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ABSTRACT

The povla,riz-ation. of the recoil proton in the photoproduction
p:&océss y.+ P ——» ﬂp + p has been measu:tfed at iaboratory photon energie.s
of 585 and 66’0 Mev, af pion center-of-mass angles of 86 and 77 degrees
respectively. Nuclear emulsion was used as a scatterer and detector
to an,aiyze the polarizatioﬁ of magnetically selected recoil protons
emitted from a liquid hydrogen target. The target was bombarded by
bremsstrahlung and electrons from the Stanford Mark III Linear Accelera-
tor. The emulsion was area-scanned for scattering events; no evidence
of 1e:‘ft~right séarming bias was found. The polarization was calculated
from the observed sca.ttering distributions by the method of maximum
likelihood, using values of the aﬁalyzing power of emulsion obtained at
Harwell. Large polarizations wei-e found, 56=* 14 per cent at 585 Mev
and 58 £ 19 p‘el" cent at 660 Mev; the 660 Mev value becomes 51 + 14
per cent if events found in scanning by different methods at Rome and at
Padua are included. The polarization is in the direction k x p, where
k and | P ar"e the momentum vectors of the incident photon and recoil
proton, respectively. The results are in agreement with measurements
made elsewhere. It is shown that the polarizations and angular .distri-'
butions observéd in this reaction are consistent with the choice of odd
pa.rity‘i for the second pion resonance, but are not consistent with the

choice of even parity.
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I. INTRODUCTION

Since the disc0very of the pi~mesons somewhat more than a
decade ago, the interactions between the pions and nucleons have been
widely studied, most often by the scattering of pions from nucleons
and the photoproduction of pions from nucleons by electromagnetic
radiation.

As pion and photon beams of higher energy have been avaii-
able, the pion-nucleon interaction has been found to be surprisingly
complex, indicating that a full understanding of the strong interactions
may be more remote than was hoped ten years ago.
| ‘BOth> the scatteriﬁg and photoproduction cross sections show a
striking depeﬁdence on the energy of the incoming pion or photon.
Sharp maxima in the cross sections occur when the total energy in the
center yof mass system is about 1. 25, 1. 55, or 1.70 Bev, and a fourth
broad maximum has been observed in the pion—proton scattering at
about 1. 9 Bev., (1-17) -

| The first maximum appears to arise from a resonant interaction
of meson and nucleon in a state of total isotopic spin 3/2, total angulaf
momentum 3 /2, and even parity. The photoproduction is excited by
magnetic dipole radiation. Strenuous effort has resulted in a modest
theoretical understanding of the first resonance, in that the quantum
numbers of the ‘res‘onant state may be derived from first principles,
and most of the cross section data can be satisfactorily fitted. (18-21)

A fundamental theoretical explanation of the higher maxima will

certainly require an understanding of the interactions between two or
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more pions. Even,a pheno,lfnenological interpretation of the maxima
haé' not yet been obfained. ‘Attemp‘ts have been made (22, 23, 24) to
interpret the fﬁaxima'as :g-ésonances in definite quantum states, but
né fesonénce’model has been shown to be consistent in detail with the
observations. /

" The r¢0011 nucleon from photoproduction or scattering may be
polarized even though the beam and target are not. Measurement of
thé polarization, however, requires .high'intensity, so that few usefﬁl
measurements haVe been rﬁade. The experimental difficulties have
gradually been reduced by the development of higher-intensity acceler-
ators and of experimental techniques, so that extensive polarization
measurements are beginning to contribute to the understanding of the
photoproduétion process at high energy. It appears that the measure-
ments will .prove particularly useful in determining what quantum num-
bers can be assigned to the higher maxima if they are to be interpreted
as resonances in definite states.

" A certain amount of information has already been gained from
measurements of the total cross sections and angular distributions in
photoproduction and scattering. - Although the maxima at 1. 55 and 1, '?0
Bev c.m. are observed in the scattering of negative piong in hydrogen,
they are not seen in the scattering of positive pions, so that both maxima
appea.r to arise from an interaction in a definite charge state, with |
totalrisotop.ic spin 1/2. The magnitudes of the total photoproduction
cross sections also indicate the same assignment. Near the energy of
the secohd maximum, the angular distrvibution of photoproduced neutral

 pions-is consistent with production in a state of total angular momentum
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3/2, by dipole ‘ra_diation. The parity of the state (that is, whether the
exciting radiation is electric or magnetic) cannot be det;srmined from the
angular distribution alone, since the shape of a pure multipole distri-
bution.is independent of the parity. (25) Interference effects do depend
Oon the parity, but are small and poorly determined in the n° distribu-
tions.

R. R. Wilson at Cornell originally proposed that the second maxi-~
ma was in fact a resonance with the same angular momentum and parity
as the first: unit orbital angular momentum and even parity, excited
by magnetic dipole radiation. (22)

However, R. F. Peierls pointed out that the parity assignment
made by Wilson leads to difficulty in explaining the energy dependence
of the anguia,r distribution of photoproduced positive pions, He con-
“cluded that if the second maximum were indeed a resonance, its parity
must be odd. (23)

An experimental test of this conclusion was proposed by Sakurai.
(26) The nucleon which recoils when a photopion is produced is polar-
ized if at least two multipole amplitudes with the proper spin dependence
and phase relation interfere. However, no polarization will be obsérved
.at 90 degrees in the center-of-mass system unless two or more states
of 0pposite' parity are present. Sakurai pointed out that the Peierls
model, in which the first two resonant states have opposite parity, pre-
dicted largé polarizations, perhaps as high as 80 per cent, at 90 degrees.
He argued that the measurement of the polarization of the recoil proton
from the photoproduction of neutral pions should lead to an unambiguous

result, because the non-resonant production, a confusing factor, is
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smaller in the néutral photoproduction, and bécause the protons recoil
in ‘,the laboratory with ah‘ energy at which their polari,zat;ion. may be found
by measuring the asyrﬁmetry in the elastic scattering from complex
nuclei,

