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ABSTRACT

The differential cross section for the reaction yp - m on
was measured at 32 laboratory photon energies between 589 and
1269 MeV at the Caltech Synchrotron. At each energy, data have
been obtained at typically fifteen T c.m. angles between 6° and
90°. A magnetic spectrometer was used to detect the m photo-
produced in a liquid hydrogen target. Two Cherenkov counters
were used to reject the background of positrons and protons. The
data clearly show the presence of a pole in the production amplitude
due to the one pion exchange. Moravcsik fits to the 32 angular
distributions, including data from another experiment, are presented.
The extrapolation of these fits to the pole gives a value for the pion-
nucleon coupling constant of 14. 5 which is consistent with the
accepted value. The second and third pion-nucleon resonances
are evident as peaks in the total cross section and as changes in
the shape of the angular distributions. At the third resonance there
is evidence for both a D5/2 and an F5/2 amplitude. The absence of
large variations in the 0° and 180° cross sections implies that the
second and third resonances are mostly produced from an initial
state with helicity + 3/2.
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I. INTRODUCTION

Improvements in beam intensity and in the detection
apparatus have made it possible to measure the cross section
+ PR ; vy i
for m photoproduction in considerably greater detail than was

L ey O . (1
achieved in the earlier measurements.

»2,3) In particular,
this experiment provides 516 data points at forward angles in
the region of the second and third resonances, with improved
energy resolution., This quantity of data is useful in determining
the angular momentum states present.

Of the various Feynman diagrams which might contribute
to m photoproduction, the one pion exchange (OPE, commonly
called the retardation term or photoelectric term or simply the
m pole) is most evident in the data. Because it contributes a
pole in the photoproduction amplitude close to the physical region
at cos® = 1/B, it produces high powers of cos8 in the angular
distribution, As would be expected, this makes it impossible to
fit the data with a polynomial in cos6 unless terms of very high
order are included. On the other hand, a Moravcsik ﬁt(4) which
takes account of the denominator of the OPE explicitly, works
very well. This fit gives a measurement of the pion-nucleon
coupling constant, Gz/ 4mr, consistent with that obtained from nN
scattering. The negative intrinsic parity of the pion is also
revealed by the f'it. If the OPE amplitude is separated from other
contributions, the cross section may be written in the form

_q 2
a(p) = = IAOPE + Al

o@=2r]a Al2:2Re(A . __A)]

17
OPE '

OPE



FIGURE 1
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The cross section due to the m pole alone(5) is given in the c. m.

system by

_q 2
S%opr(® =% [4opg!

L 2. . 2 ‘
w2 ZGé 1% 12 ?B #n 9 5 L (M2 + M1)2 ~m2 + 2kw(1-Bcoss) ]
(4m) 4w 2k“(1-Bcosh)
where = pion momentum
k = photon momentum
2 -
e”/an = 1/131
2 2
G"/4n = nN coupling constant (14.7)
W = total energy
B = velocity of emerging o
0 = angle relative to photon
w = pion energy
m = pion mass (139, 63 MeV)
M, = proton mass (938. 213 MeV)
M, = neutron mass (939, 506 MeV)

in (M2 + Ml) the + sign is taken for a scalar meson and the - for

a pseudoscalar meson.
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The interference term has the form

. 2
A)~ sin 6

% 2Re (A T~ Bcosd) x Polynomial in cos®

OPE

provided that A does not contain pole terms. The other exchange
diagrams (p+, baryons) do cause poles in A, but since these poles
are farther from the physical region, they may be approximated
by a polynomial. The usual Moravcsik fit is obtained by fitting the
product (1 - 8 cose))2 o(8) to a polynomial in cos6. Fits equivalent
to this which illustrate more clearly the states occurring in A are
presented in Section V of this thesis.

In photoproduction a resonant state of definite spin and
parity may be produced from .two different initial states corre-
sponding to different relative spins of the incident photon and
nucleon. The determination of a resonant amplitude thus requires
two complex parameters instead of one as in pion-nucleon scattering.
The two parameters are usually specified according to electric and -
magnetic transitions or by the initial helicity. Recent theoretical
(6)
production of the second and third resonances consistent with the
data.

work with SU(3) sum rules' ' predicts ratios of electric to magnetic

In the absence of a dynamicalvtheory of photoproduction at
high energies, a general phenomenological analysis of the angular
distributions is considered. Ideally, the result of such an analysis
is a set of multipole coeificients specifying the strength of each
angular momentum and parity state produced by a given initial state

(electric or magnetic). Determination of the multipole coefficients



requires detailed polarization measurements in addition to cross
section measurements. The existing polarization data, which lie
below the third resonance, are quite useful but are still far from
sufficient to specify a unique set of coefficients.. Consequently, a
phenomenological analysis must incorporate a specific model to
reduce the number of parameters to be determined. It is possible,
however, to come to some conclusions .without a model by considering
the Moravcsik-equivalent fits, The conclusions thus obtained are a
convenient starting point in designing a reasonable model.

(7,8,9,10,11) . o

scattering show that the second and third resonance region is more

The recent phase shift analyses

complicated than once thought. Instead of a single resonant state
for each peak in the total cross section, several resonant states

are present., While unique golutions and general agreement between
the work of different authors have apparently not been realized, the
general features are that there are resonant D 5/2 and F 5/2, and
possibly S 1/2 and P 3/2 amplitudes near 1700 MeV (total c. m.
energy) and resonant S 1/2, P 1/2 and D 3/2 amplitudes near 1500
MeV, The situation is complicated because some of these resonant
states are highly absorptive and are not always well approximated
by a simple Breit-Wigner form in energy, making a parameterization
difficult. The complications seen in N scattering are expected to
show up in 1 photoproduction as well, and indeed, some are evident

and will be discussed in the section on data fitting.



II. METHOD AND APPARATUS

The basic method used in this experiment to measure the
two body reaction yp - n' n has been described many times(l’ 2 3).
The description given here will accordingly be short and most of
the details are left to the appendices.

The bremsstrahlung beam from the 1. 5 GeV California
Institute of Technology Synchrotron illuminated a three inch liquid
hydrogen target. A magnetic spectrometer which was pivoted at
the target was used to measure the yield of positively charged
particles at a given angle and momentum. The spectrometer
momentum aperture was divided into four parts so that measure- -
ments at four different momenta could be obtained simultaneously.
Positrons, protons and n’ mesons were separated by two Cherenkov
counters and time of flight resirictions. The c. m. angle and energy
are uniquely determined from the spectrometer angle and momentum
by two-body kinematics.

For a given m angle and momentum there is a minimum
photon energy needed to produce an additional pion. The synchrotron
energy was kept below this threshold for three of the four momentum
channels. Approximately one third of the other channel overlapped
the 2m threshold, but no significant yield due to this was encountered
for two reasons. First, the 2m production, being a three-body final
state, contributes a m yield which increases slowly at threshold.
(12,13, 14)’ il

becoming large until a resonance A(1238) is produced with a pion.

Secondly, the 2m cross section is small at threshold

The yields shown in Figure 4 demonstrate that the 2r contamination
was negligible as does the smoothness, as a function of energy, of

the cross section data obtained.



Contaminations from other photoproduced mesons (p, K, n)
were similarly eliminated by kinematic constraints and the maximum
energy of the bremsstrahlung beam. Muons are presumed to come
only from m decay and no attempt was made to distinguish them
from n+. The measured yields were corrected for the m which
decayed and the p.+ from 1 decay which were counted in the
spectrometer.

The layout of the apparatus is shown in Figure 2. The beam
was collimated and "scraped' twice, before and after an upstream
hydrogen target, and cleared of charged particles with a magnetic
field before entering the downstream target used in this experiment.
The beam was stopped and its total energy was measured in a thick
plate ionization chamber surrounded, except for the beam entrance,
with lead and concrete. Two auxiliary monitors, a thin ionization
chamber upstream from the hydrogen target and a two-counter tele-
scope under the hydrogen target, were also used to monitor the beam.

(15)

The spectrometer deflected charged particles in a vertical

A quantameter was used to calibrate the three monitors.

plane by 27, 3° with a radius of curvature of 105 inches (Figure 2).
Counters Al and S2 a, b, c,d determined the solid angle and momentum
acceptances. ''Fan'' counters, mounted on each pole face, were used
to veto particles scattering from the magnet pole face, The Plexiglas
Cherenkov counter (LC) had a velocity threshold of 0.9 ¢ and counted
only ﬂ+, e and p+ for the momentum range (500 to 1200 MeV/c) used
in this experiment. The freon gas Cherenkov counter (FC) had a |
threshold of 0. 989 ¢, and counted only e*. The 0.5 inch of lead and
the last counter, S3, eliminated electrons below the FC threshold
which could result from conversion of gamma rays in Al or elsewhere

when the svectrometer was at small angles to the photon beam. The



other counters were scintillators used to measure time of flight

and to reduce accidental coincidences.
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III. PROCEDURE

The 1 yield was obtained at four momenta and one angle
for each setting of the spectrometer and bremsstrahlung endpoint.
Three hundred runs at 129 different settings were taken, resulting
in 516 cross section measurements., The length of a typical run
varied from oune half to two hours, depending on the setting and the
available beam intensity.

