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~ABSTRACT

The cross section for the reaction v + d - Wo + p+n was
measured at the Caltech synchrotron. The n° was detected by
measuring its decay gamma rays with two lead glass, total absorption
Cherenkov counters. The results are three angular distributions at
k =911, 1180, and 1390 MeV, at forward angles from 3 degrees to
90 degrees., The deuteron/proton ratio differs significantly from
2.0, but final state effects from the use of a deuteron target make

impossible quantitative conclusions about the neutron cross section. .
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I. INTRODUCTION

The single pion photoproduction reactions which can be
measured in the laboratory are

1) y+p—»ﬁ++n
2) y+pomo+p
3) y+n-mn +p

4) y+n—>n0+n

where the reactions from the neutron must use a deuteron target. A
bremsstrahlung beam contains all incoming energies up to its
maximum, so measurement of cross sections for the two particle
final state requires identifying the particle and measuring its
direction and energy. The ease and accuracy of magnetic spectrometer
analysis make this method preferable whenever a charged particle is
produced with sufficient energy. The magnetic spectrometer method
has been used to measure rr+ and 7 photoproduction cross sections
detecting the pion, and for ﬂo photoproduction from protons detecting
the proton. The difficulty of detecting the low energy proton
accompanying a 110 produced in the forward direction limits the
magnetic spectrometer method to angles greater than about 50 degrees
in our energy range. The desire to measure small angle ﬁo photo-
production from protons, as well as to measure the corresponding
reaction from the neutron, leads to attempts to measure the m° itself.
Measurement of the TTO was made practical by the development of total

absorption Cherenkov counters as gamma-ray spectrometers. These



counters allow measurement of the n° alone by detecting the two
decaj gamma rays in coincidence and recording their pulse heights.
The counters were first used to measure Tro production from
complex nuclei in an attempt to measure the rro lifetime, (1) They
were then used to measure cross sections for TTO photoproduction

(2)

The increase in intensity of the CIT synchrotron, plus the

from hydrogen in the forward direction,

reaching of its designed endpoint energy of 1500 MeV, led to redoing
the previous measurements from hydrogen, extending the data to
higher energy, and doing an identical set of measurements from
deuterium. The work was carried out at three mean photon energies,
911, 1182, and 1390 MeV, at 10 degree intervals from 0 to 90 degrees.
This thesis reports the investigation of deuterium. The simultaneous

(3)

work on hydrogen is given in the thesis of G, Laurie Hatch.



II. DESCRIPTION OF EXPERIMENTAL ME THOD

The aim of the experiment is to measure the m° angular
distribution in the reaction y + d - ﬂo + (p + n) by detecting the
two decay gamma rays from the ”o in lead glass Cherenkov
counters, (4) Briefly, these counters detect the Cherenkov light
produced by the electromagnetic shower in the lead glass initiated
by the incident photon or electron, The size of the counters is
sufficient to contain the entire shower. The Cherenkov light is
collected by nine 5" RCA 7046 phototubes, the outputs of which
are summed. The amount of Cherenkov light produced is directly
proportional to the energy of the initiating particle, so the average
pulse height produced is a linear function of the incident energy.
The distribution in pulse height in the output of the counters from
a beam of mono-energetic particles is approximately Gaussian. By
testing with the mono-energetic electron beam the width of the
distribution was found to correspond to production of about 200
photoelectrons per BeV. A non-shower producing particle such
as a proton or cosmic ray muon passing through the counter produces
the same amount of light as a 220 MeV electron. Since the average
pulse height from the Cherenkoir counter is a linear function of
‘energy, the pulse height can be displayed in energy with just a scale
change. We will use this scale throughout the thesis, usually
depending upon}the context to distinguish between reference to a
particle energy or to a pulse height in the Cherenkov counter.

The experimental layout is shown in Figure 1. In the usual
manner, the bremsstrahlung beam from the synchrotron is incident

on the target which contains liquid hydrogen or liquid deuterium,
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The beam is then monitored directly by a Wilson quantameter. The
prodﬁéed fro's decay essentially at their point of production, and
each decay gamma ray is seen by the apertures, shown in Figure 2.
Given that we have seen the decay gamma rays of a single no, the
kinematic variables which the system geometry defines are the pion
direction and energy. In order to be able to detect both decay gamma
rays, the pion direction must lie in the rectangle containing the
apertures, which defines the § and ¢ limits. To determine the
energy limits of pions the system will detect, we consider the
opening angle between the two decay gamma rays in the laboratory
system. This angle has a minimum which increases with decreasing
pion energy. The maximum angle subtended by the apertures then
defines the minimum energy pion the system can detect, which we
call E o the geometric cutoff energy. Having defined the angles
by the setting, the maximum pion energy is given by the kinematics
relation for the maximum photon energy. Hence the lead glass
counter system will define the energy and angle acceptance without
any reference to pulse-height information, although such reference
will in fact be necessary to separate the reaction of interest from
the detection of double TTO production. With the system as used, the
counter rectangle subtends a solid angle of about 20 millisteradians,
" The resolution function is chosen to sample the same photon energy
limits by choosing the geometric cutoff energy to correspond to the
same photon energy at all angles. The resolution function defined in
this way has the same shape in photon energy at all angles.

The Cherenkov counters were mounted one above the other
on a trolley which could be moved to any angle at a constant radius

about the target. The counters could be moved independently
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perpendicular to the beam plane to obtain the desired geométric
cutoff venerlgy. The lead houses which surrounded the Cherenkov
counters eliminated beam associated particles not passing through
the apertures. The apertures themselves were shaped on three
sides and backed by a two scintillation counter telescope to veto
charged particles. A gamma ray striking the side of the aperture
has a high conversion probability so the veto counters accurately
define aperture size as well. The sweep magnet was used at small
angles to reduce charged particle rates in the veto counters,

The electronics system used is given in Figure 3. A gamma
ray is defined by a pulse in the Cherenkov counter with no signal
from the aperture charged particle veto counter or from the cosmic
ray veto counter. The discriminator also requires the Cherenkov
counter pulse to be above a minimum height given by the decay
kinematics of detectable pions. A rro event is defined by a coincidence
between gamma rays in each Cherenkov counter. The pulse heights
in each counter then define the X and Y addresses in the 32 x 32
matrix pulse-height analyser.

The energy resolution function is calculated in Appendix IV,
and shows the features previously discussed qualitatively, The
efficiency for detecting pions produced into the counter rectangle
e (Err) and the number of photons N(k) are given in Figure 4. In
order to ignore the scale complication introduced by kinematics, the
functions are given at 0 degrees where Err =k, The total resolution
function has the low energy side determined by ¢(E) and the high
energy side determined by the bremsstrahlung spectrum N(k)., The
combination of the two gives the spectrum of detected pions S(k) = N(k)
x ¢ (k). The actual Spectrﬁm in pulse height is obtained using the
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response function of the counters R(E,E'), S(E ) = j N(E') x <(E")
X R(E E') dE',

The angular resolution in the center of mass for the system
is the result of two effects, the physical width of the counter
apertures in the laboratory, and the variation in CM angle with energy
at constant laboratory angle. These functions are given in Figures
6 and 7.

The actual calculation of the functions takes into account
the motion of the nucleons in the deuteron. The results differ irom
those for a stationary target as follows: 1) for a constant CM cross
section the rate of production of pions in the laboratory is increased
by less than 2 per cent, 2) the shape of the resolution function in
energy as given by its first few moments is not changed by more
than 2 per cent, 3) the angular resolution in the center of mass is
increased by about 50 per cent.

The choice of running parameters was dictated by the
requirement of a reasonable counting rate. Figure 5 shows the
system counting rate as a function of cutoff energy. The interval
chosen for E = 1513 MeV was EG = 1150 MeV, With this choice,
the width of the resolution functlon defined as / ((K - K) y was about
80 MeV. For these limits, ¢(E) =6 x 10 3, so the effective solid

“angle of the system is about 0, 1 millisteradian for an energy
acceptance of 160 MeV, The Caltech magnetic spectrometer
measuring n''s at the same energy has an angular acceptance of
0. 1 millisteradians for an energy acceptance of 25 MeV, (5) The
rather wide energy acceptance necessary is the principal defect of

the system for kinematics definition used here.
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IIl, PROCEDURE

The experiment was run over an 18 month period at three
endpoint energies, EO = 1073, 1308, and 1513 MeV. The angular
distributions were taken at 10 degree intervals in the center of
mass from 0 degrees to 90 degrees. The distributions required
several different configurations, with each point within a given
configuration taken several times., The details of configuration
and consistency checks between configurations are given in Appendix
II. The target condensed either hydrogen or deuterium with the
same apparatus. The hydrogen and deuterium runs were taken
alternately, providing a hydrogen-deuterium ratio free of most of
the systematic errors.

The background runs were taken throughout the running
period, usually on the same day as the foreground. The 911 and
1182 MeV data show no statistically significant time variation in
background rate for points taken in the same configuration. Some
of the 1390 MeV data were taken with rather poor beam definition
due to instabilities inherent in the synchrotron beam when running
at an endpoint of 1513 MeV, For these runs it was necessary to
compare the foreground runs with the background runs taken on the

‘same day, although in these cases the difference in the foreground
rates was less than 20 per cent.

