1r+n, vp—~ #p and yn - ﬁ-p. There is a
T-matrix element for each JP and photon-nucleon helicity M=1/2, 3/2)

and each element is a linear function of the photon couplings -three for

(ry _(r) Yér)

P
each J » V3 YV1 »

¥, and r, namely y

(ii) To construct for example the invariant amplitudes Im Ai+(s, t)

we make the following substitution in Eq. (2.12)

_ + 1o ~ (-1 d -
A, = ImT,, F=2+1/2, P = (-1)", N = 1/2)
+ 1 _ it _
A(“_i)_ Im T, , (T=241/2, P = (-4)" "7, .. =1/2)
- 1o - (ond -
B,, = ImT,, (F=£41/2, P = (-1)", L = 3/2)
B = mT,) (= z+1/z P = (-0)f*, A= 3/2)
(£41)- 13 !
to find H (6) (flip = N, D, SP, SA). By inverting Eqs. (2.5) and (2.9)
we readlly construct the required Ian (e t) (i=1,2,3,4). Similarly
for A, and A, .,
i- i0Q/

Two points of fundamental difficulty arise:

'We have formed ImA, vt) for (;M+m)2 < 8! <A2, in terms of

i+,0 (8
our parameters, as the sum of a partial-wave series, cut off at some
upper limit of angular momentum. However, the convergence of the
partial-wave series is not proved except for certain processes within
certain regions (the Lehman ellipse of convergence in the cos8 plaﬁe).
Nevertheless, convergence can hold outside this region and it is pos-
sible that a cut-off series provides a good approximation in a consider-

ably extended region. Devenish, Lyth, and Rankin“ have argued on
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the basis of the Mandelstam double-spectral representation that the
cut-off series for ImA, (s, t) is good for -t < 1.0 (C-eV/c)2 in photo-
production and -t < 1.5 (CreV/c)2 in n° photoproduction,

The troublesome region is that of larger lcos'Gl, that is small
s and iarge t. The most likely source of trouble at smaller s is in
the P33 (1230) resonance region, since the P33 makes a big contribu-
tion to ImAi linearly proportional to (cosf), To take account of pos-
sible nonconvergence we have added to the partial wave series a term

nonzero only for ,t' > 0.8. The form adopted is given by

Im Ait,O (s,t) = (partial-wave series) -

+ Ci:t, 0 B(t-to)(t—t'o) 6(s—sA). (2.30)

where CI:!:‘ o 2are 12 parameters to be determined by the fit to exper-
1

iment, t,= -0.8 and s, = (1.23)%. The extra term in Eq. (2.30) is only
nonzero in the unphysical region so that its only contribution in the
physical region is to the real part via the integral (2.29). Consequent-
ly the use of a §-function in s rather than a Breit;Wigner or other
more spreadout form is not greatly ‘s‘ignificant. The form (2.30) is not
general enough to correct for all poséible difficulties, this is not pos-
sible without introducing too many parameters to be meaningful.

The other point of fundamental difficulty is that the second, high-
energy integral of Eq. (2.29) contains parameters referrjng to the
amplitude outside the data region. Obviously, without direct data re-
striction on the high-energy imaginary part we cannot hope to deter-
mine these, in principle' infinitely many, parameters. The problem
is to find an adequate parametgfization involving a minimum number
of parameters; the smaller the contribution to ReAi from the high-
energy integral in Eq. (2.29), the more satisfactory is the fixed-t-

dispersion relation analysis. We did not adopt in the present work a
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' ((t)-1
Regge parameterization for large s, ImAi (s, t) so‘l( )

where a.i’(t)
might a priori be taken as the p -w~A2 trajectory, partly because the

2
high-energy data suggest a_.. =~ 0 for 0< -t< 1.5 (GeV/c)”. However,

" recent work16 with fixed-t dispersion relations at high energy seems

able to resolve this seeming contradiction by successfully using the

p -u—AZ trajectory (though it may well leave some fundamental ques-
tions about the significance of Goff unanswered) and it may be that
future low-energy analyses will be done with a p -m—Az Regge param-
eterization for large s.

In the present work we have dealt with the problem rather arbi-
trarily by representing hnAi:tO(s’ t) for s >A2 as a sum over a few
pseudoresonances, and we do not give physical significane to the values
of the parameters of these pseudoresonances, but regard them as
parameterizing the whole contribuéion to the high-energy integral. An

exception to this nonsignificance is the f37(1 950) which gives a large

enough contribution to the real part, through the dispersion integral,

in the upper end of our data region tht the §-function parameters D of
Eq. (2.31) below can be regarded as estimating the couplings of this
resonance. To a lesser extent we will also consider giving weight to
the corresponding f35(1890) parameters. The generai form of our
parameterization is to add to the imaginary parts of the partial-wave

amplitudes of Eq. (2.12) for each charge state a contribution given by

k=472 1/2
ImAH: = Dli 6(s-8), )
».3/2 _3/2
Im B[:t = Du: 6(s-8,, ) (2.31)
where Qi’i>A2 and D;\* are constants. Inpractiée we do not use

more than 8 parameters D in parameterizing the high-energy

-
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imaginary part.

» This completes the construétion of Re Ai:(:, O(S, t) (and incidentally
of IrnAii,O(s, t)),using Eq. (2.29). The variable parameters used are
the photon couplings and the C and D parameters of Eqs. (2.30) and
(2.31). Using Eqs. (2.5and (2.9) we then find the experimental quanti-
ties of Appendix A as a function of our parameters, and vary the
parameters to fiﬁd the best leasffsquares fit to experiment. Our '"the-
oretical'' expression also contains parameters such as the resonance
or background energies E_ found from a fit to pion-nucleon elastic
scattering data. We will hold ourselves free to vary such parameters

(by a small percentage) in our fitting procedure,

3. DATA USED

We have based our daté collection on the compilation by
Spillantini and Valenlzeil7 Amendments and experiment points not vet
contained in that compilation have been added. In an effort to select
data which are in fair agreement with each other, we have excluded
some experimentay.l data which were included in previous analyses.
We have not used any data points which are quoted in the form of
graphs 6nly. The data references 1ist18 contains the selected data
which were used for this analysis, together with the Venergy range for
which the data were selected. A total of 4148 data points was used in
the analysis. '

Some special treatment has been given to the data in the course
of the fitting process:

a) The data on differential cross section are so abundant that they

tend t~ outweigh the information on asymmetries and polarizations.

To increase the weight of the asymmetry and polarization data, their
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errors have been artificially decreased by a factor of 2.5,

b) If experimental data are given in the literature only with their
statistical errors systematic errors as quoted by the authors ;)r as es-
timated by us have been added quadratically.

c) In some cases results are quoted up to an overall uncertainty in
absolute magnitude. In these cases the data have been varied within

the quoted range.

4., TECHNIQUE AND PHYSICS OF DATA FITTING

In this section we shall deal with some details and technicalities
of the fitting procedure and some questions concerning the uniqueness

of the fits achieved.

4.1. Program Technique and Physical Assumptions

The aim of this analysis is to measure the (N*Ny) couplings and
not to hunt for resonances. We therefore havevto impose a reasonable
set of 7N parameters, i.e. poles and couplings to channels 1 and 2 in
the K-matrix formalism described in section 2. A precursor analysis
of 2 channels (wN and the pseudochannel containing all other hadronic

final states) was u.ndertalken15
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using elastic phase-shift data from
various analyses in the energy range between threshold and 2100
MeV as restricting data. Variables in such fits were the pole energies,
the couplingé Yy and Y, in the 7N and pseudochannel, and the masses
representing the pseudo two-body final state. Such masses were re-
stricted to lie between the masses of_the nucleon and the P33 {(1236) for
the final baryon and between the masses of the pion and the p meson
for the final meson. Within bounds the interaction radius was treated

as a free parameter for each partial wave. The K-matrix parameters,

as obtained as an average of such analyses and as imposed as starting
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values on the pion-photoproduction analysis, are listed in Table I.

These parameters were treated as constants for most 6f the yN-analysis
a=d were varied within bounds of a few percent only after all photon
couplings of any importance had been varied,

- The minimization of the *2 function (as defined in section 2) was
dene under control of the minimizer VAO4A20—very efficient in using
conjugate direction techniques without the need for calculating deriv-
atives with respéct to variable parameters.

Our variables X appearing in VAO4A are not directly physical

parameters like P = vy;'s, but are related to these through

‘ X
A+B -2
P + T 1%

fl

We thus have a control over the range in which parameter P can vary,
nzmely P €[A-B/2, A + B/2]. |

Each xz evaluation involves the calculation of the helicity ampli-
tedes for all 4148 data points, therefore efficient organization of the
calculations is advisable. Figure 1 illustrates the approach taken here.
Tae imaginary parts of the helicity amplitudes 3¢ (defined in Appendix
A; are calculated at each grid point spanned in the plane of energy and
t, by a total of 55 energy points and 9 t-dispersion integral points.
They lead to the integration points in the fixed-t dispersion relations
and thus form the basis for the real parts of H. These real parts do
not contain the Born terms yet and since the partial waves employed in
this analysis are restricted to F?/Z waves, the angular dependence at

36 in IrnI:i and terms of

a fixed energy can be at most of order cos
higher order in Re H are small corrections. In addition, the strong-
est energy variations are governed by narrow resonance structures

like the 8 (1540) with a width of ~60 MeV in our parameterization.
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The eneré‘y spacing is chosen as 20 MeV in laboratory photon energy
(~10 MeV in total c.m. energy). To evaluate H at the energy and
angle of an experimental point we are thus lead to a simultaneous inter-
polation which is quadratic both in energy and t, We then add in the
Born terms which are precalculated at the exact energy and anglé of
the experimental point and apply the missing angular factors to arrive
at the full helicity amplitudes H. Isospinshave been combined such
that we are left with helicity amplitudes appropriate for 11+n, ¥p and

7 p final states.

To ensure the right phases and the appropriate low-energy be-
havior, we add two additional contributions to XZ. Firstly, we calcu-
late the phases of the 81/2’ Pi/Z’ and p3/2 waves in three isospin
combinations and compare those with phases which are derived from
elastic 11N-scaf;1:ering.21 Secondly, the low-energy behavior of thereal
parts of s and p waves is compared to the corresponding real parts
from other low-energy analyses.zz Both contributions are calculated

at four energies, the highest being . E = 450 MeV. These phases

lab
and real parts as well as the errors adopted here are listed in Table

II.

4,2. Data Fitting and Physical Assumptions

So far we have described our model, based on reasonable general
physical assumptions, in sections4 and 2, and 4.1, and have described
its implementation in a program in the immediately preceding section
4.1. In using the program we are faced with the problem of how many
and which photon coupling parameters, Y3 (and other parameters) to
vary to obtain a fit to the data. ''All simultaneously" is not a good
answer becausé the great extent of the parameter space leads to well-

known fundamental difficulties as well as more mundane difficulties of



ey

oo,
-

-25-
computer _time limitation.
. Rather we choose "to vary a first-batch of parameters and make

a partial XZ minimizatior‘l, then to vary both a second batch of param-
eters and the fir st-baéch and make a vpartial XZ minimization, then to
vary both a third batch and the second and first batches, and so on until
the vé.ry'ihg of further parameters leads to negligible further fall in xz.
Obviously the:choicé of batches and their order can have a large in-
fluence on the speed of the minimiz;ltion and possibly also on the final
XZ and final values of the parameters as discussed below. The choice
of the first batch is particularly important and we are fortunate in hav-
ing some definite knowledge to guide us. |

In the choicé of the first batch of variable parameters we use the

following facts:

(i) the P33 (1230) is important in photoproduction right up to 600 MeV
in photon laboratory energy, and its photon couplings are known to at
leé.st 20% accuracy.

{ii) the d13 (1520) and £, . (1690) are important resonances in their

15
energy regions (particularly in their helicity 3/2 couplings).

. We, therefore, always use as our first batch of variable param-
eters, the photon couplings of P33 (1230),d13 (1520) and f15 (1690) and,
moreover, we always limit the P33 (1230) couplih_gs to lie within ~20%
of their '"known'' values. Having made a partial minimization, we then
var}; them along with further batches. The different choices of further
batches generate our various good or bad fits to the data. In the first
variation of a new batch we notice whether or not there is a considerable

overall decrease in X;Z or a strong local effect. The number of vari-

ations possible in relative order of introduction of parameters is so

large that we certainlf may have missed different good fits to the data.
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Nevertheless it should be noted that first variation of certain pa.ré,m-
eters, for instance these of the d33 (1635) + S34 (1620) and the D param-
eters of section 2.5, always leads to a huge decrease in XZ while the
first variation of other parameters, for instance the C parameters of

section 2.5, never makes any significant difference. We sometimes

. find that branches end up at the same xz, and nearly the same final

parameter values, when they correspond to equivalent parameters which

have been. added in different orders.