To be recorded, particles passing through the spectrometer
had to satisfy fast (4 ns) coincidence requirements between Al and
S1, A2 and S1, and a slower (50 ns) coincidence with S3 and one of
the S2 counters. A fast (12 ns) coincidence, Fan - S1, was used
to veto events scattering from the pole tips. A n event was defined
as an event with an LC count and no count from the freon Cherenkov
counter. In addition to the m yield, one of the following was also
monitored: the proton yield, the positron yield, the miss rate in
S3, or the A2 efficiency. The worst background rates were
encountered at a laboratory angle of 3. 5% where the T : p: e yields
were in the ratio 1:3:3. The positron rate decreased rapidly with
increasing angle to as low as 1% of the n yield at 15°. The freon
counter eleciron efficiency was better than 99, 8%, which was more
than adequate. The LC efficiency was measured as (0.3 + 0, 3)% for
protons and (98. 4 + 0. 5)% for pions.

As proof of the n selection at the momentum and angle
specified, excitation curves were measured by changing only the
synchrotron energy. Figure 4 shows the results for n and 7 yields.
All four momentum channels are included in Figure 4, buf are
plotted so as to account for the relative photon energy of each

channel. The ordinate is given by
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. _ % K
Effective E_=E = (PJ PO)
where

E0 = synchrotron energy

” s th
P j = mean momentum of J°° channel
P0 = central momentum of magnet
K = photon energy corresponding to singile m

production of momeantum P, and angle 6

K
Sp ™ 1,18 ,

The cross section data were taken with Eo nominally set 130 MeV
above the photon energy defined by the central momentum of the
magnet, This corresponds to EO = 1148 MeV for the momentum
and angle in Figure 4. Notice that the yield below threshold was
< 1% of the normal yield at this setting, The data shown have not
been corrected for empty target background so that some of the
m yield was single m production from neutrons in the Mylar cup
of the hydrogen target,

Cross section measurements were made with eight values
of Eo‘ At each Eo settings of angle and momentum were chosen
to give c. m. angles between 6° and 90° at a constant mean photon
energy. At each setting, measurements at four energies were
obtained corresponding to the four spzctromszter channels. In this
way 32 angular distributions were obtained. The fixed momentum

apertures causz the separation of the four photon energies to
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increase slightly with angle so the angular distributions obtained
are at only approximately constant energies (see Apﬁendix VI and
Figure 29). A typical set of measured yields is shown in Figure 5.
The cross section was calculated from the difference between full
and emply target runs. Corrections were made for counter
efficiencies, nuclear absorption, multiple scattering, and n decay
in flight. Details of the calculations are given in the app=ndices.

The data reduction method of this experiment was essentially
the same as that of H. A. Thiessen's experiment(ls). Consequently,
much of the task of writing computer programs was sﬁared between

us.
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IV. RESULTS

The measured cross sections were interpolated to constant
energy in order to display angular distributions, Table 1 and
Figures 6.1 - 6. 32 show the results. Also shown are some of the

data of the experiment of H., A. Thiessen(lﬁ)

, interpolated to the
appropriate energy. The curves are Moravcsik - equivalent fits
with eight paramsaters and a fixed coupling constant of 14.7. To
illustrate the overall shape of the cross section as a function of
energy and angle, the fitted curves are displayed in an isometric
view in Figure 7.

A check for systematic changes in the measuremsants over
the period of the experiment was made in the following manner.
The cross sections measured in each run were compared with those
given by the Moravcsik - equivalent fits, linearly interpolated to
the energy at which the measurements were made. Most of the
settings were measured several tirnes so this comparison checked
consistency among runs at the same setting as well as the shape of
the fit and the interpolation scheme used to obtain angular distributions.
The following quantity was calculated and its frequency distribution

is shown in Figure O:

_ %7 Ot

Ao,
i

. .th
where cross section from i~ run

Q
]

Ofit cross section from fit evaluated at energy
" .th
and angle of 1™ run
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Aci = standard deviation in Gi .

This distribution compares favorably with the expected distribution
which is a Gaussian of unit standard deviation.

The results of this experiment are compared with earlier
experiments in Figures 8.1 - 8.7. The smooth curves are the
Moravcsik-equivalent fits obtained in this experiment. For most
energies, the agreement is as good as can be expected. The agree-
ment between this experiment and H, A. Thiessen's was checked
at places where the data overlap (Figures 6.1 - 6. 13). The
Moravcsik-equivalent fits were repeated with a variable scale
factor for the data of one experiment relative to the other. The
average scale factor differed from unity by 3 + 3%, the cross
sections obtained from this experiment being the larger. This
difference was not taken as significant and no scale factor was
included in any of the fits presented in this thesis.

The errors quoted with the cross sections are standard
deviations resulting from counting statistics and the 1. 5% beam
monitoring error added in quadrature for each run. The constant
or slowly varying efrors are listed in Table 2. The error in c. m.
angle is less than 0. 05 degree for any point. The calibration of
the laboratory photon energy is considered consistent between
points to better than 0. 2%, and accurate overall to 0. 5%.

The root-mean-square energy resolution in laboratory
photon energy varies from 1. 4% to 2. 5% depending upon angle and
energy (Appendix VI, Table 16). The angular resolution is typically
0. 8° (rms) in c¢. m. angle. The error in the measured cross section
due to the finite resolution in angle and energy was estimated for

extreme cases to be less than 0. 3% and 2% respectively.
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TABLE 1

Interpolated Cross Sections

K lab is the laboratory photon energy in MeV.
Cross section is in microbarns/steradian in the ¢, m. system.

c. m. angle is in degrees.



CHM
ANGLE

6.0"!’

8.02
10-14
12.11
1L4.07
1604
20.00
24.96
29.93
34,90
39.86
49.83
59.79

6.12

8.12
10.27
12.26
14.25
16.25
20425
25.26
30.29
35.31
40.33
50.38
60442

6.06

8.02
10.16
12.10
14.0T7
16.04
19.99
24.9%
29.91
39.85
49.79
59.77
69,73
79.71

K
LAB

589
589
5869
589
589
589
589
589
589
589
589
589
589

618
618
618
618
618
618
618
618
618
618
618
618
618

647
647
647
647
647
647
641
647
647
647
647
647
647
647

CROSS
SECTION
17.88 +- 0.76
1637 +- 0.71
1562 +—- 0.51
14.88 +- 0.64
13637 4+- 045
13.21 +- 0.55
11.93 +- 0.49
11038 o 0158
11.12 +- 0.48
10.07 +- 0.506
10.60 +- 0.31
10.30 +— 0.57
10.01 +- 0.42
18.84 +—- 0.74
1746 +- 0.69
15,38 +- 0.48
14.31 +- 0.60
1313 +- 0.43
13.49 +- 0.53
1134 +- 0.47
11.08 +- 0.55
1001?3 = 0.1?5
10.85 +- 0.55
10.97 +- 0.30
11.20 +- 0.57
10.27 += Q.42
18.87 +- 0.57
16.16 +#- 0.51
15.85 +- 0.41
14.82 +- 0.39
14.40 +— 0.40
13.51 +- 0.41
1195 *#— 0435
10.76 +- 0.33
11.17 +- 0.33
11.19 4+~ 0.23
11.73 +- 0.36
10.96 +- 0.36
3.97 +- 0.32
8.50 +~ 0,27
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CHM
ANGLE

6.08

8-07
10.21
12.18
14.16
16.14
20,12
25.11
30.11
35.11
40.09
50.09
60.09

6.16

8.18
10.25
12.35
14.35
16.36
20.29
25.44
30.50
35.55
50.70
60.78

6.10

8.08
10.22
12.18
l4.16
16.15
20.12
25.11
30.11
40.09
50.09
60.09
70.09
80.08

K
LAB

603
603
603
603
603
603
603
603
602
603
603
603
603

635
635
635
635
635
635
635
635
635
635
635
635
635

663
663
663
663
663
663
663
653
6563
663
663
663
663
663

CROSS
SECTION
1669 +- 0.71
18.22 +- 0.72
15.71 +~ 0.48
1436 +~ 0.61
13.59 +- 0.45
1258 +~ 0.52
1le42 +— 0.48
1lel]l +- 0.56
11.09 +-= 0.46
1174 +— 0.58
10.58 +- 0.31
949 +— 0.55
10,15 +—- 0.42
17.34 +- 0.70
1627 +- 0.66
15.70 +- 0.48
14.50 +- 0.59
13.82 +-~ 0.44
12.49 +- 0.50
10083 b s 0.‘1’4
11.50 #—~ 0.55
10.96 +- 0.45
10.83 +- 0.54
10.76 +- 0.30
10.61 +- 0.56
10.53 #- 0,42
18.18 +- 0.54
17.86 *= 0-52
15.55 +- 0.40
14.51 +- 0.38
13.72 +- 0.39
12.96 +- 0.39
11.69 +- 0.34
11.03 +- 0.33
10.92 +- 0.32
11.49 +- 0.23
11.60 +- 0.35
11.33 +- 0.35
1010 #— 0.31

8.45

0.27



CM
ANGLE

6. [’1

8.13
10.29
12.27
l4.26
16.26
20.26
25.27
3030
40.36
5039
60.45
710.47
80.48

6.05

8.01
10.16
12.11
14.07
16.05
19.99
24.94
29.90
34.86
39.83
49.1717
59.74
69.70
19.63

6a14

8.13
10.31
12.29
14,27
16.28
20.28
25429
30.32
35.34
40437
50442
60.456
710449
80.50