The phototube gain was monitored by measurement of the
pulse—height spectrum from the Cherenkov counters on cosmic ray
muons. The measurement was done each day during the 12 hours
while the experiment was not run. The mean pulse height was

determined by comparisdn with the mono-energetic electron beam to
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corvrespond to 220 MeV electrons. The electronic gain was not a
linea'r' function of pulse height, but was measured daily by means
of a simulated Cherenkov pulse produced by a pulser with a linear
scale, The known linearity of the counters and these two measure-
ments give daily energy calibration of the system.

The rates encountered in the beam area are given in Table
2 for the various points in the system for the EO = 1308 MeV data
from hydrogen. The counts were about 2/3 from deuterium, 1/3
from background. The hydrogen rates were about 0.8 times these.

There are four electronic problems to consider:

1) accidentally vetoed gamma rays,

2) charged particles not vetoed due to dead time in the

veto discriminator,

3) coincident gamma-ray events not recorded due to dead

time in the analyser, and

4) accidental coincidences between the two Cherenkov

counters.

1) and 2) arise from high rates in the aperture veto telescope. The
‘counting rate in a single scintillation counter is principally due to
Compton electrons produced by the halo of low energy photons which
fill the beam area. The use of a two counter telescope eliminates
these electrons setting a low energy bias of about 15 MeV. The
single counter rate is about 8 times the coincidence rate. The
resulting rate keeps 1) and 2) less than 0, 5% by measurement. The
analyser had a 5 kilocyclé acceptance rate so 3) is negligible.



Angle,
Lab

20
MagOn

20 ,
Mag Off

42

17

- TABLE 2
Counting Rates

EO = 1308 MeV

I = deuterium runs

b = empty target runs

Rate, Counts/Second
Veto Gamma

Scint, Coinc. >100 MeV
x 10 x 103 x 103
1060 110 10,0

540 40 5.3

240 34 4,8

120 19 1.6
1200 340 3.0

600 170 1.7

420 65 2.6

300 50 0.2

Electrons
>100 MeV
x 103

3.0
0.5

12.0
10,0

2.8
0.45

0.8
0.1

Pions

7.3
4,0

2.9
0.3

1.7
0.5

0.8
0.1
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The rate of accidental coincidences between the two
Chefénkov counters is not negligible at some points and required
constant monitoring at all times. The rate (v At 100 ns) - (YB)
was monitored by a separate circuit. Each foreground run at which
the rate made a correction necessary was followed by an accidental
m run, delaying the y A pulse through the normal m coincidence
circuit, The synchrotron intensity was kept at values such that the
accidental coincidence rate did not exceed 10% of the foreground
rate, and was usually less than 5% of the foreground rate.

The 32 x 32 pulse-height matrix contained in the analyser
was written onto paper tape for preliminary analysis by the
Burroughs 220, and ultimately converted to IBM cards for the final
analysis using the pulse height to energy calibration.
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IVv. DATA REDUCTION

The system has produced a 32 x 32 matrix in pulse height
of coincident gamma-ray pairs for each foreground, background
and accidental run, The Cherenkov counter and electronic gain
calibrations are used to generate a matrix in energy from the
matrix in pulse height. The scale of these matrices is then converted
to one linear in energy. The process of conversion and its associated
errors is given in Appendix II. The resulting background and
accidental matrices can now be subtracted from the corresponding
foreground maitrices to obtain the result from hydrogen or deuterium.
The result next obtained from this matrix is the spectrum in total
energy of the detected two gamma-ray events. This spectrum is

given by the sum of the matrix diagonals,

E
S(E) :J‘:M(E -E,

0

K dE
Yz) Y

2° 2 ¢

The reactions which produce a significant number of events

are:

1) the reaction of interest v + d - n’ + (p+n)

2) single n°'s from double r production,
vy +donl+ @+ N+ N

3) events resulting from the detection of one gamma ray

from ea.chr’r0 iny+d- TTO+TTO+ (p + n).
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The desired reaction, 1), will contribute to the spectrum above the
geométric cutoff energy. The detection of reaction 2) is a by-
pi‘oduct of the large pion energy acceptance, which places the
geometric cutoif energy well below the maximum pion energy in
two pion production. Since a single n° is detected, reaction 2)
only contributes events with total energies greater than the cutoff,
For a given total cross section, the counting rate and the energy
spectrum from these pions is calculated in Appendix V from two
models, 1) pure phase space, and 2) resonant production by the
reaction y + N - n® + N*(1238 MeV). An upper limit for this
reaction has also been obtained at one point by means of the
synchrotron subtraction technique, The results for two pion

contamination are given below:

1) phase space with a total cross section of 200 pbarns,

which is 5 times the value measured for v + p - rr+

+m o+ p(6) gives a correction of less than 5 per cent,

2) production of a n° and N*(1238 MeV) with a total
(7

0 . 0
10 per cent at 0~, falling to 4 per cent at 50",

cross section of 200 ubarns' '’ gives a correction of

3) the synchrotron subtraction at 40°, ko= 1182 MeV,

gives a correction of 3 + 3 per cent,

4) fitting of the computed specirum to the observed
~ spectrum shows no statistically significant enhancement
of the low energy cross section. This procedure puts
an upper limit of about 0. 05 ubarn on the cross section

due to multiple pions, or an upper limit of 20 per cent
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at OO, falling to 4 per cent at 40°,

Since it is not possible to make an angle dependent correction,
no change has been made to the quoted cross sections. As such,
they are the sum of all reactions y + N - ‘rTO + N' producing

. o, . . . .
single w 's into the given resolution function.,

The energy distribution of detected gamma-ray pairs in 3)
can be understood qualitatively. Unlike single rro detection, there
is no lower limit from the system geometry on the total energy of
the two detected gamma rays, so the energy spectrum of these events
extends from zero to its maximum, Furthermore, any photon of
energy above the two pion threshold can produce events, so the
spectrum will contain a large number of low energy counts. In the
actual experiment a lower limit of about 100 MeV is given to the
energy of each gamma ray by the bias set on the Cherenkov pulse
into the coincidence circuit which defines a gamma-ray event. The
maximum total energy can be understood as follows. The kinematics
for producing a two pion system of mass 2mTr is very little different
from that of a single pion at the same angle, or Errl + ETT2 = Eﬂ. A
foreward going gamma ray carries almost all of the energy of the ’ITO,
e.g., at ETr = 500 MeV, EY (max) = 495 MeV. Hence reaction 3) can
provide events with total energy almost up to that of single pion photo-
production. The contribution of the third reaction above the single rro
detection cutoff requires a correction of about 10 per cent at 0° and 10°
and is negligible at large angles. The details of the method of

estimating the correction from the data are given in Appendix II,
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The energy spectrum from each of these reactions is given
in Figure 8. The pulse-height spectrum obtained by the data
reduction is given in Figure 9. This spectrum shows a good
separation between the single and double rro regions, making it
a simple matter to determine the counting rate by counting ﬁo's
above the cutoff. The more sophisticated procedure of using fitting
functions for the two regions, together with the errors due to double
TTO detection, is given in Appendix II. Finally, a spectrum with an
excellent separation of single TTO'S is compared with the computed

spectrum in Figure 10,
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V. CROSS SECTIONS

The results of the experiment are given in the tables which
follow as the three directly measured quantities, the proton and
deuteron cross section, and the deuteron/proton ratio. The proton
cross sections have been taken from Reference 3. We have also
given the result for a "'neutron' cross section assuming the simplest
spectator model, for which the deuteron cross section is simply the
sum of the free proton and neutron cross sections, o q=0c D +0,-

The cross sections quoted are obtained from the counting
rate at each point by the equation C =n x E(ko,eo) where n is the
integral of the geometric resolution function at that point, as
described in Appendix III, Summarizing the results obtained there,

where T(k,0) is the resolution function,

C =jo (k,8) T(k,8) dkds

2
20 x{ol ,6) +2-3 (G- k)Y
ak™ 'k B

The size of 3 20 /3 k2 is estimated from the energy distribution data
at 60° and 900. The correction is apparently less than 5%. No

attempt has been made to correct the data. The statistical errors

~ are:

1) counting statistics on foreground, background and

accidental runs,
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2) calibration error, leading to incorrect combination of

runs,
3) subtraction of the ¢ n°) spectrum,

4) setting of the geometrical parameters.

Systematic errors may be defined by o(k,8) = cr(ko, eO) X {1+ 5 (k, e)} .