5. RESULTS

Having gone thrbugh these obviously very subjective ways of ob-
taini.ng fits to the data, we ended up with a total of 11 basically differ-
ent fits out of which 3 (set B) are eminently better than the remaining
8 (set A) as judged by the overall xz/data point of 3.5 as oppesed to
5.0 - 9.0, We therefore report in this section on these 3 fits (set B) .
as our best results, and comment in section 6 below on the significance
to be given to set A,

Tables III (a)-{c) display the fixed and fitted parameters of those
three accepted fits which will henceforth be i_dentified as I, II, and IMO.
The number of free parameters of type Y3 C, and D are 56, 68, and
74 respectively —one of the major differences being t;.hat no parameters
of type C are excited for fit I, thus accounting for 12 parameters lea‘s.

We next point to some of the features of (N*Ny) resonance coup-
lings which turn out to be common between the three fits. (N*Ny) res-

onance couplings correspond to total y-nucleon helicity, A, where
A o=1/2, 3/2.

Also, according to section 2.4 [ for example Eq. {2.26)] we express the

N*NN couplings of isospin 3/2 resonances as yf"va and the two independent
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(N*N__\() charge state couplings of isospin 1/2 resonances as y)\' P (cor-
respénding to N*+—> yp) and y)'\N {corresponding to N*°—> yn). As ex-
plained in section 2.4, the primesv on the couplings denote that these
are reduced widths, without kinematical energy dependenc_e.

The following couplings are in agreement between the 3 fits of

set B to better than 15%:

V3 .y V3 V3, RS
834 (1620): Yli/Z_ ! Pa3 (1230): Y'i/Z s y'3/2 ; 844 (1545): Yy /2

s, (1700): Y'11/32 s pyy (1470): 'Y'f/)z i d, 5 (1520): y';z, Y;I/\IZ,
Y'3/N2 ;. d15(16;(0): y'3172; fis(u,go), Y'31;2 .
In all fits the following couplings are found to be weak:
dy5(1520): Y'1}32; 1d, 5 (1670): \"11;2 ’ Yéﬁz ' Y'11>Iz‘
£15(1690): Y'ir/_’Z ' Y'iljz ' Y'31>12 :

The 3 fits agree to within 30% on the strong couplings to -sif
(4545) and si'; (1700), and the weak, but non-negligible coupling to pio1
(1450). Furthermore, all fits agree on the necessity for background
e;:citation in s- and p-waves in all isospin states, although the relative
amount of backgrouhd is considerably at variance among the tfhr.ee solu-
tions.

There are two places of major disagreement among the three
golutions: d33(1 670) and P4 (1750). While fits Il and III agree very
well on a strong helicity 1/2 and weak helicity 3/2 coupling for the d33
resonance, solution I finds the opposite relation to be favorable. The

Py (1750) resonance is found by both fits II and III to be excited in equal

amounts off protons as off neutrons (i.e., to be predominantly isoscalar),
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while fit I finds it entirel& produced off neutrons with almost no cou-
pling to protons.

For those K-matrix poles outside the data range, not restrained
by experimental data, the fitted parameters are not necessarily ex-
pected to be very similar for different fits and, indeed, for some cou-
plings (e.g. to p,5 (1840)) Table III exhibits large discrepancies among

the three fits. However, it is remarkable that the coupling to p31(1 910)

“is found with the same sign and similarly large magnitude in all three

solutions, a notable result in view of the large pN couplings found in
an isobar model analysis of =N - wnN. 23
We comment now on the parameters of type D (introduced in sec-
tion 2.5) which represent a parameterization of the high-energy contri-
butions to the dispersion integrals. The §-functions in energy were
chosen to represent poles in the £35 and f37 partial waves at an energy :
of 1950 MeV and in-the g7 partial wave at 2200 MeV. These resonances
are suspected to have strong yN-coupling, In addition both the f35 and
f37 resonances are coupled to the yN-system as K-mtrix poles and.

thus contribute to the imaginary parts of the helicity amplitudes as well.

We . could: :measure the strength of the resonance coupling in many' dif-
ferent ways. In these fits, the sign of equivalent couplings to the res-
onance poles and the high-energy poles are constrained to be the same.
Since in the energy region where data are tested we are more than a

full width away from the resonance energy, the real part dominates the
imaginary, and we therefore estimate the resonance couplings from the
real part in the higher-energy portion of our data region. The f37 es-

timates are to be found in Table Vd, and are discussed in section 6 be-

low; none of the parameters of Table Ill are to be interpreted as being

these resonance couplings. Of course these real parts in the data
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region are mostly due to the parameters D of Table III. We find a re-
markable agreement among the three fits for the D parameters corre-
37 resonance and also, to a lesser extent, for the f3 5

Not surprisingly, the contribution from the 84 Tesonance is found to

sponding to the f

~ vary both in sign and magnitude in these solutions. These latter

parameters seem to compensate for the effects of several strongly cou-

pled partial waves at higher energies. We tried to artificially con-

strain the signs of both f35 and f37 couplings in other constellations,

but in each case encountered a large decrease in the fit quality.
Parameters of type C (introduced in section 2,5) are meant to
compensate for a possible nonconvergence of the partial wave expansion

for large and small s. Such parameters are found not to influence the

quality of the fits by ény large amount; fit I does not even need any

evermn

such parameters and the fitted C parameters disagree between fit Il and

OI. Somewhat surprisingly, we do not find a considerable difference in

-y

2 .
the magnitude of:these parameters for the three different reactions

e

” while the above mentioned findings of Ref. 11 would suggest a stronger
e
”" influence on the charged pion channels than on the w’p final state.

2 Concluding the comparison of our three fits we remark that we find a
"2 definite need for a modeat, but non—negligibie al;nount of nonresonant
"} contributions to low (s and p) partial waves. There is an almost unan-
. 7+ imous agreement among the thre.e fits on the sign of such backgrounds,
“7y and magnitudes agree to within f#ctors of 2. In Table IV we collect the
» ~ contributions to XZ from the three different reactions and the various

types of experimental quantities separately for the three fits. The in-

formation is contained in the number of data points employed in each

fit and in the individual Xz/data point as averaged over energy and angle.

It is obvious from Table IV that we fit cross sections for the Yp— n'n
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reaction (i) better than those for the other two reactions, this is to a
large extent being due to inconsistencies among various experiments
for yp—~ ¥p .(ii).  and yn- 7 p (iii)..

The measurements of asym-

metries and polarizations are on the whole fitted satisfactorily except

‘for the measurements of the -polarization of the final state nucleon in

the reaction yp— >1r+n, these representing the measurements of one

experiment at energies between the first and second resonance region.

In comparing the resulting Xz/data point of our three fits we find
fit III to be bettér by approximately 10% and we shall use this fit to
now compare our results to the data in the form of figures.

- In Figs. 2 and 5 we present the results and the experimental
points for the differential cross sections of reaction (i) at eight energies
between 330 and 1130 MeV. We notice the generally excellent interpre-

tation of thedata exhibiting the strong forward peak at lower energies

_which is due to the contribution of the pion pole. Off the forward direc-

tion our fits follow very systematically the dévélopment of the strong
angular dependence due to the resonances in the second and third re-
gion.

Data on the differential cross sections for the other two reactions
(ii) and (iti), as shown on Figs. 3,4, 6, and 7, is seen to be by no means
of such good quality as that on yp—- 1r+n. In the case of yp— wp there
are difficulties of detection of th¢ final- state particles, and for yn— 7 p
there are the kinematical and dynamical difficulties associated with a
deuterium target. In such a situation, a continuous energy parameter-
ization of the amplitudes, such as ours, will resist following incorrect
excursions of the data., Nevertheless, we may identify one or two

places where our fitted cross sections, given as solid lines, maybé in-

correct; one such place occurs for large angle yp - n’p at and above
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1150 MeV/c, near the end of our data range (Figs. 3 and 6).

In Figs. 8-13 we present all three of our fits to polarization-
type data. The data is sparse and the figures illustrate how further
data can discriminate between different fits to the present data.

In the final part of this section we present the results of our fits
in a form easily comparable to quarkmodel predictions of photon cou-
plings. We introduce the resonance couplings Ai/Z and A3/2 in the

convention first used by Copley, Kark, and Obryk2 and subsequently

used for comparisons to quark model predictions. 3-5 We relate A1/2,
A3/2 to the fit parameters giyen in Table III by:
P,N : P,N °
» _ 3 ’ ’
Ay = 2 @ o YN
1 I=1/2 (5.1)
PN _ 3 P,N
Agjp = F B a3 Y3/,
V3, V3.
Aja 7 F 4 Yy/2 l
1=3/2 (5.2)
V3., V3, J
Mgy = * @3 Y'3/2
h 2 Er LT o (2i-1)(2j+3) z
w. erg 0.1 = ['ﬁ E (ZJ+1)] ’ 0'3 - 0'1[ - 16 ] *

The superscripts for the I = 1/2 resonances refer to the positive and
neutral charge state of the resonance. The amplitudes are then mea-
éured in GeV—_1/_2.

To arrive at this formulation we.have defined the elastic width of
a resonance {one of the K-matrix poles) by FnN where

2

T /2= v, q(E) O (5.3)

and its total width by I' where

I/2 = vAED+ v, 43 (E) (5.4)
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where 9y and 9, denote the c.m. momenta at the resonance energy Er
in the elastic and inelastic channels. In this approximation the free
parameters employed in this analysis are related to Walker' s7 ampliQ

tudes at resonance Al:t (Er)’ Bz:l: (Er) through
- . . = ' ; » ’
AlE) = 2Y1Y1/2/P’ B(E)) = 2Y1Y3/2/F- {5.5)

In Table Va,b we-present again some of our preliminary results
obtained from an average over seven fits as published previously. 3
The ""experimental' couplings are compared to the predictions calcu-
lated using the FKR4 quark model. We found a generally good agree-
ment between the pion-photoproduction analysis and the predictiong
from this quark model especially for the signs of the promineat. ras-
onances. While the spread in the couplings found was rather large in
some cases, our new solutions (with a much improved fit of the data)
display a much more consistent picture, as marked above. Therefore,
in Table Vc,d we present the results of these three fits, opposing them
again to the quark model predictions. We Qhall evaluate the agreement
between quark model and pion-photoproduction results in the next sec-
tion. We conclude this part by pointing out that the new results, on the
whole, are within the spread of values given in Table Va,b. The results
of these three fits display a much smaller spread than those previously

observed.
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. a deduction from the error matrix or finding the real error, 8
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6. DISCUSSION AND CONCLUSION

6.1. General Features and Comparison with Previous Analyses. The

" since it is the

most impdrtant previous-analysis is that of Walker,
only one covering all <harge states from the first through the third res-
onance region. Most of the Walker analysis was performed in 1966—67,7
but it was modified and updated in some respects for comparison with
the quark model in 1969.3 Our analysis contains a good deal more data
(section 3) and employs the entirely different method outlined in section
2; these two features help us to determine real photon couplings of
many riore resonances than the Walker analysis. There is one other
most important difference: in the present state of the data—and for the
foreseeable future—no single fit, with its resulting helicity amplitudes
and its resonance parameters, is the unique best fit. In this paper we
have presented the reader with several fits to the data and the range,
over these various fits, of any given resc;nance parameter, which gives
a quantitative indication of the error in the determination of that param-
eter, We regard this as a more realistic determination of errors than
in any one
given fit.

As explained in séction 2, in all our waves we have the possibility
of background in the imaginary parts, as well as resonance contribu-
tions. In our fitting procedure (section 4) we do allow an excitation of
this imaginary background in nearly all waves, and the fitting program
indeed finds some background. However, in general ‘this background
is small compared to the resonance contribution.

Consequently, we

can say that we have resonance dominance of the imaginary part though

not resonance saturation. The only waves where imaginary background
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makes a contfibution comparable to the resonance contribution are the
low-angular momentum waves, S44> Pyy> and P, 3 The analysis of
Walker3’ 7 also found resonance dominance of the imaginary part but
there was a strong constraint in the fitting procedure in favo.r of res-
onance dominance; consequently our evidence is somewhat stronger.
As we would expect from the importance of thé Born terms, (and inter
alia the partial-wave projections of the dispersion integral over the
P33 resonance) the real parts are not resonance dominated.