K
LAB

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

715
715
715
715
715
715
715
715
715
L5
715
715
715
715
715

752
752
752
752
152
752
152
752
752
752
TS2
152
152
152
152

CROSS
SECYION
18.44 +- 0.53
15.82 +- 0.49
1646 +- 0.40
13.97 +- 0.36
13.59 +- 0.38
12.31 +- 0.38
12.30 +- 0.34
11a26 += 0De¢32
1123 +- 0.33
ll1.76 +- 0.23
12.17 +- 0.35
10.95 +- 0.34%
10.70 += 0.32
B.91 +- 0D.27
17.28 +- 0.67
14.56 += 0.61
14.85 +- 0.47
13.95 +- 0.45
12.72 +- 0.43
12.85 +- 0.37
1119 +- 0.41
10,20 +- 0,53
11.27 +- 0.48
10.50 +- 0.55
]:1-?0 B i 003[{
11.79 +- 0.61
11.67 +- 0.61
10.83 +- 0.60
.66 +- Q.31
13.53 +- 0.58
14.53 +- 0.57
12.50 +- 0.41
11.69 +- 0.40
1l.32 += 0.39
10,09 +- 0.32
S.61 +- 0.36
9.71 +- 0.49
S.11 +- 0.41
B.B87 +- 0.48
9.54 +- 0.29
10.08 +- 0.52
.60 +- 0.52
Fe38 #= 0452
T+a99 += 0,26
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CM
ANGLE

6.18

8.19
10.37
12.36
14.37
16.38
20.40
25.46
30.52
40.63
50.72
60.81
70.87
80.89

6.09

8.07
10.23
12.20
14.17
16.16
20.13
25.11
30.10
35.09
40.10
50.08
60.09
70.09
80.08

6.19

8.19
10.39
12.38
14.39
16.40
20.43
25.48
30.54
35.60
40.66
50.76
60.85
70.91
80.94

K
LAB

698
698
698
698
698
638
698
698
698
698
698
698
698
698

733
733
733
733
733
733
733
733
733
733
733
733
733
733
733

172
772
172
172
772
172
772
172
772
1T
172
712
172
772
T2

CROSS
SECTION
16.55 +- 0.49
16.28 +- 0.48
15.05 +- 0,38
14.08 +- 0,36
13.29 +- 0.37
12.68 +- 0.38
1131 +- 0.32
11.06 +- 0.31
1121 #— 0.32
11.70 +- 0.23
11.85 +- 0.34
11.35 +- 0.35
10.38 +- 0.31
8093 o 0-27
14.92 +- 0.61
lé4al4 +- 0.59
13.45 +- 0.45
12.13 +- 0.42
11.80 +- 0.41
11.17 +- 0.3¢4
10.34 +- (.38
954 +- 0.50
1016 +- 0.45
qob‘l’ L e O-Sl
10.53 +- 0.31
10.63 +- Q.55
9.99 +- 0.55
10.74 +- 0.58
9.20 +- 0.29
l14.33 +- 0.56
13.44 +- 0.54
11.68 L 2 0.40
11.49 o= 0039
Q.97 +- 0.36
9.59 +- 0.31
9.03 +- 0.34
8.58 +- 0.46
8.43 +- 0.39
B.78 +— 0.47
BuTl ¥= D27
Bab3 +— Q.47
T+98 #= Qu%5
7.90 += 0.45
6.85 +— 0.23
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cH K CROSS CM K CROSS
ANGLE LAB SECTION ANGLE LAB SECTION
6.06 793 14.51 +- 0.54 6.10 813 l4.41 +- 0.51
8,02 793 12.67 +- 0.49 B.08 813 13.06 +- 0.49
10.18 793 12.25 +- 0.30 10.2% 813 12.01 +~ 0.29
12.12 793 10.98 +—- 0.40 12.21 813 11.36 +- 0.39
14.07 793 10417 +- 0.27 14.18 813 10.67 +- 0.26
16.04 793 9.66 +- 0.37 16.16 813 9.45 +- 0.35
18.01 793 9.60 +- 0.36 18.15 813 9.39 4+~ D.35
19.99 793 8.86 +- 0.26 2014 B8l3 8437 +- 0.:25
24.94 193 8.7T1 4+- 0.42 25.12 813 B8.69 +- 0.41
29.88 193 8.28 +- 0.25 30.10 813 8.16 +- 0.24
34.86 793 T.64 +- 0.33 35.10 813 7.94 +- 0.33
39.83 793 7.88 +- 0.13 40.10 813 7.45 +- 0.12
49.75 193 T7.09 +- 0.21 50.08 813 6.35 +- 0.19
59.71 1793 6.30 +- 0.32 60.08 813 5.50 +- 0.28
69.68 193 5.72 +- 0.22 70.08 813 4.80 +- 0.20
T9.67 793 5S.64 +- 0.32 80.09 813 4.36 +- 0.27
6.15 834 14.14 +- 0.50 6.20 857 13.28 +- 0.47
B.15 834 13.34 +- 0.48 8.21 857 12.22 +- 0.45
10.33 834 11.24 +- 0.27 10.42 857 11.16 +- 0.26
12.31 834 10.81 +- 0.37 o l2.41 857 10.28 +- 0.36
14.29 834 9.88 +- 0.25 l4.41 857 9.64 +- Q.24
16.29 834 8.87 +- 0.33 16.42 857 8,70 +- 0.3z
18.29 834 8.20 +- 0.32 18.44 857 8.33 +- 0.32
20.29 834 7.88 +- 0.24 20.47 857 8.38 +- Q.24
25.31 834 T7.66 +- 0.38 25.52 BS57 B8.05 +- 0.38
3032 834 7473 +- 0.22 30.57 857 T.43 #+- 0.22
35.37 834 T.36 +- 0.31 35.65 857 7.63 +- 0.31
40.39 834 7.05 +- 0.12 40.70 857 b6.88 +- 0.11
50.43 834 5.90 +- 0.18 50.80 857 5.80 +- 0.138
60.47 834 4.98 +- 0.27 60.89 857 4.90 +- 0.26
70.50 834 4.04 +- 0.17 10.96 857 3.58 +- 0.16
80.52 834 3.99 +- 0.25 80.99 857 3.09 +- 0.21
6.05 880 13.88 +- 0.42 6.10 902 12.30 +- 0.38
8.00 880 11.70 +- 0.48 8.06 902 11.53 +- 0.45
10.16 880 10.64 +- 0.39 - 10.24 902 10.38 +- 0.38
12.11 880 10.55 +- 0.28 12.21 S02 9.60 +- 0.26
14.07 880 9.55 +- 0,37 14.18 902 9.34 +- 0.356
16.06 880 9.32 +- 0.25 16.18 902 8.47 +- 0.24
19.98 880 8.42 +- 0.34 20.12 902 8.17 +- 0.33
29.87 880 T7.92 +- 0.24 30.10 902 8.43 +- 0.24
39.80 880 7.25 +- 0,14 40.09 902 7.81 +- 0.1l4
49.74 880 6.51 +- 0.22 50.08 902 6.8l +- 0.22
55.68 880 4.89 +- 0.23 60.06 902 5.12 +- 0.23
b3.64 83C 3.31 +- 0.2¢4 70.07 902 3.39 +- Q.24

719.62 880 2.69 +- 0.23 80.06 902 2.70 #+- Q.23



CM
ANGLE

6.15

8.13
10.32
12.31
14.30
16031
20.29
30.33
40.40
50.45
60.48
70.52
80.53

6.06

8.02
10.19
12.12
14.09
16.04
19.98
24492
29.86
34,82
39.77
46475
49.71
54.69
59.66
64,64
69.61
T4.60
719.59
84.59
89.58

K
LAB

926
926
926
926
926
926
926
926
G226
926
926
926
326

9T7
917
917
977
77
977
977
977
977
977
917
977
977
977
977
917
977
977
977
9717
9717

CROSS
SECTION
12.37 +~ 037
10.80 +- 0.43
9.69 +- 0.35
9.62 +~ 0.25
B8B.48 +- 0.32
8.31 +- 0.23
8.10 +- 0.33
792 +~ 0.23
T+92 +- 0.14
693 #— (0.23
5+28 +— 0423
3.59 +—- 0.24
2.89 +- 0.22
9.95 +- 0.26
.22 +- 0.34
8.23 +- 0.25
8.20 +- 0.19
7T.95 +- 0.22
8,00 +- 0.22
755 +- 0.23
8.64 +- 0.14
8.94 +- 0.20
9.42 +- 0.18
9.51 +- 0.12
G.38 +- 0.20
8.39 +- 0.26
7.38 +- 0.20
6.81 +- 0.23
564 +- 0.18
4475 +- 0.10
3.58 +- 0.15
2.89 +- 0.15
238 +- 0.13
2.15 +- 0.08
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CM
ANGLE

6.20

B8.20
10.41
12.41
14.42
1644
20.46
30.59
40.72
50.83
60.90
70.98
8l.01

6.11

8.09
10.27
12.22
14.21
16.17
20.15
25.13
30.10
35.09
40.08
45.09
50,07
55.07
60.07
65.07
70.06
75.06
80.05
85.06
30.05

