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ABSTRACT
The yields of charged pions photoproduced flrom deuterium
" have been measured at several pion angles for photon energies be-
tween 500 and 1000 Mbev. Pions produced in a liquid deuterium
target by the photon beam of the Caltech electron synchrotron were
deflected by a wedgewshaped magnet into a set of scintillation
céuntérs,

The-ratio of the differential cross~sections for the produc-
tion of negative and positive pions has been determined, This
ratio varies from 0,4 to 2,8, The ratio decreases at high photon
energies for all pion angles, reaching a value near 0,5 for all pion
center-of-mass angles less than 150°,

The absolute values of the differential cross-sections for
’the photoproduction of positive pions from deuterium have been
determined and compared with the corresponding cross-sections
measured previously from hydrogen, The ratio of these cross~
sections averages about 0,95, = The difference bei:{aveen the positive
pi’on cross-sections from deuterium and those from hydrogen
seems compatible with measurements which have been made of

the elastic photodisintegration of the deuteron,
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1. INTRODUCTION

The :inve étigat'iqn of the nature of the nucleon is one of
- the major :problemé of high energy nuclear physics. One of the
experimental methods of attacking this problem is to explore the
inter'actio.ns of the nucleon with other particles, in the hope that
such an exploration will provide some clue to the nature of the
iriteraétion and of the nﬁcleon structure, - Since pions are assumed
to be the-carriers of the nuclear forces, it is not surprising that
a great deal of effort has been spent in the study of the pion=
nucleon interactions,

The photoproduction of pions frem nucleons is one of sev~
eral methods which have been used to investigate the pion-nucleon
interaction, Of the four interactions in which single pions are

produced by photons,

Y+ p— g«

4+ n

Y+ p— 1 +p
n-—— v 4 p
Y+ n— 1° % n,

the first two have been studied most extensively for photon ener=
gies of less than 1000 Mev (1-4},  Since there are no free neutrons
é.vailable, the direct observation of either of the last two interace
tions is not possible, The behavior of these interactions can be
determined, however, by a suitable {reatment of the data obtained
from pion photoproduction from deuterium, |

Nevutral pion photoproduction from the neutron may be

studied by subtracting the neutral pion yields from hydrogen from
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-‘fhe .cﬁrrespouding yields from deuterium (5), .Charged pion photo~
production f%rem the neutron is usually studied by examining the
- ratio of yields' of né_gative -and positive pions pr@duéed from deu~
teriurm, The cross-sections for the photoproduction of charged
pions from the neutron may be determined by combining this ratio
with thé cross-sections for the photoproduction of charged piens
from hydrc;gen. Although the deuteron structure may modify the
interaction, those structure effects which affect the positive and
negative pion production in the same manner will not affect the
measured ratio.

Previous measurements of the Tl'-/11'+* ratio from deuter=
ium (6) showed that this ratio was about 1, 4 for all pion angles
near threshhold, At forward angles in the center~of=mass sys=
tem, the ratio décreased monotonicaily from threshhold to a value
’of nearly 1,0 at a photon energy of 450 Mev, At backward pion
angles, the ratio increased from threshhold, reaching a value
near l,7 at a photon energy of 450 Mev,

.The present experiment was designed to extend the mea-
surements of the 'n'“v/'n'+ ratio from deuterium into the photon energy
interval from 500 to 1000 Mev, This would complement recent

work done on the charged pien photoproduction from hydregen (4).

*The following notation will be used throughout this paper:

do /dQt = differential cross-section in center-
of-mass system
g _ = tota} cross-section
' T . do /dnet
T =

at det/aqs
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The n_ieasurement of the ratio of charged pion photopro-

_ duction from deuterium also avoided many of the errors due to
 the absolute caiibratio'n of the experimental equipment, which
’w'c.>u1d vé,ffect babsolute cross~section measufements.

. The Bremsstrahlung beam of the California Institute of
Technology electron synchrotron was passed through a liquid deu~
tefium target, Charged particles produced in the deuterium were
detected by a magnetic spectrometer, Those events due to pions
were electronically differentiated from those due to other charged
particles of the same momentum, The shift from positive to
negative pion detection was made by reversing the field of the
spectrometer magnet,

The irf'/w.* ratios which were obtained from this experi-
ment are in agreement, at those piaces where a comparison can
be made, with the results of experiments at lower energies, Thé
ratio shows considerable variation for photon energies between
500 and 1000 Mev, The ratio decreases with incrbea.sing photon
energy for pion center-ofemass angles 1éss than 120°, reaching
a value near 0,5 at 900 Mev, There is some indication that the
ratio begins to increase at 900 Mev, but the evidence is contra-~
dictory, The ratio increases with energy for pion center~of-mass
ai_lgles of 120° and largér, reaching a maximum as high as 2,8
at photon energies of 700-800 Mev, At higher photon energies,
the ratio at backward pion angles also decreases withincreasing
" photon energy, -

The absolute érdss-sections for positive pion photopro=-

duction from deuterium have been determined and compared
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to the corresponding cross=sections from hydrogen, This com-
parison should give some indication of the extent of the influence
: Pf the deuteron structure on the photoproduction process, The
ratio of cross-sections for ‘positive pion pi-oduction from deuter-
ium énd hydrogen averages ‘about 0,95, The scattering in the
experimental results makes any attempts at interpretation suse

péct.
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II. EQUIPMENT
; The bremsstrahlung beam of the Caltech electron syne
- chrotron passed thfqugh a liquid deuterium target, | The total
énergy in the beam was measured by integrating the current
from a Cornell type thick-walled ionization chamber which was
placed in the beam after the target, The ionization chamber had
been calibrated by R, deez (7)e The liquid deuterium was con=
tained in a thin~-walled Mylar cup, Insulation from the outer
atmosphere was provided by a vacuum chamber surrounding the
cup. A reservoir filled with boiling hydrogen cooled the target
cup and its contents below the boiling point of the deuterium,
Charged particles produced in the target were detected

by the magnetic spectrometer system shown schematically in
Figures la and lb, The spectrometer was assembled in two
‘d‘ifferent configurations, In Configura.tion I, the "high energy"
configuration, the spectrometer was capable of focussing par-
ticles of momentum up to 1200 Mev/c, In Configur’ation I1, the
"medium energy'' configuration, the spectrometer focussed
‘particles of momentum up to only 600 Mev/c, while the solid
angle for particle acceptance was larger, The field of the mag-
net was measured by a proton resonance magnetometer, The
‘details of the design of the spectrometer and of the magnetometer
unit are discussed in a separate report by P, L. Donoho (8).

k‘A scintillation .c;:aunte_r, S A2 placed near the entrance of
the magnet aperture was used to help define the aperture and
to reduce ‘the background from particles which did not pass

through the magnet, Since the counter was placed several inches
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Figure la, MAGNETIC SPECTROMETER IN CONFIGURATION I
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Figure 1b, MAGNETIC SPECTROMETER IN CONFIGURATION II
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insidé ‘the edge of the magnetic field; the large flux of low energy
charged particles produced in the target was deflected from the
-counter, and possibie problems due fo high counting rates in the
counter were avoided,

Four narrow "fan counters' were placed along the surface
of each of the magnet pole faces to help define the spectrometer
aperture and to eliminaté particles which might have scattered
from the pole faces into the rear counters,

A set of three scintillation counters was used at the rear
of the magnet to count those particles of the proper momentum
which had passed through the magnet, S,, the narrowest of the
rear counters, defined the momentum interval accepted by the
system, A lucite Cerenkov counter was added to the rear counter
set during runs made with Configuration I of the spectrometer,
| A few of the important parameters of the spectrometer
'system are listed below:

Conf, I Conf, II

Solid Angle (AQ) of . 00197 » 00603

acceptance of spec-

trometer from target

for particles of mo=

mentum P,, where P,

is central momentum

accepted by system (ster.)

Relative momentum 0992 « 0989
acceptance (AP/P_}

Central distance from 260,5 165,0
target to defining
counter (inches)

Photomultipliers converted the light signals from the

counters to electrical pulses, which then were identified by the
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electronics system. An oscilloscope-camera system was used
to monitor pulses from events identified as pions, A block dia-

- gram of the electronics appears as Figure 2,
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Figure 2, ELECTRONICS BL.OCK DIAGRAM

~ The resolving time of the fast coincidence circuits used
was 30 mps. The model 100 and the 6-channel coincidence cir-
cuits had resolving times of about 0.2pu8. The rise time of the
Model 522A amplifier was .07ps, The HP 460A was a distributed
amplifier with a rise time of 2,7 m ps, The dashed lines shown
in the diagram are circuits used only in Configuration I. In Con-
figuration II the signals from S, were put into Channel 4 of the
Discrimina,tor. This channel was then run in anti-coincidence,

The numerals 6810 and 6655 refer to RCA Type 6810

and RCA Type 6655 photomultiplier tubes,
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1Ii, EXPERIMENTAL PROCEDURE
The ru.nnihg of this experiment involved measuring the
- particle countihg rates at various angularand mome;ltum settings

of the spectrometer, At each setting of the spectrometer the
measurements were made in at least two runs on different days,
During any one run the positive and negative pion counting rates
were alternately measured, In this manner errors due to slow
drifts in the equipment calibration were minimized,

Since the beam monitor was sensitive to variations of
temperature and pressure, these factors were measured regu-
larly, and the observed counting rates reduced to equivalent
counting rates at 0°C, 760 mm,

A. Spectrometer Settings

The results of measurements from free nucleons are
usually expressed as functions of the incident photon energy and
of the pion center-of-mass angle, This experiment attempted to
measure the photoproduction of charged pions from deuterium
as a function of these same variables, so that a comparison
with experiments from free nucleons might be readily made,
Photon energies of 500, 600, 700, 800, 900, and 1000 Mev, and
pion center-of-mass angles of 20°, 400, 600, 900, 1200, and
150° were selected to give an overall picture of the entire energy
interval considered, When it appeared that larger pion angles
might ﬁrovide interesting information, measurements were
made at pion center-of-mass angles of 163°, This was the largest
angle permitted by the physical limitations of the spectrometer

and of the experimental area,
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'When the photon energy and pion center-of-mass r.angle
have been selected in an experiment performed from free nucleons,
the pion momentum and direction, in the laboratory, can be deter-
mined from the uniqué kinematic relationship which exists between
the photon energy and the momentum and direction of the pion pro-
duced, This relationship is destroyed by the motion of the nucleons
within the deuteron. A specific setting of the spectrometer momen-
tum and angle corresponds to a range of photon energies and pion
- center-of-mass angles,

In this experiment, the spectrometer settings have been
determined from the kinematic relationships which exist for photo-
production from free nucleons, It has been assumed that although
these settings do not correspond to unique values of the photon
energy and pion center-of-mass angle, the averages of these quan-
tities will be the same as the values initially selecteds, A later
calculation on the actual effects of the nucleon motion within the
deuteron indicates that this assumption was justified.

| The kinematic relationships which were used to determine
the spectrometer settings are shown graphically in Figure 3, The
actual values of the pion laboratory angle and momentum which
were determined from these relationships are shown in Table 1.