We now comment on those real photon resonance couplings which
have been determined for the first time in the present analysis. The
-rnos’t important, in view of the. quark model as discussed below and also
most remarkable in view of the fact that we do not fit data in that res-
onance region, is the f37 (1950). The determination comes from the
important contribution to the real part via the dispersion integral,
Devenish, Lyi:h, and Rankin“ in their dispergion relation investigations

3,7,8 have also obtained values of these cou-

based on previous analyses
plings in qualitative agreement with our values.

We could also obtain a value for the f35 {1890)  couplings by the
same means, but we pléce less reliance bn these because (i) the partial
wave is of smaller magnitude and consequently somewhat less well de-
termined from interference with other amplitudes, and (ii) there may
well be two £35 resonances at not dissimilar energies; if so, we would be
observing, at our low energies, the combined effect of both,

(A reason

for suspecting a further f,_resonance is that the existence of the Ii?

35
&

(~2000) N resonance and some other observations suggests that the

{70} L= 2t quark model multiplet exists and this contains an f35in

addition to the normal f35 usually assigned to the {56} L = 2t multiplet.)

As far as the principal resonances other than the {3, go, namely the
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d13 (1520) and f15(1 690), we determine for the first time the d103

(1520), X = 1/2, and f1°5, A = 1/2 amplitudes. We also have determined,
quite well enough to indicate the sign (and the very approximate magni-

: . . 30 0
tude) the coupl@gs of the d15(1670), 844 (1690), Pyy (1750), Pyy (1450),

S34 (1620), and d33 (1660). The theoretical significance of these cou-
plings is discussed below, in section 6.2.

The other resonance couplings have been studied in previous
analyses; before comparing our values to previous ones we should say
sbmethi.ng about our various solutions. They are in two classes: (A)
eight solutions, seven of which were reported previously by Moorhouse
and Oberla.cks hé.ving 9> xz/(data point)> 5 é.nd (B) three new solutions
having 4 > XZ/(data point) > 3. The markedly better XZ per data point

18

was due partly to a revision of the yp —» 7°p Wolverton data’ ~ and
mostly to a change from the threshold behavior adopted by Wa]ker7 to
the threshold behavior described above in section 2.4. In facf our eight
preliminary solutions are a reasonable qualitative fit to the dataand ina
situation of sometimes inconsistent data, subject to large systematic
error, we would not advise the reader to completely ignore these solu-
tions. We will refer to the solutions as our set A and B of solutions.
Generally, we have qualitative agreement with those resonance
couplings found by Walker, with some exceptions which we note below
along with other comments: |
I3)/2 and AI;I/ 2
our Al;/z appears 109 bigger than Walkers and our AI;I/Z 109 sxhaller,

(i) d13 (1520). The big couplings here are the A and
so that this helicity 3/2 amplitude no longer appears to be nearly pure
isovector. The range of variation of the A;’D/Z parameter found by us

is approximately 15% and this 'error' is somewhat less than that

the quark model predictions
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suggested by the 'real error' found by Moorhouse and Rankin. 8 Arai
et al., 24 in an analysis of their and other data following Walker, find a
value of AI;/Z between our average and the value of Walker.

(i) 844 (1530). Our value for both coﬁplings is significantly less
than those of Walker, perhaps by as much as 50%, but of course there
is agreement in sign. |

(iii) Py {14%0), We have a considerable proton coupling, Af/z, of

the same order or larger as the s, , couplings and a smaller, perhaps

11

small, neutron coupling.

6.2. Comparison with the Quark Model.

Over the past several years the developing agreement between

2-4 for the (N’*Ny) couplings and the re-

sults of partial-wave analysis of experiment, 3,6-8

has been a major
impetus behind interest in the L-excitation quark model. In making the
comparison in the present work, we could use either the traditional
nonrelativistic quark model as use& and developed in the papers of Refs.
2 and 3, or the model of Feynman, Kislinger, and Ravndal which,
though it solves none of the fundamental relativistic difficulties, has
some relativistic features:. Among _these features is the inclusion, in
a way definitely prescribed by the formalism, of terms corresponding
to 'recoil' terms in the nonrelativistic model. Though the nonrelativ-
istic quark model (using the most elementary and natural formulation
of recoil l:errns),25 returns very similar numerical answers to the
model of Feynman, Kislinger, and Ravndal, it is the model of these
latter authors which we use here.

We first compare the signs of the theoreticgl and partial-wave
analysis amplitudes, as given in Tables Va-d. The signs of the partial-

wave analysis amplitudes, are determined relative to the gauge
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imvariant Born terms (pole terms) in the fixed-t dispersion relation
{Eq. 2.30); so, also are the sigﬁs of the quark model calculation, since
the quark model coupling constants appear in the quark model calcula-
tion of the pole terms. Thus we are not free to multiply all the the-

oretical signs in Tables Va-d by a minus sign; the sign given is deter-

mined anduis compared with the similarly determined 'experimental sign.

The theoretical sign is a product of the resonance decay ampli-
tudes1 into 7N and yN in which the arbitrary sign of the intermediate

26 that the re-

state drops out. It has been previously emphasizeds’
sulting signs are non-trival and do not follow from SU3. The most
wvital comparisons are those in which the quark model prediction does
not involve recoil and non recoil terms of opposite sign in either of the
matrix elements; the consequent prediction cannot depend on details of
the quark model wave functions; the wrong sign here would either be a
failure of the quark model or an indication of strong mixing of states.
In fact, out of 13 starred signs in the Tables, three are undeter-
mined and 10 out of 10 of the determined signs agree. This factor of
10 to 1 in favor of the quark model seems very strong; it should be
emphasized that these agreements are obtained without variable param-
eters. The agreements depend on the existence of both the recoil and
nonrecoil terms and therefore verify the dynamical assumptions of the
guark model. The symmetry SU()W fails completely, for example pre-
dicting the large Ag’/z and AI;/Z "amplitudes of the d, ,(1520) to be
zero. A broken versionz7 of this symmetry can succeed, but at the
expense of introducing arbitrary couplings in each multiplet, and even
with these extra arbitrary couplings, this phenomenological theory ap-

pears till now, to have no phenomenological advantage over the quark

model.
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Of the unstarred signs, we find nine which are reasonably deter-
mined [ we have included p11(1470) but extluded p11(1750) in this
count]. Of these, six agree and three disagree, the disagreeing ones
being Pyyq (1470) Af;z , A;N/z and 844 (1690) Af‘}z . Since cancellations
between recoil and nonrecoil terms of different sign are involved, we
cannot say for sure that this is not a consequence of such details of the
model., However, none of the cancellations are very fine, and in view
of this and the six agreements, we prefer to attribute the disagreements
to configuration mixing. In the case of the 844 (1690). belonging to the
[8, 4] of the {70} L =1, mixing with the 844 (1545) belonging to the
[8,2] of the {70} L =17, seems indicated by the nonzero signal ob-
served in the Af;z amplitude of the 44 (1690), where the quark model
predicts zero. Also the comparative nearness of these states would
make such a mixing certainly possible, and the strong quark model pho-
ton coupling of 844 (1545) would give a large effect for a mixing angle
of ~40°, Mixing is also possible between the Pyy (1470) and the Pyy
(1750), and there is still some dbubt about the prirﬁary assignment of
these states to quarkmodel multipléts. 28 While on the subject of mix-
ing, we should remark that the smallness of the wN width of d13 (1700)
makes considerable mixing between d13 (1520) and.v d13 (1700) extremely
unlikely; consequently, the force of our (unmixed) successful predic-

tions for d13 (1520) is undiminished.

The six unstarred agreements are noteworthy, especially for the

" unmixed resonances d13(1520), 84 (1630), and d33(1660). We see in

it a preliminary indication that even the approximate relative magni-
tudes of recoil and nonrecoil terms may be given correctly by the quark
model.

It is interesting that the sign of the 834 (1630) depends on the
25

recoil-nonrecoil balance in the N decay.
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We see that the agreement for magnitudes is qualitative, even
bearing in mind that the uncertainty in the N decay width should be
multiplied into the partial wave analysis uncertainty in the numbers
given, When a large amplitude is predicted a large amplitude always
occurs; also that the actual large amplitude is always greater than the
predicted 'large’' amplitude; these are all statrred casesy

A special case of magnitude comparisons‘is when the quark model

predicts zero as in the proton couplings of the [8, 4] of the {70} L =1~

and Agr/2 coupling of the [8,2] of the {56} L = 2t. A valid compar-
. + N .
1s§n may be made for the d15 (1670) and f15 (1690) A3/2 where little

mixing is expected. The values in our set A were in all these

cases compatible with zero. In set B, the d::5 couplings are still
small even though nonzero, but the f1.5 , AI;I/Z coupling has become con-
siderable. If this latter trend is supported in future work and if the

.f1 5 (1690) is unmixed, this amplitude should be very revealing for

refinement and reform of the quark model.

ACKNOWLEDGMENTS

We are grateful for the assistance of the programming group of

. LBL' s group A, especially B. Pardoe and W. Koellner, and :1n partic-

ular acknowledge, with appreciation, the dedicated help of P. Cook.
One of us (R.G. M. ) would like to‘acknowledge the hospitality

and support of the LLawrence Berkeley Laboratory.

~40-

APPENDIX A
To express experimental quantities in terms of the Hi(O) we

write the differential cross section in the center-of-mass as

' 2
d
T8 = 1) oAl (4. 1)

where X 4» Xgare two component spinors appropriate to the polariza-
tion of the initial and final nucleon and "J contains the polarization of
the y according to Eq. (2.3); the summation (or average where appro-
priate) is té.ken over uncbserved spins, The matrix elements in (A, 1)
can be trivially expressed as superpositions of the helicity matrix ele-
ments (2.6) and via (2.9) in terms of the Hﬂip (8) and ¢. One readily

obtains the following expressions which we need for the existing data:

(i) differential cross section, o (6):

o(0) = & [ 1 (6) %+ [HL0) P+ [Hgp(0) P+ [Bg . 0) P (a.2)

(ii) differential cross sections for photons polarized perpendic-

ular and parallel to the production plane:

L |Hgp(0) +H, (0| + [H () -HL(O) 2] (A.3)

1}
o~

01(9)

0,0 = 3 [|H(0) -Hg, (0% + [H (6) +HL(6) 7] (A.4
(iii) polarized photon asymmetry [ from (ii)}, = (6):

R N * #*
"Z(6) o(6) = (0, - 0,) = § Re[Hgp(6) Hg, (6)-Hy(6) H (8)] a5

(iv) polarization of the final nucleon in the direction k Xq ,

P(6):

P(6) a(0) = - & Im[H(6) H;(B) + Hy () HS*A(e)] (A. 6)
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(v) polarized target asymmetry, where o, and o are the cross 1 U 2. 1 2 2 4 ~ 2 2 4 g~ 2 2
+ - a(6) = 7%[ IHNI c +IHD| c 8 + IHSP‘I s"c +!HSA} 8
sections for nucleons polarized parallel and antiparallel respec- : 2 2
1 ~ e 2 ~ ~ 2 2
tively to k Xq, T(6): , o (6) = ¢ [[|Hy-Hys®| o +|Hg,+ Hgpe'| o]
. 2
. . iq 2) 2 + 2" 24
N * : ) = Sl |Hy+Hys®| ¢ " |Hg, + Hopc®] 8]
e -y .9 * * % 2kt IVN SA™ Y'sp
T(6) g(B) = (o'+ o) = = Im| HSP(B)HN(B) +HD(9) HSA(B)]. (A.7) (A.9)
. o~ ~ % o~ o~k 22
- : - 26 0(6) = L[ Re (Hop He, - A H )] 8%
* It can be convenient to work in terms of amplitudes H defined by k SP sA N"D ]
~ . -.4 @\ B¥2l.5 7. %
H(6) = coss Py (cosd) P(6) a(6) ==¢ [ Im(Hgp Hyy s”c” + HyHg,)] sc
_ 1 s 1p Ty ~ s 2 o o 2
H (8) = 5(1 + cosh i H 6 =4
SP( ) 2( cosf) sin SP(cos ) (A.8) T(6) o(6) k[ Irn(HSP Hyc” +Hp Hg, s )] sc
H,(6) = sini(0) Hg,(cosb - ’
SA( ) = sinz(8) SA(C.Os ) where in (A9) 8 = 8in36 and c = cos}f sothatat §=0°: 8 =0, c=1
1 4 ; s oy . = °. = =
HL(0) = _2_4,1 - cos 6) cos 1 9I'ID(cos 9) and at 6 = 180°: 8 =1, c =0.