K
LAB

951
351
951
951
951
951
951
951
951
351
951
951
951

1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002
1002

CROSS
SECTION
10.76 +- 0.35
B.84 +- 0.38
Be.22 +~ 0.32
B.69 +—- 0.23
7.74 t 0-31
7.90 +- 0.22
8.08 +- 0.32
8.10 +- 0.23
8.41 +- 0.15
1.57 +- 0.24
5034 = 0.23
3.74 +- 0.25
2054 *oe= O-ZO
937 +— 0.24
1.99 +- 0.31
7.17 *— 0022
6.98 +- 0017
7.33 +- 0.20
7.40 +- 0.20
7.56 +- 0.23
8462 +— 0.13
8.80 +- 0.20
Q.47 +#- 0.18
Q.44 +- 0.12
9.51 +- 0.20
B«25 +- 0.25
8.08 +- 0.21
642 +- 0.22
5.75 +- 0.18
4.61 +- 0.09
4,01 +- 0.15
3.04 +- 0.15
2.42 +- 0.13

2.04 +-

0.07



cM
ANGLE

617

8.16
10.36
12.32
14.33
1631
20.32
2533
30.34
35.37
40639
45,43
5044
55447
60.49
65.51
70.52
75453
80453
85.54
90. 5{1'

6.06
8.03
10.20
12.13
14.08
16.04
19,99
24.92
29.85
34.81
39 T1
4,73
43.70
54.67
59.6%
64461
659.59
14.57
79.56
84.56
89.55

K
LAB

1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028
1028

1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074
1074

CROSS
SECTION

T.76 +- 0.21
752 +- 0.29
6.92 +- 0.21
6.59 +~ 0.16
6.95 +- 0.19
6.90 +- 0.19
6.98 +- 0.21
8.43 +- 0.13
8.81 +- 0.19
949 +- 0.17
9.37 +- 0.12
9.50 +- 0.20
B.1l5 +- 0.24
770 +- 0.20
6.12 +- 0.21
5.68 +- 0D.17
4,52 +- 0.09
3-()4 o 0.14
2.78 +- 0.13
2.2’? +- On12
2.02 +- 0.07

7.03 +- 0.21
6038 = 0.20
583 +- 0.16
575 +- 0.15
5.92 +- 0.20
599 +- 0.15
658 +- 0.16
7.54 +- 0.18
738 +- 0.13
Bolq +- 0'15
8.28 +- 0.08
8.08 +- 0.17
7T.29 +- 0.18
G IT += Dal?
Se44 +—- 0.10
4,63 +- 0.14
3.83 +- 0.08
2.80 +- 0.15
2.51 +- 0.13

1.86 kil 0-13

1-69 b g Olll
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CH
ANGLE

6.22

8.23
10.45
12.44
14,46
1645
20.49
25.55
30.60
35.67
40072
45.79
50.84
55.90
60.94
65.98
71.01
76.03
8l.04
B6.05
S1.06

6.11

8.09
10.28
12.24
14.20
16.18
20.16
25.13
30.10
35.10
40.08
45.09
50.08
55.08
60.08
65.06
70.05
75.06
80.05
85.06
950.05

K
LAB

1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056
1056

1102
1102
1102
1102
1102
1102
1102
1102
1102
1102
1102
1102
1102
1102
1ig2
1102
1102
1102
1102
1102
1102

CROSS
SECTION

T.45 +- 0.20
6.8l +- 0.27
6.00 +- 0.19
5.69 +- 0.15
592 +- 0.17
6.14 +- 0.18
6.72 +- 0.21
T.78 +- 0.12
8.00 +- 0.18
8.24 +— 0.16
8.67 +- 0O.11
8.49 +— (0.18
T«56 +~ 0.23
H.72 +- 0.17
5.68 +~ 0.20
4 .96 +- 0.15
4.01 +- 0.08
3.41 +- 0413
2.56 +— 0.12
2.09 +- 0.11
1-7‘} = 0.06

6.48 +- 0.20
534 +— 0.17
531 +=- 0.1l4
5016 o O-l‘r
5.28 +- 0.18
5.48 +- Q.14
5.84 +— 0.15
6.41 *+- 0.16
65452 +- 0.12
6.43 +- 0.13
6.81 +- 0.07
6.39 +- 0.15
603 ¢~ 0zib
5.28 +- Q.14
G.24 +- 0.09
3.95 +- 0.12
3.03 = 0.07
247 +- 0.13
1.91 +- 0.11
1.55 +- 0.11
1.32 +- 0.09



CM
ANGLE

6.17

Bal7
10.38
12.35
14.32
16.32
20.34
2534
30.36
35.39
40.41
45.45
50.47
55.49
60.51
65.52
70.53
75.55
80.55
B5.57
90.56

6.08

8.03
10.22
12.15
14.10
16.07
20.01
24494
29.81
34.82
39.79
49.71
59.66
69.62
79.59
89.58

K
LAB

1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131
1131

1174
1174
1174
1174
1174
1174
1174
1174
1174
1174
1174
1174
1174
1174
1174
1174

CROSS
SECTION
5651 #= 0417
4.95 +- 0.16
448 +- 0413
4,64 +— 0.13
5.13 +- 0.18
LGolT +— 0413
(1'092 *= Ool.3
Se3T7 +- D.14
5.67T +- 0.11
552 4+~ 0.11
5.62 +~ 0.06
520 +- 0.13
4,75 #~ 0413
boelt2 +—~ 0,12
3.39 +- 0.07
291 +- 0.10
2.3 +- 0,06
1.68 +- 0.10
1.68 +- 0.09
le26 +- 0.10
1.21 +- 0.08
5.80 +- 0.30
4,70 +- 0.20
f?.bér : A Ool?
‘*.39  cina 0-27
3.91 +- 0.25
4,44 +— 0.19
4.18 += 0.25
530 +- 0.30
5.13 +- 0.40
4438 +- 0.37
4,69 +— Q.14
3.85 +- 0.21
2.63 +- 0.22
1.48 +- 0.17
1.06 +- 0.16
0.58 +- 0.07
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CH
ANGLE

6.22
B.2%
10.47
12.46
14 .46
16.48
20.52
25.58
30.63
35.70
40.76
45.83
50.89
55.94
60.98
66.01
71.04
76.07
8l1.08
86.10
91.09

6.13

B.10
10.31
12.26
l14.22
l16.21
20.18
25.15
30.12
35«11
40.12
50.09
60.09
70.09
80.08
90.09

K
LAB

1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162
1162

1204
1204
1204
1204
1204
1204
1204
1204
1204
1204
1204
1204
1204
1204
1204
1204

CROSS
SECTION
S5¢34 +- 0.17
G o9 4+— 015
4.03 +- 0.172
4e13 +—- 0.12
L4e45 +—- 0.16
41T +— 0.12
4452 +- 0.13
5.05 +- 0.13
502 +~- 0.10
472 +- 0010
4T3 +- 0.06
G.42 +- 0.12
3.82 - 0.12
3.33 +- 0.10
2.60 +- 0.06
2.20 +- 0.08
1.82 +- 0.05
1.38 +- 0.09
1.19 +- 0.08
1.03 +- 0.09
0.89 +- 0.07
501 += 0.26
44,15 +- 0.19
&ylB +=~ Q.16
4,09 +- 0.25
4410 +- 0.24
3492 %=~ 0.17
4,13 +- 0.24
4.52 +- 0.27
521 +#—= 0438
G477 +—- 0.37
3.96 +- 0.12
3.24 += 0.20
1.98 +- 0.19
1.62 L Otl.?
0.95 +- Q.14
Dol +— D07



cM
ANGLE

6.19

8.17
10.40
12.37
14.36
l6.36
20636
25.37
30.38
35.41
40."+5
50.50
60.53
70.57
8059
90,60

K.
LAB

1235
1235
1235
1235
1235
1235
1235
1235
1235
1235
1235
L235
1235
1235
1235
1235

CROSS
SECTION
G166 +—- 0.25
3.76 += 0.17
3.73 +- 0O.1l4
3.48 +—- 0.24
3.84 +- 0.23
3Bl # Oml?
3+99 #— 023
4.58 +- 0.217
4,01 +- 0.33
4,00 +- 0.34
3.78 +- 0.12
2.74 +- 0.17
1098 + 0018
1.07 +- 0.13
0.65 +—- 0.11
0.56 +- 0.06
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CM
ANGLE

6.25

8.25
10.50
12.49
14.49
16.52
20.55
25.61
30.66
35.73
40.81
50.92
61.02
71.09
8l.14
91.15

K
LAB

1269
1269
1269
1269
1269
1269
1269
1269
1269
1269
1269
1269
1269
1269
1269
1269

CROSS
SECTION
4438 +- 0.2¢
3e.29 +- 0.16
3.29 +- 0.14
3.31 +- (.22
3.46 +- 0.22
3.37 +- 0.16
4.15 +- 0.24
4,63 +- 0.26
3.90 +- 0.33
4,46 +— 0.36
3.67 +- 0.11
292 %~ 017
1.57 +- 0.16
1.09 +- 0.14
0.62 4+— 0.12
0.57 +- 0.06
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FIGURE 6

The data are shown as angular distributions together

with Moravcesik - equivalent fits,

% This experiment

H. A. Thiessen(lﬁ)

—t—
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FIGURES 8.1 - 8.7

Comparisons With Other Experiments

The smooth curve is from this experiment.

‘The symbols plotted designate the source of data.

