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ABSTRACT

A magnetic spectrometer and counter telescope system was used
to detect poeitive pions photoproduced singly in a liquid hydrogen
target. Measurements of the differential cross section were made at
mean laboratory photom energies, k = 1.1, 1.2, 1.3, and 1,4 GeV
and in the angular range from 5° to 165° in the center-of-momentum
system of the pian.,

The shape of the angular distribution of the differential cross
sections at cach value of I is very similar to that of the previously
measured distribution at k = 1.0 GeV. The angular distributions
were integrated to give the total cross sections. The third pien-
nucleon ''resonance'’ peak is seen to be very closeto k = 1.0 GeV.

A leveling off of the total cross section at k = 1.4 GeV may be due
to the fourth ''resonance'.

The accurate small angle data at k = 1.1 and 1.2 GeV per-
mitted a reasonable exirapolation of the differential cross section to
the pion-mucleon pole. The value of the pion-nucleon coupling constant,
f, was extracted from this extrapolation. The result was

£ = 0.078 + 0.011 .
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I. INTRODUCTION

The existence of the pi meson was firet proposed by Yukawa (1)
in 1935. In 1947 Lattes, Occhialini, and Powell (2) discovered the
pion in emulsions. Since then a vast amount of experimental and
theoretical investigation of the pion and its role in nuclear forces
has been done, the pion-nucleon scattering and the pion photoproduc-
tion experiments being the most fruitful. Thus far four ''resonances"
of the pion-nucleon system have been observed. The cross section
peaks observed may not actually be resonances but will be referred

to as such here. These are (3):

Reso~- Mass Width Iso- Angular Parity
nance (MeV) (MeV) spin Momentum

1 1238 145 3/2 P 3/2 +

2 1522 130 1/2 D 3/2 -

3 1688 140 1/2 F 5/2 i

4 1922 185 3/2 ? P

The first three have been definitely observed in pion photoproduction,
and this experiment may detect an indication of the fourth.

At energies in the region of the {irst resonance and lower, the
dispersion theory of Chew, Coldberger, Low, and Nambu (4) is quite
successful in fitting the photoproduction data. For lack of a success-~
ful theory at higher energies phenomenological methods are used in
the analysis of such data. The application of the concepts of Regge
poles to the photoproduction analysis problem may prove rewarding

at higher energies.
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An experiment was planned to measure the angular distributions
of 7r+ mesona produced in a liquid hydrogen target at pion center of
momentum angles from 5° to 165° and at photon energies of 1.1 and
1.2 GeV. The improvement of the synchrotron accelerating system
during the course of this experiment made possible an extension to
photon energies of 1.3 and 1.4 GeV although the operation at 1.4 GeV
was marginal and the statistical accuracy of the data obtained is not
very good. An interval of 1.7]1 to 1.87 GeV in the total c.m. energy
is covered in this experiment. At the two higher photon energies the
momentum of the pions produced at the forward angles was too high
to be analyzed with the largest spectrometer available and the angular
distributions are not so complete as at the lower two energies. To a
large extent this experiment employed the same apparatus and experi-
mental techniques as used by Dixon (5) and Boyden (6). Thus it is
expected that the agreement among these experiments should be quite
good.

The angular distributions obtained at all these energies are
remarkably similar to the one at k = 1.0 GeV. The total cross sec-
tion decreases markedly to less than 20 4 b above a photon energy of
1.2 GeV, compared with a total cross section of 55 /b at the third
resonance peak {very close to 1.0 GeV). The value of the square of
the pion-nucleon coupling constant (:fZ ) measured in this experiment

is 0.078 + 0.011.
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. THE EXPERIMENTAL METHOD

A, GENERAL

A liquid hydrogen target was irradiated by the photon beam pro-
duced by the California Institute of Technology synchrotren. The
momentum, p, and angle, GL AB* of m° mesons produced in this target
were selected by a magnetic spectrometer and counter telescope
system. As is well known, p and OLAB determine the photon energy,
k, (with a width determined by the apparatus) for the reaction

y +p—> 7% 4 n.

The peak energy of the photon spectrum, E o0 Wae chosen so that the
pions detected by the counter system were produced only by the above
reaction. In particular this proper choice of Eo eliminated the de-
tection of pions produced in pairs by the processes

+ ™ 4+ n

Yy *$p =P W +{
T 4+ p

and all higher order processes.

The kinematics for single 7
+

¥ photoproduction as well as the

limniting curve for a

given in Figure 1.
In addition to pions, protons and electrons of momentum p were

produced in the palr production reactions are

also produced in the forward direction, with the electroms confined to
the very forward angles only. The protons were discriminated from
the pions by their lower velocity, while the electrons were rejected by
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detecting the showers they produced in lead absorbers.

B. THE SYNCHROTRON BEAM GEOMETRY

The overall view of the experimental areca and equipment is
shown in Figure 2. The photon beamn was produced at the radiator
inside the synchrotron vacuum chamber, emerged through the primary
collimator which fixed the beam size, passed through a lead scraper,
then through a sweeping magnet to remove the many (mainly pair-
produced) electrons, through a second scraper, struck the liguid
hydrogen target, and was finally stopped in the lead block containing
the beam monitor. The gas hydrogen target used by T. Chang (7) or
various thin targets placed just in front of the sweeping magnet by H.
Ruderman (8) were often in the beam while this experiment was in
operation. As is discussed in Appendix V the effects of these targets

on the bremestrahlung spectrum may be neglected.

C. THE LIQUID HYDROGEN TARGET

The target of liquid hydrogen was contained in a three inch dia-
meter Mylar cylinder located in a vacuum chamber and surrocunded by
a series of heat shields cooled by liquid nitrogen. This target was de-
signed by V. Z, Peterson and improved by R. L, Walker. It is a modi-
fied version of the one used by Dixon (5) and the same as that used by
Boyden (6). The asymetrical "foghorn''-shaped aluminum shield with
Mylar windows shown in Figure 3 is designed to reduce the background
from the target structure. When data is taken at small angles (less
than 15°) the shield may be rotated 180° from the position shown in

Figure 3 (a) to reduce the amount of material the pions must pass
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through on emerging from the target.