=

where it can be seen from Eqs. (2.5), (2.9), and (2.2%) that the ﬁ are

- ez

functions of cosf only without poles in the physical region. (In fact,
B

"

from (2.42) the H are polynomial functions of cos# if only a finite num-

ber of partial waves contribute and indeed, even taking account of the

oo

- pion pole explicitly exhibited in Eqs. (2.27), (2.28) the partial-wave

7

Fty

series is convergent so that some polynomial functions of cosf give a

“

* “ representation of the H to any desired accuracy).

7

s

wi

It is enlightening to display the experimental quantities in terms
Tlof the H, thus explicitly exhibiting some necessary angular character-

- ristics of the experimental quantities:

—
ot

-
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APPENDIX B

In this section we define and introduce the partial-wave ampli-
tudes as given in Table VI. We make use of the standard expressions
to resurrect the helicity coefficients Ai \ defined in the partial-wave
expansion (2.11) from the helicity amplitudes ﬁN’ ﬁSA’ ﬁSP’ HD of
Eq. (2.12):

-i(hep)d (B. 1)

i 4 . :
AH)‘ e ‘g‘d Ap)\(e, ¢) d)\p(e) e

Since the amplitudes A!d:’ Bl:k (introduced in section 2.2) are linear

functions of the A':L)\,we may combine expressions of type {B.1) to arrive

at the following projection formulae

1
A, - 4(11+1)§dz%"§A(2)(1-2) (P, (2) + Pyl2))
by

(B.2)
- Hylz) (142) (P, () - P,'(z))}
1 .
A, = o4 51 dz {ﬁSA(z) (1-2) (P (2) + P,_, (2)
-1 (B. 3)
+ By (=) (142) (P, (=) - P, (z))}
1 ' :
1 2 ~ 1 ]
4 .
- Hopla)t42) (B, (2) -P','(zn} | | (B.4)

1
~ 1 21 ) " - "
B, . = PRI 5 dz (1-z) {HD(z) (1-2) (P(z) + P, _, (2))
-1 {B. 5)

+ Hgp (2) (1+42) (B)'(=) - P}'_,(zn}

where the H are defined in Appendix A, and =z = cos#,
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The isospin convention is given in section 2.3 and we define

amplitudes AP and AN as

P

AP - (/3% Vi aS

- A7) .

AV - _e/nE@aViyaS (B.5)

For completeness we give the amplitudes for the physical processes

[(cf. Eqs. (2.15), (2.25), (2.26)]

At = -/32aV3 4 AP

A = (2/3)F AY3 4 (umw3) AF

AT = /3t AV AN (B.6)
A™ - (2/3)7 AV3 _ Nz AN

The partial-wave amplitudes are then given in dimensionless
""Argand units" and are for practical purposes multiplied by a factor
100. The quantities G(PROTON, NEUTRON, V3) listed in Table VI

are therefore related to AP, AN, and AV3 by

G = 100 (qk)% A ' - (B.7)

with q and k the c.m. momenta in the 7N and yN systems.
The helicity amplitudes HN’ HSP’ HSA’ HD as defined in Eq.
(2.12) are not contained in this publication, but can be obtained as

Ref. (29).
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TABLE I. Initial values for the parameters of the hadronic part of
a
the K-matrix.

Wave E. Y, Y5 3 r/z om, M,
(MeV) : (MeV) (MeV) (MeV)
Part a
831 1617 04295 0.363 + 105 350 940

1950 0,365 =-0.743 +
2988 1,748 ~-0.7T12 -

Py 1925 0.244  0.357  + 117 568 98
2145 0,357 =0, 394 + : :
684 1.153 =0,740 +
P33 1235 0.525 0,0 + 63 333 1223 el
2356 0,597 0.880 + !
d33 1658 0,181 0,542 + 125 138 1218
2092 0.094 -0,578 + ;
=2649 0.885 -1.030 +
d35 2327 0.235 0,706 + 476 414 1092

-1938 0,765 -1.480 +

£ 1869 0,147 0.362 8 137 1196

+

¥ w610 0w -1.057 4
£, 1955 0,257 0.296 + 104 540 940

- 201 0,655 -1,114 +




TABLE I. {(cont.)

Wave E_ Yi Yé £ r/2 m, M,
MeV) (MeV)  (MeV) (MeV)
‘ Part b
811 - 1507 0,199 0.329 + 30 548 943
1772 0.520 =0,465 + 27N
- 858 0,352 1,048 +
P11 - 147 049 0.412 + 165 281 940
1792 0.358 =0.404 + 182
2285 0,658 0.389 +
1004 0,556 -0,028 +
Py 1841 0,251 0,525 + 176 615 940
2136 0,193 =0.495 +
311 0.947 0,108 +
d13 1511 0,27 -0,289 + 66 301 940
2547 0.538 0,946 + '
966 0.410 0,666 +
dis 1674 0.232 =04249 + 60 269 1009
2395 0,378 0.6M +
- 388  0.520 1476+
f15 1681 0,264 0,232 + 65 400 940
2042 0.249 =0,4T +
422 0,505 =0.754 +

8 These values were obtained from a two-channel elastic, inelastic fit to
elastic nN barﬁial—wave amplitudes for a) isospin 3/2, b) isospin 1/2
waves. Er denotes the pole positions in the K-matrix, Yi and yé the
(dimensionless) couplings to the elastic and inelastic channel respective-
ly, £ a sign factor multiplying the pole term in the K-matrix sum. - M2
and m, are peseudomasses describing the ine%astiszchannel. F'és the total
width of a resonance in the approximation 7= ql(Er) + Yy qz(Er)

where qi» 9, are the c¢c.m. momenta in the two channels.
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TABLE 1II. Real parts and phase angles for s and p wave amplitudes as
used to constrain the fitted amplitudes by testing the phase
prediction through the Watson theorem and the low-energy
continuity of the real parts.d

Wave ) Real part Angle Real part Angle
E = 250 MeV E = 290 MeV
s, /2 5.6 + 0.07 8.4 + 0.4 4.20 £ 0.07 9.6 + 0.4
P, /2 - -2.0 + 0.8 - 0.1 + 0.8
Py /2 0.7 + 0.60 -0.9 + 0.4 0.70 + 0.60 1.6 + 0.4
Py 3/2 2,35 + 0.10 -0.9 + 0.4 2.35 ¢ 0.10 1.6 + 0.4
sy /2 -11.0 £0.70 -8.5 + 0.4 =-10.0 * 0.70 12.2 * 0.4
Py 1/2 - -1.9 + 0.4 - -3.3 + 0.4
Pyy 1/2 5.9 + 0.60 21.9 + 0.8 7.0 % 0.60 44.8 + 0.8 L
Py3 3/2  -18.75 & 0.40 21.9 + 0.8 -16.7 *-0.40 44.8 * 0.8 h
E = 350 MeV . E = 450 MeV
s;, /2 4.2 £ 0.07 10.7 + 0.4 - 13.7 + 0.4
Py, 172 - 4.0 £ 0.8 - 18.6 + 0.8
Py 1/2 0.7 + 0.60 2.2 + 0.4 - -3.6 + 0.4
Py 3/2 2.35¢ 0.10 2.2 £ 0.4 - -3.6 + 0.4
8y /2 -7.0 £ 0.70 -15.6 * 0.4 - -21.1 + 0.4
Py, /2 - ~4.7 £ 0.4 - 7.2+ 0.4
Pyy 1/2 0.0t 0.60  94.5 % 0.8 - 134.2 + 0.8
Pyy  3/2 0.0 * 0.10 94.5 + 0.8 - 134.2 + 0.8

%\ denotes the total helicity of the yN-system. Real parts are in units of
(GeV-'1
lated to the amplitudes defined in Eq. (2.25a) by (1/3)!2 (TVl—TS), isospin
3.2 amplitudes by (3/2);5 TV3.

i

x 10-2), phase angles in degrees. The isospin 1/2 amplitudes are re-



TABLE III. Parameters resulting from the three best fits I - III.

Wave r E (MeV) yi yé ’ Y‘II?Z Y‘;?Z
Part aa
s31 1 1598 0.320 . 0.394 - -119
‘ 1593 0.327  0.399 131
1605 0.349 0.400 -115
2 X - X X X
X X X X
[1950] [0.365] [-0.743] 11
3 | 2992 1.744 -0.724 . 443
3002 1.735 -0.733 404
3051 1.725 -0.756 . 466
Py S [1925] [0.244] [ 0.357]  -173
1911 0.272 0.402 - 81
1925 0.244 0.357 - 60
Py 1 1231 0.53¢ [ 0] 126 -268
1231 0.532 [ 0] 126 -266
1231 0.532 [ 0] 125 _267
2 [2356] [0.597] [ 0.880] - 86 -165
| Ezsss} ' Eo.597 E o.eso] -105 -180
2356 0.597] 0.880] 130 179
di3 1 1673 0.172 0.556 15 - 56
1678 0.164 0.589 59 3
| 1676 0.147 0.619 66 - 28
dys 1 2327] [0.235] [ 0.706] 48 7
- v 2327% E0.235] E 0.706] 73 - 24
2327 0.235] 0.706] 53 - 10
Cfys 1 - E]BGQ% -Eo.147% [ 0.362] 7 ¥
1869 0.147 0.362~ 16 9
[1869] [0.147] 0.362 18 6
£, 1 [19551 Eo.257] E 0.296% | 27 - 17
| 1955] 0.257] 0.296 3] - 14
[1955] [0.257] [ 0.296] = 9 -

_89-




TABLE III. (cont.)

[ P P N N
Wave r Er(MeV) Yi Y2 . Yl/z Y3/2 Yl/z Y3/2
Part ba
11 1 1546 0.281 0.412 42 - 38
1548 0.262 0.417 45 - 22
1548 0.262 0.417 47 - 40
2 1707 0.527 -0.434 75 - 128
1674 0.563 -0.417 72 - 112
| 1676 0.595 -0.42 66 - 82
3 -773 0.352 0.982 -607 \ 2111
- 780 0.337 1.071 -848 | 2307
- 637 0.327 0.988 -797 2181
P11 1 1439 0.476 0.388 106 - 56
1467 0.431 0.474 107 - 24
1446 0.426 0.469 102 - 38
2 1787 0.386 -0.390 12 - 106
1783 0.392 -0.362 - 38 - 64
1777 0.344 -0.348 - 37 , S
3 X X X X X
X X X X X
[ 2285] [0.658] [ 0.389] - 41 - 66
4 1004 [0.556] [-0.028] 21 12
1009 0.548 0.045 - 94 170
977 0.606 -0.001 - 55 139
P13 1 [ 1841] [0.251] [ 0.525] 13 10 42 13
1846 0.227 447 - 29 - 34 - 12 119
[ 1841] [0.251] [ 0.525] - 17 - 54 - 23 110
3 3N [0.947] [-0.108] -132 -171 158 -166
3N Eo.947] E-o 108] - 69 -170 17 52
N 0.947] [-0.108] - 55 -150 13 55
dys 1 1513 0.310 -0.291 -5 182 83 -146
1518 0.357 -0.266 5 173 78 -108
1519 0.347 -0.252 2 175 71 -110
2 X X X X X X X
X X X X X X X
1678 0.129 0.281 - 22 38 14 30
dys 1 1664 0.219 -0.259 14 -9 - 15 25
1669 0.178 -0.276 20 -7 - 15 . 28
1669 0.178 -0.276 9 -9 - 10 25
£15 1 1681 0.263 0.226 13 78 - 15 - 20
1691 0.211 0.271 10 82 - 18 - 23
1691 0.21 0.271 8 76 -2 - 23

-6



TABLE til. (cont.)

C] CZ C3 C4
Part ¢

yp + n™n X X X X
0.042 0.044 0.046 -0.023
0.146 -0.141 0.154 0.122

Yp > P X X X X
0.057 -0.008 0.053 . 0.051
0.132 -0.122 0.151 0.125

Yyn > 17 p X X X X
- -0.038 -0.050 0.039 0.055
-0.140 0.140 -0.109

0.153

-09_



TABLE III. (cont.)"