W H H O

Beneventano(”)
Boyden(z)
Dixo.n(l)

(2)

Dixon, Boyden

(3)

Kilner
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"TABLE 2

Systematic Errors

Source

Decay Correction

Magnet Acceptance

Absorption Correction

Absolute Beam Calibration

Counter Efficiencies

Target Density and Thickness

Bremsstrahlung Shape
Quadrature Sum

Absolute Sum

Error

i
1.
.0%
.0%

5%

10,

0%
0%
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V. DATA FITTING

(4)

angular distributions describes the data very well. It has the

As noted in the introduction, a Moravcsik fit'™ to the
disadvantage, however, of scrambling the effects of a definite
angular momentuim state among many of the coefficients. Suppose
for example, the cross section is entirely due to a F 5/2 amplitude

produced from an initial helicity 3/2. Then

o(X) = d (1 - X2) (1+ 15 X2)
where
X =cos 6
o =1 c.m. angle relative to photon

Q,
]

a positive constant.

The Moravesik coefficients, B(J), are defined by

e

o®) (1-8x)% =Y BE X’ (1)

J=0

1l

2] - + 3 1 1 L3
where B = velocity of m in the c. m. system. For the cross section

given above, we have
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drl - 268X + (8% + 14)X2 - 288%° + (148° - 15)X~ + 308%° - 15p%%%]

i3 J
= Z B(J) X
J=0

Thus, six Moravcsik coefficients are needed to describe this cross

section. A more useful but equivalent fit is the following:

: M
o(X) = C(0) 0y pp) + C(1) 0y(X) + ) CW) P; ,(X) 2)
J=2
SOPE X) = cross section due to the one 1 exchange
2
o 1-X sz
UI(X) = TT—BY— (1 =+ A)

PL(X) = Lth Legendre polynomial.

The function %0 introduces the one m exchange denominator,

PE
and its coefficient C(0) is proportional to the m - N coupling
constant. The second function, GI(X) , allows for interference
with the one m exchange. The cross séction due to interference
of the one 1m exchange with states of total angular momentum less

than or equal to j has the form

1. 2
e BV(a +ay ...+aN‘<I
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where N = j - 1/2. Equation (2) can be written in this form by
proper choice of C(1) through C(N + 3). The particular form of
cI(X) used is, of course, not unique. For states with total
angular momentum less than or equal to j, the cross section is

in general a polynomial of order 2j. Therefore, Equation (2)

with M > 4 is sufficiently general to account for one m exchange
and all angular momentum states with j < (M - 2)/2. The
coefficients C(J) are, in fact, related to the B(J) by a non-singular
linear transformation which depends only on B. The usefulness

of the form of Equation (2) can be seen in the example of the F 5/2
state: only three of the C(J) coefficients, C(2), C(4), and C(6) are
needed. '

To obtain information from the coefficients, C(J), it is
necessary to relate them to phenomenological partial wave ampli-
tudes which specify the states of interest. A convenient set of
parameters, which we shall call "helicity coefficients', is chosen

by specifying the initial helicity(ls)

, the total angular momentum,
and the final orbital angular momentum (or parity). We will
implicitly assume conservation of angular momentum and parity.
For convenience we will take the photon helicity to be +1, since
the cross section, when summed over the nucleon spins, is the

same for both helicities.

Orbital Total
Helicity " Angular Angular Initial
Coefiicient Momentum Momentum Helicity
A - 22 4L-1/2 1/2
A ” L L+ 1/2 1/2
B - L L-1/2 3/2
B L 1+ 1/2 212
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These parameters mix electric (E) and magnetic (M) states

according to

A =

1
” (-4 + 1) E&_+§({,+ 1) ML—

Do =

1 1
A FME(’&'I*Z)EM-I-E&M{,-I‘

where E M are the parametefs defined by CGLN(IQ). The

L4’ Lt
cross section is given by

9
2 1-X
}%{(1-}{) |G, 1%+ =5

o =

o(X) =

[(1+X) 6,12+ (1- %) [Gy1%

+(1+%) [6,1%}

where the Gi are amplitudes of definite initial and final helicity,

Initial Final
Helicity Helicity
1/2 -1/2 Gy = Z A, +4,,4 )@, X)+P, (X))
2=0
— A4 - r -
/2 /2 Gy= ] (B, By ) (R, &P, ()

=1



Initial Final
Helicity Helicity
3/2 ~1/2 G, =4;Z1 (B, +Byq )P, ®+P, (X))
1/2 1/2 G, = Z ' '
27 ) (g, = Ay ) (g 00 - P ()

An advantage of this choice of states is that the A ™ coefficients do
not interfere with the BL;t coefficients in the cross section. The
CGLN(lg) invariant amplitudes, Fi’ are related to the helicity

amplitudes Gi by the relations

G1=F1+ Fo + 1/2 (1 + X) (F3+F4)
Gg=Fg+ Fy
Gy =¥y~ Ey
Gy =F;-Fy-1/2(1-X) (Fy- F,) .

The cross section, which is bilinear in the helicity
coefficients is given as a linear combination of Legendre polynomials
in Table 3 for £ < 3. The integrated cross section may be obtained

from the coefficient of PO(X) in the table or from

b 2i - 1) (2 + 1)(2j + 3 2 2
op=and YO EL-DGED0D (15, 124 1B, 1D
i
2i+ 1 2 2
. “2 ”AL-.J +|A{+1—I )]
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TABLE 3

Cross Section Helicity Coefficient Expansion

The cross section is expanded in terms of helicity coefficients
and Legendre polynomials, PH(X). By labeling the coefficients
according to total angular momentum and parity, the symmetry of

the expansion shortens the table. Let

fes T 217250
Pre ™ 23/250p
where
j=4+1/2
p=-(0°.
Notice the first index A\ of a“.p is the initial helicity. The general

form of the cross section is

-9a ' n i
ox)=2 Y P (x _ a,
G knzo n®) 2 ~ iiteer Fe@gp yp?)

Ai'pp
P23
L' < &

n
Aij'ep’
relative parity p - p' rather than each parity independently, The

The factors v are given in the table. They depend on the

restrictions j' < j, 4' < 4 in the sum mean each term occurs

'3
only once in the sum,; i. e,, one does not include both Re(A A
’ ’

n3_ £

2+)



*
and Re(A2+ A3_) since they are equal, As an example, if only

j= 3/2 terms are present, the cross section is given by

o) = L (1AL, 1%+ |4y 1) @PyE) + 2P, ()
+ Re(A, A;) 2P,(x)-Lp (%))

+ (B, 1%+ 1B, 1 G Py - 2 po(%))

+ Re(By_ By,) (-3 Py(0) + 3 Py(0)) ]} .
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T ABLE 3
B By Py Ps Py Ps Th
A od j' |[p=p'| n=0 n=1 n=2 n=3 n=4 =5 =6
T & 4 1100 324 100
21 2 231 T 33
+ 3 22 L
5| 5 7 i
212 18 18 _100
o5 5 7
+ 2 2
40 8 b
2 2 ) 4 36
5 5
—% + 1
111
2| 2
- -2
. _ 8 360 200
7|5 T T 11
a) 2 72 8 0
B q 7
i 72 40
7] 3 7 7
B B 3
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TABLE 3 (cont,)

i+ - 8
T 1
2 2
- 8
12 792
s -— et
5| 3 ! v
2 2 ] 36 24
5 5
¥ 6
s 1
2 2 ]
) -6
+ -4
31 1
2 2




T ABLE 3 (cont,)

P, By P, P, By B B,
A ] jT p- p' n=0 n=1 n=2 n=3 n=4 n=>5 n=4
LI 15 5 _ 405 _225
2 2 7 bl 11
+ 6 -1% & _574]
k) 5
o 4 108 56 100
35 "7h B
4 3 .3
3| 3 2 .
. & 9 9
- "5 5
3
2
+ .80 _1440 300
7 5 7 77 1
2 p) ] 180 10
1 7
. 920 _90
1 3 7 7
) 2
= -10 10
5 3 7 7
2 - 35

loo
13, 1Ka

U‘l o)
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where j =4 + 1/2 in the sum. With the relations in Table 3, we
may now examine the coefficients, C(J), of the fits given in Table
4 for M= 5,6,17,8,9,

The first question to resolve is what order fit (M) to use.
We may attempt to do this by looking at the decrease in xz as M
is increased. Another useful technique, made possible by the large
number of fits at closely spaced energies, is to look at the last
coefficient C(M) as a function of energy. I C(M) varies in a
continuous manner and is significantly nonzero, that is, if its value
is greater in maguitude than its standard error, then it is very
likely that that coefficient is needed. Using this technique, we see
that one needs M > 5 (including PS(X) ) around the second resonance
(D 3/2 (1519) at k ~ 700 MeV), and M = 8 (PB(X) ) at energies above
the third resonance.

Choosing the best M for a given energy turns out to be
quite difficult and often results in an approximation. This is not
surprising when one congiders the physical states involved. As
an example, consider the region of the second resonance, D 3/2
(1519). The cross section due to a D 3/2 state (A2- and B2-) has
terms only up to Xz, so one might consider M = 4 to be sufficient.
However, the third resonance, F 5/2 (1688), is only 1.7 widths away.
A D 3/2 - F 5/2 interference is expected, which gives an X3
contribution. In addition, the fourth resonance, F 7/2 (1950), is
about 2. 4 widths from the second and F 7/2 - D 3/2 interference
gives an X5 dependence to the cross section, There are also
exchange diagrams other than the n pole which contribute a small
amount to each partial wave., Therefore, choosing M = 4 or even
M = 5 is an approximation which neglects the presence of the higher

angular momentum states. The fact that these terms are not small
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TABLE 4

Coefficients From Fits With Variable Coupling Constant

Results of Moravcesik-equivalent {fits are given for M = 5,
6,7,8,9. (The statistical standard deviation of each coefficient
is printed directly below its value,) Correlated errors are not
indicated. K is the lab photon energy in MeV. D is the number
of degrees of freedom. The coefficients C(I) are in units of micro-

barns/steradian,
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enough to be completely neglected causes XZ to decrease slowly
with increasing M. Because of the statistical errors of the
present data, it is not possible to make a clear decision about
the order polynomial required by locking for a rapid decrease
in xz with increasing M. The importance of the choice of the
order of fit is seen in the determination of the coupling constant.