D. THE MAGNETIC SPECTROMETER

The magnetic spectrometer and counter telescope are shown in
both the high and medium energy configurations in Figure 3. An in-
ternal report (9) gives a detailed description of thie spectrometer and
the measurements made to determine its properties. The spectrom-
eter can be easily rotated about the target on the steel tracks shown in
Figure 2 and can be set with an error of less than 0.1 degrees. A
proton resonance magnetometer was used in adjusting the magnetic field,
and the magnet current was regulated to 0. 1%. (See Appendix III and
Appendix IV for some of the spectrometer properties. )

E, THE COUNTER SYSTEM

The counter system used to detect the particles consisted of five
scintillation counters, one lucite Cherenkov counter, and a set of pole
face veto counters (''fans') to reject particles scattered from the pole
facee. 'These counters are each described in Table 1 and shown in
Figure 3. (See also Appendix IIl.) Altogether five different configura-
tions of counters and spectrxneters were used at the various angles.
The Cherenkov counter (E). Cl, C2L, C3, and the "fans' were used in
all the configurations except as indicated below. The configurations
were:

1. H.E,AZS8 and H.E,A2L

In the high energy configuration (H, E. ) at small angles {less than
about 10° in the laboratory), the front aperture counter, Al, could not

be used because of the very large number of electrons; thus a rear



Figure 3. The Hydrogen Target and Magnetic Spectrometer

(a) The magnet in the high momentum position is shown at zero
degrees.
(b) The medium momentum position is shown at 90°,

The bottom portion of the hydrogen target may be rotated 180°
from the position shown in (a) to permit operation at laboratory angles
less than 15 degrees without a thick portion of the target "horn' in the
path of the pions.

Not shown is a fou;' inch thick lead wall placed roughly parallel
to the path of the pions in the region between the counter box and the
rear aperture of the magnet. This wall served to shield the counters
in the counter box from particles produced in the air along the photon
beam.

The off center lead shielding in (a) was needed to reduce the
number of shower particles entering the magnet gap when the spec~
trometer was placed at the smallest angles, since the beamthen struck

the magnet coils close to this gap.
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Table 1

Description of the Counters

Desig. Type Size, inches Use
Al ecint. 12.34x3.24x0.250 aperture definition
and time of flight
selection
Fans scing. two sets of four rejection of par-
rods 1/2 x 3/4 ticles ecattered
(see Figure 3) from pole tips
A2 scint, (A2L) 11.84x%2,99x0.46 aperture defini-
tion
(A28) 6.00x2.99x0.46
Cl scint, 5.75x11.0x0.787 dE/dx particle
selection
cz scint, (C2L) 4.75x11.0x0,.787 dE/dx particle
{C28) 2.00x11.0x0.787 selection, time of
flight selection,
momentum accept-
ance interval defi-
nition, and shower
detection
& Cherenkov 6.0x11.0 x 1,50 velocity selection

selection and show~
er detection



aperture counter, AZL or A2S, was used., The small rear aperture
counter, A28, was used at the smallest angles where the larger vert-
icle size of A2L would cause a deterioration of the angular resoclution,

2. H.E, and H.,E.C2§

In the standard high energy spectrometer configuration used at
medium angles, Al replaces AZ. Al the larger angles obtainable with
the high energy spectrometer ( ~50%) c2s replaced CZL to reduce the
momentum acceptance of the spectrometer.

3. M.E,

The Cherenkov counter was removed from the counter box when
the medium energy spectrometer was used. Al and C28 were used in

this configuration,

F., PARTICLE SELECTION AND ELECTRONICS

A block dlagram of the electronice system is given in Figure 4.
Particles traversing the spectrometer system were detected and dis-
tinguished by the following four methods:

1. The scintillation counters, Al, A2, Cl, C2, and C3 give
pulses proportienal to the specific ionization, dE/dx.

2. The Cherenkov counter which is of the total internal reflection
type, gives a pulse only if the particle velocity exceods about 0.85 c
({see Appendix I).

3. The Al - C2 coincidence is a time-of-flight selection system
giving an output pulse only if the time the particle takes to go from Al
to C2 is close to same preselected value,

4. Electron showers produced in a 1/2" lead converter placed in
front of C3 give large pulses in C3. At the smallest angles, where
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Figure 4. Electronics Block Diagram

The numbers 6655 and 6810 refer to phototube types. The
Hewlett- Packard amplifier is desigunated by HP., Except for the oscil-
loscope, all of the other units shown were bullt at the synchrotron lab-
oratory. The 6 channel coincidence circuit has a resolving time of
about a quarter of a micro-second. The fast coincldence circuits,
which have adjustable clipping stubs, have resolving times from about
5 to 15 nano-seconds. When the medium energy spectrometer was
used the Cherenkov counter was removed and the slow output from Cl

was used in place of the Cl1 °* & fast coincidence.
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large numbers of electrons are present, a second converter placed
in front of C2 serves to increase the efficiency for producing large
shower pulses (see Appendix I). The use of these methods and the
conversion of the various measured counting rates into the actual
pion flux will be discussed in the next chapter.

Several experimental tests were made to check the proper

functioning of the equipment. These are discussed in Appendix IV.
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III. THE COUNTING RATES

In the general case when piona, protons, and electrons were all
present three counting rates C, P, and E were measured with and
without hydrogen in the target. C and E were taken simultaneously
while P required a separate run. These counting rates are defined
by the following coincidences:

C = {Als C2)+« &« G2+ C3+» FEN

ox (A2 - C1)- € - C2 - €3 - TAR
or (Al - C2): Cl - C2 - C3 . FTAN (M. E. only)
P = the same as C with & replaced by g
E = (C - C3%) (single converter)
or (C - C3%) + (C - C2%) - (T - C3% . C2%) (double converter)
where ¥ AN designates the pole face veto counters, a bar over a coun-
ter signifies an anticoincidence, and an asterisk means a higher bias
is used. Let C.”, : Cp' and Ce be respectively the true numbers of

pions, protons, and electronse passing through the system. C, P, and

E may be written in terms of these as follows:

C= Nra MTEn C‘rr P nTp n&p cp & NTe 7753 Ce
p= Moy U -M¢p) Cp * MTp Gk n&p) Cp * Mre
(1= M) Ce

£= vy "¥r Menr o * Trp ME MEp Cp t Nre

née nEe ce



where the 7)'s are efficiencies (see Appendix I) of the various coun-
ters (designated by the first subscript) for the three particles (desig~
nated by the second subscript). The time of flight system is desig-
nated by T and the electron detection system by £. The T and E
efficiencies for pions and electrons are taken to be identical since
their velocities are both above 0.98 c¢ in the foreward direction where
electrons are present. Since 7x_  is very close to one, P may be

approximated by
P = 771‘p (1 - nép) Cp

Solving the above equations for C, gives

-1
(C-F) - (1 - mgg) C- n¥, (1= 0¥y (npe = 7gp) P

N1 & ( MEe = MEY
When no electrons are pregent tais is

C - n&p(l- ‘r]&P)-l P

171‘# n&'rr

Gy =

When the medium energy configuration is used {and the Cherenkov

counter removed) this becomes

Cp =
Nt

All of the measured quantities and the calculated pion fluxes are
given in Table 2. The errors on all of the quantities appearing in the
equation for C, are used in calculating the error of Cg,.