Dp AN N

' V3 V3 p
EG(MeV) Wave 01/2 D3/2 D]/2 32 D]/2 D3/2
. Part d¢

1950 f35 281 131 X X X X

294 217 X X - X X

283 240 X X X X

1950 f37 551 -426 X X X X

: 549 -447 X X X X

677 -450 X X X X
2125 %7 X X 178 1300 729 -899
: X X -294 1568 984 -745

X X -148 1529 973 -780

‘t9‘

a. Parts a) and b) list the fitted K-mitrix parameters for isospin 3/2

and 1/2 partial waves. Results are quoted for those K-matrix poles which
have been coupled to the yN-channel in at least one fit, successive rows
corresponding to fits I-III respectively. X marks those parameters which
have not been varied in a particular fit; brackets indicate that this num-
ber‘has been kept constant at the value of Table I. The index r refers to
the pole sequence within a partial wave as given in Table I, the pole posi-
tion being E.. The couplings y' are defined in section 2.4. The photon

couplings YY?Z etc., are multiplied by 104.

b. Part c¢) contains the fitted results for the parametefs C defined in

Eq. (2.30), which compensate for the possible nonconvergence of the partial-
wave amplitudes in the unphysical regién. ‘Again for each parameter, suc-
cessive rows correspond to the results of fits I—III,Vthe units being de-
fined by Eq. (2.30).

c. Results for parameters D of Eq. (2.31) are listed in part d). qs denotes
the position of the energy § -function and Di their strengths, where A = 1/2,
3/2 refers to the total helicity in the yN-system and I = V3, P, N to our

isospin convention.



TABLE 1V, XZ/data point for the three best fits I-III.

Number of XZ/Data point.

—
Reaction Type data points  Fit I Fit II Fit III
o 1846 2.44 2.59 2.8
P 13 6.03 | 6.76 7.11
+ . .
YP>man z 16 2.81 | 2.8 2.57
T 27 1.50 1.50 1.62
v 1393 5.64 5.91 5.19
Yp *> "op P 129 2.83 2.f92‘ 2.79 '
o~
z 37 2.78 3.66 - 3.02 D
o 541 5.11 l+.96 k.32
Yo+ 1 p P 1 0.65 0.65 0.99
3 ' Ls 4,22 5.03 h.o7
Number of variable parameters 56 68 ' 7”A

80 = differential-cross section, P = recoil nucleon polarization, I = linearly

polarized photon asymmetry and T = polarized target asymmetry.



TABLE V. Average resonance couplings compared with quark model pred:i.ctions.a

b
N* (mass)
o P P(V3) P(V3) N N
§ [SU3,ZSq+1]J AI/Z A3/2 Al/z A3/2
. ' Part aal ,
o | p33(1230) -142 + 6 -259 + 16
" |
ol [10,4]3/2* -108 * -187 *
591(1545) 53 + 20 - 48+ 21
[8.211/2" 156 -108
dy3(1512) - 26 £ 15 194 + 3] 85+ 14 -124 + 13
[8,213/2" - 34 109 * - 3 -109 * &
s31(1610) 90 + 76
[10,2]1/2" 47
| da3(1660) 68 + 42 22 + 52
n - *
"1 [10,2]3/2 88 84
S | s11(1690) 66 + 42 - 72 66
T [8.42 0 30
dy 3(1700) 3¢7? 20 + ? -28+7? 27 7
[8,4]3/2" o* 0" -0 * - 40"
dy5(1670) 1N+ 12 21 + 20 10+40 - 35114
[8,415/2" 0" 0" -38° -5




TABLE V. (cont.)
|
© N* (mass)
> P P(V3) P(V3) N N
@ |[su3,28 +113 Ar/2 A3/2 A2 A3/2
| Part b2 .
f15(1690) - 8+4 100 +12 17 +14 -52+18
[8,2]5/2" - 10 60 * 30 ¥ 0o*
+
~ | f..(1870) - 60 + ? -100 + ?
~ | [10,4]5/2" - 20 - 90
"_\N
g .
w | f37(1950) 2133 + 46 -100 + 41
[10,4]7/2* - 50 " -70 "
+
o
v | ppq(1470) - 55 + 28 2 + 25
y g
~) [8,21172% 27 -18
© -
w
+
o .
end
~| [8,211/2* - 40 10
S

-bg_



Wod od uow Y J o3 i
TABLE V (cont.)
-~ N* (mass)
— P P(V3) P(v3) N N
o [SU3,ZSq+1]J Al/z Al/z Al/z A3/2
(V]
+ Part c@
(e ]
"l pggl1230) 2142 & 1 261 + 1
*
2| [10,473/2% -108 * 187
8 :
5,1(1545) 36+ 2 -2 9
[8,211/2" 156 - -108
d,,(1512) 0+ 6 174+ 6 -82 7 -119+ 25 .
[8,2]3/2" - 34 109 e 2109 % &
53](1610) 78 + 6
[10,271/2" 47
] .
— | dg4(1660) 41 + 28 21 + 20
= | [10,213/27 88 8 *
o : . ,
™~
= | s;00690) 54+ 5 - 82+ 19
[8,411/2" 0 30
4,,(1700) 23+ 2 3557  -154+ 2 28+ 2
. |
[8,4]3/2" 0 0 - 10 - 40"
dy5(1670) 19+ 7 16+ 2 -17:4  -49: 4
(8,4]5/2 o o* 38" - 53"




TABLE V. (cont.)

= .
-~ N*(mass) .
© P P(V3) P(V3) N N
?j [SU3,ZSqf1]J Ao Ayln A/ L
Part 4%
f]5(1690) : -14 + 3 147 + 6 23 £ 3 -41 + 4
[8,2]5/2* -10 | 60 30 * o
+ b b
? ?
T f35(1870) | ?
= | [10,815/2 -20 - 90
)
2 c c
f,,(1950)  -80 -180
[10,4]7/2* -50 * -70 "% -
_ N
T
*S ' ' :
'-“lN pn(1470) -87 + 2 33 +-13
S | [8,2n72Y 27 -18
& . : . : '
+ , |
gf,N p”('l750) 1.6 + 25 ‘ 57 + 22
S | [8,211728 40 10
a. Part a and b list the previously published 3 resuits from an average over

 seven fits where”the error is the spread over the seven fits, which part ¢ and
d are taken as an average over.the three best fits I-III with the errors now
being the spread over these.three fits,

In parts e and d, the errors probably do not represeﬁt a realistic estimate

of the uncertainties of the couplings due to the relatively small number of fits



TABLE V., (cont,)

of good quality and the appreciable uncertainties in the estimation of the mN

resonance parameters. ‘
' : * *
AP’N denotes decays of N +,0 (I=1/2) and AV3 N (I=3/2) through helicity
A 1/2 A 3/2 v
-1/2
X

»=1/2, 3/2 respectively. Units are GeV 10-3. Directly underneath the

partial-wave analysis result we give the quark model result for the usual
assignment of the resonance to an {SU6}, [SU3, ZSQ + 1] multiplet, where SQ

denotes the spin of the quark state. An asterisk labels quark model results

-Lg_

which do not involve a difference of two terms. Tables Va and Vc compfise
resonances assigned to the {56}0L = 0" and {70}1 L = 1 multiplets and Tables
Vb and d the {56}, L = 2°, {56}, L = ot and (70}, 1, = 0" multiplets where the
suffix indicates the equivalent harmonic oscillator energy level, n.

b. See comment in section 6.

c. Estimate from real part (see text).



TABLE VI. Partial-wave amplitudes of fit 111 as a function of photon laboratory energy.a

PKQTON S1/2 Pl/2

EG(MEV) REAL A IMAC REAL B8 IMAG REAL A IMAG REAL B IMAG
Parta

250 1.3¢¢ «0€7 C.0CC 0.000 «196 =.017 0.000 0,000
2170 1.384 «084 C.0CC 0V.000 «231 -,017 C.000 (0,000
290 1.397 «102 C.0CC 0.000 « 271 =.016 0.000 (©€.000
310 1.405 e122 €C.0CC 0.000 «317 =-.011 0,000 0.000
330 ll "11 014‘4 C.OCC 00000 0372 -0001 0.000 0.000
350 l1.416 «1069 C.0CC J.000 e 434 « 023 0.000 0,000
370 l1.419 «195 ¢.0CC 0.000 «501 «.059 0.00C0 0.000
290 1,423 «224 C.CCC 0.000 «568 «111 0. 000 0.000
410 1. 425 «2E5€ C.CCC 0.000 « £34 .178 C.000 (.000
430 1.428 «29¢C C.CCC 0.000 . 695 « 263 0,000 G.000
7450 1.430 327 c.0CC 0.000 .« 144 +365 0.000 0©€.0Q0
470 1.432 »36E (.0CC 0,000 o177 - 482 0.000 0,000
490 1.432 «412 C.0CC 0.000 . 187 «609 0.000 (@G.000
510 1. 431 «45% C.0CC 0,000 o772 e 739 C.000 0,000
530 1. 429 «51¢C C.0CC 0.000 « 129 «864 0.000 0.000
550 1.423 +564 (.CCC 04000 0 €62 « 976 C.000 0.000C
570 1,415 622 C.0CC 0.000 «5TT7T 1,068 0.000 0.000
590 l.402 .683 C.0€CC 0.000 « 480 1le.136 0.000 0.000
£10 1.384 ~ 748 C.0C0 0,000 «379 1,181 0.000 0.000
€30 1.360 .815 .0CC 0.u00 «278 1.205 0.000 0©.000
650 1.329 « 885 C.0CC 0.000 «185 1,209 0.000 0,000
€70 1.291 «9E5C €C.0C0 0.000 «097 1.203 0.000 0.000
690 1,246 1.03¢€ C.0CC 0,000 +015 1,184 0.000 C.000
710 1.191 1.12¢ 0.0CC 0.000 -~+059° 1.154 0.000 0.000
730 1.072  1.262 C.CCC 0.000 -.124 1l.116 0.000 0,000
7170 «669 1.24d1 . CCC  0.000 -+230 1.022 0,000 C.000
790 «509 1.1682 €C.0CC 0.000 -.272 « 970 0.030 0.0CO
810 +422 1.012 C.0CC 0.000 ~e 309 e915 C.000 0,000
830 «423 «881 C.0CC 0,000 - 339 +8E9 C.000 0.0CO
850 448 . 788 C.CCC 0.000 ~+365 «800 0,000 C.000
870 » 483 726 C.0CC 0.000 -, 388 « 740 0.000 0.000
890 «51°% «692 c.0CC 0.000 -+.406 «6178 0.000 (©€.000
910 » 541 oH1C C.00C 0,000 -+ 420 614 0.000 0.0C0
930 561 «£57 c.CCC 0.000 —-e431 547 c.000 0.000
950 «574 « 647 C.CCC GC.000 —e 437 « 479 0.000 0.000
S70 « 583 «64( C.0CO0 0.000 -+ 438 «409 0.000 ¢€.00C
990 «589 «633 C.0CC 0,000 -s 435 «336 C. 000 0.000
1010 . 592 625 C.0CC 0.000 - 426 « 262 0.000 €.0CQO
1030 «594% 616 c.CCC 0,000 —e4ll «187 0.000 0,000
1050 » 596 «601 .0CC 0.000 ~+389 «111 0.000 0.000
1070 » 599 «596 (. 0CC V.000 - 362 + 038 0,000 0.000
1090 » 604 « 585 C.0CC 0,000 -e326 =.034 0.020 0.0CC
1110 «612 572 C.0CC 0.000 -.286 =.,101 0.000 Q.UC0V
1130 «625  .55¢ €, 0CC 0.0V ~e243 =—,163 0.000 0.000
- 1150 e 647 «545 C.CCC U.0JU -e200 =~-,218 0.000 0.000
1170 » 685 «531 C.0CC 0.L0U -s 164 =,267 0.000 (C.000
1150 » 7153 «516 C.0CC 0.000 ~e 150 =309 C.000 0,000
1210 « 902 «501 CaOCC 0,000 =,201 =.34% 0.000 0,000
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SRS EEN TRV R B T Y I R
TABLE VI. (cont.)
PROTON P372 D372
EGIMEV)  REAL A IMAG REAL B IMAG REAL A IMAG REAL B IMAG
Part a (cont .)