The sources of error and typical values are:

1) detection of single no's in double 7 production,
-.05 < 8(k,8) < O,

2) deviation from the true value due to energy variation of
cross section, |8(k,8)| < 0.05,

3) endpoint energy of synchrotron, | 8| < .03 MeV™ 1 (This

correction is independent of angle to about 5%),

4) absolute normalization of beam monitoring, | 8| < 0.02
(This correction is time dependent, since the guanta-

meter calibration may change. ),

5) calculation of detection efficiency, including the small

corrections, | 8| < 0.02.
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TABLE 3a

Cross Section Data

k= 911 MeV

Deuteron

1
1

Cross Section,
wbarns/steradian

406 + 0.132
.831+ 0,124
.688 + 0, 127
.056 + 0, 105
.080 + 0,125
.001 + 0,108
.833+0.119
.218 + 0.129

.591 + 0,197

Deuteron/Proton

Ratio

3.161 + 0.394
3. 237 + 0. 407
3.841 + 0. 462
2,093 + 0,165
1.921 + 0,126
1.842 + 0.096
1.688 + 0.098
1.642 + 0.096

1.660 + 0,122
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TABLE 3b

Cross Section Data

k = 1182 MeV
Deuteron

Angle, Cross Section, Deuteron/Proton

CM ubarns/steradian Ratio

3.7 0.728 + 0. 049 1.584 + 0,183
11,4 1.295 + 0. 161 2.162 + 0, 350
21. 4 2.591 + 0,122 2,334 + 0, 164
31.9 2,881 + 0. 206 2.036 + 0. 164
41,8 2.812 + 0,214 1,806 + 0. 153
51.6 2.045 + 0, 078 1.501 + 0.094
61.6 1.602 + 0. 119 1.291 + 0. 120
72.0 1.651 + 0. 106 1.602 + 0. 145
81.6 1.338 + 0.099 1,541 + 0. 158

91.0 , 1.445 + 0,133 1.635 + 0,190
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TABLE 3c

Cross Section Data

k = 1390 MeV
Deuteron
Angle, Cross Section, Deuteron/Proton
CM ubarns/steradian Ratio
3.1 1.155 + 0. 159 1.858 + 0,401
iO. 5 2,408 + 0. 246 ' 1,937 + 0, 387
19.6 2.661 + 0,213 2.192 + 0. 254
29.6 3.017+ 0,191 1.820 + 0. 175
39.2 2,166 + 0.118 1. 597 + 0, 140
49.6 1.608 + 0. 097 2. 000 + 0,229
60. 3 1.000 + 0. 121 1. 688 + 0. 333
70. 2 0.898 + 0. 132 1. 681 + 0. 356
80.8 1.180 + 0. 164 1.202 + 0, 224

90.7 1.244 + 0, 221 1,264 + 0, 310
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TABLE 4a

Difference of Deuteron and Proton Cross Sections

k = 911 MeV

Angle, Cross Section
CM ubarns/steradian Error
3.5 0. 961 + 0.175
11. 2 1. 265 + 0.230
20.3 1. 988 + 0. 323
28.0 1. 596 + 0. 240
38.1 1. 477 + 0. 202
47.9 1,372 + 0. 156
57. 4 | 1.155 + 0.164
67.3 1. 258 + 0,188
77.5 1,427 + 0. 264
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TABLE 4b

Difference of Deuteron and Proton Cross Sections

k = 1182 MeV

Angle, Cross Section
CM ubarns/steradian Error
3.7 0. 268 s 0.084
11.4 , 0.09¢6 + 0. 210
21. 4 1. 480 + 0. 182
31.9 1. 466 + 0.233
41.8 1. 255 + 0.238
51.6 0.683 + 0.127
81. 6 0. 361 + 0.149
72.0 0.620 + 0.150
81.6 0. 470 + 0.137
91.0 0.561 + 0.168
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Difference of Deuteron and Proton Cross Sections

Angle,
CM

10.5
19.6
29. 6
39, 2
49.6
60. 3
70, 2

90, 7

0.
1.
1.
1.

0.

0.

k = 1390 MeV

Cross Section
wbarns/steradian

533
164
447

359

. 810
. 804
. 408

. 364

199

260

I+

H-

+

H

H+

H

H

Error

0. 249
0. 480
0. 309
0. 291
0,190
0.184
0.197
0.190
0, 220

0. 306
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VI. DISCUSSION OF RESULTS

The analysis of results from deuteron targets utilizes
the impulse approximation(g’ 9) which takes the T matrix elements
for a bound nucleon target to be equal to those for a free nucleon,
The condition for validity of this approximation is that the energy
of the incident particle be large compared to the binding energy of
the nucleons in the target particle. The deuteron binding energy is
2.2 MeV, while the incident photon or outgoing pion energy is about
1000 MeV, Clearly the impulse approximation can be used. The
analysis must then take into account:

1) the interaction of the two nucleons in the initial and
final states,

2) the interaction of the produced pion with the second

nucleon, or multiple scattering.
. . )
If 2) is neglected, the T - matrix may be written
TD = (flTp + Tn]i>
We define

T

H]

£ +0.+ K

D

average recoil of the two nucleons

F(D) = [ w)(x) exp(iD - 1)
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U d(r) = radial wave function of the deuteron.

The cross section obtained from this definition for the T matrix is

do 1 2 2 2 .2 1% *
T~ o Lyt 1Kl T2y + 1K |7+ 2FD)Re(5K - K+ £ £ )]

which is the sum of the free nucleon cross sections plus an interference
term whose size depends upon the deuteron overlap integral F(D).

F(D) is given in Figure 14 as a function of recoil D, and of CM pion
angle for K = 1182 MeV. Since cross section data alone are
insufficient to determine the four independent production amplitudes

(2, I_i), the equation cannot be used to determine a neutron cross
section, However, the size of the interference term may be estimated
2 do /do. The rapid fall off of F(D) implies that the

deuteron cross section is equal to the sum of the free proton and

since ;gz, (K|

neutron cross sections to better than 5 per cent for CM angles greater
than 20 degrees, so the simple "spectator model" is a valid approxi-

mation here,

The treatment of multiple scattering obtains the equation(g’ 10)

do _do® doP 1 do®
do Q QRZ

(o))
Q.

(o}
o

where R is the radius of the scattering system defined by
R = } RUZ(R)dR and dcrp/ do and dcs/ dQ are the production and
scattering cross sections respectively. The principal contribution

: ' : AP S
from the scattering term do~ 1 do

ao ;{3 o will arise from charged meson
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production followed by exchange scattering, since the ratio of
charged to neutral pion production cross sections is large. The
size of the correction at 0° can be estimated as follows. The
charged pions which can scatter with sufficient energy to be detected
by the experimental resolution function define a production solid
angle AQp. The solid angle for scattering is AQD, the solid angle

of the detector. (Note dos/ dq is in the laboratory frame.) Then

the ratio of direct pions to scattered pions is

do* 1 do° dot
—x X AQ_X —5 x AQ -l
L - do PR P a0 %% dof
doox " a®  RZ gql
* D E 3
dQ do

The kinematics limits _+ < 20° so 80, ~ 0.5 steradians. Thus
a=25x 0,5x 1/100 x 5=10.5. Multiple scattering effects can, then,
give the observed v +d - ﬁ‘o +d'/y +p - ﬁo + p ratio at small angles
with 0~ Oy To obtain a neutron cross section from the deuteron
photoproduction data will require 1) all the scattering cross sections
such as Tr+ +n - 'ﬂ’o + p, which can be obtained from phase shift
analyses giving both isospin 1/2 and isospin 3/2 states, 2) computer
calculation of the contribution at each data point, and 3) estimation of
' the higher order terms in the series.

Previous experiments which have measured the ratio
R = 12(d)/n°p) are those of Chang(16) and Bingham(17) , both in

o .
the energy region less than 1000 MeV, The results of Bingham show
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the ratio at 60 degrees near 900 MeV to be about 1,95 +- 0. 05, in
disagreement with our résult. The results of Chang show ratios
more in accord with ours, but his results are at energy intervals
which are too wide to permit detailed comparison. For example,
at 870 MeV he finds R = 1, 71 +- . 14 at 60 degrees, and R = 1, 62
+- 0,2 at 90 degrees.

The general character of the results obtained by this
experiment shows a ratio which decreases with increasing angle.
At small angles, the ratio decreases with increasing photon energy.
In view of the final state interactions discussed above, we believe
that even semi-quantitative conclusions about the neutron cross
section will require more theoretical work on the effects introduced

by the use of a deuteron target.
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APPENDIX I. EXPERIMENTAL APPARATUS

A, Cherenkov Counters

4)

glass parallelepipeds 14 x 12 x 6 inches joined by g-bromo-

Each Cherenkov counter*™ is constructed from two lead
naphthelene matching liquid to make a single optical block, The
mounting house is made of soft iron, serving to shield the counter
both optically and magnetically as well as support the lead glass

and the 9 RCA 7046 phototubes which viewed it. The construction

is shown in Figure 15. The Cherenkov counter is sufficiently large
that, with the aperture used, the entire shower is contained in the
glass. Statistical fluctuations on the shower production are therefore
a small effect, The width of the pulse-height distribution is assumed
to be due to the statistical production of photoelectrons by a constant
number of Cherenkov photons., For n photoelectrons the pulse height
is given by p = gn, and the width by 0 = o/n. The relation (u /0)2 =n
allows. the determination of the number of photoelectrons produced by
each tube. The results of the tests in the mono-energetic electron

beam are shown in Figures 16 and 17. They show:

1) linear average response in energy,

2) a response function which is nearly Gaussian with a

width corresponding to 220 photoelectrons/GeV.