The pions lose some energy between the target and the
center of the spectrometer due to ienization losses in the air, the
target, and the aperture counter, Because of these losses the
actual settings of the spectrometer were, typically, 3 Mev/c

below the values shown in Table 1.
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Figure 3, KINEMATIC CURVES FOR PION

PHOTOPRODUCTION FROM FREE NUCLEONS

k = photon energy (Mev)

P = pion momentum in laboratory (Mev/c)

91_r = angle, in laboratory, between pion and
photon beam (degrees)

0:‘_ = angle between pion and photon beam in

center-of-mass system (degrees)

The solid curves represent constant photon energies,

The dashed curves represent constant pion center-of-mass

angles,
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- Table 1. EXPERIMENTAL SETTINGS

k = nominal photon energy selected

pion center~of-mass angle selected

QCM =

pion laboratory angle

91ab

angle between spectrometer and

H

photon beam

momentum at production of pions

detected
endpoint energy of synchrotron at

which measurements were made
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k(Mev) 6., (degrees) 0, p(degrees) Po(Mev/c) E_(Mev)

500 20 13,7 471 . 600
40 27.8 450
60 42,8 417
90 ‘ 68,0 352
120 98.5 287
150 136,1 236
161 151, 5 225
600 20 13,1 572 700
‘ ' 40 26,7 545
60 41,1 501
90 65,7 417
120 96,0 333
150 134.5 265
162 151.5 250
700 20 12,6 672 800
40 25,6 636
60 39.5 582
90 63,6 478
120 93,7 373
150 132, 6 291
162 151,5 271
- 800 20 12,2 772 900
40 . 24,6 728
60 38,1 663
90 61.6 537
120 91.5 410
150 : 130,9 313
163 151, 5 289
900 20 11.7 869 1000
: 40 23,8 820
60 3649 743
90 59.8 595
120 89.5 445
‘150 129,3 334
164 151.5 304
1000 20 - 11,4 969 1080
40 ’ 23,0 911
60 35,7 822
85 55,0 651
100 67,0 593
120 ' 87.5 481
150 127.9 351

164 151.5 317
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B. Electron Identification

After the particles had passed through the magnet, it was
" necessary to differentiate pions from other charged particles
v(rhich were é.lso present. Since only eleétfons and protons, in ad-
dition to pidns, were likely to be present in significant numbers,
these were the only sources of contamination considered,

| At the time the experiment was begun, it was assumed that
there would be a significant number of electrons coming through
the apparatus in at least some of the ‘settings of the spectrometer,
Therefore, appropriate measures were taken to eliminate these
particles. A sheet of lead, one half of an inch thick, was placed
between S, and S;. Electrons would produce showers when pass-
ing through such a sheet, while pions, in general, would be unaf-
fecteds The shower fragments from the electron would produce
a large pulse in Sas which might then be used to identify the elec-
tron, |

After the experiment was completed, somé tests were
mé.de to determine the actual amount of electron contamination
present, The yields of positive and negative events were mea-
sured from a hydrogen-filled target, Since protons, at the momen-
tum considered, could not pass through the counting system, the
measured yields were assumed to be composed of pions and elec-
trons, |
It is expected that the electron yield from hydrogen will

be about evenly divided between positive and negative electrons,
However, in the absence of a significant number of neutron targets,

the pion yield should be composed almost entirely of positive pions,
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Undér these circumstances, the ratio of those events which gave
large pulses in S3 to those events which were nearly minimum
" ionizing should be enhanced for the negative field runs; No evi-
dence for such an enhancement was found. The yields for nega~
tive particlés from the hydrogen target were the same, within
statistics, as the yields for negative particles from an empty
térgef. Therefore, it was coneluded that no electrons were pass-
ing through the spectrometer, Similar measurements, made
earlier in conjunction with another experiment (4), indicated that no
significant number of electrons was produced at the spectrometer
settings used in this experiment, The use of the lead sheet was
therefore probably unnecessary,

During the course of the experiment, it was observed
‘that about 10 per cent of the counting rate was due to events
which gave large pulses in the final counter, Inasmuch as it had
been determined that no electrons were present, these events
were attributed to pions which had interacted in the lead, Be-
céuse large pulses in 53 were useful in discrimination against
protons, such events were always subtracted from the overall
yields, It was assumed that the absorption correction for the
lead, which was used to determine the absolute cross-sections,
included a correction for the pions which were discarded in this
manner, |

C. Proton Identification

Although protons, at the momenta considered, had longer
transit times through the apparatus than did pions, this factor
‘was not used to separate the two types of particle, If the resolv-

ing time of the coincidence circuit used in conjunction with the
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apertufe counter had been shortened sufficiently to distinguish
protons from pions,. a certain amount of inefficiency would have
‘been introduced inté the cirguit, Since this inefficiéncy could
not be measured easily, no attempt was made to make such a
transit time measurement,

At momenta below about 500 Mev/c, the separa,tion‘prob-

lem is resolved quite simply, since protons of this momenta do

" not have sufficient energy to reach the final counter, and are

not detected at all, At momenta up to about 700 Mév/c the pro-
tons, although they reach the final counter, are extremely
heavily ionizing, The separation from the pions may then be
made easily on the basis of the pulse heights in the counters,

At higher momenta, as the protons become more nearly mini-
mum ionizing, it becomes increasingly difficult to identify protons
’solely on the basis of their ionization losses. It was for this
reason that tl;l,e lucite Cerenkov counter was added to the counter
- system in Configuration I, Since this counter was sensitive only
to ',particl’es with B greater than about 0.7, most of the protons,
~at mementé. up to 1000 Mev/c, were not counted by it,

In Configuration I those evénts ‘which either caused large
pulses in 5, or failed to trigger the faét coincidence circuit as-i
sociated with the Cerenkov counter were discarded, In this
manner most of the protons were eliminated. However, because
the efficiency of the Cerenkov counter for detecting protons was
not identically zero, it was necessary to correct the observed
counting r:ites for a small proton contamination, The counting

rate for protons which passed through the apparatus without
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giving a large pulse in 53 was measured by using the Cerenkov
c‘o*untei' in anti_—coix;cidence. This counting rate, wl}en multiplied
by the efficiency of the Cerenkov counter for counting protons,
('svee Séctiron' D below) gave‘the proton‘counfing rate which was
present in the corresponding pion runs, This counting rate was
never more than 6 per cent of the observed pion counting rate.

In Configuration IIvboth 5, and 53 were used to discrimi-
nate against the heavily ionizing protons, The proton contamina-
tion in the measured counting rates was less than 0,5 per cent, and
has been neglected,

D. Efficiencies

At intervals during the course of the experiment, the ef-
ficiencies of the various components were measured, These
measured efficiencies were then used to correct the measured
yields,

The aperture counter, in coincidence with one of the rear
counters, insured that the particles detected had actually come
thiough the magnet, The resolving time of this ceincidence cir-
cuit was set at about 30 mus, This time was sufficiently short
to eliminate any high accidental coun‘fing rate due to the rela=-
tively high flux of particles hitting the aperture counter, At‘ the
same time, this resolution time is long enough, relative to the
spread in t.fa.nsit time of the pions through the apparatus, that
its efficiency could be very high, = Oscilloscope pictures of the
output ‘pulse‘s from the coincidence'gircuit indicated that the effi-
ciency of the circuit was probably greater than 98 per cent., Since

no exact measurements were made on the efficiency of this circuit,
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the possible small inefficiency was neglected,

The resolution time of the coincidence circuit associated
“with the apertﬁre counter was reduced to about 4 m #s, to measure
tﬁe efficiency of the Cerenkbv‘ counter, This short resolution
time made it possible to separate pions from protons on the basis
of their transit times through the apparatus, The ""pure' beams
of' pions or protons which were defined by the‘ transit time measure-~
ment were used to measure the efficiency of the Cerenkov counter
for counting each typé of particle, The results of these measure-~
ments are shown in Figure 4,

Since the efficiency of the Cerenkov counter for counting
» pions had no effect on the ‘FF-/'n'+ ratio, the measurement of this
efficiency was not made very carefully, Unfortunately, the pion
efficiency does affect the values of the differential cross-sections
for positive pion photoproduction, A more complete discussion
of the pion efficiency of the Cerenkov counter will be found in
Section VI, A-3, where the effect of counter inefficiencies on the
de’terminatiori of the absolute values of the positive pion cross-
sections is considered,

Since the photomultipliers are very sensitive to magnetic
fields, a measurement was made to determine whether a large
shift in the magnetic field strength would appreciably change the
phototube gains, and thus the counting efficiencies. The results
of such a measurement, for one counter, are shown in Figure 5,
Meaéurements made on other counters of thé rear counter set
showed similar effects, Although the photomultipliers associated

with the fan counters and with the aperture counter were in regions
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Figure 4, CERENKOV EFFICIENCIES

e = efficiency for counting protons
e = efficiency for counting pions

P = particle momentum (Mev/c)



00

(402

150

H3-

14¢)

SO

90"

L0

000!
|

006 008
|

ﬂ; 004
T

009
T

000

GO0

O10°



27

Figure 5, PULSE HEIGHT DISTRIBUTION

The figure shows the pulse height distribution for pions
in SZ' Two runs were made with opposite values of the magnetic
field (plus and minus 15, 000 gauss), The actual channel numbers
of the pulse height analyzer are shown across the top of the fig-
ure, while the corresponding voltage is shown at the bottom,
Field changes between 0 and 15, 000 gauss also appeared to have

little effect on the phototube gain,
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of relatively high magnetic field strength, they were shielded in
such a manner that changes in the field strength did not change
their gai:ins by i:noxje than 20 per cent (9), Changes of this magnitude
in the pulses from the‘ counters would not affect the operation of

the fast coincidence circuits to which they were sent,

The lower biases of the discriminators were set at 15
volts for Sl’ SZ’ and S3. As may be seen from Figure 5, this
bias is well below the bottom of the pion pulse height distribu-

. tions, The loss in counting rate due to pion pulses falling below
this bias could not have been as large as 0,5 per cent, This pos-
sible inefficiency has been neglected,

E. Backgrounds

The background counting rates from the target material
were measured with the deuterium removed from the target cupe
These counting rates were typically about 10 per cent of the
rates measured with the target full, Due to an oversight, no
proton counting rates were measured from the target material,
The background proton counting rates which appear in Table 3
have been taken from a previous experiment which used the same
target (4).