Some of the data were taken with the fan counters turned off. To
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TABLE 2

The Counting Rates

All of the experimentally measured quantities used in calculating

the counting rates are given in this table. These quantities are as

follows:
PT

o
pO

paB

CONFIG

C, E, and P

BIPS

The point number-~the number used throughout the
data reduction process is kept here for convenience.
The missing numbers were either unused or the data
were discarded.

The bremsstrahlung end point energy in GeV.
The spectrometer central momentum in GeV/c.
The spectrometer angle in degrees.

The spectrometer configuration as follows:

M.E, The medium energy spectrometer using the
front aperture counter, Al, and the small
momentum defining counter C2ZS,

H.E. The high energy spectrometer using the
fromt aperture counter, Al, and the large
momentum defining counter C2L.

The single converter is used unless the double
converter, C, is indicated.

The remaining configurations all refer to changes in
the high energy spectrometer configuration. A2S
and AZL refer respectively to the small and large
rear aperture counters used instead of Al.

These are the counting rates as defined in the text.
{An asterisk here indicates an estimated or inter-
polated counting rate--the backgrounds being given
as the fraction of the full target counting rate. )

The integrated amount of beam intensity used.
{See Chapter IV, B,2.)
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The 7)'s refer to the varicus efficiencies (see
Appendix Al). The errors on these four are
0.002, 0.005, 0,005, and 0,002 respectively.
In addition 7) = 0,.9960 + ,0012 (H.E. only)
and 7., = U.9964 + .0014 were used.

The electran counting rate in electrons per BIP,

The plon counting rate in plons per BIP when
electron subtraction is included.

The pion counting rate in pions per BIP when it is
assumed that no electrons are present. An asterisk
after C, indicates that the fan counters were not
used when the data was taken and a suitable cor-
rection has been made.

In part (b) of the table the columns from Mg O C$?® inclusive have

been omitted since the entries are not necessary.
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correct for this the fraction of counted particles (the unscattered ones
as well as those scattered from the pole faces) passing through the
fans waeg measured (at the spectrometer central momentum, P, = 1,036

GeV/c, © = 16.0, and Eo = 1.2 GeV) and found to be 0.043 + . 008,

LAB
It is assumed that this fraction may be subtracted from all the counting
rates taken with the fane off to correct for this condition.

The background (empty target) counting rates were not always

measured but could be estimated using the curve given in Figure 5

obtained from the measured points.
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IVv. DATA REDUCTION

A, CROSS SECTION FORMULAS
The observed pion counting rate, C,, may be expressed in

terms of geometrical and kinematical quantities and the cross section,
ok, 9).

c"-ffffffc’(k.ﬁ)RA.,,NHN(k)n(x.y)——%; doe dy deidke af)

where

R = correction for the pion decay including the
mucn background (see Appendix III)

A, = correction for the pion absorption (sce
Appendix II)

Ny = the effective number of hydrogen nuclel per
unit volume

Nik)dk = the number of photons per EIP with energy k

in the interval dk
nx, y) = the relative beam intensity at the target

)

30 =  the transformation from c.m. to lab. solid
afly, angle
dQL = laboratory solid angle increment.

The limits on these integrations are functions of the variables in the
integrand making the detailed integration quite complicated. ok, @)

is the unknown quantity that is to be measured in this experiment, but
only the average value over the limits of these integrations may be ob-
tained. Actually many of the gquantities in the integrand are nearly
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constant and cax be replaced by their average values. The following
simplified equations containing average and integrated gquantities may

be used.
olk, 9) = C, /K
where
WEB(k E)
. [
x = RA_ N G(o0 -LR)p
TTH g E z Po ¢
[
W = a normalization factor (see section B)
B (k, E) = the average value of the photon spectrum
{(see section B)
k = the mean photon energy
7 = the mean path length for the photon beam
through the target
G = the average value of 98l 9k
094_ dp
ASd = the average solid aagle of the specirometer
BQ-R-- = the momentuin dispersion of the spectrometer
o
Py = the specirometer central momentum

B. THE CALCULATION OF k
1. Hydrogen Density
The liquid hydrogen target is operated at 1/2 psi above
atmospheric pressure at its boilling point, which corresponds to a

density of 0.0707 g/cc. The background runs were taken with hydrogen
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gas at the same temperature and pressure instead of liquid in the
target, The gas density is 0.0015 g/ce. The effective hydrogen
density {for the full target minus background runs) is thus

Py = 0.0707 - 0.0015 = 0,0692 g/ecc.

Using 1.008 for the atormic weight, M, and 6.024 x 10%> for Avogodro's
number, No, the density of hydrogen nuclei

PHNO

b= % = 0.413 x 1023

N nuclei/cc
is obtained.
2. The Photon Population
In the equation for «, the integral of N(k) over the accept-
ance region of the spectrometer has been expressed in terms of
by
Bk, Eo) By k N(k)

where W is a normalization factor such that

E
Q
f Bk, E ) dk = E_

o

The measurements of W and Blk, E o) are discussed in Appendix V.

B (k, EO) and k were calculated using a simple computer program
which averaged the photon spectrum, B(k, Eo)' over the momentum reso-
lution function of the magnet. The resolution functions used were taken
from the resulis of the decay correction calculation (see Appendix III)
except the one for the high energy configuration using Al and C2L which

was taken from the magnet report (9).



3. The Effective Target Length, £
A computer program written by J. Boyden (6) was used to
average the target thickness weighted by the beam density. This pro-
gram contained within it the spatial distribution of the beam, n{x,y),
{measured by J. Boyden) which has a slight energy dependence, and
evaluated the integral

7 = ff nix, y) dx dy ds

where the limits are determined by the target size and position,
The remaining non-kinematical quantities are discussed in the

appendices: R in I, A in II, and the spectrameter acceptance,

LBAQ in IV.
po

The values of x« and each of its separate factors are given in

Table 3 in the next chapter.
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V. THE RESULTS

The differential cross~section and all the quantities used in calcu-
lating it are given in Table 3. Also given ls the differential cross sec-
tion averaged over all the configurations used at a particular 9 and k.
This averaged value has also been interpolated to k values of 1.1, 1.2,
1.3, and 1.39 GeV for convenience in handling the data. The differential
cross section for each of these k values is plotted in Figure 6, along
with a curve which will be discussed in the next chapter. In Table 3 and
Figure 6 only those statistical errors which arise from the counting rate
and efficiency measurements are given. Most of the systematic errors
are estimated to be only a few per cent (see Appendix IV). As an indi-
cation of the effects of an error in ¥ _, the change in the calculated dif-
ferential croes section, due to a 2% increase in Eo has been computed

and is given in Table 3.
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TABLE 3
The Results

All the quantities used in calculating the cross sections from

the counting rates are given here. The hydrogen denaity NH =
0,4136 = xo“ auclei/cc was used for all points.