The first coefficient of each fit gives a measurement of
L M-2

the mN coupling constant. The high powers of X, above ;

determine C(0); consequently, the value obtained for the coupling
constant depends on the order of the fit. This is especially true

if M is too small, since an XMﬂl dependence will attempt to
satisfy itself with what it finds in SOPE"’ This effect is especially
noticeable at the third resonance (K ~ 1000) for M = 5. A value of
M too large is less serious, but still undesirable since some of
the available information about GZ/ 4r is not used in this case.

The following rather subjective criterion was used to select the
best M at each energy. If a coefficient C{J) varied significantly
from zero (|C(J)| > DC(J) ) in 2 smooth manner for several
adjacent energies, it was considered necessary and M was chosen
at least as large as J. On the other hand, the smallest M compatible

with the above was used. This resuited in the choices

M=25 589 < K < 834
M=71 834 < K < 977
M= 8 977 < K < 1269

which give a weighted average of
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G“/4n = 14.5 + 0.6 .

Unfortunately, this average is sensitive to the choices of M, so the
error given, which is due only to statistical errors in the cross
section, is toc small an estimate, For example, if M = 8 is chosen

for all energies, the average is
2
G /4rm = 11,2 + 0,8,

A reasonable estimate of the error in G2/ 4 is + 3.0,

In order to investigate the resonant states, the Moravcsik-
equivalent fits were done with Gz/ 4m fixed to a constant value of
14.7. This eliminates the fluctuations of the C(J) with energy that
are due to errors correlated with C(0). The results are given in
Table 5 and Figure 10. The fits are shown with the data in Figure
6. The total cross sections, and the OO, 900, and 180° cross
sections obtained from these fits are given in Table § and Figures
11, 12 and 13.

The following conclusions can be drawn from the coefficients,
C(J), with the help of Table 3. The energy dependence of C(6) near
W = 1672 indicates the presence of at least one resonant state. It
must have j > 5/2 to contribute to C(6). The possibility that it has
j > 5/2 is eliminated because no bump of the same magnitude is
found in C(8) and the 0° cross section, as we will see, implies the
production is almost entirely from an initial helicity + 3/2. (A F 7/2
state, for example, gives in general a cross section which is a 6th
order polynomial in cos 8. However, only a 4th order polynomial
occurs if |A3+/’BS¢!2 = 23/4.) The resonance can therefore be either

in a D (B2+) or F (B3-) wave, or a mixiure of both.
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TABLE 5

Coefficients From Fits With Fixed Coupling Constant

Results of Moravesik-equivalent fits with G?'/ 4 = 14,7
for M = 8, (The statistical standard deviation of each coefficient
is printed directly below its value,) Correlated errors are not
indicated. K is the lab photon energy in MeV. D is the number

of degrees of freedom. The coefficients are in units of microbarns/
steradian,
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586.

603,

6le.

635.

647,

663,

658.

T15.

733,

752.

172,

793.

813.

834,

857.

88cC.

$C2.

926.

951.

917,

1002,

icze.

1056,

1C74.

1102,

1131.

1162.

1174,

1204,

1235.

1263.

CHISC

16.5

17.3

10.8

24.0

12.0

23.0

17.3

24.7

30.4

27.86

2L1.5

31.5

35.6

51.2

27.2

18.8

18

18

13

13

21

20

20

20

20

20

20

15

=11.740
1.570

-11.565
1.489

-13.723-

l.%78

-ll.7417
1.402

-12.223
1.080

-13.868
1.040

=13.427
1.007

-11.693
0.960

-12.109
1.202

-9.701
1.098

-10.579
1.020

-11.592
0.949

-10.517
0.735

-10.816
G.702

=12.062
0.662

-10.430
0.628

-16.379
0.711

-9.982
0.667

-10.151
0.638

-8.673
0.599

-8.255
0.408

-T1.837
C.338

-1.207
0.358

=T.451
0.334

-7.275
0.317

~b.4T4
0.285

=6.340
0.255

=4.386
0.235

-6.859
0.421

-5.865
0.383

-5.845
Q.362

=5.545
0.3473

2

-1.503
0.203

-1.358
G.190

-l.426
0.185

-0.972
0.173

-0.773
0.130

=0.662
0.125

=0.196
0.121

0.164
0.116

0.308
0.134

0.008
2.123

-0.809
0.115

-1.562
0.105

-2.278
0.086

-2.799
0.082

-3.28%
0.076

-3.336
0.071

-3.280
0.082

=3.114
0.078

-2.975
0.074%

-2.701
0.071

-2.261
0.048

-2.150
0.045

=2.1566
0.042

-2.576
0.038

=2.8343
0.037

-3,380
0.031

~3.826
Q.027

-4.150
0.025

~4.289
0.044

-4.326
0.041

~ha.hld
0.037

~4.35%
0.033
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3 4
~2.654 1.130
0.497 0.569
~2.642 1.205
0.462 0.534
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Q.447 0.518
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0.419 0.485
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0.314 0.377
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0.284 0.342
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0.315 0.391
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-3.262 -0.136
0.2562 0.325
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0.199 0.235
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0.182 0.219
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Q.178 0.211
-3.7384 2.963
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Q.157 0.184
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0.093 0.113
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0.084 0.104
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0.077 0.09s
-2.584 2.947
0.074 Q.101
-2.8537 2.871
0.065% 0.089
=3.148 2.500
0.058 0.078
=3.439 2.460

0.052 0.071
=3.543 2.527

0.05% 0.114
=3.547 2.505
0.087 Q.105
=3.043 2.475
0.2820 0.637
=3.8610 2.393
8.G78 d.095

5

~C.704
0.488

-0.723
C.4b62

-l.428
0.457

-0.9589
0.432

-0.939
0.34%1

—1.540
0.326

—1.429
C.315

-0.964
0.3053

-0.760
0.387

0.C07
0.353

0.024
0.333

0.023
0.306

1.046
0.229

l.159
0.214

0.775
0.199

l.ls7
0.189

L.163
0.218

1.003
0.20%

0.643

0.196 -

0.714
Q.186

0.373
Q.135

0.160
0.129

Q.126
G.121

-0.101
c.110

0.056
0.102

0.261
0.637

J.341
g.07a

Q.439
Q.072

9.558
0.129

0.737
G.1l18

0.348
Q. 116

C.374
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]

-0.170
0.420

=0.462
0.401

-0.597
0.406

-0.090
0.390

-0.332
0.304

=0.866
0.296

-0.811
0.290

-0.490
0.279

=0.497
0.369

C.330
0.338

=0.169
0.320

=0.477
0.293

0.075
0.211

0.016
0.197

=0.427
0.185

-0.503
0.175

-0.814%
0.208

~l.242
0.193

=l.445
Q.1i90

-1.5835
0.183

-2.356
0.130

=2.505
Q.125

-2.523
0.119

=-2.302
Q.110

-2.031
0.105

=1.215
0.291

=0.654
0.280

-Q.351
Q.072

~0.429
0.123

-0.008
Q.115

-0.257
9.107

3.075
Qe.lls

T

-0.107
0.397

0.268
0.384

=0.351
0.39¢C

0.227
0.38C

0.112
0.303

-0.261
0.298

-0.186
0.236

0.212
0.289

=0.057
0.345

0.630
C.319

0.085
0.29¢

-0.149
0.272

-0.4581
0.204

-0.526
0.200

-0.804
0.189

-0.325
0.178

-0.513
Q.208

-0.795
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=-0.767
0.19%

=0.953
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-l.08¢C
0.132

=1.052
0.134

-0.878
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~0.718
O.lls

-0.723
0.11s

-Q0.259
0.09s

=0.155
a.088

-0.133
0.073

=C.253
Q.1448

0.183
Q.léas

0.112
Q.131

=0.145
0.1393

0.102
0.318

0.318
0.313

0.053
0.311

0.303
0.311

0.384
0.276

0.103
0.272

-0.1348
0.273

0.177
0.271

~0.053
0.237

0.153
0.284

0.201
0.277

0.003
0.259

0.315
0.212

0.210
0.202

0.0C4
0.190

0.185
0.177

0.038
Q.188

0.070
G.1483

0.229
Q.179

0.155
0.173

0.451
0.133

0.279
0.130

0.972
0.12%

~G.145
0.113

=0.310
Qalll

=2.193
D095

Q.277
Q.u83

=0.330
0.376

=0.481
J.125

~0.448
J.11%

=0.544
g.105

=J.aTs
C.132
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TABLE ©

Cross Sections From Fits

KLAB is in units of MeV, W is the total c. m. energy
in MeV. The integral (total) cross section is in units of micro-
barns. The 00, 900, 180° cross section is in units of micro-
barns/steradian. The errors listed are statistical standard

deviations only.