F, Target Contamination

During the course of the experiment, the deuterium used
was analyzed* several times, These analyses showed that the
deuterium became increasingly contaminated with hydrogen and

several heavier elements, . Certain opaque substances coated

*FThe analyses were made with a mass spectrometer by Consoli-
dated Electrodynamics Corporation, Pasadena, California
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the wall of the target cup when deuterium was put into the target,
This coating, whichr was assumed to be the heavier §ontamination,
settled to the bottom of the target cup, out of the path of the photon
b'eiam, within a few hoﬁrs. Therefore the contamination by the
heaviér elements was neglected,

The temperature of the target contents during the runs was
that ofvhydrogen boiling under a pressure of 23 pounds above atmos=
pheric, ("Atmo spheric'" averaged about 740 mm during the experi=
ment,} The density of pure hydrogen at this temperature (20, 7°K)
is ,0700 gm/cc, while that of pure deuterium is 41693 gm/cc (10},

The effective density of the hydrogen in the target may be

written as:

(Pr) e = b
Prletf, = PH V¥ Vg

where V_. = volume occupied by hydrogen

H

VD = volume occupied by deuterium

py = pure hydrogen density = . 0700 gm/cc

The effective density of the hydrogen may be written as:

alp
(Ppidoge = 2
Prleff, = PH alpg ¥ (I-a)/pp

- Pp°
1 + ©PD - PH)
PH

- 01693 a
1 + 10420.

where:

density of pure deuterium = , 1693 gm/cc

fraction of total number of nucleons which are hydrogen

a
#n

no, of hydrogen atoms
2 x deuterium atoms + hydrogen atoms




A similar expression can be written for the effective deu~
terium density:

S . 1693 (1-a)
' pD effo' I + I. Iz a

The results of the deuterium analyses and the density de~
terminations are shown in Table 2, The counting rate due to the
hydrogen was determined from the effec‘tive hydr\ogen density and
the known cross-sections for the production of positive pions from
hydrogen (4). This counting rate was subtracted from the observed
counting rate of positive pions to find the rates due to the deuterium
alone,

Ge Pair Contamination

All of the runs; except those made at photon energies of
1000 Me’v, were made with the bremsstrahlung endpoint of the syn-
chrotron beam 100 Mev above the nominal photon energy used,
This éndpoint would have always been low enough to évoid counts
from multiply-produced pions from free nucleons, In this experi-
ment, however, the motion of the nucleons within the deuteron
makes energetically possible some contamination from multiply~
produced pions, Measurements of the 11-/17"'; ratio as a function
of the bremsstrahlung endpoint were made at several selections
of the pion momenturh (11} These measurements indicated that
multiple pion production caused no cfhange' in the observed ratio,
within statistical limits, for bremsstrahlung endpoints several

hundred Mev above the endpoints actually used,
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Table 2, TARGET ANALYSIS

~

no, of hydrogen atoms

2 x no, of deuterium atoms + no, of hydrogen atoms
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Configuration I Configuration II
Date of Oct, 25 Nove,1ll Dec.18 Dece26 Feb,12 Mar,18
sampling : .
Mol % D, 98,67 97.89 96,67 93,93 94,12
, | o
Mol %o H, .70 .67 095 k| 133 1,10
Mol %% HD = .55 1,44 1,48 By 3,06 3,81
Mol % O, + .08 .00 <90 0 5 1,68 .97
NZQ etc, ,fj 4‘.6
® 8
a .0049 ,0070 . 0086 9 g’ .0148 L0154
8 8 |
Effective m)L)
Deuterium ,1673 L1665 . 1658 g .8 »1634 1630
Density i @
(gm/cc) g5
. g M
Effective 2 B
Hydrogen ,0008 ,0012  ,0015 Z .0025 ,0027

Density :
{gm/cc) ! |

Density Values used in Calculations

The errors in the values of the effective deuterium density,
due to possible errors in the evaluation of the density of pure deu~
terium, are + ,0005 gm/cc, The errorsin the values of the effective
hydrogen density, due to possible errors in the evaluation of the
densities of pure deuterium and pure hydrogen, are less than

i‘ «0001 gm/cc,



1V, CROSS-SECTION FORMULA
The counting rate, in counts per BIP, for the photoproduc-

_.tion of pions from nucleons, is given by:

k z x y A
where:

gﬁor is the differential cross~-section in the center-of-mass
(CM) system
g%‘ is the ratio of differential solid angle in the center-of-
mass systém to that in the laboratory
n is the density of nucleons in the target
n(k) is the number of photons per Mev-BIP in the beam,
as a functibn of k; the photon energy
A is the fraction of pions which are not absorbed before
they can Be counted
R is the decay correction factor (See appendix)
¢ is the overall efficiency of the apparatus for counting
pions
f(x; y) represents the lateral beam distribution at the target,
normalized so tha.t ﬁ(x, yldxdy = 1
X3y, 2z are coordinates of position in the target, relative to
tI;e center of the targets
A BIP (Beam Integrator Pulse) is a standard amount of
| charge collected from the ion chamber which monitors
the photon beam

The xy plane is taken perpendicular to the direction of the photon

beam,
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This formula must be simplified before any practical use
may be made of it, Since the target is far from the magnet aper=~
-ture, and since the .»pvions lose very little energy in the target, the

integration over the target variables may be performed indepen~

dently of the other variabless

pNoT
f(x,y) n dxdydz = i

M is the atomic weight of the target material

where:

p is the density, in gm/ cm3, of the target material

23)

1 is the effective length of the target along the

N is Avogadro’s number (6,0235 x 10

direction of the photon beam,

The number of photons in the beam, n(k), is given by:
W B(k, Eo)
n(k) = ...___E_O_R___._
where:

Eo is the endpoint energy of the bremsstrahlung spectrum

W is the total energy per BIP in the beam
B(k, EO) '
— is the relative number of photons of each energy

in the beam
The counting rate now reduces to:

- PN, IWAReE i 4q' B(k, E_)dk

M E, T dan W—F—

If the variations of dg/dQ' and dQ' /dQ over the angles
accepted by the magnet aperture are neglected, the integral over
the magnet solid anglé may be performed, If the differential

cross-section is assumed to vary linearly over the limits of the
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variation of the photon energy, the cross-section may be replaced

by an average value of the cross~-section, and taken outside of the

integral:
dg dn' ddE(k'_E") dk = 38 an BUE) AQ (P) dk
/ dar da k do dna k
where:
do

In is the value of the differential cross~section

measured at

c . /%% 8Q0(P) B, E)) dk
—/g% AQ(P) ﬂi’_E.Q) dk

AQ)(P) is the solid angle of the spectrometer as a
function of the pion momentum P
At this point, an expression for the differential cross-section may
be extracted:

da 7 M E_ dn Tk

The integral which remains in the expression above is the response
of the apparatus,

The apparatus response which is defined above is readily
evaluated for experiments done from free nucleons, In an experi-
ment performed from deuterium, however, the relationship be-
tween the pion momentum P and the photon energy k will depend
on the internal momentum of the target nucleons, A more careful
analysis of the apparatus response must be made before the cross-

section formula derived above can be applied to an experiment
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from deuterium,

The momentum distribution of the nucleons Within the deu-
- teron was assumed to be close to that given by the Hulthen wave
flinctibn/, For any gi\}en target nucleon momentum, the relation-
ship between k, P, and K, the incident photon energy in the rest
system of the target nucleon, may be found, The response of the
apparatus for any value of K was determined by averaging:

) Bk, E )
dQ o dk
da A0 (P) - k  dK

over the momentum distribution of the nucleons, The integral over

K of this averaged quantity,

, B(K, E_) |
5 To) ol dk ,
I AQ) (p)__.k____. ar dK =A(K) dK,

is the response of the apparatus for photoproduction from deuter-

iume The effective photon energy at which the measurements are

made is the average value of K over this response function:

= - JKR(K)K
7 RIKEK

A vdetailed discussion of the calculations which have been made

for the nucleon motion has been given by Mr, G, Neugebauer (11),

A typical plot of ® (K) appears as Figure 6. The curve
which would have been obtained in the absence of nucleon motion
is shown for comparison, As the figure indicates, the nucleon
motion results in spreading the response over a larger range of
photon energies,

The nucleon motion calculations indicated that the average
pion center~of-mass angle was within 2 per cent of the nominal

center-of-mass angle selected,
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Figure 6, NUCLEON MOTION EFFECT ON APPARATUS RESPONSE

The solid curve shows the apparatus response as a function
of K; assuming no motion of the target ﬁucleons. The dashed curve
shows the reéponse, under the same conditions, when the motion
of the nucleons is considered,

The response, R(K), is plotted in units of 10"5 ster/Mev
as a function of the photon energy in the rest system of the target
nucleon, The curves drawn are for the spectrometer settings cor-
responding to nominal photon energy and pion center-of-mass angle
of 700 Mev, 20°, For larger angles, both response curves extend
over wider photon energies, A more detailed description of these

effects has been given by Mr, G. Neugebauer (11),
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V. RATIO OF NEGATIVE TO POSITIVE CROSS-SECTIONS

A, Calculations

The ratio of differential cross-sections for charged pion

photoproduction from deuterium will be given by:

-1
Wp N, TR A'e’ /

de~ ' C R (K)dK
da’ = L E0 M N

- - + 7 -1
do? ct TP | Rt ATel R (K)AK
da’ E M

L o -

Cancelling those factors which are identical, we have:

dg

T _ o« _ CR'AYe' T A% R* g %
dg* a ctra" e ¢t

da

%

where A R*, and e* are the ratios of the correction factors,
Since no difference in the counter efficiencies was noted for count-
ing positive and negative pions, g* may be set equal to unity, The
discussion of the decay effects (see appendix) indicates that R* may
also be set equal to unity,

About 20 per cent of the total number of pions were absorbed
between prodﬁction and detection, mostly by the lead and by the
counter material, Measurements made on the absorption in the
lead (11} indicated that no difference existed for positive and nega-
tive pions.v It is known, however, that a difference exists in the
scattering cross-sections of negative and positive pions from hydro-
gen. Since the counters contain hydrogen, the absorption in them
shoﬁld be &ifferent for positive and negative pions, The values of

%
A which result from this difference have been calculated (11).
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Although this correction makes less than a 2 per cent change in

the w_/w+ ratios, it has been included in the calculations,

B. Resulis

" The results of ‘the measurements on the proton contamination

are shown in Table 3, The final results of the 'n'_/'n'+ ratio deter-
minations are shown in Table 4, The ratios are plotted at each

pion center-of-mass angle as functions of the effective photon
energy in Figures 7-13,
" C, Errors

The errors which are listed with the ratios in Table 4 are
the composite statistical errors in the counting rates, Small (less
than 1 per cent) errors due to uncertainties in the effective hydro-
gen density, in the absorption calculations, and in the proton con-
tamination have been neglected,