PT

©

-] ©
© QH

N/
o®

The point number as in Table 2,

The spectrometer angle in degrees.

The pion center-of-momentum angle in degrees.
The bremsstrablung ond point energy in GeV.
The spectrometer central maomentum in GeV/e,

The pion momentum at the source corresponding to P
in GeV/e.

The mean photon energy in GeV,

The decay correction.

The absorption correction,

The spectrometer acceptance, ( AL ) { Aplpo).
The effective length of the hydrogen target in cm,

The mean value of the photon spectrum, B‘k.E b in
the range used.

{okfap) (027 0Q ¢ up)

The energy per BIF in GeV/BIP,

ocm C,k {See texut)

The pien counting rate in plons/BIP taken from Table 2.
The fractional change in the calculated value of o when

using a value of E 2% larger than the one shown in this
table.
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The differential cross section in wb/SR.

The differential cross section in 1L b/SR averaged over
the various configurations used and interpolated {(or
estrapolated) to the values of k shown.
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Figure 6. Center of Momentum Angular Distributions of
Pions from the Reactiom y + p —> ™ + 1 oa:

the Following Laboratory Photon Energies, k:

The solid curves are least squares fits of the

Moravesik type
N
o(9) = (1-Beos 8 ) B_cos” o
n=0
with N = 6.

Palynomial fits are poor in comparison with those of
the Moravesik type.

Net shown are some artificial data points used in the
fitting process to keep the fit "senaible" in a region

of few data points. The pion nucleon coupling constant
as it enters the formula for the residue at the pian pole
was also used as input data in the fitting procedure.
(See Table 5.) The errors shown are those of a sta-
tistical nature only.
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Vi. ANALYSIS

A. GENERAL

At energies much above the first resonance no satisfactory theo-
ry of pion photoproduction as yet exists. It is thus necessary to use
a phenomenological analysis to extract what information one can from
the data. Several methods that have been used previously (e.g. see
Boyden (6) or Dixon (5))will be discussed in thie chapter. They are
polynomial fitting, multipole fitting, extrapolation of the cross section
to 0° and 180° and integration to obtain the total cross section.

B. MORAVCSIK POLYNOMIAL FITTING AND THE COUPLING

CONSTANT
A polynomial of the form
N
ocf@) = {1 - LB cos 9)‘2 Z B_ cos™ 0
n=0

has been shown by Moravecsik (10) to be superior to a polynomial with-
out the retardation denominator, (1 - S cos 0)'2, when fitting charged
pion photoproduction data, Here [3 and ¢ are the center of momentum
velocity and angle of the pion, respectively. A computer program
written and described by Boyden (6) was used to perform a least
squares fit to the data for various orders, N. Table 4 containe the
results of this fitting program, and the curves for N = 6 are plotted
with the data in Figure 6. The values of the residue at the pion pole
and some estimated points given in Table 5 were also used in the least
squares fitting. When the residue at the pion pole was not used as a
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TABLE 4
Least Squares Coefficients

The results of the least squares fits to the data are listed here,
The data includes the residues at the poles and the estimated points
given in Table 5. The fitting function is of the form
N

i) = = Loy 2 B_ cos™ 0
n=l

as suggested by Moravesik (10).

In addition the number of degrees of freedom, D, the value of
xz. the probability, P, of luper xZ. and the total cross sectian, o,
are given. The square of the pion-nucleon coupling constant, £, was
calculated using an extrapolation of the fitting curve (obtained without
including the residue at the pole) to the pion pole.
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TABLE 4

k-1

NN 5 6 7 8

B, 1.2740.04 1.1140.04 1.0940.05 1.0920.05
B, -0.2240.12 0.8040.17 0.59+0.20 0.5640.26
B, 1.2540.26 2.27+40.29 3.1740.5% 3.0940.67
By -4.5340.17 =-10.11$0.68 -9.7040.71 -9.3341.88
B, -0.04%0.36 1.43£0.40 -1.65%1.61 -1.5741.65
Bs 2.2840.20 7.91£0.70 8.93:0.87 8.04%4.28
Bg -3.39:0.40 -0.93%1.31 -0.61%1.99
B, -1.4940.75 -0.9082.85
B¢ ~0.35%1.63
D 11 10 9 8

= 93.91 22.70 18.80 18.75

P, <0.01 0.013 0.C3 0.017

f 0.13640.011 0.080$¢0.013 0.053$0.017

o 31.1620.34 31.90#0.35 32.1040.36 32.0920.36
k= 1.2

\\ N 5 434,. ¢ 8

8, 0.5340.04 0.5640.05 0.5940.05 0.69£0.06
B, -0.1040.09 -0.3140.16 -0.2540.16 -1.01$0.25
B. 2.05£0.24 1.92£0.25 1.3240. 54 0.26£0.60
8, -3.4140.17 -2.4240.66 -2.4240.66 4.39¢1.81
B, -1.4740.28 -1.83$0.37 0.05%1.53 0.03£1.53
B: 2.4140.18 1.4940.62 0.60£0.94 -15.05£3.98
B, 0.5940.38 -0.83%1.19 6.0442.07
B 0.95£0.75 11.01£2.60
Ba -6.36%1.57
D 9 8 7 6

b 34,48 32.08 30.47 14.10

P, <0.01 <0.01 <0.01 0.025

i 0.061$0.016 0.074£0.020 0.101%0.028

o 18.3440.37 18.2440.38 18.7640. 38 18.4320.38
£ o= 1.3

N 5 6 7

Bo 0.48£0.04 U.50+0.04 0.5040.04

8, -0.3740.13 -0.4940.17 -0.53£0.21

B, 2.1240.29 1.9740.33 2.1240.56

8, -2.8240.23 -2.05¢0.79 -1.93£0.86

B, -1.61£0.46 -1.81$0.50 —2.44%1.92

Bs 2.2140.28 1.3240.91 1.49%1.04

8, 0.56$0.55 1.1321.78

8., -0.35#¢1.01

D 6 5 4

b & 10.99 9.95 9.86

P 0.09 0.08 0.05

[ 15.5820. 44 15.6540.4% 15.6740.45

7 = 1.39

M 5 6 7

8, 0.4940.06 0.50£0.08 0.5040.08

8, -0.5940.25 -0.67£0.36 -0.70£0.51

B, 2.2640.49 2.174¢0.57 2.25¢1.12

B, ~2.18£0.40 -1.68%1.74 —1u 5742420

B. ~2.4440.88 -2.57¢0.98 —2.98%5.15

B, 2.4720.51 1.87¢2.11 1.9342.26

B, 0.38£1.30 0.82%5.60

8, -0.25%3.14

D 4 3 2

x° 1.56 1.48 1.47

0.81 0.69 0.48

P
o 14.8540.90

15.05¢1.13

15.05+1.13
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TABLE 5

Residues at the Pole and Estimated Paints

A. Residues at the Pole. (Using £ = 0.08) + 6.7%)

k cosé = 1/f (1-B cos®)® o (9)
cos® = 1/8
(GeV) (uB/8R)
kk 1.0276 .00998 + .00067
1.2 1,0246 . 00752 + . 00050
1.3 1.0222 . 00581 & . 00039
1.39 1.0201 . 00457 + . 000631
B. Estimated Paints.
k ® o(e)
(GeV) (degrees) {ub/SR)
1.3 10 3.35 ¢ 0.8
1.3 20 3.2 + 0.5
1.39 10 3.35 + 1.5
1.39 30 3.5 + 0.8