kLAB

5869
603
618
635
647

663
68C
698
715
733

752
772
7593
813
834

857
88C
9C2
926
951

91717
10C2
1628
1056
1074

11c2
1131
112
1174
L2C4

1235
126G

1409
1418
1428
1439
1447

1457
1468
1480
1491
1502

1514
1526
1539
1551
1564

1577
1591
1604
1618
1632

lea?
1661
1676
1692
1702

1717
1733
1749
1756
L T2

1788
1806

INTEGRAL
Bh.44 +- 0.84
85.59 +- 0.83
87.27 +- 0.85
89.62 +- 0.89
9233 +- 0.77
95.27 +- 0.78
99.84 +- 0.79

10l.42 +- 0.80
103.03 +- 0.93
35.60 +- 0.89
85.62 +- 0.89
76449 +- 0.81
65.36 +- 0.64
58.31 +- 0.62
52.66 +- 0.58
49,26 +— 0.54
48.94 +—- 0.62
49,70 +- Q.61
50.62 +- 0.61
51.62 +- 0.61
55.71 +- 0.43
S5.74 +- 0.44
53.398 +- 0.42
47.99 +- 0.38
43.82 +- 0.38
35,37 +- 0.32
28.64 +- 0.28
23.54 +- Q.25
21.75 +- 0.43
19.49 +- (0.4l
17.32 +- 0.37
l6.76 +- 0.39

19.63
19.74
20.66
19.93
20.62

21.10
20.71
19.70
19.53
17.33

17.09
17.14
l6.81
17.16
17.29

16.26
16.18
15.07
15.00
12.79

12.17
10.97
9.86
F.36
9.06

8.17
7.55
7.25
7.82
6.83

92

0.56
0.55
0.57
0.56
O0.44

0.44%
0.43
0.42
0.55
0.53

0.51
0.50
0.42
0.41
0.40

0.39
C.a3
0.41
0.40
0.38

0.27
0.26
0.24
0.24
0.22

0.20
0.19
0.18
0.30
0.28

6.21
612
6.58
6.92
7.06

T7.37
8.01
8.10

8.21

S0

3.08
2.80
3.10
2.94
2.89

2.84
2436
2.78
2.40
2.08

2.24
1.96
2.69
2.59
2.40

2.16
2.03
2.25
2.46
2.41

2.35
2.15
1.68
1.22
1.01

0.93
0.82
0.68
0.59
0.35

180

C.29
0.31
0.31
0.30
0.29

0.29
0.29
0.28
0.29
0.28

0.27
C.27
0.25
0.25
0.23

0.23
Q.23
0.22
0.21
0.21

0.21
0.20
0.20
0.138
0.138

0.15
0.13
0.13
0.13
0.12



FIGURE 10

Coefficients From the Data Fitting

The coefficients C(I) are given as a function of total ¢, m.

energy for fit with G2/4n = 14,1,
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The nonzero C(7) near W ~ 1670 can come only from the
interference of states of opposite parities. The possible pairs of
interfering states are: (D 5/2 F 5/2), (D 5/2 F 7/2), (* 5/2
G1/2), ®3/2 F1/2), (P3/2 G'i/2), (G7/2 H'T/2) or terms
involving j > 9/2. The most likely choice is the pair (D 5/2 F 5/2)
since there is no suggestion of a high j > 7/2 resonance at W ~ 1670
from C(8). The dependence of C(7) upon energy is similar to a
Breit-Wigner resonance shape, so it appears that there are both
D 5/2 and F 5/2 resonances at nearly identical masses. Another
alternative, which gives a similar shape, is for one of the states
to be a resonance and the other to be constant or slowly varying,
but with a sizeable imaginary part. If we take both states to be
resonances, the relative size of C(6) and C(7) give the relative
size of the two resonances. In terms of the peak total cross section,
the ratio of smallest to largest is 0. 07 + 0,03, where the uncertainty
results largely from uncertainties in the resonance masses and the
nonresonant ba'ckground. Which state is larger cannot be decided
a priori because of the symmetry of the cross section under parity.
However, the interference seen in C(5) with the second resonance,
which is a D 3/2 state, suggests that the state with the opposite
parity, ¥ 5/2, is the larger.

The photoproduction of a small D 5/2 resonance is
interesting in light of an SU(3) quark model proposed by R. G.
Moorhouse(zo). Taking sets of quarks in relative L =0, 1, and 2
angular momentum states, and identifying the various composite
quark states with the known particles and resonances, the coupling
of a photon to a nucleon and a D 5/2 state is found to be zero.
Accordingly, the D 5/2 should not be photoproduced directly as in

Figure a. However, it would be possible for it to occur indirectly
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as the final state interaction with the meson as shown in

Figure b.

1T n

D 5/2

It appears that while it is difficult to te‘st, the suppression of the
photoproduced D 5/2 relative to its production by n's, where its
amplitude is about 0, 8 of the F 5/2, is favorable to the model,
The second resonance shows up strongly in C(2) and C(4)
and as interferences in C(3) and C(5), which is consistent with its

known spin-parity of D 3/2. The size of the peak in C(2) gives a
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peak total cross section of around'44 Wb, however, the shape of
the peak and attempts to fit C(2) and C(4) to Breit-Wigner forms
with nonresonant background suggest that a good part of the bump
is due to the nonresonant background. The resonant part alone
could be as small as 24 ub at its peak (W ~ 1519),

The coefficient C(8) shows the effect of the fourth
resonance, F 7/2 (1950), both by itself and as an interference
with the third F 5/2 resonance. The sign of C(8) suggests the
fourth resonance is mainly produced by initial helicity + 3/2
(B3+). A Breit-Wigner form for B3+ centered at W ~ 1950 with
a full width of 250 MeV and contributing a peak total cross section
of 4. 3 ub, will explain the C(8) coefficients.

The many states found in the phase shift analyses of NN

(%,8,8,10) suggest there is more to look for in photo-

scattering
production. There are four states presently known or speculated
to be present in MmN scattering which are not apparent in the
coefficients C(J).

Predicted in

Seen in Photoproduction

Isotopic Seen Photo- by Moorhouse's

Spin LJ Mass Width in N production Quark Model

1/2 P1/2 1471 204 yes possibly uncertain

i/2 D 3/2 1519 102  yes yes yes

1i/2 S1/2 1561 180 maybe probably yes

1/2 D 5/2 1652 134  yes small no

1/2 P 5/2 1672 104 yes yes yes

1/2 S1/2 1715 240 maybe no? no

3/2 S1/2 1692 230 maybe  no? yes

3/2 F7/2 1950 250 yes yes
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If present in photoproduction, these states (P 1/2 1471, S 1/2 1561,
S 1/2 1692, S 1/2 1715) are difficult to discover by the techniques |
employed here because of their low angular momentum and large
widths., We certainly cannot say they are not present, at least in
small amounts. In fact the 0° cross section does appear to have
bumps at 1471 and 1561 suggestive of the presence of two of the
resonances. It is interesting that the S 1/2 at 1715, like the D 5/2,
is predicted to be absent in photoproduction.

An interesting result concerning the second and third
resonances follows from an examination of the 0° and 180° cross
sections in comparison with the total cross section. We see that
whereas the bumps in the total cross section amount to around 44
nb and 25 ub for the second and third resonance regions
respectively, the 0° and 180° cross sections show little or no
structure. From conservation of angular momentum we know
that a state with initial helicity + 3/2 cannot contribute to the 0°
or 180° cross section, whereas one with initial helicity + 1/2
can. Hence we conclude that the second and third resonances are
produced mainly from initial helicity + 3/2. This property was
noticed by D. S. Beder in TTO photoproduction(zl) and given as
conditions on the relative strengths of electric and magnetic
production of the resonant state. For the second resonance

produced by only helicity + 3/2,

Res
A2- =0,

which implies
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Res
_2-
Res

MZ-

E

For the third resonance, F 5/2,

Res _
A3_ =0

which implies,

E?es
s 2

Res
MS—

Electric to magnetic ratios of similar magnitude have been calcu-
\ (S g ; .

lated by B1ett1( ). Using an SU(3) sum rule, taking one term in

the sum evaluated in a static limit, and assuming identical electric

and magnetic form factors, he calculates

E?es Egt_es

——— = 2 and — = 1,7
Res Res

Mz_ M3_

In terms of helicity coefficients, these ratios are

A?es Agt_es
——— = 0,04 and —— = 0,11 ,
Res B es

By, 3-
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which are small enough to be gualitatively consistent with the

; Res Res
data. Since AZ— and A3_
ference with the larger nonresonant background amplitudes that

are so small, it is their inter--

would be most evident. Hence, a more guantitative determination
of the above ratios from the data requires knowing the background.
Although this background could be calculated from Born terms,

the answers would be unsure because of absorption effects and

the possible presence of other resonant states., A detailed
multipole analysis, including Born terms and the known resonances

is needed.
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VI. CONCLUSIONS

This experiment has provided a large number of measure-
ments which, when combined with the data of H. A. Thiessen, give
a consistent picture of the mt photoproduction cross section in the
region of the second and third resonances. The angular and energy
resolution, and the spacing of data points are fine enough to clearly
see the effects of resonances and one 1 exchange.