The values of K, the effective photon energies at which the
1r’/1r+ ratio is assumed to have been measured, have been calculated
using a model for the deuteron which may not represent the actual
sif:uation.  However, the values of K which have been obtained,
exéept those at very backward pion angles, are not more than a
few per cent different from the average photon energy which would
have been computed in the absence of nucleon motion, It seems
linlikely, therefore, that these values would be changed a great
d‘eal if some other model of the deuteron were used, -

.Ds Discussion

Although this experiment has measured the ratio of the
values of the differential cross-sections for negative and positive

pion photoproduction from deuterium, the measurements were
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Table 3. PROTON CONTAMINATION

s

k = nominal photon energy in Mev

. 8,.., = pion center-of-mass angle in degrees

CM

CP = proton counting rates in counts/BIP

C*l':‘ = proton contribution to pion runs = C, x €

- C* _ = proton contribution to background runs

PB

P= C’in - C??B = proton contamination in pion counting

rates from deuterium —

sk %k
%M Cp Co Cip P
20 0.069 . 001 S .001
20 0,261 . 002 S . 002
20 0,223 . 002 S . 002
0 0,139 . 001 ———— . 001
60 0.132 . 001 ——— . 001
20 3,192 . 024 . 005 L, 019
40 0, 402 . 003 . 001 . 002
60 0,026 - - N
20 4,862 .036 . 006 . 030
40 2.958 . 022 . 003 1,019
60 0. 400 . 003 . 001 . 002
20 6,160 . 046 . 005 . 041
40 3,277 . 024 . 004 ,020

60 1,164 . 009 . 001 . 008



Table 4. w /uT RATIOS

k = nominal photon energy, in Mev

0 = nominal center~ofemass pion angle, in degrees

CM

K = effective incident photon energy in Mev

N+ = counting rate for positive particles from the entire

target, in counts/BIP
B’ = counting rate from empty target
P = counting rate from proton contamination
CH = counting rate from hydrogen in target
C’ = positive pion counting rate from deuterium

+

= Nt-BT-p-C

H
C~ = negative pion counting rate from deuterium

A* = absorption factor

‘The Roman numbers to the left of the pion center=of-

mass angles indicate with which configuration of the spectrome-

ter the data were taken,



k 0.y K N BT P ¢y c* N
500 I 20 507 1,406 .134 ,001 ,026 1,246+,046 1,519
I 40 507 4,315 ,173  =--- ,153  3,989+,135 4,069
60 508 3,520 135 ---- ,106 3,279+,110 3,089
90 506 1,719 .0l4 =---- ,050 1,655+,066 1,823
120 505  ,690 ,032 r--- .024  .634+,033 1,167
150 498  ,490 ,047 ---- ,0l6  ,427+,027  .918
161 498  ,514 ,116 ---- 013  .385+,035  .973
600 1 20 605 1,519 .149 ,002 .026 1,342+,149 1,758
II 40 608 4,865 ,408 ---= 157 4,3004,160 4,125
60 609 3,899 ,180 =--= ,125  3,594+,138 3,030
90 607 1.717 061 =-=- ,061 1,595+,062 1,705
120 599  ,692 .0l15 ---- ,028  ,649+,032 1,009
150 590 .378 035 ---- 015  ,328+,023  ,842
162 588  ,392 .072 ---= 012  ,308+,128  .867

K ocyy B c” cT/ct A= v /ut
500 I 20 .125  1.394+,048 1,119  .995 1.113+,055
II 40 .147  3,9224.132  .983  ,995  ,978+.046
60 .153  2,9364,104  ,895  ,992  .888+.042
90,034  1,7894,068 1,081  .986 1,066+ 059
120 042  1.125+,049 1,774  .982 1,743+,116
150 ,031  .887+.041 2,077  .989 2,054,163
161 .113  ,8604,055 2,234  ,990 2,211+, 240
600 I 20 113 1,645,051 1,226 1,000 1,2264,061
I 40 .332  3,793+.137  .882 1,000  ,882+, 046
60  .204  2,8264,103  ,786  ,998  ,785+,041
90  ,048  1,6574,062 1,039  ,993 1,032+,054
120,028  ,9814+,042 1,512  ,984 1,487 094
150 .065 . 777+.042 2,369  .985 2,333+.198
162,095 . 772+,049 2,506 987 2,474+,266
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k0, K ~* BY P Cy
700 1 20 704 1,512 ,134 ,002 026
40 704 1,494 ,113 ,001 022
60 706 1,118 ,078 ,001  ,018

1 60 708 4,049 181 ---- 134

90 704 2,077 ,055 --=-  ,083

120 699 .846  ,041 ---- 032

150 682 0374  o,045 —---  ,014

162 677 0349 ,047 ----  ,011

800 I 20 806 1,171 .153 ,019  ,020
40 804 1,028 ,130 ,002  ,015

60 805 0795 o080 -=-=  ,010

II 90 801 1,317 036 =--=  ,044

120 791 (676 033 -=--  ,023

150 769 0328 o017 ----  ,0I2

163 766  ,229 . ,032 ---- » 009

k Ocy B c" cT/ict ax
700 I 20 ,116 1.4514,049 1,075 1,006
40 .106 1,1164,040  ,822 1,004
60 .076  .793+,039  .777 1,001
H 60 J112 2.962+.106  ,793 1,001
90  .058 1.5474,056 798 . 997
120 .013 .939}}0;3 1,215 . 989
150  ,036 o 777+,043 2,467 . 982
162,048  .706+,043 2,426 .984
800 1 20  .083 .8484,035  ,866 1.009
40  .054  .720+,028  ,817 1,008
60  .,032  ,457+,021 . 648 1,005
I 90 .044  ,8524,030 689 « 999
120,022  .579+.023  ,934 .992
150  ,021  .549+,029  1.836 . 982
163,062  ,548+.039 2,915 .982

1,350+, 048
1,358+, 049
1,021+, 040
3,734+, 115
1,9394. 049

(* 773+,025

. 315i.026
02914, 028

. 979+. 040
«881+.040
« 705+, 031

1,237+, 039
.620i. 025
«299+, 021
.188+,018

a ut

1,081+,053
- 825+, 040
« 7784, 050
¢ 794+, 037
795+, 034
1,201+,051
2442244232
2,387+, 266

0874+, 051
«824+,051
o 651i. 041
.688i. 032
.9261—_. 052
1,803+4,154
2.862;. 330

1,567
1,222
. 869
3,074
1,605
. 952
.813
. 754

« 931
o174
» 489
« 896
. 601
« 570
. 610
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C+

1,007+, 035
. 934+e 045
o 557+, 024
. 124+, 033
0 502+, 027
- 2514, 018
187+ 018

. 758+, 035
. 940+, 042
< 564+, 026
.2104,015
. 455+, 027
« 418+, 027
. 240+, 018
. 1834, 015

0 7102
0572
« 299
« 420
. 316
« 396
0 447

« 604
. 636
+ 281
0 095
« 302
231
« 322
. 342

Kk 0.y K Nt B P Cy
900 I 20 903 1,181 ,126 ,030  ,018
40 904 1,087 .118 ,019  ,016

60 903 .627 ,059 ,002 009

I 90 899 .792 043  --u- 025

120 882 531 ,011 ---=  ,018

150 861 .269 ,008 -a--  ,010

164 851 o242 ,046 --—= 009

1000 I 20 1003 .939 .125 ,041  ,015
40 1002 1,050 ,069 ,020 . 021

60 1002 .650 064 ,008  .013

85 952 0233 ,020 ----  ,003

II 100 988 o514 ,036 ---- 020

120 972 o457 019 ----  ,020

150 937 0272 ,021  ---- 012

164 928 0230 ,038 ---=  ,009

k 0y, BT c” c /et ax
900 I 20 .087 .6154,025  L6I11 1,007
' 40  ,060 ,5124,023  ,548 1,008
60 .028 ,271+,016  ,487  1.008

I 90 LO017 ,403+,020  .556 1,001
120,009 ,3074,019 612 .995
150,011 ,385+,023 1,534 .984

164 .034 ,413+,029 2,209 .981

1000 I 20 ,058 ,546+,023  .720 1,007
' 40 .036 6005. 028 . 638 1,007
60  .015 ,266+,015  ,472 1,009

85 L,011 ,084+,006  .400 1,004

II 100 ,002 ,3004,015 . 659 1,001
120,020 ,2114,017  ,505 <997

150 ,012 ,3104,020 1,292  ,986

164 ,020 ,322+,018 1,760 982

alwt

.6154,034
.553+,035
. 490+, 035
. 557+, 037
. 609+, 049
1. 509+, 138
2. 167+, 249

« 725+, 043
o 643+, 041
0 476+, 033
402+, 040
o 660+, 050
503+, 050

1,274+, 122

1.7281.164



-47-

Figures 7-13, x /a7 RATIOS

In the following figures the final, corrected,values of
the 1r;/1r+ ratios are plotted as a function of E, in Mev, for each
center-of-mass pion angle at which measurements were made,

The solid circles represent measurements made previously
in this laboratory by Sands, Teasdale, Walker, and Bloch (6), The
open circles are the results of the present experiment,

The measurements at 700 Mev, 60° were made iﬁ each of
the spectrometer configurations, The proximity of the two cir-
cles for these measurements indicates that the two configurations
of the spectrometer gave consistent results,

At the bottom of several of the figures, for nominal photon
energies of 500, 700, and 900 Mev, a small curve, which indicates

the width of the apparatus response, has been plotted,
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made in the hope of gettinginformation on the ratio of cross-
sections from free nucleons, The relation between the w-/'tr+
‘ratio measured from deuterium and the corresponding ratio
wﬁich would Ee measured from free nucleons may be seen by
considering fhe factors which lead to a difference between the
cross-sections measured from deuterium and from free nu-
cléons.

At low energies, the difference in the coulomb effects

on the reactions:

Y+n—17 +p

Y4d—=7 +p+p

makes a small difference in the cross~sections, However, at
the energies considered in this experiment, this effect should
be entirely negligible,

The Pauli exclusion principle predicts that the cross-
sections from deuterium should be reduced relative to those
frc;m free nucleons if the two nucleons from the deuteron are
left adjacent and in the same spin state., However, this effect
should be identical for both signs of pion, The effect of the ex-
clusion principle in this experiment should be extremely small
because of the high recoil energies involved,

When a photon excites one of the nucleons of a deuteron,
it is possible that the entire deuteron will become exciteds If
this happens, the energy will be lost by the disintegration of
the deuteron, either with or without the emission of one or more

pions, Since this process competes with single pion photopro-

~duction from the nucleons of the deuteron, the cross-sections
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for single pion photoproduction will be reduced, This effect, how-
ever, should be quite small, since the probability that the entire
- deuteron will bécome excited if one of the nucleons is excited is
léés than 10>pe1~ cent, In addition, it seems likely that this ef~
fect, which depends on the overlapping of the nucleon wave func-
tions, would affect positive and negative pion production in the same
devgree.