data point, the differential cross section was extrapolated to the pole
as was done by Boyden (6). The pion-nucleen coupling censtant, f, is
related to the extrapolated value at the pole (see egquation 1.5 in refer-
ence 11). The value of its square “Z ) obtained from the extrapolation
is given in Table 4.

The low x° probability at k = 1.1 and 1.2 GeV can be at-
tributed to the large '"'scatter’ of the data points at backward angles.
For N 2 6 the qualitative agreement with the data is guite good,
while for smaller N it is noticeably poorer. The need to go no higher
than N = 6 is consistent with previous results, (5), (6). & should
be pointed out, however, that this is less certainat k = 1.3 and
1.39 GeV due to the somewhat incomplete angular distributions at
these energies. The weighted average of £ for N = 6 is 0.078 ¢+
0.011. This agrees well with the value of 0,087 + 0,017 measured
by Boyden (6).

C. THE 0° AND 180° CROSS SECTIONS

The effect of the pion pole vanishes at 0° and 1800. making
the analysis at these points simpler., Boyden (6) has carried out such
an analyeis for k up to 1.0 GeV without reaching any definite con-
clusions in the region of the third resonance. Cross sections taken
fromm the N = 6 Moravesik fits are used to extend the curves given
by Boyden. This ie shown in Figure 7. The data of Hand and Schaerf
{12) have been added because of the interesting peak shown at the sec-
ond rescnance. The dashed region is very poorly known, The large
statistical errors on the data around k = 1.0 GeV make it difficult to
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see effects at the third resonance even a good deal larger than those
seen by Hand and Schaerf at the second resonance. Thus it is still not
possible to obtain any definite conclusions about the third resonance
from this analysis; a multipole analysis must be attempted.

D, THE TOTAL CROSS SECTION
The total cross sectiom, O,, is obtained by integrating the least

squares fitting curves.

™
o e 2m f o({8) sin 0 40
o
This is included in Table 4, The values from the sixth order curves
are plotted in Figure 8, together with the results at lower energies (5),
{6). The peak of the third resonance is seen to be very close to k =
1.0 GeV. The leveling-off of oy above k = 1.3 GeV may be an
indication of the fourth resonance, which is observed in scattering ex-
periments (3) at a total ¢c. m. energy of 1.922 GeV,.

E., MULTIPOLE ANALYSIS

An attempt was made to perform a multipole analysis using all of
the pion photoproduction data currently available. A bigh speed com-
puter (the IBM 7090) was utilized in the calculation. The details of the

fitting program are described elsewhere (13). The specific types of

o

data used in this analysis were angular distributions of 1r+. T, and

the ratioof ™ to ' photoproduction, and the polarization of the

recoil proton in ™ photoproduction at 90°. The Bora appraximations

for the s-channel, t-channel (pion pole), and u-channel (nuclecn pole)
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diagrams were employed using both the charge and anomalous mag-~
netic moment couplings. Although it was possible to perform this anal-
ysis in the region of the first resonance, great difficulties were cn-
countered at higher energies. They were mainly due to the large size
of the cross section produced by the nucleon pole at backward angles
(e.g. see G, Hihler et al (14). R was predominantly the magnetic
moment coupling portion of the nucleon pole amplitude that was large.
There is an indication that the use of Regge poles in this analysis may
improve the situation, but no definite results have yet been obtained.
The effort will be continued.
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VII. CONCLUSIONS AND SUGGESTIONS

This experiment has shown the third resonance peak in 1T+
photoproduction to lie very close to k = 1.0 GeV. The leveling off of
the total cross section at the highest energies investigated here may be
due to the fourth pion-nucleon resonance. The general shape of the
angular distributions changes remarkably little from k= 1.0 to 1.39
GeV. However, the angular distributions at k = 1.2 and 1.39 GeV
reported here are incomplete (mainly in the forward direction) making
it difficult to draw any conclusions about the fourth resonance. Exten-
sion of this experiment to higher energies might provide information of
value in identifying the fourth resonance.

It would be very useful to have a theory of pion photoproduction at
high energies. Since this seems hard to come by, data on other types
of reactions at these energies would at least aid in the phenomonological
analysis. Useful measurements would include those of the angular dis-
tributions of 7° and W (from the T to 1r+ ratio) and the polariza-«
tions of the recoil nucleons in 7 and -lr+ photoproduction.

The square of the pion-nucleon coupling constant, fz. has been
found to be 0.078 + 0,011 from extrapolations of the sixth order
Moravcsik fitting curves. The results obtained from the present data
are rather sensitive to the fitting order chosen. However, an experi-
ment might be designed which could circumvent the problems caused bf
the very large number of electrons near 0°. A more accurate determi~
nation of the pion-nucleon coupling constant should then be possible.

The application of the concepts of Regge poles to the analysis of



pion photoproduction is a most promising lead and should certainly be
investigated. Replacing the Born approximations by Regge pole ampli-
tudes will tend to reduce the cross sections, which is exactly what the
multipole analysis attempted here has indicated is necessary. It would
be most interesting to investigate whether or not the Regge poles can
have an appreciable effect at ''medium'' energies such as those involved

in this experiment.
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APPENDIX 1

COUNTER EFFICIENCIES

The calculation of the pion dux from the counting rates is based
on the knowledge of the elficiencies of “everal counter systems. The
eflficiency of each counter system: in detecting various particies was
measured independently using well known methods.

Figure Al gives the elficiencies which vary with momentum. The
difficulty of selecting a really pure beam of pions at the high momenta
made it necessary to measure 7, at lower momenta and extend it
to the range used, where it is not expected to decrease. The electrons
ueged in measuring MEe were »>hotoproduced in a 0.02 inch lead target.
To prevent flooding of the counters the photon beam had been greatly
reduced in intensity by passing it through two to three inches of lead
placed ahead of the sweeping magnet. The curves for MEe have been
corrected for a background contamination amounting to 0.0018 + 0. 0014
for the double converter and 3.03233 + 0.00!3 for the single converter.
This contamination consisted of electrons produced in the air, probably
in or after the spectrometer magnet, which was at zero degrees. These
electrons would have momenta lower than those pr‘oduced in the target.