An analysis of the data has revealed several interesting
properties. 'The presence of a small photoproduced D 5/2 resonance
(or at least an imaginary amplitude) was discovered by its inter-
ference with the F 5/2 third resonance. The smallness of the D 5/2
and the apparent absence of an S 1/2 resonance at ¢. m. energy 1692
is in accord with predictions of a quark model. It was seen that
useful information about ratios of electric to magnetic production
of the resonances is easily extracted from the data, providing a
useful check of a sum rule calculation. It should be noted that the
effects of resonances could be extracted from the large nonresonant
background only because the detailed energy dependence was
measured, Isolated angular distributions would have been con-
siderably less useful,

The measurements of the coupling constant as given by the
fits to angular distributions were consistent with the accepted value,
Unfortunately, while the statistical error of the value obtained is
small, the dependence upon the order of fit and the uncertainty in
choosing the order increases the error considerably. It is possible
that a fit in which the resonant multipoles are given by Breit-Wigner

formulae and the coupling constant varied to fit all the data at once
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at all energies could provide a better determination. A successful
fit of this type would also give quantitative information about the
resonances. Conc:eivablj7 one could determine the mass, width

and size (for production by each helicity) of each resonance. The
problem soon grows to include all four single pion photoproduction
reactions. Work in this direction is being carried out by Professor

Robert L. Walker and Mr, Carl Clinesmith.
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APPENDIX I

BEAM AND TARGET

A. Hydrogen Target

The liquid hydrogen target used in this experiment has

. - : . (.
been described in an earlier tnems( ).

Since no major changes
have been made in it, only a brief description will be given here.
The liquid hydrogen is containedina C,005 -inch thick cylindrical
mylar cup 3. 000 + 0,005 inches in diameter. The hydrogen is
operated at the boiling point and a pressure of 0.5 psi. The
hydrogen temperature is 20. 3°K and its density is 0.0711 gm/

3 (15 ; " ;
m ( ). The cross section was calculated from the difference

C
of full minus "empty'" target yields, where the empty target
actually contains gaseous hydrogen at the same temperature and
pressure, The effective density for the difference is 0, 0897 gm/
cm3.

During the course of the experiment, the target was
checked visually several times a week. The empty target yields
were measured within several weeks of the full target measure-
ments so as to discover any contamination which changed with
time. None was ever found. As expected, the empty target
background is largest at small angles, amounting to about 13%
of the full target yield at 3,5 degrees (lab), decreasing to 49

at larger angles.

B. Bremsstrahlung Beam

The bremsstrahlung beam is produced by monoenergetic

electrons striking a tantalum target in the synchrotron 10. 4 meters
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from the hydrcgen target used in this experiment, Figure 2 shows
the location of the collimators, scrapers and sweep magnets. The
beam was 4. 45 cm wide and 5. 58 cm high at the hydrogen target.

The energy spectrum of the bremsstrahlung is given by

B(X,E )
W ’7o
n(K) dK = g~ — dK
o)
E
o
where [ B(KE)dK=E_
0
n(K) dK = number of photons of energy K in dK
Eo = end point energy
W = total energy.

The details of the distribution are contained in B(K, E ) which was
obtained from BPAK 1(23’ 24). The spectrum used fo?‘ the calcu-
lation of cross sections is an average over the beam aperture
weighted according to the thickness of the cylindrical hydrogen
target, and normalized so as to account for the effective length

of the target.

C. Beam Monitoring

Three monitors were used to measure the number of
photons in the beam during a data taking run: a thick plate
ionization chamber (BC) which stopped the beam, a thin plate
ionization chamber (TC) located just after the primary collimator,

and a two-counter telescope (M1) directly below the hydrogen
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target. The charge collected from the ionization chambers was
measured with the standard synchrotron integrators. The south

(15)

beam quantameter which could be moved in and out of the

beam just before the hydrogen target was used to calibrate TC
‘and subsequently BC and M1, Usually a series of short runs was
taken with the quantameter alternately in and out of the beam to
check.that a consistent calibration of monitors had been attained.
Typically calibrations were made every day and whenever the
synchrotron energy was changed. The quantameter measures the

total energy in the beam as given by

_ 18T MeV
W = 13.10 x 10 -ﬁ m
T = Temperature of quantameter gas in e

P

Pressure in mm Hg.

The errors in the cross section due to uncertainties in

, and W,
B(K, Eo) is discussed in Reference 23 and is attributed an un-

the beam result from uncertainties in B(K, Eo)’ E0

certainty of + 1. 5%, E0 is discussed in Appendix IIC and is in
error by less than 0.5%. Determining W for a given run depends
on knowledge of T, P and the integrator calibration and on the
stability of the three monitors. T and P are accurately known
from many measurements during the experiment. A systematic
increase in T/P 0f0,3%/ month was noted. The integrator cali-
bration is well known and constantto0,5% except for two periods
during the experiment. Unfortunately during the first running
period of February and March of 1964, no integrator calibrations

were made. Calibrations made in August 1953 and May 1954 by
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L. Hatch, which differ by only 0.8% were used. In the second
running period during October 1964, numerous calibrations were
made, but fluctuations of + 1. 5% occurred, indicating the integrator
(No. 249) and/or the calibrator were broken. Various checks and
repairs were made to both during the period of difficulty. The
problem was finally resolved by switching to another integrator
(No. 628).

The three beam monitors BC, TC and M1 give an internal
check of their stability, provided only one changes at a time. As
might be expected, comparison between pairs of the three monitors
indicated that BC was the most reliable and TC the least. However,
all three monitors proved to be reliable to about 1. 5% over periods
of one or two days, with the exception of TC when the synchrotron
was at high energy (1320 MeV). Such an instability in TC is not
surprising. Being located after the first collimator, it is very
sensitive to beam alignment in the collimators, (electrons produced
in the primary collimator contribute significantly to the charge
collected in this chamber), and at high synchrotron energies, it is
known that the electron beam is nearly unstable in vertical position
during the beam dump. Because it was most stable, BC was
primarily used to calculate W. However, for runs with the spectro-
meter at an angle less than 120, the magnet yoke and coils blocked
part or all of the beam, making it necessary to use M1 and TC.

One or two such runs were always sahdwiched between runs with
BC unblocked. The following method was used to determine the
expected BC BIPS (Beam Integrator Pulse = Full scale deflection
on integrator). The ratio Y = BC/TC was considered as a function
of the ratio X = M1/TC. Suppose we have three successive runs,

the second without a measurement of BC. We then know Xy XZ’



TABLE 7
Beam Monitoring Summary

Intf?gratc?r

Integrator rlglasllc?éatlgl{cro- No. W/lg il

Dates Runs No. coulomb/Q BIP measurements T/p 107" MeV
6 Feb, 64 - 4 Apr. 64 240 - 454 249 2.270 + 0,010 2 0.397 11.80
25 Sept, 64 - 26 Sept, 64 511 - 518 249 2.245 + 0.015 2 0.400 11.78
30 Sept. 64 - 30 Oct.64 519 - 539 249 2.303 + 0.002 2 0.400 12.05
9 Oct. 64 - 14 Oct. 64 540 - 561 249 2. 265 1 0.400 11.87
14 Oct. 64 - 7 Nov, 64 562 - 665 249 2.238 £ 0.018 15 0.401 11.73
11 Nov. 64 - 29 Jan, 65 666 - 930 628 2.241 £ 0,001 9 0.403 11,83
30 Jan. 65 - 1 May 65 931 - 1091 628 2.241 + 0,001 2 0.408  11.92

18 Dec. 65 - 18 Dec. 65 1092 - 1093 628 2. 256 1 0.412 12,18

LTT
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X3, Yl’ YS’ but not YZ‘ As a best estimate of Y2 we simply use

a linear interpolation,

YS—Y1

2'X1)x‘——“3-x )

Y =Y1+(X
1

2
from which the expected BC BIPS are obtained.

BC22 = Y2 . TC2
The advantage of this method is that,assuming BC is stable, the
correct expected BC is calculated if either M1 or TC is stable.
In a few cases where the above formula specifies an extrapolation,
i3
closest to X, or X3. If it happened that X1 = XS’ the average of

1

Yl and Y3 was used for Yz. The error in determining BC2 with

this scheme can be estimated from runs with an unblocked beam

was taken as either Y1 or Y3 according to whether X2 was

as the smaller of the variation in Y, and the variation in Y/X
= BC/M1. This turned out to be about + 0. 3%.

As a check of the quantameter itself, it was compared
five times with an identical one used in the west beam. The ratios
of their sensitivities, corrected to the same T and P and measured
on the same integrator, varied from 1. 025 to 0. 98, In particular,
comparisons made three days before and two days after refilling
the south beam quantameter indicate a 2.2 + 0. 2% increase in
sensitivity. Its rate relative to BC also increased by 2. 3 + 0. 3%.
The cause of this change is not known. In any case, the sensitivity
after refilling is believed correct and the data were reduced

accordingly.
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The south quantameter was calibrated against a Faraday
Cup at the Stanford Mark JII Linear Accelerator on 2 May 1966(25).
This calibration agreed with both the previous calibrations and the
theoretical value with a difference of less than 1. 5%.

As a result of the above considerations, the fluctuating
error in determining W for any one run was taken as + 1.5%. The

systematic error in W is estimated as 3%.
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APPENDIX IT

THE SPECTROMETER

3 . . 26,27

The magnet has been described prevmusly( +21) and
only minor changes in the counters were made before running

this experiment. Thus it will suffice to state the properties of

the spectrometer for the apertures used.

A. Acceptance Properties

Measurements of the fringe magnetic field(zv) in the
central bending plane of the magnet were used to derive the
acceptance in momentum and vertical angle. A computer program
SPECTROMETER(ZS) was used to calculate the region of
acceptance in relative momentum Q = (<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>