250 « 224 =,0C3 «5CC =40U9 -+ 069 « 000 »389 -,001
270 « 240 -0005 .542 "0012 "0077 OOOO e 458 -.001
290 0253 "oOCé «57¢ "0016 “0083 « 000 0526 -0001
310 + 264 =-,0C8 «604 =.020 -+ 089 «000 «e592 —.0C2
330 «274 —-.0CS «b62E =,024 -+ 094 . 000 e659 =,002
350 «283 =,011 e 644 -,029 = 098 « 000 o727 -,002
370 «291 -=.012 «£58 =.033 -.101  .000 «798 ~,002
" 290 » 298 "0014 o 6EE -.037 e 105 « 000 0874 «+ 000
410 «3C4 -~,016 «67€¢ =,041 -+ 108 « 000 «955 « 004
430 «310 ~-,017 «681 =,045 ~e1ll1 «001 1.043 .013
450 «315 ~.U1E «6E4 —-,049 ~e1ll13 «001 1.140 026
470 0319 -.J20 0685"0053 "0115 0002 1.247 « 047
490 323 -.021 «684 -,056 -«117 «003 1.365 .078
€30 «329 =.024 «68C =~.062 ~e121 «006 l.642 «186
550 «331 =-.02¢ «6TT1T =.065 ~-e122 « 008 1.803 « 2717
570 333 «.02¢ «673 =.068 ~el24 «011 1.977 «403
590 0334 -0027 .66& -0070 ~e 125 0014 20101 .578
610 0_334 “0027 6?2 "0072 ’ e 126 0019 2.342 .816
630 e334 -,028 «651 =-,074 ~-.128 « 025 2500 1.133
650 «334 -,026 «652 =076 ~e 132 «032 2599 1.538
670 «333 -.03C «64€ =~.078 ~e137 « 040 2.589 2.023
€90 «332 =-,031 «641 ~=,080 ~e 145 « 048 2419 2.544%
730 «333 =-.037 s€47 =-.,098 ~-+169 « 059 le561 3,347
770 «325 -~.02F% e €27 =.062 ~-.198 « 056 «488 3.425
790 «319 -.024 616 =-.060 ~,212 .051 .058 3.294
810 «312 =.024 «6C4 ~,058 ~e225 . 043 ~e293 3,071
830 «306 =.024 «586 =~.058 ~e238 .033 ~e539 2.81C
850 299 —-,02°% «578 =,062 -e252 «022 “e691 24551
870 «291 =.02¢ «563 =,067 -~ 268 « 007 o168 24318
890 0283 -.028 0551 -0073 “.286 001"’ " 0791 2.128
910 +2715 —.03C «54C -,080 -+ 305 « 046 ~e 779 1990
930 «267 =-.033 «526 =,089 ~.323 «093 ~e758 1.913
950 e 259 -sU 3¢ 051§ "0099 —~e 326 0161 -e 161 1.899
970 «250 ~.036 «50S ~.110 =~ 295 « 246 ~«832 1.925
990 +241 ~.042 «46S =,123 -.218 «319 -e988 1,922
1010 «232 =441 «4SC =,137 ~-. 114 «343 =~1.175 1.821
1030 «222 «.052 «481 =.153 ~e022 318 ~1.314 1.640
1050 +213 «-o,0F17 0472 "'0171 « 038 0271 =1.376 le444
1070 0204 -0063 0465 "’0191 0071 0225 ‘1.382 10271
1090 .‘194 . "'007(: 0458 "0212 « 088 0188 ’1.363 1.130
1110 .184 =.076 «45C «.235 «096 =158 ~1.330 1.017
1130 - +173 =.084 e441 -,259 . (99 «135 le292 «925
1150 »161 =,061 «42G -.284 «099 ~,117 1.247 «849
1170 «145 =-.0SS «4C7 =,310 « 096 «103 -1.189 .« 786
1190 e122 -.1C7 e362 -,337 «3088 +=,092 ~-1.098 o732
1210 « Q78 ’0115 e252 ~e363 0067 «083 - 909 .686
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TABLE V. (cont.)

PROT ON D572 F5/72

EGIMEV) REAL A& IMAC REAL B IMAG REAL A IMAG REAL B TMAG
Part a (cont.)

250 «C77 .00C «0GE «000 -+ 037 +«000 . 069 « 000
270 OCBB .OOC 0111 .OOU ~e 04‘0 .OOO 0086 0000
290 « 096 . 00C «12F€ «000 -«052 « 000 «103 «00C
310 «1C4 «00¢ «1328 «J00  -~.058 +000 «120 « 000
330 2112 .00C «15C « 000 o U665 » 000 «136 « 0040
350 «118 ~ .0cCC «l1€1 + 00V ~+ 071 « 000 «152 »000
370 «124 »00C «17C «J00V ~e 077 « 000 «168 «000
3390 «130 . .00C «176 «000 ~-.082 «000 .184 .000
410 «136 «00C «18¢ «000 -. 087 « 000 « 200 »000
430 «141 «00C «162 «000 -.093 «000 «216 « 000
450 . 147 «00C «1GE « 00V -+ 098 «000 «232 « 000
470 .152 . .00C «202 .000 -.103 «000 «249 «0C0
490 «158 «J0CC «2C¢ « 000 -.108 + 000 e 265 «000
510 - 164 «000 «2C9 «000 -s112 «000 2283 .0CO
530 «169 «00C «211 « 000 -e 117 « 000 e 301 «000
550 175 «001 «212 =.001 -.122 « 000 «320 «0CO
570 '181 -001 -213 -0001 ‘0127 «+ 000 +340 +0CO
590 '+ 188 « 001 «212 =.001 -. 131 « 000 «361 +000
610 «194 «001 «211 =.001 -+ 136 .000 «383 «0C1
630 0201 OUCZ .ZC‘; "0002 e 14‘1 .000 0408 0001
€350 208 «002 «2C€ =.002 -e145 «000 " e434 «002
670 216 «0C2 «2C2 ~4003  =,149 « 000 e463 «003
690 2224 V04 . 199 ~.004 et 154 «001 «494 « 006
710 «232  .0CS »194 —~.005 -e157 .001 «528 . 009
730 « 240 «3C17 «188 ~.,007 -e 161 «001 «566 2013
750 «250 .009 .181 -.008 —e 164 «.002 «608 .019
790 « 2170 «J14 1€ -,014 -.170 « 004 « 708 «039
810 «281 «015 «157 =-,018 ~e 172 « 006 o 767 « 055
830 «293 « 024 «147 ~.024 ~e1l73 .008 «833 .078
850 « 306 «032 «13€6 =.032 ~-e173 <012 « 907 «110
870 «319 - .042 «125 =,042 ~e173 «017 «991 «155
910 «343 «JTE «1C4 =~-,075 - 169 .033 1.180 +307
930 «348 «102 «10C -.100 -.167 » 047 1.27¢ o432
950 » 345 «132 »1C€6 «,130 ~e 167 « 065 1.356 «602
970 2327 - .161 «12% =.159 -e171 . 089 1.394 «822
990 «296 «17S «158 ~=,177 ~o 184 «117 1.356 1,076
1010 »261 «178 « 164 =.176 -+207 «143 1.21¢ 1.319
1030 « 234 «162 «224 =.161 =~ 240 el62 988 1.489
1050 «218 «140 «242 =.138 - 277 «168 « 726 14543
1090 0‘215 s UGE 0251 -+095 -e 336 0153 0331 1.409
1130 . -232 0067 02‘03 -0066 "‘0371 0123 01‘09 10134
‘1130 « 243 . 056 «237 =~.056 -+378 .108 «l47 « 966
1170 «256 048 «23C -,048 ~+ 380 «095 «196 «873
1190 «270 « 042 0222 =.041 —e374  .084 «304 « 769
« 290 «0317 «2CS =.036 -«357 « 074 521 « 682

1210
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TABLE VI. (cont.)
NEUTRON Sl/2 Pl/2
EG({MEV) PEAL A IMAC REAL B IMAG REAL A IMAG REAL B IMAG
Partb
250 =2.022 =.1l4i1 C.0CC 0.000 —e357 «034 ~ 0.000 0.0CO
270 ~-2.,088 =~.182 C.0CC 0.000 —e 406 + 034 0.000 0,000
290 —Z.l4l ~.216 C.CCC 0.000 -, 452 ° 030 0.000 0.000
310 ~2.182 ~,26C CeCCC 0,000 -e 496 « 020 0.000 0.000
330 =2.213 =-.3C4 C.0CC 0,000 ~+539 «003 0.000 0.000
350 =-2.236 -,3t1 (o CCC 04000 -e579 —-,023 0.000 0,000
370 =-2,250 =-.402 C.0CC 0,000 -.614 —-.059 0.000 0.000
390 =2.256 —-.45¢ C.0CC 0,000 -. 642 -.104 0.000 0.000
410 =2.255 =~.513 C.0CC 0,000 -. 661 -.159 0.000 0,000
430 —2.245 —-.5175 C.0CC 0.000 -s668 -,222 0.000 0.000
450 =2,227 =.04( €C.CCC 0,000 -s 661 =-4291 0.000 0,000
470 - —2.201 —=.7CE C.0C0 0.000 —o £38 =.362 0.000 (€.000
490 =2.,166 ~-,78C C.0CC 0,000 ~e 598 =4431 0.000 0.000
510 =~2.121 -.855 C.0CC 0,000 -e541 -.493 0.000 0.000
530 =2.066 =.933 Ce0CC 0,000 ~e 472 =e542 0,000 0,000
550 =2.001 ~-1.012 C.0CC 0.000 -¢394 -,575 C.000 ¢C.0CO
570 =1,923 ~-1.092 C.0CC 0,000 - 314 =,591 0.000 C.000
590 =1.832 ~-1.174 C.0CC 0.000 -e237 =.592 0.000 0.000
610 =-1,729 -1.254 CeCCC 04000 -s168 =,580. 0,000 0.,000
€30 -—-1.611 -1.332 C.0CC 0.000 -.109 -—-.558 0,000 0.000
650 =-1.478 -1.4C5 C.0CC 0.000 =060 =4531 0.000 0.000
670 =-1,333 ~-1.412 (. 0CC 0,000 -, 021 =-.501 0.000 0.000
690 =~1.177 1,531 C.0C0 0.000 « 007 -.469 0.000 0.000
710 ~1.,007 ~1.61¢ Ce0CC 0,000 ¢ 325 —.439 0.000 0.000
730 -e 724 —1.754 C.0CC 0,000 «034 -.411 0.000 0.000
750 -+321 ~1a721 C.0CC 0,000 « 036 ~.388 0000 0.000
770 «052 =-1.5071 - C.0CC 0,000 «032 ~.370 C.000 0.000
790 «291 - 1,151 C.CCC 0,000 .022 ~-.358 0.000 ©C.000
810 354 ~,798 C.0CC 0,000 « 009 -,351 0.000 0.000
830 e 297 =—.518 C.0CC 0,000 -.007 =.352 C.000 0,000
850 «193 =.332 C.0CC Q0,000 ~e025 =-.359 €.000 0.00¢C
870 «086 =-.216 C.C0CC 0Qe00U - 044 =o374 0.000 0.000
890 -.004 =—-.,152 C.0CC 0.000 -e 061 =.394 C.0200 0.000
910 -.076 =all1¢ C.0CC 0.000 «o Q077 =~e422 0.000 0.000
930 -+129 =,094% C.0CC 0,000 -+ 089 =—,456 0.000 0,000
950 ~+167 -.082 €.00C 0.000 -.097 ~.495 0.000 0.000
970 -2195 =.,0715 C.0CC 0,000 -+ 100 =,5329 0. 000 0,000
990 ~e213 ~-,07C c.0CC 0,000 ~e 095 —,586 0.000 0.000
1010 —e225 =066 C.0CC 0,000 ~e 081 —.635 0000 0,000
1030 -¢231 -,062 C.0CC 0,000 ~—a058 -~.684 0.C00 0.000
1050 -.234 -—-.051 CeCCC 06,000 ~e027 =41730 Ue000 0,000
1070 -.235 -,052 C.0CC 0V,00v «013 —-,770 0.000 0.000
1090 -e234 —-.045 C.0CC 0.000 « 057 ~.803 0.000 0.000
1110 ~e 232 —-.028 C.0CC 0,000 « 104 -—-.825 0.000 0,000
1130 ~e230 =.03C C.0CC O0.000 «148  —.836 0.090 0.0C0
1150 ~e227T =a021 C.CCC 0,000 « 182 ~.835 0.000 0,000
1190 ~.219 -,0C2 C.0CC 0.000 «155 =,799 0.000 0.000
1210 -4,210  LOCE C.000 0,000 -.008 =,767 C. 000 0,000
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TABLE VI. (cont.)