The experiment to be described here is one of several which
were undertaken at various laboratories in order to test the predictions A
of Peierls and Sakurai. The first measurement to be reported was
thzit of Connolly and Weill, at Cornell, using nuclear emulsion as a
polarization analyzer; they obtained a polarization of about 30 per
ceﬁt at 90 degrees c.m. and at a laboratory photon energy of 550 Mev,
but with a large statistical uncertainty. (27, 28) Subsequently, P.
Stein at Cornell reported counter measurements with a carbon analyzer
of the polarizations at 90 degrees. He obtained values of 59 = 6 per cent
at 700 Mev, 30 + 12 per cent at 550 Mev, and 9 £ 9 per cent at 900 Mev.
His values represent averages over.a photon.énérgy interval about
150 Mev wide, (28) A more éxtensiye series of measurements, similar
in principle to Stein's, is being made at Frascati by R. Querzoli and
G. Sal;fini.

'In the present experiment, nuclear emulsions were used as a
polarization ‘analytzer, and were exposed to a magnetically analyzed
beam of protons recoiling from a liquid hydrogen target. The target
was bombarded' by electrons and by bremsstrahlung from the Stanford
Mark III Liiiear Accelerator. The protons, most of which come from
either -the photoproduction or the electroproduction of neutral pions (a
process very sbi‘r‘nilav,r to photoproduction) scatter in the emulsion.

Because the protons are polarized, the scattering to left and right is
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not symmetric, é.nd from the magnitude of the asymmetry one can deter-
mine the polarization of the proton beam. Nuclear emuilsion has been
previously calibrated as a polarization analyzer by measurement of

the scattéring asymmetry with a beam of known polarization. (29, 30)

A large degree of polarization, as predicted by Sakurai, is in
fact observed. Ata photon energy of 585 Mev, at 86 degrees in the
center of mass system (pion angle) a polarization of 56 * 14 per cent
is found; at 660 Mev, at an angle of 77 degrees, the polarization is
58 + 19 per cent. Scanning of the emulsions in the latter exposure
was carried out partly at Caltech, and partly at Rome and Padua.

- The result quoted was obtained from the Caltech data only, and there-
fore has a large statistical error. Combination of the Caltech data
with the data obtained at Rome and Padua yields a result of 51 & 14
per ‘cent for the polarization at 660' Mev., The polarization is positive
in the sense EX P, where .lf and p are tﬁe momenta of the incident
photon and recoiling proton respectively, in agreement with the other
experiinents and with the predictions-of Peierls and Sakurai.

The prediction of Sakurai has been criticised, (31, 32) on the
grounds that an s-wave amplitude or the amplitudes of higher odd-
parity resonances could interfere with the even parity states present
to gi*;fe polarization at 90 degrees. Thus, if the second resonance had
even parity, as suggested by Wilson, a high polarization might still be
obéerved. b‘Close examination of these suggestions shows that the sign
and magnitude of the polarization predicted, at least by the simpler
models,v does not cqnsistently fit the observations, while the Peierls

model not only predicts roughly the observed peolarization with the ob-
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served sign and énergy de‘pendence,’ but also gives plausible ﬁts‘to

the angular distribﬁtion’sf ‘kThe fit to the ™ distributioﬁs can be im-
proved by including the s-wave amplitude which appears to be present;
,the effect of this addition is to reduce the calculated polarizations to
producé better agreement with experiment. It is not yet clear how
well the model.can be made to fit the angular distributions of charged
photopions.

| The same examination shows that a detail which Peierls found

troublesome, and which has been cited.as an argument against his
model, namely, the explanation of the smallus'ize of the fbrWard—
backward asymmetry in the T distributions, iks not a source of diffi-
culj:y at all, especially when s-waves are included. | Rgther, the size
~of the observed effect seems to be consistent with the predictions of
the fnodel at energies at which the third state is negligible.

Since strovng d-waves are also observed in the w tp scaffering,
with resonant-iik-e behayior of the phase shift for scattering in- the
state of total isotopic spin 1/2 and total angular momentum 3/2(8,9,33)
the conciusion that the second resonance is in;ie.ed‘ a resonance with
odd parity seems to be well supported. |

With only the presently available data it. seems impossible to
make any very definite statement about the third maximum, espepially
since the broad fourth maximum already appears to be important at. the
en;ergjr at thch the third occurs. The total angulé.r momentum of the
third state appears,to‘bé at least 5/2. (1%) High e/ne\rgy measurements
of the angular di‘stlfibution and polarization must be obtained before a

‘more definite assignment of the quantum numbers can be made.
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~II. MEASUREMENT OF THE POLARIZATION OF BEAMS OF

FAST NUCLEONS

The pdlariz.ation of fast nucleon beams is detected by the scat~
tering from complex nuclei, which shows asymmetries proportional
to the polarization of the beam. A thorough review of the subject was
given in 1956 by Wolfenstein. (34) The following discussion is partly
based on the portioris of his review which are useful here.

A scaﬁ:ering is described by the relative momentum vectors
pl,,and 2 of the two colliding particles before and after the coliision,
-STnce,then—;ffecf of the spin of the target nuclei has been found experi-
mentally -to be very small, the discﬁssion may bhe limited to the case
of spinless targets. In this case, the most general non-relativistic
scattering émplitude which is invariant under space reflection has the

form

£(0) + g(®)o - n

whéi‘e 0 is the scattering angle, i is the Pauli spin operator for ther
nucleon, and n ié the normal to the scattering plane, a unit vector in
the direction of p; x p, . If the beam has polarization P along a
direction p, so t-l:é.t _<—;r_> = Pﬂ, the scattering cross section is found to
he

do 2., 2 ‘ *
ol [£1% + Igl® + 2PRe(f g)n -

Qr

G =o(0)[1+ a(0)Pn - p]

where ¢(0) is the scattering cross section for an unpolarized beam. If
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the beam is completely polarized, the scattering asymmetry e observed
by two ideal counters placed in the plane normal to the direction of
polarization at equal angles O to the left and right of the beam is equal -

to a(8). The scattering asymmetry is defined by

e(8) = Number of left counts - Numiaer of r%ght counts
Number of left counts + Number.of right counts
If the scattering is elastic, invarié.nce 6f the process under time reversal
requires that a be also the polarization of an unpolarized beam scat-
tered at angle 6.