For each tube we have for the distribution of photoelectrons

1 — (n - no)2/2nO 1 -(u - uo)2/2ocu0
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If the assumption of width source is true, minimum width of the

distribution obtained by summing the outputs of the nine tubes is

achieved by setting the average pulse height of each tube

proportional to the number of photoelectronszit produces. Thus
M

wehavegi an , oLZni, (c) E(o. ) or N Zn, . In

i
actual test in the mono-energetic electron beam the array gave

220 photoelectrons, compared with 250 photoelectrons from summing
the result of each tube. The decrease is most probably due to
incorrect setting of the gain of the tubes, rather than statistics on
the shower. The response and linearity of the counters have not
been measured for mono-energetic photons. The mechanism of
shower produétion by electrons is the same as that for photons so
we have taken the results to be identical. The agreement of observed
and ‘computed spectra for photon energies near 650 and 1350 MeV
(80°, 911 MeV and 10°, 1390 MeV) indicates that the conclusion is
valid.

A convenient scale on which to record pulse height will be in
energy. Since the mean pulse height produced by the counter is a
linear function of energy, Mo = kEO, only a scale change is necessary.
The distribution of pulse height can be written

€ - E)?

R(E,E") = ﬁ?%f e 2KE , where E is the photon energy, and

E' is the output on the energy scale. We use this scale throughout
the thesis,

During the tests in the electron beam, the output of the
counters on cosmic ray muons traversing the glass block was also

measured. The energy eduivalent of the produced Cherenkov light
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was found to be 220 MeV for each counter. Since this number is a
function only of the lead glass, its daily measurement provides a
useful check on the gain of the phototubes, i.e., on the constant
which will be used to connect the energy and pulse-height scales.

In use, the counters were mounted one above the other on
a trolley movable at constant radius about the target to any angle
measured. The system, designed by Mr. Edward Taylor, was so
delicately balanced that it could be moved at the rate of 10° per
minute by a single graduate student using a four foot wrecking bar.
Each counter could be moved independently in the vertical direction
to obtain any desired displacement about the beam plane, Tape
measure and fiducial marks allowed setting angles to better than
0.1° and distances to 1/32 inch or better. The counters were
surrounded on five sides by lead walls., The front walls were eight
inches thick, the remaining walls four inches thick. With the
apertures blocked, counting rates in the veto scintillators and the
Cherenkov counter were negligible, The aperture size varied from
5" x 7" to 8" x 8'", The variation in average pulse height as a function

(3)

and found to be less than + 4 per cent over the maximum aperture

of position on the counter face was measured in the electron beam

used,

B. The Aperture Veto Telescope

Each aperture was backed by a two counter telescope to veto
charged particles. The counters were separated by two grams of CH2
absorber. The rate in a single scintillation counter is principally due
to Compton electrons produced in the scintillator by the halo of low

energy photons produced by the collimation of the bremsstrahlung beam.
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These electrons, up to 15 MeV in energy, will be stopped by the
absofber and hence do not contribute to the veto rate. The low
energy photon halo is negligible at angles greater than 20° (1ab).
The efficiency of the veto system was measured by means of a
small counter in coincidence with the Cherenkov counter and found
to be better than 97 per cent at the highest rates encountered. The
phototubes used were RCA - 7850, The capacitor bank supplying
dynode power was boosted by external power supplies on the last
two dynodes. At two megacycle counting rate, the drop in pulse
height at the end of the 150 millisecond dump was measured to be
less than 5 per cent.

C. The Condensing Target

The construction of the condensing target is shown in
Figure 18, The target consisted of the vacuum chamber, the jacket,
and the appendix itself. The housing windows and appendix end caps
were of clear mylar, 5 and 1.5 mil thickness respectively. The
clear mylar alloWed visual inspection of the state of the appendizx.
In use, the jacket was filled with liquid hydrogen at atmospheric
pressure. Supply was a commercial hydrogen dewar, pressure fed
to the jacket. The pressure feed valve was either on or off, and was
controlled by the jacket temperature sense resistor. The sensitivity
was variable, While operating, the valve was set such that the
system did not oscillate, simply filling the jacket to replace hydrogen
lost by boil off. Gaseous hydrogen or deuterium was put into the
jacket under four pounds pressure. The rate of condensation with
these parameters required about one hour to fill the appendix, and

consumed about one liter of liquid hydrogen. The appendix was
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quiescent after filling, The appendix sense resistor was used only
to check that the target was full. Steady state 'hydrogen consumption
was about 0. 9 liters per hour, Hydrogen for the appendix was
obtained directly from commercial cylinders and discarded after
each day's run. The cost required the deuterium to be contained
between runs. The method used was an inflatable bag of about 500
liters capacity under four pounds positive pressure. This system
was adequate for the fill and boil off rate of the target, Purity of
deuterium from all gases but hydrogen was maintained by discarding
the last few liters of deuterium during boil off, The density of
hydrogen and deuterium was calculated assuming the appendix
temperature to be that of boiling hydrogen at Pasadena STP (750
mm, 23° C. ), or 20.1°K. At this temperature, the densities(n)

are py = 70. 3 gm/liter, pp = 169.7 gm/liter,
2 2

D, Calibration of the System

The co-ordinates of the pulse-height matrix have been defined
by the amplified and stretched Cherenkov pulse. From this matrix
we wish a matrix with an energy scale which is the same for all runs

which are to be combined. Let

E = Outp‘ut of phototubes on the energy scale
V = Pulse height analysed
o = Gain of phototubes in Volts/MeV

G = El_éctronic gain of the system



57

The obvious equation relating these quantities is E = (V/on)/ G. The
probiem of obtaining the matrix in energy is non-trivial because

1) the electronic gain G is neither a linear function of E nor constant
in time and may be different for the various configurations, and

2) the gain of the phototubes o is not constant in time. The calibration
input at the phototube summer allows us to use a simulated Cherenkov
pulse of known height to measure the electronic gain. The pulse was
generated by an SKL pulser with an R-C network and duplicated the
shape of the Cherenkov pulse sufficiently well to determine the gain
over the range of energies measured. In particular, the extrapolation
from the 220 MeV pulse height of cosmic ray muons to the maximum
‘ﬂ'o gamma-ray energy was assumed valid, The electronic calibration
was measured daily, with short term drifts of 2 per cent observed.
The stability of the SKL pulser and the ND analyser was checked by
using a passive stretching network to produce 20 usec pulses which
could be put directly into the analyser. The pulser analyser
combination was found to be stable to better than 0. 2 per cent.

The average pulse height produced by cosmic ray muons was
measured each day during the 12 hour period while the experiment
was not run, Using the analyser in the 32 x 32 mode again allowed
measurement of both counters at once. The muon pulse-height
‘spectrum is nearly Gaussian in shape with a width of 12 per cent, so
the mean value determined by the 1200 counts collected in 12 hours is
of sufficient accuracy. Given the gain as measured by the previous
paragraph, and the energy equivalent for muons obtained by comparison
with the electron beam, both factors G and ¢ have been determined

and the matrix can be converted to one in energy.
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APPENDIX II. DATA REDUCTION

We consider here the process of converting the counting

data into a cross section, with errors introduced. The procedure is:

A)

B)

C)

D)

E)

F)
G)
H)

reduction of the output matrix in pulse height to a

matrix in energy with a linear scale,

analysis of the consistency of the foreground, background,
and accidental runs with discussion of electronic

problems,

evaluation of the TTO spectrum from the foreground, back-
’ground, and accidental spectra as taken, to obtain the

counting rate,

computation of the detection efficiency, including small

. o)
corrections to the i~ rate,

computation of the quoted cross section from the counting

rate and the resolution function,
summary of the statistical errors,
estimation of the size of the systematic errors,

attempts to improve the energy resolution of the

experiment.

A. Reduction of the Output Matrix

The raw data produced a 32 x 32 matrix in pulse height from

the two Cherenkov counters. To be useful, this matrix requires

considerablé analysis which we describe in detail. The determination
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of the_ matrix edges in energy is described in Appendix I, tbgether
with ‘the ‘uhcertainty in the values., Given the edges in energy, the
second step is generating a linear matrix with a given bin width
from the nonlinear, nonequal matrix. To find the contribution to
the new bin s from the given bin 2,2, a six parameter surface is
determined by the number of counts in the nine bins shown, Then,
an integral of this function between

(al, az) and (bl, bz) gives the contri-

bution. Proceeding likewise for bins
(2,1), (3,1) and (3, 2), the number of

counts in bin s is found.

The initial choice of constant

w

connecting energy with pulse height is

given by the day's cosmic ray cali-

bration. However, the data itself, '

assuming a reasonably slowly varying

cross section, can be used to find this &
number by comparing the observed

spectra with the computed spectra of Appendix IV, We have used the
following procedure to do this.

1) Using the calibration given by the day's cosmic ray run,
the linear matrix is generated with the desired energy scale for each
foreground (F), background (B) and accidental (A) run. The result for

‘[TO from deuterium (7) is then obtained.

2) The mean energy for each counter on (r) is obtained for
each (F) individually, This energy is given to about + 2%, which is
better than the value given by the cosmic ray calibration. The photo-
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tubé‘gain is then changed to bring the mean energy in each counter to
the value computed. From all (F) runs, we have the daily gain. The
number is distributed about its mean with a width of about 2%. The
(A) and (B) runs are then recomputed using the new gain figures. The

procedure converges quickly to a consistent set of daily gain figures.