The fan counter efficiencies were measured by placi;xg a specially
built long, narrow counter behind each of the back fan counters in turn.

The average efficiency was = 0.970 + .003,

TFANST
In measuring the efficiency of the time of ilight system (Al to C2)

a lead wall was built around Al to prevent particles not pasing through



Figure Al.

{a)

)
(e)
(d)
(e)
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Cherenkov Counter and Electrom Detector
Efficiencies vs Spectyrameter Central Momentum

(value used: 0.9960 + .0012)
Errors
. 002
. 002

I+

I+

. 005
« 005

i+

[+

The ranges in which these efficiencies are used in the

data reduction are shown in each Figure. For the

electron detector, S.C, and D,C., indicate single

converter and double converter systems respectively.
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Al from being counted. At a momentum of 0.45 GeV/c, where all pro-~
tons stop in the lead absorber in front of C3, the value 7., =0. 9964 +
. 0014 was obtained.

The efficiency of one counter, Cl!, was found to be 9. 993 +,002,
However, the nine out of 1289 particles that did not give a count above
the bias gave no count at all, and it is assumed that these missed C!
completely. Therefore the efficiency of a single dE/dx counter is taken
to be 100%.

The procedure used by Boyden (6) to insure that the various effi-
ciencies would be stable throughout the course of the experiment was
also followed here. Using the large number of electrons found at zero
degrees (this is the same set up used for measuring T’Ee) with the
abgorbers removed to elirninate electron showers and thus large pulses,
each bias in turn was set to a2 preselected value and the corresponding
amplifier gain was adjusted to give an efficiency of 50% for each counter.
All biases were returned to their normal operating values after this
calibration. During the approximately eight months of data taking, no

noticeable drift in the efficiencies could be detected.
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APPENDIX 11

NUCLEAR ABSORPTION

The same method that was used by Boyden (6) for measuring the
absorption of pions by material within the counter box was followed
here. The results were in very good agreement with those of Boyden
and the statistical errors have been reduced appreciably. Absorbers
were placed between CZ2 and C3 and the number not giving counts in C3
were considered to be absorbed. The counting rate with no absorber
in place was subtracied to obtain the net absorption from the absorber

being measured. The resulis were:

Absorber Fraction Momentum, p

Absorbed (GeV) s
1/2" Lead 0.027 4 .004 0.52
0.029 + .007 0.90
0.028 + .004 average
1" Lead 0.073 +.012 0.9
1 1/2% Lucite 0.025 ¢+ .005 0.52

It was assumed that the material of C2 and lucite have similar absorp-
tive properties. The absorption of lucite was measured with the 1/2"
Pb absorber in place to prevent any low energy secondaries from count-
ing. This 1/2'" abeorber was always in front of C3 during the courase of
the experiment, Boyden previously found the absorption to be independ-

eat of the plon momentum; this is verified by the results given above.



For material other than the lead absorbers and C2 the geometrical
absorption length was used. Dixon (5) has shown this is roughly con-
sistent with measured values for material in front of the counter box.
Accurate direct measurement of the absorption in material in front of
CZ2 would have been prohibitively time consuming. The calculated
values of the fractional geometrical absorption length for all material

in front of C2Z are:

H.E, 0.102
M.E. 0. 054

The absorption corrections, A, for the various configurations are:

H.E. 8.C, 0.861 + 0,005
H.E, D.C, 0.820 4 0.013
M.E., 0.907 + 0.005

The errore listed are those from the measured absorptions caly.

The points at k = 1.3, ¢ = 30° and k = 1.39, ¢ = 50°
were measured with a one inch thick piece of lead in front of the mag-
net to reduce the pion momentum to a value which the magnet could
accept. (The momenturmn was reduced by about 40 MeV/c). The re-
duction of pion flux in this lead was assumed to be the same as that at
a slightly lower momentum. The absorption at the latter momentum
was measured directly. (E was necessary to change the magnetic field
and to correct for the change in AplpO.) I was found that 0.76 +
0.03 of the incident pions were counted after passing through the lead.
This fraction appears ae part of A_ in the table of results in chap-

ter V.



APPENDIX III

DECAY AND SCATTERINCG CORRECTIONS

Typically ten to twenty per cent of the pions decay while traveling
from the hydrogen target tc the counter telescope via the reaction

rt - }-l-+ + v which has a mean lifetime of (2.56 + .05) x 10°

8
seconds in the rest system of the pion. Some of the muons will give
counts indistinguishable from those produced by the pions. This number
can be calculated from the kinematics of the pion decay, and the geometry
of the rmagnetic spectrometer and counter system. About the only practi-
cal way to carry out such a calculation is to use a Monte Carlo technique
on a very fast computer. A procedure somewhat similar to that used by
Boyden (6) is employed. The present results agree very well with his in
regions where they are comparable.

A computer program was written to simulate the magnetic spec~-
trometer and counter system. ''Pions'' were then sent through the sys-
tem with initial position in the target and initial angles picked randomly.
Typically a series of about twenty evenly spaced values of the pion
momentum was used at each spectrometer setting, with several hundred
""pions' used at each momentum. The computer counted all ''pions"
successfully reaching C2. Fach '"pion'" was then restarted with the
sarme initial values and allowed to decay at a preselected distance and
counted as & ""muon'' if it reached C2. The decay distances formed a
series of about fifteen evenly spaced values along the 660 cm flight path
in the high energy configuration or the 416 cm flight path in the medium

energy configuration. Figure A2 shows schematically the magnetic



spectrometer and counter system with the input parameters as they
appear in the computer program. Table Al gives the values of all
input parameters to the decay correction program.

Let the effective solid angle (in SE) of the spectrometer be defined
as 47 times the fraction of particles (all of the same momentum and
isotropically emitted from the target) which would pass properly through
the counter system. The effective solid angles for pions and muons are
obtained from the program and are plotted as functions of momentum in
Figures A3 and A4 respectively. (Table A3 in Appendix IV gives a
comparison of the calculated magnet acceptance, Af{) A plpo, with
measured values.) The quotient of the integral (over the obtainable pion
momenta) of the muon momentum response function by the integral of
the pion momentum response function is the fraction of muons which
will give counts in the system. It should be noted that errors in the
magnet simulation will tend to cancel when this division is made. Be-
cause of the large amount of computer time involved only the points
shown in Figure A4 were calculated, the others being ob tained by
interpolation. The decay correction, which consists of the fraction of
pions decaying in the system times one minus the fraction of muons
counted, is given in Table 3 in chapter V.