The parameter P and the function a are measured experim,eﬁ—-_
Vt_a.lly as follows: an unpolarized beam is scattered twice from the same
target material at the same angle. After the first scattering, the
nucleons s’c’attered elastically at angle © have polarization a(6) in
the direction normal to the scattering plane. After the secor;d scattering
m the same plane, the asymmetry in the elastic scattering at the same
angié ® measured from the polalrized beam is e = o.Z', sothat a = ;l-_e,l/z.
The de'.tectoi' enefgy resolution must be kept small, so that predominantly
elastic scatters are counted.

After the beam polarization has been determined in this manner
the second scatterer may be replaced by aﬁy desired target and measure-
men‘cé of elastic or inelastic scattering made at otherbangles.‘ The energy
of the beam m.ay be reduced by an absorber without degrading the polari-
zation. |

Polarized beams with energies of the order of a few hundred

Mev have been produced at a number of cyclotron laboratories. The
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s’caftering of pfot»ons and also of neutrons froin. a variety of targets
h’als‘been.studied at a number of enérgies. (34-49) A,vt’eLnergi‘es greater
than 150 Mev St‘rbng polariZé,tions, exceeding 90 per cent, have been
obtained at some angles. The scattering cross sections and asym-
metries show maxima and minima which corr’e spond to the maxima
and minima of fhe diffraction‘scattering, depending roughly on the
quantity Z2kR sin 0/2, where R is the nuclear radius énd k the wave
_ number. For protons, the polarization in the first diffraction peak is
reduced at small angles because the Coulomb scattering dominates the
spin-dependent scattering. The Coulox;rlb effect also reduces the polari-
’zatioh in scattering from targets of high atomic number. The polariza-
tion decreases at energies below about 130 Mev and becomes quite small
below 100 Mev. (34, 35)

| The asymmetry in the inelastic scattering from low-lying nuclear
levels is essentially the same as in the elastic scattering. However,
- it decreases fnore or less linearly with the excitation energy of the
'tar‘g‘et 'nuCIé'us* becoming small when the excitation éne;"gy reaches
30 Mev.(42, 43, 44)

- The sign of the polarization, measured absolutély from the
scattering of slowed prdtons i\n helium (45) is uniférmly the same;, in
the following sense: At angles within the first diffraction maximum,
nucleons with spin up scatter 'preferentially to the left as one looks along
the directiéﬁ of motion of the unscattered partiélés,

As ari' exampl'e, measurements obtained at Harwell of the ésym—,

metry in the scattering of protons from silver and carbon at about 135 Mev
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and from nuclear emulsion at 143, 115, and 91 Mev are shown in figs. 1 -
and 2. The measured asymmetries have been corrected for the polari-
zatién of the incident beam. (35, 30)

The measurements are usually made in the manner described
above; a highly collimated polari’zed beam is incident on a thin foil,
and narrow counters ‘are located at precisely equal angles to the left
and right of the beam. The angular tolerances are of the order of a few
minutes of arc (35) because the single scattering cross sections decrease
exti'emely‘rapidly with angle. The cross section for silver de~
éréases - by about a factor of 10 in the interval from 5 to 10 degrees.
To avoid spuripus asymmetries, it is therefore essential that the left
and righf counters be at equal angles fi-om. the beam center; the beam
must be very well defined in angle, and s.ymme‘tric.' Resolutions of a
fraction of at.Mev in energy and a fraction of a degree in angle are
common; beam intensities are so high, however, that the statistical
uncértainﬂes in published measuréments‘ seldom exce{ed 3-5 per cent.
Both elastic,band inelastic scattering havé been studied.

The effects of angular misalignment of the two-counter system
.have been successfully avoided in some experix;n.ents (46) by use of a
magnetic field along the beam to rotate the particle spin first to one-
side and then to the other, so that in principle only a singie counter
need be Aused.

These precise double scattering experiments m.é,y be regarded.
' askc,alibrations of the targét ma.teriais as polarization analyzers for

proton beams of a given energy, so that one may refer to the function
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a(6) as the analyzing power. If the analyzing power is known as a

function of angle, energjr and energy resolution, there are at least two
metﬁods by which one. caﬁ_ measure the polarization of a proton beam:
' (1) - Counter systems can be s;et up in a fashion alreé,dy described
to left and right of the beam, and the left and right counting
: fatés compared.
(2) A visual detector (bubble chamber or emulsion) can be used

to obtain a sample of the angular distribution

%% = o(6)[1 + Pa(0)n- g

of the scatters in the detection medium; the polarization P may

then be estimated from the sample by statistical analysis.
In ‘the present experiment the second method was applied to estimate
the polarization of thé photéproton beam from the reaction y+p — ﬂ'o-l"p
by analysis of the angular distribution of scatters observed in nuclear
emulsion.

'Not all scattering angles contribute equal statistical weight to
the polarization measurement. At small angles the analyzing power is
low; at large angles the scattering cross section is low. It seems useful
to sEoW how one may arrive at an estimai’:e of the relative utility of
different analyzing méterials and the relative importance of different
angles.