B. The Data
1. Foreground runs

The foreground rates are given in Table 11 in Appendix III
together with XZ values for multiple runs. The overall XZ for the
experiment is 122 for 134 degrees of freedom, but the values do not
follow a X2 distribution very well. The cross comparison of runs

done in the several configurations is given in Table 5.

2. Background data

We present the background cross-section ratio in Table 6.
The data showed no statistically significant time variation in back-
ground rate for the 1073 and 1308 MeV data, Somewhat improved XZ
values for individual (rr) runs are obtained if foreground and back-
ground runs are combined from the same configuration. The runs
were done in such sequence that this is always possible. The 1500
MeV data show a pronounced difference in background for the small
angle, wide radius configuration when compared with overlapping
points at the same angle for the narrow radius, These points were
taken during a period of poor beam collimation due to instabilities in

the synchrotron circulating beam at an endpoint of 1513 MeV,



Comparison of Experimental Configurations

Position
0
DZ’ 1073, 20
1073, 28°

1512, 17°

H,, 1073, 28°
1308, 11°
1512, 11°

1512, 17°
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TABLE 5

Counting Rates

Pions/BIP
1 2
1.86(0.08) 2.66(0.
1.41(0.05) 2.24(0.
0.54(0.04) 1.32(0.
0.65(0.03) 0.99(0.
0.21(0.15) 0. 34(0.
0.23(0.02) 0. 48(0.
0.62(0.05) 0.26(0.

14)
06)

10)

04)
03)
03)
03)

Efficiency
Ratio

1.33
1,52

2,38

1.52
1.65
2,31

2.35

Average

Cross Section
Ratio

1. 07(0. 08)
1. 04(0. 05)
1.02(0. 12)

0. 99(0. 06)
0. 98(0. 12)
0. 92(0. 08)

1.02(0. 10)

1.01(. 03)



EO = 1070 MeV

Angle
0.0
5.0

10.0

15.0

20.0

28.0

35.0

42,0

49,0

Ratio
0.08
0.1
0.12
0.06
0.04

0.04

0.053

0. 053

0. 067
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TABLE 6

56,0

Background/Foreground Ratio

1308 MeV

Angle Ratio

0.0 0. 20

5.0 0.20
10,0 0.085
17.0 0. 042
22,0 0. 05
28.0 0.05
35.0 0.05
42,0 0. 06
49,0 0. 065

0. 064

1510 MeV

Angle Ratio

0.0 0.15

5.0 0.125

9.5 0.145
15.0 0. 150
20.0 0.074
26.0 0.032
32.0 0.09
39.0 0.10
46,0 0,10
53.0 0.11
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Coinparison of the (m) rates, subtracting backgrounds from the
s‘amé'conf'iguration, gives reasonable X2 values so no error has
been added to the final rate.

The ratio of background to foreground cross sections at
wide angles show that the counters viewed about 0. 2 grams of
material, The four mylar windows of the target contribute 0, 04
grams, The remaining 0, 16 grams corresponds to 130 cm of air.
The counter geometry shows this to be a reasonable figure. The
rise in the forward direction is due to two effects. The secondary
scrapers become visible from the apertures, and coherent production

from the complex nuclei in the background material becomes large.

3. Accidental coincidences between the Cherenkov counters

The rate of accidental n° coincidences (v At 100 ns) - (:\(B)
was monitored constantly, At points needing correction, the
accidental WO spectrum run was taken by delaying v A through the TTO
coincidence circujt. The rates v A and Y were checked for
consistency between the (F) and (A) runs. The gamma rate is
governed principally by two variables. 1) The energy bias set on
the Cherenkov counters by the discriminator gives a low energy cutoff
to the analysed pulse height. 2) The beam alignment through the
secondary scrapers affects the shape of the scattered photon spectrum,
especially for low energies. It is not possible to express the
accidental rate as a function of vy A and Yyg ina simple way., However,
Table 7 shows that the simple product of the rates gives a correct
measure to a factor of two which is sufficient to provide a check, and
to prove that points for which a spectrum was not taken do not, in fact,

need a correction,



10
15
20

28

10
15
20

28

R

YA B

I

= gccidental rate

64

TABLE 7

Accidental Rates

= rate in each Cherenkov Counter

= relative beam intensity

Y

proportionality constant

_ 2
~yAxyBxI X o

1.0

1.0

1.7
1,7

2.5
2.5
2.5

1.0

Rate

0. 02
0.07
0.08
0.013
0.01

0.01

0.12

0.13

0.014

I2
Yp X Yg X

25
70
120
19
10

20

150
180
120

20



65

4, Electronic problems

- We have considered accidental °'s in the third section.
The problem of accidentally vetoed gamma rays is a straightforward
correction, knowing the veto rate and the width of the veto discrimi-
nator pulse. At the maximum veto rate of 200 kc and the 20 ns pulse
width, both sides will veto 1.2 per cent of the gamma rays. The veto
rate was monitored directly by means of coincidences between y and
V. This monitor gave a correction of less than 2 per cent.

The dead time in the veto discriminator was 30 ns per
pulse. At the 200 kc veto rate, 1.2 per cent of the vetos are missed.
With the veto removed on one side, the m© counting rate increase was
less than 10 per cent at all points. The source of the increase is
consistent with the detection of a single rro, one gamma ray of which
converts in the aperture wall. Hence missed vetos can be ignored at
all points.

C. Evaluation of the no Spectrum

The three spectra which make up the data, foreground (F),
background (B), and accidental (A) are shown in Figure 8, together
with the resulting no spectrum (rr). The counting data have been
tabulated in Table 11 for all the runs. The errors shown on the (F),
(B), and (A) rates are their counting statistics. The number of counts
is taken to be the number above the minimum in the spectrum, which
usually occﬁrs at an energy below which we calculate about 5 per cent
of the counts lie. The numbers for (B) and (A) are taken at the same
energy. This pfocedure gives a simple error analysis. The cali-

bration for (B) and (A) was obtained as described in Section A) of this
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Appéndix. Since the rate depends on the energy scale, the rerrors
introduced ‘by the calibration procedure contribute to the counting
rate error, The calibration error is statistically distributed with
about 2 per cent width. The error introduced is given by the
product (cb‘unts per MeV at cutoff) x (calibration error in MeV).
These are combined and given in Table 11 in Appendix III,

The final (rr) spectrum does not show a complete separation
between the m and nmr regions. The correct procedure here is to
fit to the complete spectrum a function in two parts, the single 'TTO
spectrum shape from Appendix IV, including single no detection in
double 1 production, and the semi-phenomenological shape for noﬂo
from Appendix V. However, the approximation of taking the number
of counts above the minimum channel is good to better than 3 per
cent except for the point (0°, 1073), the loss in n° being equal to the
gain in norro. The error in the exact procedure is due to counting
statistics on (rrrr) below the cutoff. This number is quite well given
by the number of counts per 25 MeV at the cutoff channel. The
systematic error introduced by the choice of fitting function for (mm)

is less than 1 per cent, by comparing several choices for the function,

D. Calculation of the System Detection Efficiency

1. The geometric efficiency

We define n A= the result of the analytic efficiency calculation
M the result of the Monte Carlo calculation
n = thg true efficiency.
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The detection efficiency at the various angles of the same éonﬁguration

is given to about 10 per cent by

~dq
n(eTT) o X (dQ

lab

where dQC.m/ d Qlab is the production solid angle transformation and
dp/de is the decay probability for a 1T0, taking the decay angle ¢ to
be the mean angle of the aperture with the beam plane, This is the
expression of the fact that the counters appear the same in the center
of mass at all angles. (Note that this comparison is made with values
of n A for the same photon cutoff energy, not the real values which
vary slightly from one to the other.) The relation makes it reasonable
to write n(8) =8 x nA(e) and find B by a minimum XZ method using
the results of the Monte Carlo program which are distributed about the
true value with known error. The errors on the Monte Carlo calcu-
lation are typically on 2500 successes, or 2 per cent, so the value for

n is certainly known to better than 1 per cent.

2. Corrections to the ﬂo rate
a) Effective aperture size

The lead walls transmit some of the gamma rays,
so the effective aperture size is greater than the geometrical

aperture size, We have

o d
N =Nt &
1lo

dn
dx3 o

dn
+' —
1 dx2 o

X Xq + X

2 3
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where Xy» X9, Xg are the displacements at the outside, inSide, and
sides of the apertures. If the gamma ray makes an angle § with
the lead wall, the fraversed distance is & = x/sin8 and the absorption

~-T8

is p(s) = e where 7 = 1.4 cm~ 1. To first order, then,

_fdn -xv/smsp
An —I % e dx

or the effective aperture size is defined by X, =X+ sing/r for

each x. The apertures are shaped on sides Xy and x, SO

3
sing/r < 0.1 cm. Side X4 is not shaped and has a large derivative
since the separation determines the cutoff energy. The efficiencies
were calculated at each point with the corrected aperture size to

give the correction.