The same magnet simulation computer program that was used for
the decay correction calculations was modified to investigate the multiple
scattering of pions along their flight path. The Monte Carlo technique was
again used and the number of "'‘pion’ counts lost or gained due to multiple
scattering was tallied by the computer. In order to simplify the calcula-

tion, the air along the flight path was lumped into five planes. Table A2



Figure A2. Decay Correction Coordinate

System and Parameters

The magnetic spectrameter is shown schematically in
the top and side views. Each parameter which contains
an X or a Y refers respectively to an x- or y=-co-
ordinate of the designated point. Angles are considered
positive in the sense indicated. The values of the para-

meters are given in Table Al.
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TABLE Al

Parameters for the Decay Correction Program

RHOC = radius of curvature of the trajectories in the mag-
netic field,

FFF (and FFR) are the fringe field correction parameters. The
angular deflection upon entering {(or leaving) the
magnetic field, measured in the planc normal to the
uz-y plane and containing the trajectory is given by

O, = (FFF) 2z ten @
where ¢ is the angle between the pion path and the
perpendicular to the field edge.

s is the beam shape parameter. The beam intensity

.rzls
distribution is approximated by e

where r is
the distance from the beam center in centimeters.
All other parameters are shown in Figure AZ2. The lengthe are

given in centimeters and the angles in radians.



TABLE Al

DECAY CORRECTION PARAMETERS

H.E. H.E. HeEe H.E . Mol o
Al Al C2S AZL AZ2S Al C2Z25
SX0e -295.4 =295.4 —25% 4 —Z212.4 -145.1
sSyo 5951 5951 59«51 2990 s TP B
SDIAM T«6U T«60 7.60 7T.6C Ta60
SW 4.1 4.1 4ol 4.1 4.1
SH 4.9 4.9 4.9 449 4a9
S 3.8 3.8 3.8 3.8 3.8
RHOC 2664 T 26647 266.7 255, 1 132,54
AL 3l.34 31.34 66.0 66.0 31.34
AW 8.23 8.23 T.62 71.62 8.23
AYC 99:.36 59.36 56.33 56.33 54.02
AXI =230 =230 13.5 13.5 5.6
BL 39.0 99.0 30.07 15.24 99.0
BW T.62 7T.62 7.59 T259 T.62
BXC 69.0 69.0 93 .44 93.44 89.0
BXI =135 =13.5 C.0 0.0 =406
cL 12.06 5.08 12.06 12.06 5.08
CW 27.94 27.94 - 27.94 27.94 27.94
cYC -92.41 -92.41 =-92.41 -92.41 =11l 51,
CXI 378.13 378.13 378.13 376.13 334.87
FFE .0037 .0037 «0037 .0037 <0037
FFR .0037 . 0037 .0037 .0037 -0u37
T .05236 «U5236 -0 «0 07854
T « 4800 «4800 «309214 «309214 «152
u 1.0940612 1.094612 1.0940612 laU94512 «695514
v « 309214 «309214 «309214 «309214 «040434

W « 450877 « 450877 « 450877 «450877 «03G252
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Figure A3. Magnetic Spectrometer Momentum Response

The abscisese is the fractional difference of the pion momentum from

the ceatral momentum, Py {(Ap = p - Po)

(a)

{b)

{c)

High Energy Magmet using the front aperture defining counter,

Al,

{A) This curve was obtained from the Magnet Report (9) by a
rough interpolation between the curves for a point source
and a 3" H, target.

All the following curves were obtained from the Momte Carlo

decay correction calculation,

{(B) Standard momentum defining counter, C2L.

{(C) Emall momentum defining counter, C2S, (appracimately
half the size of C2L),

High Energy Magnet using the rear aperture counter, A2, and

Standard C2.

{D) Large AZ.

(E) Emall A2.

Medium Energy Magnet ueing Al and small C2 (ecurve F).

The numbers of points calculated to obtain these curves are as follows:

B, 106 points; C, 31 points; D, 33 points; E, 31 points; F, 55 points.
The errors om these points, which result from the statistical errors

on the number of ''successes' counted, are typically between 5 and

10% at the peak of the curve and decrease in absolute size as the

square root of the value along the curve.
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Figure A4. Momentum Response for Muoms
From the Plon Decay

The abecissa is the fractional differences of the pion momentum from

the central momentum, p_. (Ap = p = ’o)

(a)

(b)

{c)

{d)

(e)

High energy magnet with the {ront aperture counter, Al, and

the standard momentum defining counter, C2L.

High energy magnet with A2 and the small momentum defining
counter, C2S.

High energy magnet with the large rear aperture counter, A2L,
and C2L.,

High energy magnet with the emall rear aperture counter, A2S, and
C2L.

Medium energy magnet with Al and C28,

There are typically about twenty to forty points (not shown) for each

curve with errors as in Figure A3,
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lists the properties of the ''scatterers’ used in the calculation. Figure
A5 gives the fractions of pions lost and gained due to scattering. For
both the high energy and medium energy spectrometers the results

were quite consistent with zero multiple scattering and thus no correction
to the crosse section was made. It should be noted that multiple scatter-
ing will tend to smear out the spectrometer resolution (in angle and
momentum). However, this experiment is not very sensitive toc this

effect because of the well-behaved pion kinematics.
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TABLE A2
Multiple Scattering Calculation Parameters

The first part of the table gives the radiation lengths in cm and
densities in g/cc of the materials through which the pione pass.
{Scattering in the target or its walls is not considered. )

The second part gives the positions and effective thicknesses of
the "scatterers' used in the calculation, X-INT and ¢ are respect-
ively the x-intercept in cm and the angle in radians of the plane of the
"scatterer' in the coordinate sysiem shown in Figure A2, EFF.L.
is the effective thickness of the ''scatterer’ in cm, and RAD,L, ie
the thickness expressed as a fraction of a radiation length.



TABLE A2

MULTIPLE SCATTERING PARAMETERS

MATERIAL RAD. L. DENSITY
ALR 377 0.601149
SCINTILLATOR (CH) 46.4 1.052
LUCITE (CgHgO, ) 43,6 1.18
H. E. SCATTERERS
MATERIAL X=-INT. o EFF. L. RAD. L.
1 AIR ~212:7 0.0 128.5 0.00392
2 AIR -Gl D 0.0 123.5 0.00392
3 SCINT. (A1) -22.5 0.05236 0.635 0.0l44
4 AIR 0.0 0.61959 118. 0.00360
S SCINT. (A2) 0.0 1.259 1.651 0.0281
6 ALR 147.0 0.47619 125. 0.00381
7 AIR 288.0 0.47619 125. 0.00381
& SCINT. (Cl) 356.4 0.47619 2.00 0.0455
9 Lucite (&) 367.9 0.47619 3.81 0.1030
M. E. SCATTERERS

MATERIAL X-=INT, 5 EFF. L RAD. L.
} AIR -87.0 0.0 68. 0.00207
2 AIR -24.5 0.0 68. 0.00207
3 SCINT. (Al) 546 0.07854 04635 C.0l44
4 AIR 0.0 1.02102 110 0.00335
5 AIR 152. 0.87324 65 . 0.0U198
6 AIR 254, 0.87324 65. 0.00198
7 SCINT. (CL) 304.7 0.87324 2.00 0.0455
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APPENDIX IV
EQUIPMENT CHECKS

Throughout the course of this experiment a number of measure-
ments were made to test the satisfactory operation of the equipment.
The results of these measurements are reported in thie appendix.