One may define an effective number of counts Ne so that the
statistical variance of the polarization is 0'2== l/Ne. The maximum likeli-

hood theorem may be used to show that for a large sample the expected



14~

v'alue‘ of N, is, from a target of atomic weight A and thickness

pt v'g'rams/ cmz bombarded by an incident flux I,
2_pt , 2 2 -1
N, =1/ "“Px I_N_\ o(6)a“(6)cos“¢(L+ aP cos ¢) €(8, $)dQ

where cos $=n- p, dQ =sin 6 d6 d¢, €(6, ¢) is the detection efficiency
and No is Avogadro's number. The other symbols have the same
meaning as above.

The integrand has the dimensions of a cross section. A useful

quantity, to be called the analyzing cross section, O'e( 8, ¢), may be ob-

tained by adding the integrahds for "left" (cos ¢ < 0) and "right" (cos ¢> 0)
" scattering, assuming unit efficiency. The analyzing cross section is
proportional to the number of effective counts obtained from each pair

~of corresponding elements of solid angle, and is determined as follows:

c(@)u.z(e)coszé
1~ aZchoszé

o (6, ¢) =

If aP is srgiall, often the case in practice, a useful approximation to

the analyzing cross section is
o_(0) ~ o(8)a’(B)cos 4

This function éetermines the relative importance of different angles.

In fig. 3 the values of o.(e) and O‘(S)az( 0) are plotted for protons
on silver and carbon, using the Harwell data at 138 and 135 Mevw.
(35) The maximum values of the analyzing cross sections are seen to

be about 2 barns per steradian for silver at 5 degrees and 0, 08 barns
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per steradian for carbon at angles from 5 to 12 degrees.

Another uSeful quantity is the ratio of effective counts to total

counts:

Ne . Jot0)3%(0)cos? e(0, 9)a@

N Jo(0)e(0, ¢)aQ

The integrals are taken over the range of angles accepted in the experi-
ment. For a visual detector, if all azimuthal angles are accepted with
unit efficiency, the average becomes

Ne 1 Jo(e)a®(e)sin 6 de

N © Z 7 [o(6)sin 6 d©

Since the number of effective counts is determined by the statistical
accuracy required, the total number of counts varies inversely as ‘the
mean square a’nalyzing power.

: Thé material which provides the largest number of effective
counts for a"given incident flux and target thickness in gr::mas/c:m2
(essentially, that lis, for given energy loss) is that which has the largest
vé.lue of c(e)a. 2(E))/A, integrated over the angular interval acéep’ced. To
choose the optimum material fof a given experiment one must consider,
of course, the limitations imposed by multiple scattering, inelastic

scattering, and the sources of spurious asymmetry.
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1L NUCLEAR EMULSION AS A POLARIZATION ANALYZER
' FOR 150 MEV PROTONS ‘

AltHOugh.nucléar emulsion might at firsi: seem inappropriate as
a scatterer-detector for polarization analysis, because of the large
arﬁounts- of scanniné time required to obtain a sufficiently large sample
of scai;.ters, _ther.e are several features which make its use for measure-
ments like the presént one attractive., When beam intensities are low,
the design of a counter experiment must Compromise energy and an-
gular resolution; the elimination of systematic misalignments becomes
increasingly difficult. To minimize the effects of experimental asym-
metries, a light element is generally chosen as the scatterer, because
the elastic analyzing power is somewhat higher compared to the heavier
Aelements; however, the elastic cross sections are lower for the light
elements, and the inelastic scattering (of low asymmetry) is higher
relative to the elastic, a significant factor if the energy resolution is
not narrow (of order 10 Mev). |

In sﬁch a situation, emulsion has‘three advantages. First, the
effect of angular misalignments and multiple scattering can be élimina-
ted if the scatters are measured directly. Second, the scattering process
f“occurs_with a high cross section, so that the effective counting rate per
incident particle is higher, as shown by the size of the analyzing cross
section fof‘silver in fig. 3; a 1arge solid angle is accepted and the
evff'ective target thickness can be made larger. Third, the corrections
for inelaétic scattering are SIi;la,li, which becomes importént ifthe experi-

mentally accepted energy/interval is large.
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The effect of ineia'stic scattering is appreciably larger for the
light elements thé.n’for the heavy. The cross sections for inelastic
s‘cfatfering have ‘been measuljed at Uppsala, Harwell, Ro;:hester and
'Harva-ljd. (40, 41, 47-51) From these cross sections V. Z. Peterson
has estimated that if scatters with energy losses up to 50 Mev are
accepted, 35 per cent of the scattering from carbon at 135 Mev at an
angle of 15 degrees occurs with an energy loss greai:er than 10 Mev.

The fraction is 50 per cenf at 180 Mev. If one scales angles invei‘sely
as the nuclear radius, the corresponding angle for silver is 7. 2 de-
gfees; but with the same energy resolution, only about 5 per cent of

~the scattering from silver at this angle displays an energy loss greater
than 10 Mev. These estimates, which are considered reliable to per-
haps 30 per ‘cent, are consistent with direct measurements of the energy
losses made in the Pisa propane buioble chambér and in emulsion in the
course of the present experiment.

Because of the need for controlling the sources of spurious asym-
metries in th’e counter experiments; the target and detectors must subtend
small solid angles, with the result, for examplé, that appreciable frac-
tions of the running time of major accelerators have been devoted to the
measurement of the polarization of the recoil proton in neutral photopion
production. Ifb the intensity problems are not severe, however, the
rapidity of the counter method in data gathering outweighs the advantages
pos ses‘sed by emulsion, since there is then no need to make experimental
compromises. It is‘ also possible that the use of an axial magnétic fielé‘l
”cvo‘prefce's s the nﬁcleon moment might offer important advantages in

making a counter measurement with a low beam intensity.
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Even Whgn it appears that the counter method will eventually
be 'f:he best, emu;sion is useful for making exploratory rﬁea'sureme'nts,
1be‘cat;ise its simplicitir' makes it possible to set up an experiment rapidly,
aﬁd becaubse the high effective yield (analyzing cross section x solid

-angle x target thickness) means that the exposure time will be short
compai'ed to the time required to make the same expldration otherwise.