Since none of these factqrs have very much influence on the
Tr_/1\'+ ratio, it may be concluded that the ratio from free nucleons
would, if it could be measured, be the same as the ratios mea-
sufed in this experiment,

From the data presented in Figures 7-13, several facts
are evident, First, the agreement between this experiment and
the previous experiment done on the TI'_/1T+ ratio at this laboratory
is very good at those places where a comparison can be made,
Second, it appears that the general trend of the ratio with energy
is down, This is in distinct contrast to lower energy data, The
raﬁo increases with pion angl.e at all energies measured, as it
did in lower energy measurements, There is a very slight indi-
cation that some change in the trend of the ©w / x ratio with energy
may be taking place at 1000 Mev, since several of the measure-
ﬁents at small angles indicate a higher ratio at 1000 Mev than at
900 Mev, However, this reversal of the trend with energy is
not consistent enough to permit any conclusions,

The variation of the 7 / 1r+ ratio at high energies near
OCM = 90° is somewhat puzzling, The equipment response in this

.region is spread over such a range of photon energies that such
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a ré.-,pid w}ariation with energy would be exfremely difficult to mea-
‘sure, If it is assumed that the expected value of the ratio in this

" region.is consfant, at 0,52, which is near the average of the mea~
- é‘ﬁrem'ents, | then the measurement made at K = 988 Mev, QCM =
100° is . three - ... standard deviations from the expected
value, while the measurgment made at K = 952 Mev, QCM = 85°
is foui deviations from the expected value, It is, therefore, not
likely that statistical fluctuations might be the cause of this.anomaly.
It seems more reasonable to assume that one of the measurements
is deﬁnitely wrong due to experimental difficulties, such as faulty
counter gates or poor beam dump, which were not noticed at the
time the measurements were made,

Except for this one region, the data appear to be self-
4consistent. : The ratio, at 900 Mev, appears to be close to one~
half for rmost. pion angles,

As Watson has pointed out (12), the matrix elements for

the photoproduction of charged pions in any one angular momentum

state may be written:

™ =1z T8 4 I/YZ[T(” - ST(I):I

T = J2 3 4oy YZ[T(” + ST(I)]
where T(3) is the matrix element for the isotopic spin 3/2 state, and
T(l) and ST(I) are the matrix elements corresponding to isotopic
spin 1/2, For states with isotopic spin 3/2, the ratio of charged
pions photoproduced from deuterium should be unity, For states
of isotopic rrS‘piI‘l 1/2, the ratio will depend on the relationship be-

tween the two matrix elements for isotopic spin 1/2, Thus, in
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theory, for preduction in a state with isotopic spin 1/2, the mea-
sured values of the '-;r_/jr+ ratio may be used to determine the rela-
" tionship be tweén the two matrix elements, In practice, because
of the»'mixtu‘re\of various isotopic spin and Va.ngular momentum
states whichkexis’ts at the points which can be measured, this de-
termination, especially at high energies, is very difficult,

| The data at lower energies have been given a fair qualita-
tive fit by the simple classical explanations due to Bruckner (13).
In this theory, the w / -rr* ratio is predicted, depending on whether
the photon field interacts with the charged particle currents or

with the nucleon magnetic moments, as

B q -2
wlat = |1 -—N% (1- B cos 0):]

or 2
| Jat =1 Yt G (1-8 0) _
v ki = - - m— - CcCOS

Y -?n M

L.

where q, = total pion energy, in laboratory

M = nucleon rest mass

B = v/c for pion

0 = angle between photon beam and pion

Yp’ .'Y' o ® magnetic moment of proton, neutron

= 2,87, =1,91 Bohr magnetons

The first formula predicts a value for the ratio which is,
in gene_ral,b -higher than the experimental value of the ratio for ener-
gies less than 400 Mev, The second formula, over the same inter-
val of energies, predicts a ratio less than the experimental value,
Both correctly predict that the values of the ratio will increase with

pion angle and photon energy.
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At the energies with which this experiment is concerned,
the photon v&ave length is becoming comparable to the dimensions
of the circulating charges which cause the magnetic moments
and of the nucléon charge distribution. Theréfore, since the dis-
't'fibuti.on of ‘the nucleon charge must be considered, and since
the static rﬁagnetic moments, which are used above, no longer
have meaning, it is not surprising that these formulae no longer
gi've valid qualitative predictions,

In the energy region below 400 Mev a good fit to the mea-~
sured values of the ratio was made through a partial wave analy-
sis (14), This fit, however, depended on the values of small
terms from certain non-resonant angular momentum states, At
higher energies, where many more non-resonant angular momen-
tum states must be considered, this method of fitting the data
becomes extremely tedious, and loses much physical significance,
It seems unlikely that a simple explanation of the observed be-
havior of the Tre/1r+ ratios at high energies will be found in such
an analysisg,

E. C onclusions

The variations of the -1r-/1'r+ ratio have been successfully
explored in the photon energy interval of 500 to 1000 Mev, Al-
though the'decrease of fhe ratio with increasing photon energy
has not been explained, these measurements should help with the
theoretical interpretation of photopreduction in this energyinterval,

Until there is some theoretical reason for wishing to examine
some particular part of the overall energy interval, or for obtain-
ing more statistics, more effort on measuring the a " /nt ratio

would seem misguided,
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VI, POSITIVE PION CROSS-SECTIONS FROM DEUTERIUM

A. Calculations

The yiellds of positive pions frém deuterium will be used to
calculate the ratio of the differential cross-sections for positive
pion photOpfoduction from deuterium and hydrogen, Ideally, this
ratio would be measured by comparing the counting rates from
tafgeté filled with deuterium and with hydrogen, and applying ap-
‘propiate small corrections to the observed ratio of counting rates,
as has been done to find the “-/ﬂ-l- ratio, This course of action,
however; was not practical, It was necessary to obtain the ratio
of deuterium and hydrogen cross=-sections by comparing the results
of this experiment with those of a previous experiment on photo-
production from hydrogen (4), Although this latter experiment
was performed with very nearly the same apparatus which has
been used for the present experiment, it appeared more practical
to calculate differential cross-sections from the deuterium data
and compare them with the corresponding hydrogen cross-sections
thé,n to try to make a comparison of the counting rates of the two
different experiments,

The differential cross~-section from deuterium will be given by

-1
do0 _ + | WpNoIRAE
r: ro i C Eo M /R (K)dK

A-1, Absdrption

The absorption factor A, if determined correctly, would
depend on the momentum of the pion considered, However, since
the experiment from hydrogen used values for the absorption factor

which were constant over the range of pion momenta considered,
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the calculations for. this experiment have used the same values,
In tﬁis manner, aithough some error is introduced into the absolute
cross-sections, the ratio of cross-sections for the two experiments
will not inciude that érror. The values of A which have been used

are given below:

A
Configuration I . 800 + . 030
Configuration II »851 +,023

The actual error introduced into the absolute cross-sections by
neglecting the variation in the absorption with pion momentum is
probably less than a few per cent,

A~2, Decay

A discussion of the calculation of the decay correction factor,
R, will be found in the Appendix, The values of R which have been
calculated for this experiment are shown in Table 10,

A-3, Efficiencies

Possible small inefficiencies in all of the counters, except
the Cerenkov' counter, have been neglected, The measurements
which were made of the Cerenkov efficiency indicated that this ef-
ficiency varied by several per cent between 550 and 750 Mev/c,

(See Figure 4) Calculations on the light output from the counter
indicated that the photon flux from the counter should only be in-
creased by 1.7 per cent between 600 Mev/c and 900 Mev/c, It seems
unlikely that the measured variation in the efficiency of the counter
can be accounted for by the variation in light output from the counter,
If possible effects dué to the small number of photoelectrons pro-

. duced from the cathode of the phototube are neglected, it seems
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reasonable to assume that the measuremehts, which were not made
with a‘great deal of care, are not reliable. Additional evidence
-that the efficiehcy of the Cerenkov éounfer for countiing- pions should
not vary with momentum was obtained by studying earlier measure-
ments of the efficiency of the same counter (4), The value of the
Cerenkov efficiency which has been used to calculate the cross-
sections from deuterium is 97 per cent, This value represents a
rough average of the present measurements and those measurements
made earlier, Since none of the measurements upon which this
estimate is based appear to be very reliable, an error as high as

2 per cent may have been introduced into the ratio of deuterium

and hydrogen by this estimate,

A-4, Density, Beam Calibration

The calculations of the deuterium density have been dis-
cussed in Section III-F, The values of the density, effective tar-
get length, and total beam energy which have been used in the
determination of the cross-sections from deuterium are shown in

Table 5.

A-5, Pair Contamination

Measuremenfs on the effects of contamination from pion pair
production indicated that the w / w+ ratio would be unaffected by any
possible contaminé,tion at the bremsstrahlung endpoints selected
for this experiment, These measurements did not, however, indi-
cate W1th any certainty whether or not pions from pairs might
contribute significantly to the absolute yields of positive pions,

At the bremsstrahlung limits used for this experiment, no

pions which were multiply-produced from free target nucleons
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Table 5, BEAM AND TARGET CONSTANTS

bremsstr ahlung endpoint

c
i

beam energy per coulomb
= energy in beam per BIP

= Ux G, where G = (2162+,002 x 10~°

coulombs/BIP —
1 = effective length of target

p = effective deuterium density

E_(Mev) U (10'8Mev/couls) W (101%Mev/BIP) T (cm)
600 4,48 . 968 70217
700 4,65 1,006 7,229
800 4,84 1,046 70239
900 5,03 1,087 74245

1000 5,19 1,122 74236
1080 5,31 1,149 7,224
Configuration I Configuration II

p=.1665gm/cc 01634 gm/cc



-64-
~would have ,had enough energy to be counted by the spectrometer,
The motion of the nucleons within the deuteron, however, changes
‘this situation. Early calculations on the effects of the nucleon
ﬁotioﬁ indij::ated that the production of multiply-produced pions
of sufficieﬁt energy to pass through the spectrometer would be
kinematically possible from as many as 10 per cent of the target
nucleons, Therefore, some consideration must be given to the
possibility of contamination from multiply-produced pions,
By extrapolating the results of the pion pair experiment
of M. Bloch aﬁd M. Sands (15), an estimate may be made of the
expected contribution to the counting rate from pion pairs, It is
assumed that the contamination from positive pions from pairs
will be comparable to the contamination from negative pions
from pairs., This assumption, as has been shown by Sellen et
al, (16), is not entirely correct, Further, it is assumed that
pair production from neutrons is comparable to that from protons,
Bloch defines a quantity 535:1,’ O(Eo) which is the yield per
effective quaﬁtu.m of pions of kinetic energy T at an angle 0 for a

bremsstrahlung endpoint E_ . The counting rate is then given by:

£ S
C=QnnAN AT O O(Eo)
3

where n is the counting efficiency
m ié-the number of target nucleons/c::rn2
AQ is the magnet solid angle
AT is the spread in pion kinetic energies accepted by
the spectrometer

Q is W/E,O
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The calculations on the effects of the nucleon motion within
the deuteron have determined a quantity k*, which is the photon
energy at Which contamination from multiply-produced pions be-
comes 'kinematically péssible. This quantity is a function of the
actual moméntum assigned to the target nucleon. At backward
pion angles, k* was less than E, for about 10 per cent of the target
nu‘clekoﬁs. The average of k* over all target nucleon momenta for
which k* <Eo was taken, This quantity, k %, was as much as 100
Mev below E o*

Bloch's data indicate the value of G%‘I., 0’(Eo) at 150 Mev,

120° is 0,05 x 10~ %

cmz/ster/Mev when E _ is 100 Mev above
the kinematic limit for pair production. This pion angle and energy
are very close to the values selected when the present experiment
was run at backward pion angles. If it is assumed that the values
of k* which were determined from the nucleon motion are compara-
ble to the kinematic limits for pair production from free nucleons,
then Bloch's data may be used to estimate the contamination present
in i:his experiment, The quantities used in this estimate are:
n=0,85
n = pN, T
AQ)= . 00603 ster,
AT <AP»30Mev
Q =~10°/BIP
Since less than 10 per cent of the nucleons may contribute to the

contamination, the value of the density which must be used is

p' <0, lpD = 0,1 x,1634 gm/cc,
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The pion counting rate from pion pairs will be:

- %
C <Qn0.1N,TpyaTan o g (E,)

<6x107%/BIP
'The d‘bserx}ed eountiﬁg rates are always greater than , 200/BIP,
Therefore ,. at backward angles, the contamination from pion pairs
should be less than 3 per cent., At smaller pion angles the frac-
tion éf target nucleons from which sufficiently energetic pions
from pairs can be produced is much smaller, and the values of
k* afe much closer to E,e For such angles, the contamination
would be a small fraction of the figure given above. In all cases
the contamination from pion pairs has been neglected in the cal-
culation of the cross-sections from deuterium,

- A-6, Cross-sections from Hydrogen

The cross~sections for positive pion preduction from hy-
drogen, which é.ppear in Table 7, have been taken, with some
modification, from the experiment of Dixon and Walker (4). Thev
decay correction factors which were calculated for the present
e?;faerhnent did not seem to be in agreement with those used for
the reduction of the hydrogen data, in spite of the fact that the
methods used to calculate these factors appear to be similar,
The calculations made for the hydrogen experiment made fewer
approximations than did those used for this experiment and
should, thér‘efore, give a more accurate result, However, in-
ternal inconsistencies have appeared in the calculations of the
decay factors which were used for the hydrogen experiment,

Therefore, it has been assumed that they are wrong. Because
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the difference in the two decay correction factors makes a dif-
ferernce of about 4 per cent in the values of the cross-sections,
new calculations for the decay correction factor for the hydrogen
éﬁperiment kwere made, and the cross-section modified according-
ly. These modified cross-sections are the ones appearing in
Table 7.
B; Results

The absolute cross-sections which have been calculated
- for the photoproduction of positive pions from deuterium are
-shown in Table 6, The values of /R (K)dK which were computed
from the effects of the nucleon motion are also shown in this
table,

The odd values of the effective photon energy at which
this experiment was performed make a direct comparison with
the results of the experiment from hydrogen somewhat difficult,
The measured value of the croés—seétions from deuterium were
‘used to find interpolated (or extrapolated) values of the cross-
section at 100 Mev intervals. These values are shown in Table
7, along with fhe corresponding cross-sections for hydrogen,
All values shown for the photoproduction from hydrogen were
measured directly, with the exception of the values at 40° center-
o‘f—-rnas s, and the value at 1000, 1000 Mev, . The values of the
cro,ss-sectién in these cases were obtained by interpolating be-
tween the nearest angles at which data were taken, All interpo-
lations assumed that the cross-sections varied linearly between

the values at those points at which data were taken,
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_ Table 6, DIFFERENTIAL CROSS-SECTIONS FOR POSITIVE
PIONS PRODUCED FROM DEUTERIUM

k = nominal photon energy in Mev

GCM = nominal center~of-mass pion angle in degrees

=
"

effective photon energy in Mev

Q
L]

counting rate, in counts per BIP, of positive

pions from deuterium

/ R (K)K, in 1077 ster,

TW Ae . -32
pNo —M—E-:-, in 10

= decay correction factor

1

#

cm™2 BIP™

gjgwx:m

= differential cross~section for positive pion
photoproduction from deuterium,
in 10730 cmzlster.

H' = /Rt(K)dK if target nucleons are assumed to be at

-rest, The value of H/H"® indicates how large a
correction has been made to correct the cross-

sections for the motion of the nucleons within

the deuteron,
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. Table 7, . COMPARISON OF DIFFERENTIAL CROSS-
SECTIONS FOR POSITIVE PIONS PRODUCED FROM

DEUTERIUM AND HYDROGEN

K = effective photon energy in Mev

OCM = center~of-mass pion angle in degrees

(%T?T) = differential cross~section for photoproduc=-
s
tion of positive pions from deuterium

=30

(10 cmZ/ster.)

(-a-ﬁ—,-) = differential cross-section for photopro-
duction of positive pions from hydrogen

30

(107 cmZ/ ster, )

([EdWHFTDg/dﬂ D - ratio of differential cross~sections
H

for photoproduction of positive pions

‘from deuterium and hydrogen
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W,
o
o

600

700

800
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20
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90
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150
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20
40
60
90

120

150

162
20
40
60
90

120

150

162

20
40
60
90

120

150

163

A

(a0 /an),

8, 70+, 31
8,63+,29
84 004,27
5, 304,21
2, 85+, 14
24 664, 17
2. 63+, 24

9. 304, 33
90 61+, 35
9,02+, 34
5. 30_-!-_. 20
3. 09i, 16
2, 29_-1:. 14
2, 34i‘ 21

9.31+.26
10, 09+, 36
94 164,22
6, 54+, 16
3094+, 12
24 364,19
2,264,23

6o 7940 27
6.65i.29
6o 164426
4, 34_-[;, 13
3. 25;[—_, 13
2,33+, 16
1, 791. 16

(do/da3H

4,91+, 35

11, 67_4_-_. 71
10, 80i. 38
9. 624, 35
5, 88+, 28
3. 59i. 17
2,68+, 16
‘2.4%i.19

11,65+, 62
10, 36+, 57
10, 14+, 20
8, 09_-!:. 28
4,204, 20
2,63+, 19
2,29%.19

8, TT+a 44
7,06+, 42
Be 544,18
4,294, 14
3. 19+. 16
2, 28_4;. 15
2. 04—_1:. 16

(do/dQBD
1367 Hﬂ’SH

1, 079+, 086

o 797i°056
. 890+, 046
» 938+, 048
« 901+, 053
‘o 861i,060
. 854_-1:. 070
o 967_-!-_. 115

. 7994, 050
o 974+, 068
< 9034, 029
o 808+, 035
o 938+, 053
0 8974, 095
0 9874, 132

« 7744, 050
.9421,065
1, 112+, 060
1,012+, 046
1,019+, 062
1, 022+, 093
. 8774, 097
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" (do/ dQ')D

6, 78+, 23

6o 89+, 33

4, 934,21
2, 62i.09
2,77+, 10
2,274, 11
2,03+,10

5.16+.23
7.00%.31
4,89+, 22
2,11+,10
2450+, 12
2444+, 11
2,33+, 10

(d o/dﬂ')H

8. 05+, 44
7035+, 47
4,734, 27
2,49+, 12
2,54+.13
2,09+, 14
2,07+, 16

6. 48+, 37
9.25+, 43
6o TT+, 40
2,194, 11
2,78+, 11
2,54+, 17
2,10+, 18

(de/da),
(do7dm;
. 8424,056
+9374,073
1.04;t.071
1. 052+, 061
1. 091_-|_-_. 064
1, 086+,075
. 981+, 075

o 796+, 057
« 7574, 046
«7224,054
« 963+, 059
« 899+, 060
»961+,093
1,110+, 100



-74-

The differential cross-sections shown in Table 7 have been
fitted, at each energy, to a polynomial in cos 0, up to powers of
,cos4. The total cross-sections have been determined by integrating
the reS‘ultinbg polynomial. These total cross-sections and the ratios
and differerices of the fota.l cross-sections for deuterium and hydro-
gen are shown in Table 8,

C. Errors

The errors which are listed with the cross-sections from
deuterium and with the deuterium-hydrogen ratios are statistical -
counting errors. The absolute calibration of the equipment, the
decay correction factor, the absorption of pions, and the counter
inefficiencies all introduce small errors which have been neglected,
since their effect on the ratio of deuterium and hydrogen cross-
sections is insignificant in compérison to the statistical errors,

In addition to possible experimental difficulties, there are
two major sources of possible error. The first of these is the
nucleon motion within the deuteron. A few measurements were
méde to try to determine experimentally the accuracy of predictions
based oﬁ the calculations of the effects of this motion (11), Although‘
these measurements gave rough agreement with the predictions,
they are not sufficient to confirm all of the assumptions which have
b‘een made in the calculations, The values of the cross-sections
ffom deuteﬁum which are listed are very dependent on these cal-

. culations, since they have been used to determine the effect of the
bremsstrahlung cutoff on the counting rates, The values of/i(K)dK
which have been used for the determination of the cross-sections

from deuterium are as much as 20 per cent smaller than the values



-75=~

Table 8, COMPARISON OF TOTAL CROSS-SECTIONS FOR
POSITIVE PIONS PRODUCED FROM DEUTERIUM

AND HYDROGEN

K = effective photon energy (Mev)
o = total cross-section for positive pion

photoproduction from deuterium ( ub,)
Gy = total cross-section for positive pion

photoproduction from hydrogen (pb.)