1. A number of the points were measured using different mag-
net configurations. From these and a special measurement made
when changing from the high to medium energy configuration the ratios
of the specirometer acceptances, {Af) Aplpo). for several configura-
tions were obtained. In table A3 the spectrometer acceptances are
listed along with the experimental and calculated ratios, The agree-
ment is quite consistent with the statistical errors of the measure-~
ments.

2. The medium energy magnet was set at @ = 104.2% and

LLAB
P, ® 0.4273 GeV/c corresponding to ko = 1.1 GeV. The end peoint
energy of the bremmaestrahlung beam, E o Was varied and the counting
rates shown in Figure A6 were measured. The curve shown was calcu-
lated using the momentum response function calculated by the decay
correction program (eee Figure A3). The agreement between p o and
Eo is consistent to within the sensitivity of the measurement, as may
be recognized from the fact that the measured points are not shifted
consistently to either side of the curve. The consistency is within
about 1% in p and about 3% in E .

3. The counting rates (full target minus background) were

measured for three points previously measured by Dixon (5). Correcting



TABLE A3
The Spectrometer Acceptance

A, Spectrometer Acceptances.

Configuration Af) Aplp, Source A Aplp from m-p

x 108 Decay Program
x 10

H.E, A}l CZL 1.954 Dixon 2.14 4+ 0.03

H.E. Al GC2S 0. 865 Dixon 0.91 + 0.03

H.E. A2L 1.08 Boyden 1.14 + 0.03

H.E. A28 0.54 Boyden 0.59 + 0.03

M.E, Cas 2.75 Dixen 2.60 + 0.04

B, Acceptance Ratios.

Ratio Calculated Experimental
(H.E. A28)/ (H.E. A2L) 0.50 0.48 + 0,03
(H.E. A2L) / (H.E. Al C2L) 0.852 0.59 4 0.04
(H.E. Al C28)/(HM.E, Al C2L) 0.442 0.43 + 0.03
(M.E, C28)/ (H.E. Al C2L) 1.41 1.45 + 0.04
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for the different beam monitors used, the following comparison may
be made:

Eo OLA.B Dixon This Exp.
1.08 26.1 0.96 + .05 0.90+ .05
1.08 35,7 0.61 + .04 0.62 + .04
1.00 17.6 0.84+ .06 0.89 + .05

To within the accuracy of these measurements {about 6%) the two sets
of measurements are consistent,

4, Two tests were made with the field of the magnetic spec-
trometer reversed so that only negatively charged particles could be
counted. The first was a search for electrons produced in the liquid
hydrogen at a lab angle of 16.2° and at a momentum of 1.036 GeV/ec
{the k = 1.1 GeV, @ = 30° point). The value of C. obtained with
the full hydrogen target was 0. 0200 4 0.0015 counts/BIP, while 0.0201
+ .0019 counts/BIP were obtained with the hydrogen removeld. giving
a net value of -0.0001 + .0024 counts/BIP. C, was calculated using
the formula which does not take account of the presence of electrons, so
it may be concluded that there is not an appreciable number of electrons
at this angle and momentum originating in the hydrogen. By comparison
the positive-field ol counting rate is 0.60 counts/BIP. The observed
counting rate is véry likely due to negative pions produce@ in the target
walls.

5. The second negative field test was made at a lab angle of 2. 68°
and a momentum of }.084 GeV/c (the k = 1.1 GeV, & = 5° point), where

there are many electrons produced. I the electron detection system



operates correctly the net counting rates should be zero. The net
counting rates, C, , are -0.006 4+ .010 for the double converter and
0.017 #+ . 022 for the single converter, both consistent with zero. The
total counting rate, C, was approcdmately 1.7 counts/BIP while the
positive-field ad counting rate, C, , was approximately 0.17

counts/BIP,



APPENDIX V

BEAM MONITORING AND THE BREMSSTRAHLUNG SPECTRUM

The photon bearn was monitored by a thick-walled sealed copper

ionization chamber filled with a mixture of argon and CO This was

2
periodically calibrated against a Cornell type quantometer (15), which
served as the basic reference. With the spectrometer set at angles
smaller than 15° the magnet yoke intercepted the beam, and it was
necessary to use the thin-walled air ionization chamber located near

the primary collimator. This chamber was sensitive to atmospheric
changes, and so it was calibrated against the thick-walled chamber on
the order of once an hour when data was being taken at small angles.

The charge on the ion chamber collector plates was integrated and
recorded in units called BIPS (Beam Integrator Pulses) by integrator
number 0249, which has an integration constant of 0.2110 microcoulombs
per BIP. From a knowledge of the photon spectrum shape and the ion
chamber calibration the number of BIPS could be converted into the
number of photons in the energy range being used.

The ion chamber calibration was found to vary slowly with time. It
is given for the data accumulation period of this experiment in Figure
A7. The curves at the higher energies have been extrapolated from
lower energy, with resulting larger errors. FHowever, this error is
still small compared to the statistical errors of the data.

With the synchrotron operating at I:’?O = 1.5 GeV the R.F. accel~

erating system was not capable of accelerating all of the electrons to the

peak energy. Therefore many struck the radiator at lower energies
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thereby aitering the spectrumn shape. Moreover the number of elec-
trons reaching 1.5 GeV varied from pulse to pulse with about one
third reaching this energy on the best pulses. To maintain a constant
spectrum, the counting elecironice and the beam monitor output were
gated so as to accept only those photons produced by 1.5 GeV elec-
trone. To correct for the slight inaccuracy introduced by this pro-
cedure, W was rultiplied by 0.97 + 0.01.

The bremsstrahlung spectrum, B(k.ED). has been given by
Boyden (€). It is plotted in Figure AS.

Running concurrently with this experiment {(and using the same
photon beam) were the experiments of Ruderman (3) and Chang (7).
Often the targets for these experiments were in the beam while data
for this experiment was being taken. A simple calculation using the

curve on p. 84 of High Energy Particles by Rossi (16), shows that

for a 0.1 radiation length lead absorber the shape of the photon

spectrum is virtually unchanged. Therefore no correction for mater-

ial in the beam was made.
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