After discussing the experimental information available on the
calibration of emulsion as a polarization analyzer, it will be possibie
to give estimates for the scanning time required to obtain a given level
of significance, using present scanning methods.

In principle, one should be able to compute the analyzing power
of nuclear emulsion from the analyzing powers and scattering cross
sections of the pure elements from which emulsion is made. However,
the polarization and cross section data are incomplete; in particular,
no measurements have been made on bromine, nor have any detailed
measurements been made on any element close to bromine in the peri-
odic table.

Nﬁclear emulsion is a less obnoxious té.rget than bromine, and it
can be calibrated directly iay the counter technique, using a cyclotroﬁ—
produced beam of known polai'ization.

The first measurements were niade by direct scanning of emulsion.
It waé orig‘inal’ly shown by J. I. Friedman that nuclear emulsion /couldk
be used to énalyze the polarization of 300 Mev protons when scanned by
the conventionalztrack following technique. (52)

In the energy region of interest here, the first measurement of
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the analyzing ’po‘wer of eﬁulsion was that of Feld and Maglié at MIT,
who exposéd pellicles to the 150 Mev ioolarized proton bebam'of the
Harvlard Cyclotron, (29) Their resvults are shown in fig. 4, which is
taken from their paper. The measurements were not made by direct
observation of the scatter, but by counting the numbe’rs of tracks found
at equal projected angles to the left and right of the beam direction at
a depth of about 2 cm in the emulsion.

Comparison of the Feld-Maglié results with the more recent
counter measurements of J. Rutherglen, made at Harwell,, and already
given in fig. 2, shows an appreciable disagreement at small angles,

‘by almost a factoi of two at some angles. (30)

The counter measurement agrees with estimates of the analyzing
power of emulsion obtained by combining the Harwell data for silver
and carbon, assuming that silver bromide scatters more or less like
" pure silver. The agreement between the data and the estimate (smooth
curve in fig., 2) is seen to be about as good as one might expect. It is |
worth noting that Rutherglen was able to repeat the previous Harwell
méasuremen’cs on silver and carbon, using the same épparatus employed
in the emulsion measurements.

In contrast, the small angle values of the analyzing power ob-
tained by Feld and Magli€ do not seem to be consistent with any plausible
estimate of the analyzing power baéed on measurements on the pure
elements. Not even the light nuclei have analyzing powers much larger
thaﬁ 0.5 at angles near 6 degrees; the behavior of silver and carbon,
shown in fig. 1, is typical of the medium and light elements, respectively.

The conclusion that the MIT results are invalidated by deficiencies
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in experimental method irlas been supported by measurements made in
‘the course of the iﬁreserit experiment. The details of these measure-
menfs are discussed in ;Ai)pendix I; it is concluded there that the
effectsv of multiple scattering and of experimental angular misalign-
ment(s must héve been underestimated by Feld and Maglié., It seems
clear, -therefore, that their values of the analyzing power must be
regarded as incorrect. On the other hand, the agreement of
Rutherglen's counter measurements with previous Harwell data indi-
cate that they are essentially right, and represent the most satisfactory
calibration of nuclear emulsion currentlyavailablej'the statistical uncer-
tainties are quite small (about 2 per cent) at the most useful ehergies
and angles.

This calibration may be used to estimate the effective counting
rate. Using the formula given for the ratio of the number of effective

counts to the number of actual counts given in the previous section,

Ne  Je(8,9)0(8)a’(8)cos?p ag

N [e(0,)0(0)a

the values of the analyzing power of emulsion for 143 Mev protons, and
an estimated scattering cross section obtained by combining these for
silver and carbon, and assuming that scatters with all azimuthél angles
are detected with unit efficiency, one obtains the following ratios for

scattering into the intervals of scattering angle given:

Scattering Angle Interval | N, /N

"30-.zo° , 0. 065

6° - 20° 0.10
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To obtain a polarization measurenﬁent with 10 per cent statistical con-
fid,é.x;ce, therefore, aboﬁt 1500 and 1000 counts are required in the
réspective -i’nteirVal_s’. In the present experiment it has been found that
an Vobs_erv'er'can’ find slightly less than one event per hour, on the
av‘eragé, in the 3° - 20° interval, so that roughly 2000 hours of scanning
are re'quiré.d to make a 10 per cent measurement.

Improvements in the counting rate can probably be made by care-
ful thimization of the exﬁosure conditions, depending on the scanning
method used; but it does not éeem possible at present to improve this
rate by much more than a factor of two without sacrificing the advan-
tages of the emulsion method.

| To summarize: As a polarization analyzer emulsion offers the
advantages of freedom from systematic errors and high yield per unit
exEorsure time; it suffers from the disadvantage-that the analysis time
is long., The advantages outweigh the disadvantages when beam inten-
sities are low enough to make the cost of acceleréﬂ:or 'time relative to

scanning time an important factor.
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IV. EXPOSURES AND PROCESSING

Stanford Exposm;es

Th‘e' m.easurerﬁ.ent of the polarization of the recoil nucleon from
photopion production involves severe intensity problems because the
nucleons are produced by a process of small cross section and then
must be scattered from an analyzer. To avoid contamination from
multiple pion produétiion, the electron beam energy must be kept low;
synchrotron bearﬁ intensities are lower at low energies.