AG= oy - O (mbe)
K o5 o °5/9y AGC
| 500 68, Sil.Z 72 i4* e 95+, 05 3.5 i5
600 T2, 7i1.3 81.611,6 .891i.023 8,89i1. 73
700 80, 5i1.0 91, 8i1.5 .877i.018 11.25_-_l—_1. 77
800 57 1-_{-_1.0 57, 51-_1.0 .992_-!-_. 025 0, 45_-!_-1. 43
900 47, 0i0.8 46, 8_-!_-_1,. 1 1.004-_!-_. 029 -0, 19-_1-_1. 39
1000 44. 7_-!-_0.9 55, 8i1.4 .801i. 026 11.12_-!:1.71
1000%*%* 43, 1_—|:1.0 53, 3i1.7 .809;!—_.032 10,17i1. 97

* estimated

**fitted to cos6
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whic_hbwould'ha.ve been used in the absence of nucleon motion,

The smearing effect of the nucleon motion spreads the equip-
- ment responseb ovef a wide interval of photon energies.i In regions
where the positive pidn cross-section varies rapidly, as it does at

small pion angles at high photon energies, this effect might lead
.to a difference between the cross-sections determined for deuter-
ium and for hydrogen.,

The second major possible cause of error is the interpola-
~tion which has been made to compare the hydrogen and deuterium
cross-sections, The extrapolation of the measurements, which
was necessary for part of the results at 1000 Mev, is even more
likely to lead to error,

These possible sources of error make it appear that the
actual errors in the values of the cross-sections from deuterium,
’and in the ratios of these cross-sections to the corresponding
cross-sectims from hycirogen, might be as much as twice the
errors which are listed,

D, Discussion

Earlier experiments on the photoproduction of positive pions
from deuterium have shown that the ratio of deuterium and hydro-
gen cross_—sectiqns, at lower energies, is somewhat less than
unity (6). This experiment indicates that this is still the situation
at photon energies up to 1000 Mev.

vthe Pauli exclusion principle, discussed in detail by Chew
and Lewis (_17), pr»edicts a reduction in the cross-sections from
deuterium for small pion angles. This effect becomes quite small

at high energies, although it should still be noticeable for small
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" pion an‘gles; Their predictions, for the case in which the nucleon
spin flips during the production process and that in which it does
- not flip, are compared with the experimental val ues in Table 9.
vThis 'comparison shows a rough qualitative agreement, since the
ratios, at'forward angles; do appear to be depressed about the
order of magnitude which is predicted. In theory, it should be
pbssible to determine with what probability the nucleon spin is
» changed during photoproduction by an examination of the experimen-
tal data. However, the scattering in the experimental data is too
large to permit any conclusions, Also, the possibility that the
deuteron as a wholé becomes excited, which is not included in
the predictions given in Table 9, causes, at the energies consid-
ered in this experiment, a greater reduction in the cross-section
for most éxperimental settings than does the effect of the exclu-
sion principle.

Earlier data taken at this laboratory, at lower photon
energies (18), showed no effect of the exclusion principle at small
pion angles (30° in laboratory).

At higher photon energies, the major cause of the differ-
ence between the cross-sections of pion photoproduction from
deuterium and hydrogen is expected to be due to the possibility
that the excitation of one of the nucleons of the deuteron will lead
to the excitation of the deuteron as a whole. An estimate of the
size of this effect may be made by using the known cross-sections
for the elastic ’photodisintegration of the deuteron (19). and the

phase space argumeﬁts given by Fermi (20),
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Table 9. EFFECT OF PAUL] EXCLUSION PRINCIPLE*

k = nominal photon energy (Mev)

O.CM = centerfof-mass pion angle (degrees)

(d oZ/dO;)Sf = predicted ratio of differential cross-
‘sections from deuterium and hydrogen
if nucleon spin flips

(d OZ/d c;)nf = predicted ratio for no flip

(do;/ doi’i)exp = experimental value
. )

+. + +
k O (dol/ach) (dol/act) (@oy/dof) .
500 90 « 98 .92 1. 08+, 09
600 20 .89 .66 . 80+, 06

40 «94 0 82 « 89+, 05

60 .97 .91 . 94+, 05

90 .98 .95 . 90+, 05

700 20 .89 .68 . 80+, 05
40 .95 .86 974,07

60 .98 .93 . 90+, 03

800 20 .91 .72 . 77+, 05
40 .97 .91 . 94+, 07

900 « 20 «92 o 17 ° 84—_!_:. 06
40 .97 .92 . 94+, 07

1000 20 .91 .78 . 80+, 06
40 «98 - .« 94 ° 76_—!:. 05

*shown only for those angles where predicted effect is more

than 5 per cent from unity
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' is the total cross-section for the production of all

If o
pions, and G+ is the total cross-section for the single production

-of positive pions, then, at the energies of this experiment
ot~o0,306"

If F is the fraction of the time, as predicted by Fermi, that the

excitation of the deuteron will lead to elastic photodisintegration,

then
of - 6t =a00,30PYF
P D : *
where G‘Pd is the total cross-section for elastic photodisintegra-

tion, The table below shows the comparison of these predictions
and the experimental results, All cross-sections shown in the

table are in micro-barns,

K(Mev) £ il 0.36"/F A0 (exp)
500 52 T.041,0  4,240.6 3.545,0
600 .41 6.0+1,0  4.5+0,6 8,941, 7
700 .31 3.4%1,0 3.3+1,0 11,341.8
800 .24 2,140, 5 24640, 6 0.5+1,7
900 .18 1.0+1,0 1. 7+1.7 -0.2+1,7

1000 14 e el 10,242, 0

The agreement is only qualitative, However, in view of the

fluctuations in the experimental values of A and of the approxima-

tions which have been méde, a qualitative agreement is all that
could have been hoped for,

The fluetuation in the experimental values of Ag at 1000

*These _aré the experimental values of the cross-section for
elastic photodisintegration as measured by H, Myers (19),
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Mev can probably be attributed to difficulties with the interpolation
ana extrapolation Which were used to find the values of the cross-
-sections, There is some indication that there is a maximum in
the values of AC at 700 Mev, corresponding to the second reso-
nance in pion production, HoWever, the fluctuation in the experi-
mental values of AG makes it very difficult to draw any definite
éonclﬁsions from this observation,

E. Conclusions

The measurements of positive pions photoproduced from
deuterium indicate that the ratio of the differential cross-sections
for the photoproduction of positive pions from deuterium averages
about 0,95 of the corresponding cross-sections from hydrogen
in the _phbton energy interval between 500 and 1000 Mev, The
‘ difference in the total cross-sections from hydrogen and deuter=-
ium is in qualitative agreement with calculations based on mea-
surements of the cross-sections for the elastic photodisintegra~
tions of the deuteron., The scattering in the experimental results
alnd‘the approximations which have been necessary to calculate the
cross~sections from the pion yields from deuterium make it very

difficult to draw any precise conclusions,
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APPENDIX
A fraction of the pions produced in the target decay before

they can be detected, through the reaction
T—p +9 + 33,9 Mev

Some of the muons produced in this manner pass through the detect-
ing system and are counted as pions while others, having the wrong
momentum or direction, are not counted, Since the detecting
system was not capable of differentiating muons from pions, a
calculation must be made to find the number of decay muons which
are counted, Previous treatments of the decay effects in pion pho~
toproduction have been made by Walker et al, (1) and by Dixon(4),
A decay correction factor, R, may be defined which is equal
to the ratio of the observed counting rate to the counting rate which
“would have been observed had no decay occurred, This factor R
will consist of twq components, R‘ﬂ' and Rﬁ e« The first component
is the fraction of the pions which do not decay before they can be
detected:

R = e—t/T
™

where: t = time of flight through the apparatus

S/ﬁc
S = distance from target to final counter

2 v/c of pions ‘

-
"

T = mean lifetime of the pions

n

25,6 mpus,

The second component is the relative counting rate from
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the muons which are produced, This is most easily treated by

pf Bre

is the relative muon counting rate from pions which decay before

dividing it into two parts, R, . and R The first part, Rp,f’

they pass through the spectrometer magnet, The second part, R

g

is the relative muon counting rate from pions which decay after
they have passed through the magnet, The division between the
two effects is made, for convenience, halfway between the target
and the final counter,

The exact calculation of R, . is quite difficult, since the

133
small angle between the pion and muon trajectories, at the point
of decay, leads to complications in finding the number of muons
which can pass through the magnet aperture, An upper limit for
Rp.f can be readily calculated if it is assumed that this angle is
exactiy zero, The calculation of this upper limit is discussed in
the paragraphs below, Mr, F, P, Dixon (4) has calculated, for

several cases, the ratio of the actual decay counting rate to this

upper limit, He finds that this ratio varies smoothly with pion

momenta, The exact values of the ratio are between 0, 76 and 0,94

for the pion momenta used in this experiment,
When a pion of energy U decays, the resulting muon ener-

gies are spread with equal probability between

U U* P P}

U, = 1 + -

17 2
mcC m

and

UU¥ PP}

P (21)
mcC : m

where the subscripts refer to the muon and the asterisks refer to

qﬁantities measured in the rest system of the pion, The probability
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- of counting the decay muon, if the pion decays, will depend on the
é.fnount of overlap ‘between the interval of muon engrgies-accepted
. by the spectrometer and the interval of muon energies defined
above, This i/ntervai of overlap will be designated as AU*, If it
is assumed that the pions are uniformly distributed as a function
of momentum, then W(P), the probability that the muon will be
cbuntéd if the pion decays;, maﬁr be written, in the upper limit ap~

proximation:
W(P) = m AU'/2PP}

This probability is plotted as a function of the pion momentum
for a typical setting of the spectrometer in Figure 14, For pro-
duction of pions from free nucleons, no pions will be produced of
momentum higher than that momentum defined by E the brems-~

strahlung endpoint, The counting rate from muons will be given by

CF .-.-D(l-e_tIZT)/W(P)dP

where D is a constant, and (l—e"t/ZT

) is the fraction of the pions
which decay at the front of the magnet, If no decays occurred, the

counting rate from pions would be given by

C_=DaA f'/W'(P)dP

where: A is the fraction of pions not absorbed before they are
| counted
- W'(P) is the probability of counting pions if no decay
occurred

WH(P) = 1.0 for (P_ - 50) <P < (p_ +52)

n -

0 everywhere else



-84

f‘igure 14, EFFECT OF DECAY AT FRONT OF MAGNET

W(P) ié the probability that a muon is counted if a pion
of ‘mo'mentu».m P deca&s, provided that the angle between the
muon and th'e pion trajectories, at the point of decay, is zero,
The curve drawn represents the decay effects at the spectrome-~
ter setting corresponding to k = 700 Mev, OCM = 40°, P, in
this case is 672 Mev/c, and E_ is 800 Mev. The decay curves

at other settings are similar, differing mainly in the position

of P(Eo)'
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P, is the central momentum accepted by the
spectrometer
AP is fhe momentum aperture of the spectrometer
AP =2~0, 1P
fis ba factor, usually near unity, which measures
the effect of E in reducing the momentum

apexﬂ:ure avalla.ble to pions

_/ I a() (P)
d{z

aAQ) (P)?
o N
The upper limit for the relative muon counting rate from

pions which decay at the front of the magnet will be given by the
ratio o£ these two counting rates:
(l-e_t/ZT)/W(P)dP