NEUTRON P3/2 n3s2

EGIMEV) REAL & IM2C REAL B IMAG REAL A IMAG REAL B IMAG
Part b (cont)

250 -.129 «UC1 —e 716 <002 +152 -=.000 -528 .000
210 -.130 «002 —e 168 2002 «179 -,000 —+625 «000
290 -.129 « 002 —+871 «003 «206 =.001 -e 7117 «001
310 -, 127 «+0C2 -e 93¢ «003 «234 ~-,001 -+ 807 «001
330 -.124 «UC4 —-e9G¢ «J04 « 263 =.001 =+ 894 »0C1
250 -.121 «+0C4 —=1.C4¢ e V04 «293 =,001 -+930 «001}
370 -.118 2005 -1.067 «005 «325 =-.001 ~-1.066 .001
390 -.115 « V06 =—1l1.14C « 005 e 359 «000 =1,151 «000
410 -.113 «0CT =1.17S .005 397 «002 -1.239 -.003
430 -.110 «008 -1e21% ~L00C5 «438 «005 =~-1.328 =-.0CS
450 -.107 «009 -1.244 « 004 «+83 «011 ~-1.421 =-.018
490 -,102 2010 =1.264 «003 « 589 «032 =-1.,620 =-.,053
510 -.0S9" «J11 =1.314 «003 « 650 e 050 =1.727 =,084
530 -.097 «J12 =—1.332 «002 . 718 «077 -—-1,842 -~.12¢
550 -e094 - L0133 =—1e34¢€ « V01 « 793 elle -—-1.964 -,186
590 -.089  L,Ulf =1.367 =.002 « 5959 0237 =24224 =,383
€10 -.086 «U16 =1,374 =-,003 1. 044 «334 =2.351 ~,537
€30 -.082 «016 =-1.378 =.004 1.119 464 =2.461 -,T42
670 - 076 .18 -1.381 -.007 1.180 «829 =2,526 -1.315
710 ~a 067 «019 =-1,374 =~,005 «990 1.236 =«2.188 -1.949
730 -+060 «J17 —1.3€E «008 e 197 16371 =1.861 =2,157
750 =, 054 «024 -—-1.388 ~,034 «580 1,425 -1.494 -2,.,238
790 -« 046 e 028 =1434C =-,042 «223 1.349 —+866 ~-24105
810 -.042 L0266 =—1.317 =-.046 <093 1.258 -.624 =1.9E53
830 -.038 « 026 =1.287 =.040 «007 1,151 ~e443 =14773
850 -+935 e 024 =1.25¢ -.0338 -e040 1.044 ~.314 =-1.589
870 —.030 022 ~1.22¢ =.026 -+ 056 «948 ~e226 =1.412
890 -.024 «J1E =1.16¢ =-.012 -+ 051 « 869 -+152 =1,246
310 -.017 «0U1% -—1.167 « 006 -.031 .811 -+114 -1.087
930 -.010 201C -1.137 +026 -« 006 7177 "0076 -+925
950 - .002 «004 -1.1C8 «050 «009 «768 -+.057T =.,750
970 0006 “0002 ""1.078 0077 -0001 0774 -0079 "0559
- 990 «016 =,006 ~-1.04S .108 ~+043 « 769 -.162 =-.380
1010 2326 =4017 =-1.02C s 143 -+ 096 o727 =-e290 =-o.261
1050 . 047 =,03% - 9EE 225 -« 136 «576 -e514 =4209
1130 «)97 -.9083 ~e872 «433 -+ 029 «371 -.658 —e.228
1170 »118. ~,11C -« 798 554 «C48 «316 -e690 =~=.222
1190 «118 =-.124 ~e71l2 «615 «103 « 294 -+ T16 =,216
«092 =.,128 -«5C1 o671 e 197 276 - 772 =.210
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DRI DY B I 7 AU PR RS ¢ .
TABLE VI. (cont.)
NEUTRUN Ces2 F572
EG(MEV) CFEAL A THMAC REAL B IMAG REAL A IMAG REAL B IMAG
Part b (cont.)
230 -+ 084 .00C -+06C VIV «031 « 000 -e063 .000
279 -+ 095 .00¢C ~e1CE « JVO +U36 « 000 -+078 «000

310 ~.116 . 00C -.129 .000 e 045 «000 —~+106 «000
339 -~ 126 «Q0C ~-+13G «000 . 048 000 -.119 «000
350 ~«135 «00C ~.148 « 000 «051 « 000 ~e131 «000
390 ~152 .00C ~-.1€2 « 000 « 054 «000 ~e15¢4 «0CO
410 ~+161 = LOOC —el€E « 000 e« C55 « 000 —~el65 «000
430 —.169 «00C -.172 «DU0 « 056 «000 ~+175 «000
450 ~.178 +0CC - 177 « 200 « 056 + 000 ~+185 + 000
470 —.187 2000 ~-,17% 000 «+ 056 « 000 ~+«194 +000
490 -.196 e UOC ~.181 «000 « 056 «000 ~e204 <000
510 -.20%. »J0C  ~-,182 +UV1 + 055 «000 -.213 «0C0
530 -e215 ~eJCC -.182 « 001 « 054 « 000 —-e222 « 000
570 ~-.235 =,001 -+17¢ 002 « 052 «000 -+ 240 «000
590 -.246 =-,001 —-a17¢& «003 » 050 « 000 -~e249 « 000
€10 ~+257 =,001 —-al172 « 004 « 048 «000 ~e258 .0C0
65C =.281 =,0C3 -.1€6C  .0U0G 044 =,00L —.277 =-.001
670 ~e 293 ~,0C2 ~el€2 .008 « 041 -.001  =,288 -.001
£E90 ~-¢3J6 -.004 "0145 «011 « C37 -«002: - 299 —~e00C2
710 ~+319 -.00¢ ~e12E «0l4 » 033 ~,002 ~+311 =.003
730 - e334 ~-.007 ~el24 «01l8 «029 -+004 ~e324 -.004
750 ~¢ 348 ".\]Cq -.111 e U23 « 024 -+ 005 -+ 338 -.006
770 =364 =~.012 ~-.0S7 «030 .018 =,007 -.353 -.Q08
810 ~,397 =.,320 ~-.0¢€2 <050 « 002 =015 ~e390 =~.017
830 -.415 -~ U026 -.041 « 065 -. 008 -.021 -e41ll -« 024
850 ~e434 =,034 ~.,016 « 086 -.019 -,030 -+435 ~,034
870 e 453 -0045 «00¢ o114 -.032 “0042 -.461 -.047
8‘)0 "0472 "'QODCF .028 .153 -0046 -.060 ".490 —0067
930 ~e501 =.107 = 0%C 274 - 076 =.119 ~e551 =.132
950 -,2302 =.138 .028 «355 -e 085 ~.1¢&5 -+.577 =-.184
970 -e48BB =~.16€S ~+032 «433 -. 082 =.226 ~e¢590 =~4251
990 -~.46]1] =~,188 -.12¢ «481 ~e 057 =4295 -+580 =.329
1010 -+430 -,187 -.221 «481 ~e 003 =—4362 ~e539 <,403
1050 - =+393 —-e147 "0372 0377 0165 ~o424 -e393 "'04‘72
1070 ~e3291 =.123 ~+366 «315 e 246 —4410 ~e327 =457
1110 -.408 =-,084 - 3266 «215 e 367 —e351 ~e242 ~¢3961
1130 -e421 -+ Q7C -e3EE 0179 « 405 -¢311 ~e227 -e347
1150 =.435 =4,056 ~-e327C «152 « 429 ~4273 ~e230 <-=.304
1170 ~e450 -.051 ~-.35C «130 « 440 ~e240 - o249 -.267
1190 ~e 46 =—.044 —e32E€ «113 e 436 ~s211" -+286 -+235
1210 -.487 -.036 «099 «404 -.187 -«357 =-.209

".29‘3
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TABLE V!. (cont.)

E €1/2 P1/2

EG(MEV)  REAL A IMAC REAL B IMAG REAL A IMAG REAL B IMAG

Partc

270 -1.504 .21C C.0CC 0,000 =—.0645 .025 0.000 0.000
290 ~=1.534 « 241 C.CCC 0.000 -+ 695 «031 0.000 0,000
310 -1.560 « 284 C.0CC 0,000 -e 736 « 037 0.000 0.000
330 -1.:577 «322 (.CCC 0.000 -.770 « 042 0.000 0,000
350 -1.590 e 36C C.0CC 0,000 -. 796 « 047 0.000 0.000
370 =1.604. .39€ C.0CC 0.u00 -+815 «052 0.000 0.000
390 -1.619 «43F% C.CCC 06,000 —e 829 « 057 C.000 0.000
410 =1.637 <468 C.0CC 0.000 —e 837 <061 0.000 C.000
430 -~1.648 «4 54 €C.0CC 0.0V0 -+ 840 0 065 C.000 0,000
450 =1.656 «532 C.0CC 0.000 -+839 « 069 0.000 0.000
470 =1.671 «568 C.CCC 0.000 -. 834 .073 0.000 06,000
490 -1.690 +.603 C.0CC 0.000 - 827 £ 077 0.000 0.000
£10 -1.712 «63€ c.0CC 0.000 -+ 816 « 080 0.000 ¢C.000
530 =—-1.739 « 661 (.CCC 0.000 -e 804 «083 0.000 0.000
590 =1.851 «73€ C.CCO0 0.000 -« 759 « 092 0.000 0.00CC
610 -1.901 « 752 Ce0CC 0,000 -e 143 «094 0,000 0,000
630 =1.957 e 761 C.0CC 0.000 -+ 730 « 092 C.000 0.000
650 =2.022 « 761 C.0CC U.000 -« 695 «072 0.000 0.000
670 =-2.092 +TE5C C.0CC 0.000 —e 664 « 109 0,000 0,000
€90 =2.169 «72E C.0CC 0.000 -+ 658 «113 0.000 0.000
710 =2.252 e 66 ( C.CCC 0.000 —e 645 «117 0.000 0,000
730 -=-2.339 «634 C.0CC 0.000 -« 632 «121 0.000 0.C0O0
750 =2.428 «55€ C.CCC 0.000 -~ 622  J126 0.000 0,000
770 =2.514 &S C.0CC 0.000 -.613 «128 C.000 0.000
790 =2.592 «32S C.0CC 0,000 -.605 «127 0.000 0,000
810 =2,653 e1172 C.0CC G.000 - 597 0127 C.000 0.000
830 -=-2.688 =-.011 C.00C 0,000 -« 390 «125 6.000 GC.0CO
850 =—2.690 =-.,217 C.CCC 0,000 -+ 586 124 0.000 0,000
B70 =2.642 =—.43% C.0CC 0.000 -+.580 «122 0.000 ¢€.000
890 =2.541 =—.651 C.CCC 0.000 —-«576 »120 0.000 0.000
910 =2,387 =847 .0CC 0.000 -« 573 «118 0.000 0.000
930 =-2.186 -1.005 0.0CC 0.000 =572 115 0.000 0.000
950 =1le354 =-1l.111 C.CCC 0,000 -e 571 e1l11 C. 000 0,000
Q70 =1.708 -1l.161 C.0CC 0,000 -.571 «108 0.000 C.000
990 =1.466 -1.154 C.CCC 0.000 =.572 «103 0.000 0.000
1010 ~1.244 -1,191 C.0CC 0,000 -+ 574 « 058 C.000 0.000
1030 =-1.049 ~1.011 C.00C 0,000 ~«577 « 092 0.000 0.000
1050 -. 886 =897 C.CCC WY.VU0 - 581 « 085 0,000 0.000
10670 —e753 =.T7€€¢ C.0CC 0.000 -+ 585 <076 0.000 0.000
1090 -+s651 =.63%5 Ce0CC 04000 -+ 589 « 067 0,000 0,000
1110 "’0571 -.501 COOCC 0,000 e 592 «05¢ 0.000 0.000
1130 -.510 =.37C C.CCC 0.000 -+595 «042 0.000 G.0C0
1150 —e463 =o24°% C.CCC 0,000 -« 597 « 027 C.000 0,000
1190  —-.381 =.+,016 C.CCC  0.000 - 507 =,012 0.000 0,000
1210 —-s 305 . 083 C.0CC 0,000 -e €24 =,036 0.000 0.000
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TABLE VI. (cont.)