The Stanford Mark III Linear Accelerator operates in the energy
region of interest; exceedingly intense bremsstrahlung beams may be
obtained. (53) Although the bearﬁ pulse is so,short that many types of
counter experiments are impossible, this lizﬁitati_on does not affect
nuclear emulsion, at least in the same way. ( |

The exposures whose analysis is the subject of this thesis Wez;e
made by Dr. J ert‘)me Friedman and Dr. Henry Kendall of Stanford
University and Professor Vincent Peterson, as follows:

The électrbn beam of the Stanford Linear Accelerator passed
thrgugh a 1 mil aluminum window in the irjiaéuﬁmzpipei-whi:c}hvwa‘s i15" inches
long and struck a coppér radiator 11 milsyz‘, or 0, 017 radiation lengths,
thick. The electron beam and the ga;mma ray beam produced by brems-
‘strahlung inthe copper both irra‘diated a ;Liquid hydrogentarget 8 inches long
and one inch in‘ dkiazbmete‘r ; the target cell was made of 1. 2 mil stainless
‘steel. The target was surrounded by an aluminum heat shield 0. 25 mils
thiék, é,nd by a cylindrical vaéuum wall 20 inchés in diameter. Except

for the inc oming vacuum pipe and the exit window of 1mil aiuminum, the
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vacuum walls %were of 5 mil Mylar. |

Charged particles coming from the target were énalyzed by
the 36—‘inch 180 degree dogble-focusing magnetic spectrometer des-
cribed by Hofstadter. (54, 55) Thé particles passed through two inches
of ‘é,ir, the 5 mil Mylar windows of the spectrometér vacuum chamber,
and were collimated by the' “lead entrance slits before entering the
spectrometer gap. The slits were 26 inches, and the gap began at a
distance of 36 inches,from the center of the target. The rectangular
op‘enihg‘fof the slits was set to 1 inch in the horizontal plane and 3 inches
in the vertical plane, except in early runs where the vertical aperture
was 4 inches. A plan view of the target arrangement and the spectro-
>meter and the 'spectro@eter entrance is shown in fig., 5.

The particles leaving the spectrometer were focused onto the
emulsion stack, as shown in fig. 6.

Before the exposures were made,a sodium iocdide counter was
placed at the exit of the spectrometer. The electron beam was moni-
tored With a Faraday cup; (56) the magnét current was the same as
that used in the actual exposures. Proton counting rates were ndeasured
with the 'éarget full and empty and the entrance slits open and closed.
The counting rates with the target’e‘mpty/wei'é essentially the same
whether the slits were open or closed,aﬁdf’wezre at most 5 per cent of
the co;mting rate when the slits were épgn and'the targét full., After
the backgrobund runs, the Faraday cup was replaced with a secondary
emission monitor. ‘;(57) )

T‘he emulsion stacks were held ‘between two half-inch aluminum

- plates by stainless steel pins; the plates fitted into a kéyed holder de-
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signed by; V. Z. P‘etez;sdn, who also assembled the stacks. The pel-
licles were ﬁumbered, and a corner was clippéd; the assembled stack
could. only be fitted in one way into the holder, so that no el;rors in
stack orientation could occur. Each stack contained approximately
60 pellicles of 400 micron Ilford K-5 emulsion.

. Exposures were made at several laboratory angies and several
beam energies, including a run with an empty target.

The maximum momentum which could be focused by the 36 inch
speétrometer, about 550 Mev/c, was not quite sufficient to reach an
angle of 90 degrees in the c. m. system at each photon energy. At the
field strength corresponding to this value of the momentum, the pole
tips are partially saturated, and the region where ideal double focusing
occurs is radially only about two inéhes wide. (54)

All of the exposures analyzed here were made with the magnet
current set so that the ?.:entral momentum was 540 Mev/c; according
to thev momentum-~current calibration uséd at Stanford. The absolute
calibration il'sb known to 1 or 2 .per cent (58). |

The electron beam\energies and 1é,boratory angles of recoil,
and the corresponding pion center of mass angles, laboratory photon

energies, and electron charges delivered are given in the following table:

Lab Electron

Slit Electron  Lab C. M. Photon Charge
Aperture Energy  Angle Angle Energy Micro-
Stack Inches Target Meyv Degrees Degrees Mev coulombs
A 1x4 Full 650 43.5 86 585  ~1250
C 1x4 Empty 650 - 43,5 -- -- 380
D 1x3 - Full 700 47.7 77 - 660 3000
F

Ix3 - Full 650 43.5 86 585 2400
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Other exposures were made at photon energies of 450 and 520 Mev,
and..qne was made to\reéqil protons ffom elastic electroﬁ scattering.
These exposures have not been analyzed.

On the kinematics diagram, fig. 7, the boundaries of the
 angle and momentum interval are shown. Two different regions are
shown for each exposure; that based on the nominal value of the
central momentum and that based on the average momentum estimated
from the range of the protons in emulsion, which differs by aboﬁt 1 per
cent.

The electron beam energies were chosen so that recoil photons
from two-pion production were not ’accepted by the spectrometer; at
Both angles the angle reached by such protons at the maximum brems-
strahlung energy was about 2 degrees less than the inner edge of the
laboratory angle interval.

It was considered advisable to alloﬁr the electron beam to pass
through the hydrogen target, rather than to deflect it with a magnet.
Compatibility with other Stanford experiments required that the target
chamber be used without modification; it was not suited for use with a
deflected beam, since the deflected beam struck the chamber walls.
‘When the beam was deflected, the empty-target counting rate of particles
passing through the spectrometer was found to be about 15 per cent of
the fuil—target rate. |

Reéoil protons from elastic electron scattering were not ac-
ce pted by thg spectrometer unless the electron had previously lost energy
by radiation. Tiae (unpolarized) background from this source and from

‘electron scattering with soft photon emission is calculated in the section
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on Analysis.

The maximum thickness of radiator which coul;i' be used was
- also dictated by the target' geometry., The 11 mil thickness of the copper
| foil correspbnds to a radiation length of 0.017; a 20 mil radiator was
tried, but was found to produce additional empty-target backgroundy .
presumably by multiple scattering of the electrons into the steel walls
of the target cell. There was no provision for moving the radiator
closer to the target, inside the internal heat shield; besides, the
amount of heat generated in a radiator by the Stanford beam is gener-
ally large enough to make it desirable that the radiator be shielded
from the hydrogen cell. |

| The usé of such a thin radiator means that an appreciable
fraction (about 40 per cent) of the pions are produced in the electro~
production process e +p — g' +p+ 770, not photoproduced. The two
processes are similar; they are almost completely equivalent for for-
ward momentum transfer. The major effect of the glectropion process
is to smear the kinematics somewhat; the effect is discussed in detail
in the section on Analysis.