A £ fwyp)ap

Rp.f (wls) =

This quantity, when multiplied by the ratio computed by Dixon,
yields the correct value of the relative counting rate from muons
pfoduced at the ffont of the magnet,
At the rear of the magnet, (l-e_t/ZT)e-tIZT of the original
pions decay, If the muons followed the same trajectories as the
pions, all of the muons from pions which would have entered the
c‘ounterv system would be counted, However, the small angle be-
tween the mﬁon and pion trajectories necessitates a calculation
- to find the numbel.' of muons which are counted,

In th_é figure below, a coordinate system has been set up

on the defining counter S, If it is assumed that the pion momenta
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Xo

%

X,
are distributed linearly in x, with pions of momentum (P0 + -422)
hitting the counter at x and pions of momentum (P0 - %1':-)) hitting
at -x_, then the probability that the decay muons hit the region
between -Xg and tx  can be determined as a function of the initial
pion momentum, The results of such a determination, for a typi-
cal setting of the spectrometer, are shown in Figure 15, W(P)
in the figure is the probability that the decay muon from a pion
of momentum P will strike within the x limits of the counter,

The probability that the decay muon will strike between
“Yo and ty, may be determined as a function of y, where y is the
point at which the pion would have hit if it had not decayed, This
probability, W(y), is shown, for a typical setting of the spectrome-
ter, in Figure 16, If g(y) is the actual distribution of pions over

the counter, then the counting rate from muons is given by

c, =D (1-e"2 e 2T Swiy) giy) w(Plapdy

In practice, the integral has been done by integrating

/wy) gly) dy /N(P)dP

on the assumption that the integral over one probability may be
done independently of the other, This approximation results in

‘a great deal of simplification, A careful analysis of the effects of
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- Figure 15, EFFECT OF DECAY AT REAR OF MAGNET - VERTICAL

* W(P) is the probability that a muon lands within the vertical
limits of the counter if a pion decays, as a function of the pion mo-~
mentum P, The curve drawn represents the decay effects at k = 700
Mev, OCM = 40°, Curves for other points differ somewhat in the

exact shape and in the position of the cutoff at P(E ).
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Figure 16, EFFECT OF DECAY AT REAR OF MAGNET -

HORIZONTAL

W(y) is the probability that the muon lands within the
hbrizoﬁtal limits of the counter if the pion decays, as a func-
tion of the horizontal position at which the pion would have
struck the counter, This curve is drawn for a pion momentum

of 672 Mev/c, Curves for other momenta are similar,
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this approximation indicates that it will never introduce an error

larger than 5 per cent, and will seldom introduce errors as large

. as 2 per cent,

The counting rate for pions, if no decays occurred, would

cC =DaAf /W'(Y) g(y) dy /W' (P)dP

where W!(y) is equal to unity, The absorption factor is somewhat

be

different than the one used with the decays at the front of the mag-

net, since pions, once through the magnet, are less likely to be

absorbed before they can be counted than are pions at the target,
The ratio of these two counting rates gives the decay cor-

rection at the rear of the magnet:

(1-e"t 2Tt/ 2T [y ()a(y)dy / W(P)P
R =
T At /Wiylelydy /W(PMP

The motion of the nucleons within the deuteron makes the
decay factor which is calculated in an experiment from deuterium
_ éomewhat different than that which would be calculated if the
nucleons were assumed to be at rest, The motion of the nucleons
tends to smear the sharp bremsstrahlung cutoff on W(P), as is
shown in Figure 17, The integral of W(P) over the pion momentum
is, in general, somewhat different from the integral which would
have beenﬂcalculated had the nucleons been assumed at rest,

The factor f, which measures the effect of E, in reducing

thevmomentum aperture available to pions, becomes
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Figure 17, EFFECT OF DEUTERIUM SMEARING ON

DECAYS AT FRONT OF MAGNET

W(P) is the probability that the muon is counted if the
pion decays, as a function of the pion momentum, This curve
corresponds to the spectrometer settings at k = 700 Mev,
0oy = 40°, This curve should be compared with Figure 14,
which is drawn for the case of production from free nucleons,

A similar smearing of the sharp cutoff of W(P) at P(Eo) is

found in the decay effect at the rear of the magnet,
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er.Q' AQ(P) dk dK
dno T~ k dr
f = ~Eo
B dn' an(pP) dk 'dK
| &3 T «®
L oo

The sums are taken over the momentum distribution of the target
nucleons, The summation in the numerator of the expression
above excludes those target nucleon momenta for which k > E s
while the summation in the denominator includes all possible
target nucleon momenta,

The values of the decay factor, R, have been calculated
for all the experimental setting, A list of the calculated decay
factors, and a few of the important quantities used in their deter-
mination, appears as Table 10,

To the first approximation, there is no correction to the
x / 1r+ ratio due to pion decays, since the actual value of Rﬁ will
be exactly the same for positive and negative pions, The second
order effects of the pion decay on the a /=t ratio may be estimated
by considering the fact that both of the decay distributions shown
in Figures 14 and 15 are offset somewhat from the central pion

"momentum accepted by the spectrometer, For decays at the front
of the magnet, the center of the decay distribution is at some pion
r?lomen,tum corresponding to a photon energy of k0 + ag where ko
is the photan ehergy corresponding to the central pion momentum,
At the rear of the magnet the distribution is centered at ko—ar.
The quantities a, and a_are always positive,

The change in the observed ratio due to pion decay may

be estimated by setting
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Table 10, DECAY CORRECTION FACTORS

k = nominal photon energy (Mev)

QCM = pion center-of-mass angle (degrees)

K = effective photon energy (Mev)

f = reduction of momentum aperture for pions

Ag = fraction of pions not absorbed between front of
magnet and final counter

R p.f(u' 1, ) = upper limit of relative muon counting rate
from decays at front of magnet

D = ratio of actual muon counting rate at front of
magnet to upper limit

R uf * relative muon counting rate from decays at
front of magnet

A = fraction of pions not absorbed between rear of
magnet and final counter

Rﬂri = relative muon counting rate from decays at
rear of magnet

R n = relative muon counting rate from pion decay

=R _+R

pf Tpr
Rﬂ_ = fraction of pions which do not decay
R = decay correction factor

aRu +RTr
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k 0 g f A R, o) D Ry ¢

500 20 507  ,994 .802  .0693 .76 . 0527
40 507  .990 .853 . 0433 .906  ,0392

60 508 .974 . 0452 .897  ,0405

90 506 936 . 0510 .876 . 0447

120 505  .894 L0577  .852  ,0492

150 498  ,866 L0715 .832  ,0595

161 498  ,857 . 0752 .828  ,0623

600 20 605  ,996 .802  ,0488 .83 . 0405
40 608  ,986 .853  ,0290 .925 0268

60 609  ,964 . 0309 ,918  .0264

90 607  .919 . 0352 .897 L0316

120 599  ,857 . 0428 .870  ,0372

150 590 .83l . 0556 .844 L0469

162 588  ,822 . 0586 .838 0491

k 0 A_ Ry R, R_ R

500 20 . 808 .1042 . 1569 . 1745 . 9314
40 . 859 . 0805 <1197 . 8442 9639

60 . 0852 . 1257 8329 . 9586

90 . 0948 . 1395 . 8053 . 9448

120 . 0979 . 1471 o 7667 .9138

150 .0994  ,1589 . 7230 .8819

161 . 0995 . 1619 L7126 . 8744

600 20 . 808 . 0922 .1327 .8103 . 9430
40 .859 . 0704 .0972 . 8694 . 9666

60 . 0753 .1037 . 8588 . 9625

90 . 0847 . 1163 . 8329 . 9492

120 0937 . 1309 7953 . 9262

150 . 0969 . 1438 . 7500 . 8938

162 « 0967 « 1458 « 1371 . 8829
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K £ Af Rﬂf(u. 1) D RV- P
903 1,000 ,802 ,0217 « 940 . 0204
904 . 971 . 0224 0 937 . 0210
903 .932 . 0242 . 917 . 0222
899 .858 ,853 ,0169 . 928 . 0157
882 . 786 . 0223 . 905 . 0202
861 . 692 .0328 . 870 . 0285
851 . 664 . 0384 . 859 . 0330
1003 .980 ,802 ,0147 . 940 . 0138
1002 . 956 . 0146 . 940 . 0137
1002 2914 . 0163 . 937 . 0153
952 . 952 . 0254 . 875 . 0222
988 .765 ,853 ,0141 .928  .0131
972 L 711 L0171 .914  ,0156
937 . 675 . 0272 . 876 . 0238
928 . 655 . 0301 .864  .0260
A Ry R, R_ R

. 808 . 0690 .0894  .8706 .9600

. 0721 . 0931 .8634 L9565

. 0775 . 0996 .8504 ,9501

. 859 . 0653 . 0810 .8797  ,9607

L0771 . 0973 .8426  .9399

. 0961 . 1246 .7959  .9205

. 1002 L1332 - ,7782 .9114

. 808 . 0628 . 0766 .8831 ,9597

. 0645 . 0782 .8762  ,9544

. 0682 . 0835 .8639  ,9474

| . 0830 . 1052 .8312  ,9362

. 859 . 0640 . 0771 .8794 .9565

. 0745 . 0901 .8534  ,9435

. 0885 L1123 .8048 ,9170

. 0925 L1185  ,7862  ,9047
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N+ = real pion counting rate at k,
a

N+ = rate at ko + a

"N+ = observed counting rate

a. a

' — f T
Then: Nt = R'n'Ni + Rpri + Rng_i
Let N_—_i-_a = N+ + adN+/dk
Nt = R Nt + RﬂNi + (Rﬂfaf- Rgrar)dNi/dk
N+ - (Rﬂfaf-Rﬂrar)dNi/dk
Nt =
R'u +Rﬁ-

If N___/N+ = r, and -ﬁ—-/ﬁ-l- = ¥, then

N_- (Ryeag -

ﬁ+'(R

. Ry 2) dN /dk

Rﬁ rar) dN+/dk
_ dN_l_/dk dN /dk
- T | 1+ (Rﬂ - R‘“_ar) ( N+ - N )

N dN ’
- 1 ANy g
ar =T -T =(Ry g - Ry ,3,) [%(N-‘dk "N, ”HE')]
+

wf "

An evaluation of the quantity in brackets indicates that it can
be, at most, somewhat less than ,003/Mev, Since a, and a

~ are both positive, the absolute value of (Rp, 2 - R rar) must

B
be less than the value of the larger term. The maximum value
of Rpa for this experiment is never larger than 3,5 Mev.

Thus, the maximum value of Ar must be less than 011, In

general, the decay effects will be much less than this, This
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effect has been regarded as insignificant in comparison to
6ther sources of error, and has been completely neglected
ip_ computing the ratios of negative to positive cross-séctions

for pion photoproduction from deuterium, -
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