. . 0
b) Conversion of w~ gamma rays

The materials which the gamma rays traverse are:
the walls of the target and vacuum chamber, the air path, and the
front scintillation counter. Referring to Figure 18, the target is of
a complex shape requiring a ray trace at each angle to find the path
length. 3) For example, at 28 degrees laboratory angle, traversing
all of the aluminum layers gives a total path length of 0,62 cm, or
an absorption of 5 per cent per gamma ray. The maximum absorption
correction is 6.8 per cent per gamma ray. The results of the ray

trace are integrated over the finite target to obtain the correction.
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Taking r = 2, 3 x 10°° cm™ ! the absorption by the air path is 0. 23
per éént per 100 cm. , or 0,7 per cent per gamma ray. To be
counted in the front scintillation counter the bias set on the counter
pulse height required a path length of 0.3 cm for the produced
electron pair., The length for conversion is then 0.85 cm, so taking

T+ =0,185 cm-1 we have 1, 6 per cent per gamma ray.

¢) Shadowing correction

At the non-standard radii the apertures did not
rotate about the target center, so at some angles not all of the
apertures could be seen from the target. The correction is just
geometric,

’ Table 8 gives all the efficiencies with average
angles, photon energy, and cutoff energy. Also given is the factor
from the corrrecytions just discussed which multiplies the geometric
efficiency to obtain the system efficiency. Finally, the factors

(12)

of target material must be used. These are given by

connecting BIP's with total beam energy and the actual amount

1.16 gm. hydrogen

n(system) = No* 12,795 gm. deuterium

1

X { 1.10 Machine BIP's per 10 3 MeV} .
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TABLE 83

Parameters at Experimental Points

Eo = 1170 MeV

R = 110"
Angle, Angle K E Efficiency Correction
Lab CM i
0.0 3.5 925 925 0.511 0. 955
5.7 11,2 924 920 0.503 0. 936
11,3 20. 3 925 907 0. 477 0,921
16.0 28.0 918 884 0. 457 0. 909
21,8 47,2 922 855 0.413 0. 897
28.0 47.2 922 826 0. 352 0. 886
R = 82"
22.8 38.9 925 859 0.656 G. 795
29.1 48. 17 911 811 0. 5686 0. 839
35.1 57. 4 899 765 0. 460 0.878
42,1 67.3 899 0. 349 0. 852

49,7 7.5 904 0,249 0.773
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TABLE 8b

Parameters at Experimental Points

E0 = 1308 MeV

R =110"
Angle, Angle K E Efficiency Correction
Lab CM i
0.0 3.7 1169 1169 0. 279 G. 959
5.7 11,4 1167 1160 0.276 0. 949
11,3 21.4 1171 1143 0. 254 0. 932
17.1 31.9 1175 1113 0.223 0.917
22.8 41.8 1176 1071 0.193 0. 904
28.0 51.6 1180 1028 0.197 0. 898
35,0 61.6 - 1190 967 0.137 0.894
42,0 72.0 1189 896 0.127 0.898
49,0 81.6 1186 826 0. 101 0. 900
0.071 0.904

56. 0 91.0 1189 762
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TABLE 8c

Parameters at Experimental Points

Eo = 1510 MeV

R = 140"
Angle, Angle K E Efficiency Correction

Lab CM m

0.0 3.1 1382 1382 0. 161 0. 968

5.0 10.5 1385 1377 0.154 0.919
10,1 20, 2 1380 1349 0. 157 0, 851
15.3 30.1 1381 1312 0. 143 0. 772

R=110"

9.5 19.0 1337 1350 0.334 0. 956
14,6 28, 8 1386 1323 0. 311 0. 939
20, 2 39,2 1384 1296 0. 280 0. 926
26.0 49,6 1388 1206 0. 214 0. 916
32.4 60. 3 1385 1126 0.176 0. 908
1 38.7 70, 2 1385 1045 0,135 0. 909
46,1 80.8 1388 954 0.091 0. 915

53.0 90.7 1385 872 0.071 0.919
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E. The Quoted Cross Section

We let C = the observed counting rate
T(k,6)= the geometric resolution function
o(k,8) = the differential cross section

Then C = J’o(k,e)'r(k,e)dk de .

The efficiency is defined by ﬂ(eo) = f T(k,0)dk dg

the mean photon energy by k =<(ky =1/ J'kT(k,e)dk ds
and the mean pion angle by 8, = (8) =1/ J‘e‘T(k,e)dk des.
The cross section quoted is defined as c(ko,e O) =C/n .

We now examine the effect of the energy-angle dependence
of the cross section. Expanding the cross section to second order,

and dropping the *- notation,

2

o(k,8) = G(ko,eo) + Ok(k - ko) + 09(9 - 60) + okeéke

+ & 2 + 8 2
“kk"kk " %60 °pp "
Then the countiﬁg rate is

1 2 1 2
C =n x{o(ko,eo)+-§crkk((k- ko) ) +35 ceeg(e - eo) >

+ay, (- K )(8 -8 )
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where the linear terms are zero by definition, The moments of the
functibn T are given in Table 9, together with the values for the
cross section derivatives in the following three cases: 1) the cross
section due to the third pion-nucleon resonance alone, taking an

f5 /2 Breit-Wigner resonance, 2) the data of Diebold(13) at 60 degrees,
and 3) the data of this experiment at rather wide energy intervals.

The corrections are

Resonance Diebold This Expt

2
1) 0gpdak 1. 0% - 0.3%
1 2
2) 5099699 1. 3%
3) 1y 52 149 159
3 Okk Okk o b 6%

Correction 1) may be ignored due to the small value of 6’12{6 , which
reflects the fact that k and 9 are nearly independent variables for

the two photon detection scheme. 2) is not quite ignorable, but the ‘
data comprisea distribution in 6 so the value of Tng may be estimated
and a correction made. Correction 3) due to energy variation alone
is not ignorable., If the cross section has the large but physically
possible derivative indicated by the resonance, our data must be used
with care, A systematic error has been added to the data for this

effect,
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TABLE 9
Cross Section and Resolution Function Parameters

Parameters for k = 1180

6iy= <(x—x0) (y-y)»

Moments
2 2 2
%ok /844 /O
ScM MeV-Deg Deg MeV
0 47,0 2. 10 72,7
30 52, 4 1.57 71. 0
60 67.1 1.58 67.8
90 90, 1 1.60 69. 6
Derivatives
Resonance
Angle o o o
i’ kg 60 kk
0 0 3.8x% 10-3 5x 1079
30 2.5x 104 7.8x 10-3 5x 10-5
60 -2.3x 10-4 1.4x 10-3 5x 10-2
90 0 3.3x10-3 5y 109
Diebold DPata
60 - - 6x 1072
This Experiment
0 .5x 1074 2% 10™3 2.1 x 1079
30 .8x 10-4 1x 10-3 1x 10-9
60 - .2x 1074 1% 10-3 .5x 1079
90 .2x 1074 1x 10-3 3.0 x 10-9
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F. Statistical Errors

The errors discussed previously are given here together
with typical values. \

1) Counting statistics: 5 per cent on foreground, 3 per

cent on background, and 2 per cent on accidentals,

2) Calibration error leading to error on counting rates of

background and accidentals, 1 per cent

3) Uncertainty in making cutoff between n° and 1 °q°

regions, 3 per cent.

G. Systematic Errors

Two sources of internal systematic error have been discussed.
In Appendix V the contribution from single ﬁo‘s in pion-pair production
is estimated to be less than 5 per cent of the measured cross section,
and to decrease With increasing angle. In Section F. of this appendix
it was estimated that the correction from energy variation of the cross
section is less than 5 per cent, although possibly much larger.

Remaining sources of systematic error are related to the
experimental work itself, 1) For the endpoint energy of the synchrotron,
we have taken the value Eo(true) = Eo(set) x (1,023 + 0, 003)(14). The
detection efficiency changes by about 2 per cent per MeV, or a total
error of about 6 per cent. This correction is independent of angle for
each distribution to about 10 per'cent. 2) The absolute normalization
of the quantameter is estimated to be 2 per cent, with long term drifts

of the same order. 3) The integrator calibration is measured to 2 per
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cent. These errors are considered in detail in Reference 3. The
calculation of the detection efficiency has been discussed in Section

E. An upper limit on the error is 1 per cent.

H. The Energy Dependence of the Cross Section

All of the information obtained by the experiment is contained
in the spectrum S(E) itself. An attempt to unfold the energy dependence
of the cross section from the data may be made with varying degrees
of sophistication. An easily interpretable method is to fit the observed

spectrum with a several parameter computed spectrum,

s (6)=%a, [ [@®-E)" y®RE, E)aEE .

1

As usual, we define

R (5,6,)- S())

i=1 02(61)

and use least-squares method to find the G e We investigate this
procedure numerically by generating spectra So(éi) for various
cross sections, to see what errors ha to expect. The resulting
error matrix does not depend very strongly on the choice of cross
section, allowing us to write

8.y ®0.08x /1000/N

By = 0.10 x /1000/N x 1072 | b/MeV
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bag = 0.20x £1000/N x 1072 1b/Mev?

where N igs the total number of counts in the spectrum. Recalling
the values estimated from the data for the cross-section parameters,
oy = 0.3 x 10'2, og = 0.1x 1074 and that N < 1000 counts, the
difficulty of obtaining cross-section information is made apparent.
We conclude the following:

1) Xz will be reasonable even for rapidly changing cross
sections.