Because the proton paths are magnetically bent in a plane which
contains the proton spin, the precession of the moment must be con-
sidered. Including the relativistic precession, the moment rotates 3. 068
times more rapidly than the proton momentum vector; the rotation is
shown scheina_jica.lly in fig. 8. The approximate result is that protons
entering the magnet with spin up leave it with spin down; the detailed
effect of the focusing fields on the precession was taken into account in

the analysis, described later. .
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Harvard Exposures

Exposures were also made té the‘ polarized protén beam of the
Harx}ard cyclotron, throﬁgh the kind coop«eration of Professor Richard
Wilson. Stacks of normal, 2x dilute, and 4x dilute K-5 400 and 600
micron pellicles were exposed to the 144 &+ 1 Mev beam, 72 + 3 per cent
"polarized.‘ The beam was collimated by lead apertures to an angular

width of about 1 degree in both planes.

7 Prdcessing
» After exposure the emulsion pellicles were mounted on glass;
the orientation was verified while mounting. The plates were processed
ﬁsing the version of the standard temperature development technique
(59) ordinarily émployeci at Caltech for G-5 emulsion. The results of
processing K-5 in this manner were not entirely satisfactory; in some
of the processing runs a deposit of developed silver grains appeared at
the emuision-glass interface, causing an annoying reduction in scanning
efficiency. The cause of the deposi&;, whether chemical or other fog,
ié_ not well known; it has been found possible to avoid it by wiping the
emulsion surface thorqughly 'before applying the pellicle to the glass
slide, so that the plates processed later are free of the deposit. No
deposit of this type has ever been experienced with G-5 emulsion.
The Stanford exposures were processed by V. Z. Peterson and

H. A. Thiessen.



V. SCANNING

'fhe most sfraightférward, and the slowest, way to scan nuclear
emuléion for séétteriﬁg events is to follow each track a prescribed
disﬁan(:e, foliowing it from plate to plate., This method is very efficient;
séatterings with projected angle change as small as 2 degrees can be
seen vz;'it’h ease. For this reasén the method is generally used in
measuring scatterixig and interaction cross sections.‘ Because the
scattering is observed directly with high ’efficiency, the method is
éssentially devoid of left-right bias.

Unless ‘s‘pecial precautions are taken, the tr’ace-through time
is larger than the actual following time by an order of magnitude. The
rate may be raised if thve tracks are not followed from plate to plate;
the rate is fhen determined largely by the time required to record the
position of the tracks, so that after following one track the observer
may find the next. The rate obtained with either variation of the.
method depends on the factors which determine the average length
of track in zi single pellicle: the pellicle thickness, ¢ollimation in dip,
and multipie scattering. |

One may also scan the emulsion area by area, looking for events
of the desired kind. The demands on the attentivéne,ss, of the scanner
are higher, so that this method, although rapid, is less efficient than
the track follov#ing method. It is not generally used in cross section
measurements ﬁnless the event looked for is quite distipétivé, such as
a maﬁ?—pionged:sta@ or meson ciecay. The ai-ea'-scanniﬁg rate depends |

s trongly on the density of the events and their visibility.
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, ;The scanning method of Feld and Maglié (29), already des-
cribed briefly, was devéloped in an af.tempt to decrease inat;erially
the time i'equired to obtain a polarization measuremént of a specified
lével o_f significance, In their experiment, the incident polarized 150
Mev proton béam was collimated to about = 1 degree; the projected
angle of every track at a certain distance from the incident edge was
measured, and the distribution compared with that near the ecige,
Tracks deviating By more than 5 degrees from the incident beam
diréction were assumed to have undergone a single scatte‘ring; an
estimated multiple scattering contribution was subtracted.

With this method the scattering events are not observed directly,
ahd therefore the method is not easily freed of left-right bias; a princi-
pal advantage of emulsion is sacrificed for speed. The rate quoted by
Feld and Maglié corresponds to a track-scanning velocity of about 8
meters an hour, about 20-50 times faster than the vrates that can be ob-
tained va.rit,h the slower methods.

~ The Stanford exposures 'w‘ere originally designed to be scanned
by the Feld-Maglié method. An attempt to use the ﬁlethod was made by
V. Z. Peterson, but the i‘esults_obtained on Stack A (585 Mev) were
felt to be inconsistent; the sign of the asymmetry was opposite to that
éxpected. In Appendix I the Fe1d~MagliE method is discussed in detail;
it was found that the metho‘d was iﬂvalid at small angles. A sample of
tré;ks which deviated by more than 5 degrees from the beam direction
at 23 mm Weré traced back to the incident edge to determine their
history; 'only 15 _Per cent of them displayed a single scattering. It appears

~ easily possible that the asymmetry measured by Feld and Maglié was
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largely spuribus, so that it is not surpriéing that their values for the
analyzing power of nucléaf emulsion are implausible,

The method may be modified by following‘ back all wide angle
tracks, to eliminate the 85 per cent multiple scattering contribution.‘
Calculations presented in the Appendix show‘that this procedure (called
the ®follow-back® method) is also subject to systematic errors which
are, however, easier to control; the method is quite inefficient in
det‘ecting small angle scatterin'gs. ,

The pellicles were all mounted on glass with the same orienta-
tioin. It would have been more desirable to mount half of them upside
down, eliminafing systematic biases in the scanning process. It is
impossible to scan with the plates upside down, viewing the emulsion
through the glass, because of the limited working distance of the micro-
scope objectives.