V2 F3/2 v D372

EGUMEV) PEAL A IHALC PELL b IMAG KEAL & IMAG . REAL B IMALG

Part ¢ (cont)

250 V883 466 =Z2.6G€ —1.085 C118 o000 =427  .000

270 le 106 «914 -—-2,184 -2,085 « 136 « 000 —+ 458 « 000
290 1.109 1.55C =2.154 -3,4¢3 «153 «000 ~-e565 +000
330 «1€1 2,46t ~1.08 —5,345 « 185 «Q00 ~.682 «0CC
350 ~2434 24487 o222 =5,215 « 200 « 000 =—-.724 «000
390 -—1le.lé&2 2.028 1,672 =4.074 « 229 o000 =-.825 »0CO
430 —1.373 1.527 1.967 -2.4935 «258 =.001 —-«900 «000
450 ~-1.3282 163322 le GEE - 2. 504 ) 0273 -+ 001 ~e93¢ «00C
470 =1.362 1.173 1.882 -2.155 .288 -.001 -.961 .0C0
490 "'10325 1.\)"3 10771 "10871 0305 - 001 -0987 0000
510 =-1.279 «93¢ leb4€ ~-1.540 «322 =.001 -1.011 <001
530 —1.229 « 847 1.517 =1l.448 e340 =.002 =-1.032 - .001
£E50 =1.177 o (72 l1.385 -1.287 « 359 -,002 -1.050 .001
570 =1.124 «7CH 1.2€62 -1.151 «380 =-.002 +-1.066 .001
590 =1.072 053 1.14C -1,035 432 -,001 =-1,081 « 001
610 -1.021 - .6CEt l1.022 =.934 e426 =o,001 =-1.,093 «000
¢30 -.971 €4 «GCE =,845 e 452 «001 =1.,104 .000
650  —.922 $52¢ .79 ~—.T6¢ «480  .004 -1.114 =-.002
€930 ~. 831 b4t ?2 +5G2 =a633 - ,542 «013 =1.129 =.006
730 ~s 748 «4C8 «4CC =,521 «613 «032 -1.139 =.014
770 —.678 «35¢ 217 ~e424 688 « 067 -1l.144 ~.029
790 -, 649 | ,33¢ «127 =377 « 725 «093 ~l.144 =-.040
810 —~e €35 «31C «02€ —.328 e 760 el24 <~1.141 =-.053
830 -4 611 e 24€ ~.C82 ~-,305 « 7189 «160 =1.134 =-.068
850  —.563 «2CE ~.17¢ =-,301 . 809 «200 =-1.123 =.085
870 =.520 «17C —e2f4 =.296 «822 4241 -1.107 =.1C3
890 —.479 «137 =326 =-.291 «826 <279 =-1.085 =—.1169
G1lvu -¢439 e 106 -e36G2 -e 287 «823 «312 ~-1.059 -+ 133
950 -e265 s 47 -a514 —e 286 « 804 ¢ 352 -+999 ~¢150
979 ~+331 «016G —e5¢7 =—-,287 « 795 «359 ~e967 =,15%3
S350 - 29G -~ 0C8 -e&17 ~e291 789 « 360 —e 336 -e154
1010 ~e269 =¢038 . —,€€2 =,296 » 7188 «357 -e906 ~=.152
1C30 e 241 =.vbl ~-e1C3 —,302 « 7906 «351 ~.879 =.150
1050 -, 215 =,J347 =-e74C =.310 « 806 +»355 -.852 -.181
1110 ~-,161 =~,161 =.8321 -=.340 e 827 «357 ~.T64 =.1%52
1130 -.152 -.18% —«8E7 =—-a353 «338 « 355 -e 735 =4152
1150 -.152 =,208 ~+884 =—-,366 « 853 «353 -+ 708 =.1F1
1170 ~.161 ~e231 -.916 ~+¢380 « 879 «350 -.685 -+ 146
1190 ~s 193 ~a2H2 -eG72 ~e395 2926 e 347 — o669 —e148
1210 ~e28l =,275 =1.C0GS5 -,411 1.027 «345 —e678 —a147

—gL-



TABLE VI. (cont.)

V3 D572 F5/2

EG(MEV) REAL A IHAC REAL B IMAG REAL 3 IMAG REAL B TMAG

Part c (cont.)

250 —.C82 C.,uLC . =-,0¢€7 «000 .« 027 « 000 =055 «0CO
2170 =+ J9¢ T L.00C - 07€ 2 Q00 « 031 « 000 -.068 « 000
230 ~.119 .00C -.084 « VU0 s V35 <000 -.080 = L,000
330 -+132 ° .0CGC ~.096 000 « 042 « 000 -.102 .0CC
350 ~e143 «UCC -+1C1 « J0O o 044 000 -e113 000
370 ~e153 «V0C ~.1C4 »J00 « 046 « 030 ~e122 «000
390 —~e1l63 -0 CC -.107 «000 o 047 «000 -e131 +000
410 -.173 «UJCC -.1CS «J00 « C48 » 000 -e 140 « 000
430 ~-.132 «0UCC -.11C <00V « 049 « 000 ~e147 «000
4170 -+200 »000 -.111 <000 « U050 «000 -.161  .00C
490 -0208 «0CC "'olll .OOO 0050 « 000 "0107 0000
£10 =.21¢ » 200 -.111 - D00 « C49 « 000 =173 «0CC
530 ~e223 «JUCC -.11C .00V « U49 .000 -.178 « 000
550 -.229 - LUCC ~+11C «JOU e 049 « 000 ~.182 «+ 000
£70 -e23% ~-.0C1 —~«10¢ «Q00 « 048 «+ 000 -.186 «000
590 ~-.241 ~40C1 -+1C8 «000 « 048 « 000 ~«190 «000
630 -¢249 -=.9C1 -.107 «J00 o C47 « 000 ~e195 «0CO
€50 =,251 =-.001 -+107 «000 « 047 « 000 =e197 « 000
€70 —e253 ~,0C1 ~«1CE »000 « 047 .000 -.198 ,000
690 -, 254 =,uC} ~-e1CE «U0U o« 043 « 000 e 199 « 000
710 ~.254 =-,0C1 -.1G07 «000 « 048 000 -+199 »000
730 -+253 -.0C2Z -+1C17 « 000 e 049 « 000 -.199 » 000
750 ~+251 =,0C2 ~.1CS «J00 « 050 .000 ~.198 000
770 ~e247 =—-.0C2 —ellC « 00 « 052 +» 000. —~el197 «000
790 ~.241 —=,001 -e1l12 «000 « 055 «J01 ~+195 «000
810 =234 ~-.,0C1 -.115 «000 «058 .001 ~.193 « 000
850 ~e214 e 1 -.122 <000 « 366 <001 -.186 .0G0
870 - 202 U2 ~el27 =400l « 071 « 002 —~e132 «001
330 -5 139 LI035 ~e1322 ~,001 « 077 « 03 -e177 «001
910 ~el75 .008 -.1328 =.,00/¢ « 085 «003 -.172 «001
930 = 15‘1 o-)ll -0144 ~-.002 « 094 QOOS -.166 0001
G50 -~el41 «J14 -.152 =-.003 «103 «00¢ -.159 .0C2
370 —e122 . J01E -s16C =-.003 «115 « 007 ~el51 002
999 -.100 «)272 ~el1€S =404 «128 «.010 -el%2 .0C3
1010 —.077 U217 -.176 —-,005 o lb44 «012 -.132 « 004
1030 =.,253  ,032  -,185 =-.,u06  .lsl  .015 =,121  .00%5
10E0 -e026 «037 -.2C1 ~=.007 « 180 <019 —1U9 <006
1070 «JUZ )42 - =,212 2,908 202 «024 -, 096 .008
1090 «J34 s 04S  —.227 =~.009 « 227 « 030 ~.0431 .010
1110 + 068 «J55 ~e242 =—.Ull e 255 «038 ~, 064 «012
1130 «102 «JE2 ~e227 =~.012 « 286 « 047 —-.046 <015
1190 « 236G «U8¢ -+214 =,0lo o417 «J88 .028 . 029

«034
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TABLE VI. (cont.)

V3 _ F1/72
FG(MEV) CEAL % TMeC REAL B IMAG
Part c (cont,)

250 -, )2& +00C - 022 00
270 -+ 028 «0CC -.028 .000

290 ~. 332 «00C ~.022 « 000

230 -+ (38 +00CC ~e 044 «04u0
35 -+ C4%0 «0CC —-.05C . 000
370 - C42 «UCC ~ -,0%% PVIVIY)
360 ~eC43 «00C ~.0¢1 « 000
410 ~o 042 +0CC —e«CEE « 000
430 -~ o N4 «+000 - -.071 <000
470 —.043 «0CC ~-.082 VIVIY)
"90 ~-.042 .OCC ) --087 « 00U
30 ~+039 +0CC —-«068 «000
550 - e 037 «0CC —.1C2 « V00
€70 ~e )34 . 0CC ~+1C6 «000
590 -.031 © .00C —.114 .000
610 -+ 028 +V00 ~elcC « 000
650 -.020 +00C ~el22 « 000
670 D 2 85 «:)00 ~-.128 «000
690 -.010 «0CC ~e14E « VOV
710 -, 004 +000 ~«1€1 .000
730 -+ G02 «U0C ~.158 . 000
750 . 009 «000 ~.1€¢€ «000
770 « 017 .0CC -e172 .« Q00
830 » D44 «001 ~-.1¢¢ e Q00
850 « 055 .001 -e2CE . 000
870 .« 067 o 0C1 ~.21€¢ « 000
830 + D80 <002 -e22¢ <000
910 «CS4 «0C2 ~e241 « 000
930 . . 110 »J073 —e252 « V00
550 L127  .004  ~.2€7 000
990 «1€7 «00¢ ~.2G7 « 000
1030 .215 +0CE ~.322 «000
1050 «243 «U1( —.353 + Q00
1070 274 2012 ~.37¢ +000
1116 » 346 +01E ~«421 =,001
1130 « 389 <021 ~e4f27 -,001
1150 « 437 «22¢ -,4SC -.,0U1
1170 e 4933 +03C —e528 =,001
1190  .559 <0358 ~+«570 =.,001
1210 «641 o4 -e61¢ ~,002

%The symbols PROTON (Table Via), NEUTRON (Table Vib), and V 3(Table Vic) refer to our usual isospin labels
P, N, V3, while A, B denote amplitudes of total YN-helicity A= 1/2, 3/2 respectively. EG denotes the photon lab-
oratory energy. These amplitudes are introduced in Appendix B and related to the helicity elements Tg+ by 180
(qu)'/“T;& where q, k are the c.m. momenta in the 7N, YN systems. '
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Fig. 1)

Fig. 2)

Fig. 3)

u=(My)° and u= (M

FIGURE CAPTIONS

‘Kinematical environment for this analysis in the grid vari-

able t and EY the photon laboratory energy. Indicated
are lines of constant t along which the imaginary parts of
the invariant amplitudes are calculated .in steps of A'EY =
20 MeV. The solid parts of such lines indicate the energy
r.a'nge for which the fiked-t dispérsion integral is calculated

in the same energy steps, circles marking the two ends of

the energy range. The two arrows mark the threshold for

yN = 7N and the energy A up to which the dispersion inte-

gral'is determined By K-matrix parameters. The physical

boundary for backward scattering is indicated, as well as

_SL_

the energy positions of the &-functions for the C-parameters

(compensating for possible nonconvergence of the partial

.wave expansion in the unphysical region) and for that part of

thé D-parameters which represent the f37-‘. partial wave

(used in the parameterization of the high-energy part of the
dispersion integral). The dotted lines indicate constant

+ m)2 where m, M., and MA refer

N N

‘to the masses of pion, nucleon and P33 (1230) respectively.

Angular distributions of differential cross-section measure-

ments for positive pion photoproduction from protons, com-

-pared with fit B IIL

Angular distributions of differential cross- section measure-

ments for neutral pion pnotoproduction from protons, com-

 pared with fit B IIL.
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Fig. 4) Angular distributions of differential c'rb.ss—vsection measure-
| ments for negatlive pion phofoproduction from neutrons, com-
pared.with fit B III,
Fig. 5) Differential cross-section excitation curves for photoproduc-
tion ofv positive pions from protons, compared with fit B III.
Fig. 6) Differential cross-section excitation curves for photoproduc-
tion of neutral pions from protons, compared with fit B IIL.
Fig. 7) Differential cross-section excitation curves for photoproduc-
tion of negative pions from neutrons, compared with fit B III.
Fig, 8) Angular distribution of polarized photon asymmetry for photo-
production of position pion from protons, compared with fits
- B I-1II. |
Fig. 9) Angular distribution of polarized photon asymmetry for photo- :'B'
production of neutral pions from protons, compared with fits |
B I-III.
Fig. 10) Angular distribution of polarized photon asymmetry for photo-
production of négative pions from neutrons, compared with
fits B I-III.
Fig. 11) DPolarized photon asymmetry of positive and negative pions
from prdtons and neutrons as a function of energy at fixed
angles from experimental measurements and from fits B I-III,
Fig:. 12) ©Polarized photon asymmetry énd recoil nucleon polarization
of neutral pions from protons as a function of energy at fixed
angles from experimental measurements and from fits B I-111.
Fig. 13) Polarized target asymmetry of positive and neutral pions
from protons as a function of energy at fixed angles from

experimental measurements and from fits B I-III,
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Differential cross section,o (ub /sr)
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section,o (pb/sr)

Cross

Differential
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cross section,o (ub/sr)

Differential
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cross section,o (pb/sr)
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cross section, o (pb/sr)

Differential

Photon laboratory momentum (G

Fig. 6
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cross section, o (p.b/sf)

Differential
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Line'o_rly polarized photon asymmetry , &
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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