2) The sign of the slope Qg and an idea of its magnitude,
is obtainable, This will not, of course, change the

mean cross section c(kO,eO).

3) The second derivative is unobtainable so no cbrrection
can be made to the data, This is true even for g = 0.2
x 107 wbarn/ MeVZ, which would change the cross

section by 0. 1 pbarn, or 10 per cent.

4) The errors on the data (od - cp) are given by N'= 500,

so not even a slope may be reliably quoted.

There are two additional sources of error other than counting
statistics on the coefficients a 1) error in energy calibration of the
two sides, and 2) error in the width of the response function R(E, E').
Since we are not going to try to obtain information from the deuterium

data, we will not investigate these points.
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APPENDIX II. COMPLETE COUNTING DATA

We pre'sent here the complete counting data of the experi-
ment. Some of the points are the result of the combination of runs
from different configurations. For presentation purposes, the
rates and errors were normalized by use of the calculated efficiency
ratio. The process of analysis made no attempt to combine back-
ground runs widely separated in time, which causes rates used for
deuterium to differ slightly from those used for hydrogen. As
discussed in Appendix II, the background rates for the small angle
EO = 1513 MeV data were time dependent, which accounts for the
rather large difference here between the hydrogen and deuterium

rates. The rates for the hydrogen runs are taken from Reference 3.
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| APPENDIX IV. RESOLUTION FUNCTION CALCULATION

A, Yield of Pions in the Laboratory

We wish to compute the yield of pions in the laboratory from
a deuteron target with a constant center-of-mass cross section. We
consider here the modification of kinematics due to the internal
motion of the nucleons and due to the binding energy of the deuteron.

We define the 4-vectors by

= photon energy in lab k* = photon energy in cm
= target nucleon in lab p* = target nucleon in cm
= gpectator nucleon in lab etc.

recoil pion in lab

recoil nucleon in lab

H

k
p
n

o
r
] recoil spectator in lab
b

binding energy of deuteron in lab

W = total cm energy

and the angles by

We take the binding energy of the deuteron into account in
the conservation of energy. Define
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b = (binding energy)/2
Pp =M, -b
n = - b
0
M, = (M - M )/2
M =M -b,
a
S0 Md = 2Ma - 2b, and

also Mp=Ma-e=M+b-e=M+e.

We shall always talk of the target particle as a proton.

We use the spectator model, which assumes that the matrix
element describing the process Tfi is a function of W only, and is the
same as the free nucleon matrix element for equal CM energy, and
that the spectator nucleon does not contribute to the interaction except
in conservation of energy, so the spectator momentum is unchanged,
i,e., s =n. Exceptfor the kinematic factors to be computed, then,
the deuteron cross section is the sum of the free proton and free
neutron cross sections. For momentum transfers larger than about
twice the average internal momentum of the target nucleons, about
150 MeV, this result is obtained from the impulse approximation
without multiple scattering corrections.

The invariant definition of the cross section for a two-body

reaction, K+ p » w + r,is

o 1 2 2 2 .2, 4 2.4 4
do = MleIIE—:_‘bé(ﬂ -u)8 (r -Mp)é (m+r-k-p)| Tﬁl dnd’'r,

~ o~

The quantity k-p is the usual flux factor kEp(l + Bp) for p=0. We

consider the change to do(W) as a function of the target momentum p.

The total energy is
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W2=(k+~p)2=2kM+ M2 - 2k« p
and

5-B=kM(1+§—4 cosg )

but

w2 - M2 2 .2

kM = SO k-gz(W-M)/Z
2(1+—1$[—cose)

and doing the integrals over the delta functions, we have

dO'*-'-"‘—z—*l——i—Xfl XMngX!T !ZXdQ*
Wity W L
2

so the center- of—niass cross section is not a function of the target
momentum for a given total energy. The number of pions produced
into the laboratory solid angle do by N(k)dk photons from D( s )d3_s_
nucleons is

*
do 9% viyakD(s) ds .

;O‘
dN dao* dq

We take the parameters to be:
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w = pion energy
8 = pion angle in the laboratory
ko = photon energy for production of a pion of energy w at

angle § from a stationary target nucleon.
The energy spectrum of pions is

dN _ rdo_ do*
dw 4 do* da

N(k) D(s) d s
evaluated for fixed (w,6) and integrated over the deuteron momentum
distribution. The cross section quoted is defined from the total

number of counts by
d : 3
N={ggn) | Flss,0)dud’s

where

do* B(K) dK
o K dw 28 -

F(k S,8) =

The procedure we use is to write for any kinematic variable
F(x) = FO(X)(l +68), where F  is the value of the variable for pion
production from a stationary target and 8§ is the correction which
depends on the deuteron variables. The deuteron is parameterized
" in terms of the momentum and direction of the target nucleon (s 8,)
and the kinetic energy T =s_- M. Since | s| < 200 MeV, the nucleon
can be treated nonrelat1v1stlca11y, soT =s / 2M,
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1) For example, to solve for the lab photon energy we use
K+p+n=m+r+s

l+e

k=k0X1+e

=k x (1+¢)
2 0

€y = ((SO—M)(ZM- w) - we + gs cosB)/(mMp - 92/2)

€q = -((sO-M - sCoss) - e)/(Mp - + qCosg)
where

pr - p,2/2
ko - Mp -w+ qCose

is the value of photon energy, given (w,8) and a stationary proton
target.

2) Center-of-mass energy,

W2=W2+A
O.

b =e(W2-M)2- @k + 2¢k_ - 2M e - s2 + 2(k_+ck )sCoss .
o) P 0 0 P o o
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‘ 3) Solid angle transformation (do*/dq) x dk/dw, for the

invariant I,

al__ _ _dl
da%/ak 4% /ax

/(1 +mn)

0

n = kO(SCOS -e - (SO - Mp))/(uuMp - MZ/Z

do* _ do*

ar —ar | 1+2)

Define

Then
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o | 2 2 |
Av—a,l,+cx2CosB +aBCosé +ct.4Cos B+Q,5COS 6+o(,600s(3 Cosb
L= M- U2
o (ZW\ w+ Ka)

d, = HASK N \] an, (k,-w)e
= mslx, M%l

dy = Ry xdke s&\— z\y\

oy = %Aﬁll\%\

de = Rardk, & SL } A—vﬁaxt\K {_s—t‘\)]
“/\Ko

+ By rdkd ¢ i’\
Barake S K%/&‘ M{%Q}fl

+ R Ko M & KQD/Q‘ N-\gbff]

Ay =

So we finally have

1+e¢ 1

2
1+61)X (L+2)x g7+

gg;

da* dk
do duw

=F0x(

W‘h—t

F:

Next we write
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€y =A€_ + Be cosB
ea=C + D cosb
2 e €

n =A + B cosb
n M

We take

s=100 MeV, s_- M= 10 MeV

w = k = 1000 MeV, W = 3x 10% Mev?
to get

A =1/6x 1078 B, =1/5x 107°

and with the order of the correction terms
A€~ T/M B€~ S/M C€~ T/M D€~ S/M

A ~T/M B ~S/M .
~ T/ ~ 5/

- We expand to find
e=A -C +B coSB—D cosd
e € [ e

+ D2 coszs - B D cosB coss
e e e
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and 1/l +n)=1-n+ nz keeping terms which are 0(10_4).
Combining all the binding energy terms gives

Gp = (-"é - ZAA(kO - M) e

or GBN e/M = 10—3 so we are justified in keeping only the first
order terms. Since D(s) is isotropic, D(_s_)dgs = D(|s]| )dsdmé.
We also observe that the integrals I coséan = I cosBdQ{5 =0, To
order 10—4,

F=F0x 1+1)

o 1
f"GB-A'i'q,l‘l"é' (B

2 ' 1
- Bo(,2+cx4+cx,5)+-§ cos8 (a,6-Bo:,3).

Thus we have the yield of pions in the laboratory

dN = Y (1+)x ¢ %) x dwx D(| 5| )ds

*
where YO = gg %%J Bl({k) evaluated for stationary target kinematics.

Since f depends linearly on s and sz, we can do the integral over s,
J'fD(s) ds by replacing s by (s) and sz by <s2> to obtain
Y=Y, x [ (1+1) Ds)ds.
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B. 'Acceptance Function

~ In this section we compute the number n, which connects
the counting rate with a constant center-of-mass cross section. We
also define the mean angle and energy kO and eo, and discuss the
magnitude of error expected in equating E(ko, 8 0) with o(ko, eo). The

observable spectrum shape is also calculated. We define

Y(E,s) = Yield of pions in the lab from a constant CM
cross section, including the shape of the
photon energy spectrum

C = Counting rate

k = Photon energy

E = Pion energy

El’ E2 = Energy of the decay gamma rays

E'1 , E'2 = Output of counters using energy scale

| R(E!,E) = Resolution function of Cherenkov counter.

A quantity in the CM frame will be denoted by an *, e.g., k* = photon

energy in CM. The following functions are useful:

1) T(k*,p*), the energy-angle resolution function in the CM
for pions detected by the counter in terms of the quantities in which

- the cross section is usually given;

2) (E,s,0, 5), the probability of detecting a pion given by
(E,8,p) produced at a point r in the target;
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| 3) V(El’ E2’ 8), the distribution of gamma-ray energles of
detected plons at given angle 6;

4) n (configuration), the number which connects counting
rate with the constant center-of-mass cross section, defined by
C =n x do/do*. To find these functions analytically would require
solving for a function &(E,8,0, E ., By Kk, r). Such a function is
impossible to compute in practice, so we turn to two approximate
methods. By use of a Monte Carlo program, the experiment may
be duplicated on the computer to some statistical accuracy. The
events are tallied by the parameters of interest. Clearly, all the
functions above may be generated in this manner to an accuracy
limited only by the amount of computer time available. The program
for the configuration used by this experiment obtained about 1500
successes per minute, An approximate analytic function for n has

(2)

is of sufficient accuracy for most calculations. The advantage of

been derived‘”’ which, when compared with the Monte Carlo program,

this function is that a complete calculation may be done in about five

seconds.

The functions T and ¢ define n immediately,
n = [ T(e*,0%) dick do*
= Y(E,0)c(E,0)dEdo
which also relate T and ¢,

T(k*,8%) = Y(E,8)c (E, e)J(k* e*)
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Defined in this manner T(k*,6%*) includes the photon spectrum and
the deuteron variables (a small correction to the free nucleon case)

while ¢(E,8) does not. The counting rate in terms of T is given by
C = J‘o(k*,e*)'r(k*,e*)dk*de*
so the quoted cross section is
5 (&%, 0%) = C/n
if kf‘(; and ef('; are the expectation values defined by T,

1
* = (1K) = = * P (1ck *
ko (k*) ; Jk T(k*,p)dk* ds

The Monte Carlo program will calculate these numbers easily.
Next we consider the two dimensional distribution of gamma
ray energies V(EI’ EZ)' The observed matrix will use the response

functions of each counter giving

O(E},Ep) = J‘ V(E,Eg)R, (E}, E,)Ry(E}, E,)dE dE,

where R1 and Rz are Gaussian with widths "y and Koo We wish

- the distribution of E' = E'1 + E'2

F(E' = E} + E}) =]‘0(E' - Ej, EpdE; .
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The convolution of the two Gaussians gives

, 2
< 1 V(E,,E,) (E'- (B, +E,))

exp - dE_dE,_ .
J2m . (mlE1 + %2E9 2(n1E1 + m2E2) 1772

The widths of the two response functions were measured to be

xy = 4.55 MeV (220 p.e.) Ko = B 26 MeV (180 p.e.).

Let
Ny + U
_ _ 1 72 _
E—-IE:1+E2 % = 5 = 4,90
Ky = %
_ 1 2=
A-—-EI—E2 § = 5 0. 35
Then

2
n_ 1 ¢ -1 (E' - E)
F(E)-J—.z_—rj V(EI,EZ)(nE+ 8A) exp- W ET 35 L dE,dE, .

Taking typical values for the variables,

E = 1000 MeV A < 600 MeV, #E = (70 MeV)2

so (E' - E) ~ 200 MeV. Then
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-1 2
1 54 ~ 1 A 1 ,8A
EUE) SEl-mrsGE))
so the exponential term is
2 2
1 8A (E' - E) (E' - E)
e A 16 ” P-TE Ko gy o

The counters are symmetric with respect to the production plane, so
V(El’ Ez) = V(Ez, El)' Noting A - -A the exponential is then

2
1 E' - E)? (E' - E)
Eexp- T [ 2( ) 7 cosh( ” E2 5A) .
' 1 ,8A 2 (E' - 2
The typical values give 3 (;TE) = 0,001 and cosh( -——-—2——2—— 8A) =

21" E

1+ .05, The Monte Carlo program shows that, in fact, 90 per cent
of the successes have A < 200 MeV, so the correction term is less

than 2 per cent. The actual spectrum obtained will be

- E' - (B, +E,) )
F(E") zJGV(EPE:z) exp - 2n(E + E

" dE,dE, .
Using the definition of S(E) in terms of V, S(E) = J‘V(E - E,, Ep)dE,.

We obtain for the observed energy spectrum
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_ , 2
F@E) = J'S(E) exp &'~ E)V/2xE 4p

We next derive the parameters of the observed spectrum in
terms of the cross section and the parameters of the resolution

functibn. Since

ﬂ@=c&&+ 0 (g - k)+130& k)
231{

-2E
ancilE-EO k(k k) we have

o(E) =0, +B(E - E )+ y(E - E )

For the resolution function Y(E) we have JY(E)dE =1, E = fEY(E)dE,
2 2 3 » 3
-_— — - — .F
oy Jﬂ(E EO) Y(E)dE, SY ] § 2! EO) Y(E)dE. Then from

S(E') ='J"c (E,E )Y(E)R(E,E)dE we have

[S(E')dE' = + v 0-/2 =y
Y ;
and
'= = _B_. 2 .Y 3
(E EO) g GY+ " SY
N o= T = B2 ygq3
(E)—EO EO+LLGY +1.LSY .
’ 2 oyt Lo 2 B 2.y
After some a,lgebra, oc!“=((E" - E ) Y = =59y +kEo+k(uGY +;,LSY

%)
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s 3
Bag 3.y 4 (B 2 ygq3 P v
+~ " Sy + T Ay (u Oy * S¢) . A corollary of this formula

is obtained by setting ¢ = 1, 8 =v = 0, showing that the convolution

of a distribution Y(E) of mean EO and width o, with a Gaussian

Y
response function of mean E, and width «E gives a distribution of
mean Eo’ width o 2 . o—Y2 + kE o For an estimate of the size of
the corrections, we take the values again at 20 degrees, k = 1500
M 2 3 2 o 3 4 3 max
eV, Oy = 5.0 x 10 MeV"™, SY =-3.5x 10" MeV",

_do 3k _ ;,-2 _4n-4 . - _

I8 ] “SESE - 10 7, Jy| =10 * for which we obtain E_ - E| =35 MeV

and 0'2 = 8420 = 02 - 2380, Since ¢ = 104 MeV, then o' = 92 MeV.
0 0 ?

Taking the values estimated from data we obtain EO - E(’) = 10 MeV

and o 2 101 MeV. We apparently will find good agreement between
observed and computed values for slowly varying cross sections.
For plotting purposes we also have the spectrum in each

counter,
I(E) = j‘ U(EE)dE

and the spectrum in A = E1 - E2

D(p) = j U(a + Ey, Ep)dE, .
Note that the mbments
2 2 o 0

and
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2 2

op =0,  +op - (& - E,OE - B%)

top B

define the correlation coefficient for the matrix.
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'APPENDIX V.,  PION PAIR CORRECTIONS

A, Detection of single 7 %'s in the reaction v + N n + (mN")

We choose the parameters of this reaction to be (E 0 k,

2 2 . LT
8 s MA)’ where MA = (Eﬁ + EN') - P'rr » Py is the invariant
mass of the pion nucleon system. Figure 19 shows this mass as a

function of ETT for various photon energies. The cross section is

dzo q

. 1
given by JodE "k X W

X :E(MA 2)[ M| 2 where

| 1/2
2, 1 2 2 , 2 2
(%) = 5067 0r - M) 6% - 0+ M%)

and | M| 2 is the sum over all the contributing matrix elements. We

compute with two models:

- 1) The statistical model, in which | M| 2 is taken to depend

on only W, and found from the total cross section.

2) The resonant production model, in which the cutoff on pion
energy requires M A be near the mass of the first
resonance N’{(1238), and the mechanism of production to
be y + N- 70+ N¥, The matrix element then has a Breit-

a2r2

Wigner shape | M| 2 . )
[(1\/[A - MR) +T7]

The reaction y + p-n © 4 (r + N) has not been measured, much

less the corresponding reaction from deuterium. We have measurements
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only of y+p- TT+ +m + p with total cross sections, and of

Y+ P - nm + N*(1238), production of a pion and the first pion-
nucleon resonance, with differential cross sections. As an upper
limit, we take the cross sections for the corresponding rro

reactions from deuterium to be equal to 5 times these. It is
impossible to justify this, but there are several plausibility remarks.

1) Pion production by pions(15)

give comparable cross sections for
all final states. The ratio (n p -~ m nop)/ (7 P~ m m n)=1/2
favors the charged mode. 2) Calculation from isospin in the decay
of a pure T = 1/2 state intoa T = 3/2 state plus a pion, e.g.,
N*(1688) » N*(1238) + 11, gives a ratio of 2/3 favoring the charged
mode. 3) The one pion exchange, or Drell, diagram for two pion
production is small for a ﬁo in the forward direction. Using the
results for the charged reactions, Table 12 for no's was calculated.
The experiment provided two checks on multiple pion
production. 1) Synchrofron subtractions at (400, 1170) give a
correction of (3.0 + 3.0) per cent. Most of the statistical uncertainty
arises from the difficulty in subtracting off the contribution from ﬁo
production. 2) Fitting the observed spectrum to the computed spectrum
shows there is no enhancement of the low energy side. The procedure
will be inexact because of calibration uncertainty and difficulty in
subtracting off the ’ﬂ’o’r\'o events. An upper limit can be found of about
0.05 ybarns, which is a correction of 20 per cent at 0° and 3 per cent
at 40°.
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