In the circumstances, it appeared undes;lrable to analyze the
existing plates by any method which was sensitive to angular misalign-
ment; it Was>necessary, therefore, 7to choose between the track-following
and area scan methods. Track following without trace-through was
found to be slow, by a factor of two or more, compared to area scanning;
accordingly, the Stanford plates were scanned by areas using a proce-
dure designed to avoid a systematic tendency to select scatterings of
one sign..

Two of the exposures, Sta.ck F at 585 Mev photon energy, and
paft of Stack D at 660 Mev, were scaﬁned at Caltech by the area method
in the Inannei* to.‘ be described. The remainder of the 660 Mev exposure

was sga.nned at Rome under the direction of A. Manfredini and V. Z.
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Peterson, using the follow-back mefhod, and at Padua under the direction
of G. A. Salandin, by tfack-foilowing. The data obtained at Caltech

represents. about half the total,

Area Scan Procedure

- Before being mounted on glass the pellicles were printed with
a grid which consists of a lattice of numbers at'l mm intervals and
dots at 0. 5 mm intervals, arranged in a reétangular ‘coo::dina;te system.
The scanning was done under low power, * with a field of view 910
microns in diameter, wide enough to see the 500 micron square bounded
by four dots. The scanners searched alternately back and forth, moving
: ﬁorm.ally to the flux of tracks, approaching the same track many times
from each side. The emulsion was scanned to a depth of about 23 mm;
in some of the plates only the first 10 mm were scanned. The width of
the area was aajusted to include the regiori containing the most tracks,
~and to exclude the more spars‘ely—'propulated areas. Usually the area
scanngd was.'abo«ut 4 cm wide, containing about 500 to 700 tracks per
plate. | »

The oculars used were without a measuring reticle of any kind,
so that there was no line present to provide an angular reference. On
most Iﬁiates, the average direction of the tracks did not differ by more
than a degree ffom the normal to the motion of the microscope stage.

Most of the data was contributed by three observers, one of whom

*Objective, 22 X Oil Immersion; Ocular, 10 X wide field.,
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scanned ﬁith the plate réversed on the stage; five othei' observers also
contributed data. Each observer scanned with the plates always in the |
same position; it was decided that changes in the orientation ofk the
plates by each observer would lead to confusion and errors.

When a scattering was observed, its location was ’recorded.
After the area scan was completed, the scanners measured’the pro-
jected angle and dip before and after scanning, under higher power. *
The projected angle measurements were referred to the normal to the
horizontal stage motion, by aligning the reticle hairline with the line
of motion of the grains when‘the stage was moved. The dip of a track
was obtained by measuring the difference in optical depth between tv;fo
points ;Dn the track separated horizontally by the length of the reticle,
usually 140 microns, The depth of the focal piane can be determined
with an accuracy of about 0.5 - 1. 0 microns.

The scanners also‘méa‘sured the angle between thé stage motion
and the grid printed on tl;e pellicle, and the optical thickness after pi'o»
cessing of the emulsion. The accurééie’s of the measureménts were as |
follows: projected angle (including the error in setting the hairline)

0. 25°; dip angle in unprocessed emulsion, 1. 0°; grid-stage angle, O. 1°;
and thickness, 2 per cent.

At the time of measurement the grain density before and after
scattering was compared visually so that scattering with large energy
l loss could be eliminated; it is estimated that, with care, scatterings with

energy loss greater than about 30 Mev can be eliminated in this way.

*Objective: 53 X Oil Immersion; Ocular: 10X or 15 X.
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Events were elirhinated which did not satisfy certain angular
criteria; it was réquired that the incdming projected ’ang‘le be less
tha.nISO and that the incorhing dip be less than 12 llrnicr‘ons per 140
microns in processed emulsion, about 10° in unprocessed emulsion,
Events were recorded only if the change in piojected'angle was greater
than 30 and less than 200, and if the change in dip was less than 24
microns /140 microns in processed emulsion. Tracks whose grain
denéity differed visibly from their neighbors were also eliminated.
Meson tracks of the same ionization were readily detected by their
mult.ix‘)le scattering: noticeable wandering occurs in a single field
of view under high power.

At first the data of all scanners wé.s checked for errors in
measurement or fhe erroneous inclusion of events. It was later found
necessarﬁr to check in detail only the scanning of the less experienced
observervs. All data was carefully reexamined twice for errors in
récgrding or transcription,

About two~thirds of the platés of Stack D, exposed at 660 Mev,

and almost all of the plates of Stack F, exposed at 585 Mev, were area-
-gcanned at Caltech. Some of the Harvard plates were also écanned,
although the scanning was stopped when the analyzing power data of

Rutherglen became available,

Scanning Rate

The rate was found to depend strongly on the visibility and density
of the tracks and clarity of the plates. The deposit, already described,

at the emuision—glass interface of some of the Stanford plates (especially
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those exposed é,t_6610 Mev) decreased the rate and the efficiency. The
average rate on all plates was about 0. 25 cm2 per hour; allowing for
the density of tracks and the width of the area 3canned, this rate corres-;

ponds to a track-following rate of about 40 cm per hour.

Scanning Efficiency and Bias

If the scanning method is not entirely efficient, so that a certain
pei'cent,age of the scattering events remain undetected, it is possible
that the seléction inay be biased, that is, that there be a greater proba-
bility for the detection of a scattering to one side than to the other. If
‘the defection is not'biased, the difference of the efficiency from unity
affects the confidence in the value of the scattering asymmetry only
through the increased statistical uncertainty resulting from the detection
of fe§ver events,

The area scanning procedure just described is less efficient than
trac«k following; it is more difficult to pick events out of a confused field
of tracks than to detect 5 kink in a single track which is being followed
attentively. The efficiency of the technique is also sensritive to any im-
perfections which obscure the field of view.

The scanning procedure was chosen to minimize systematic bias,
Because of the random nature of the search, bias effects should be small:
any bié.s must come from a psychological tendency for tile scanners to
| seelleft-—handed rather than right-handed kinks in the tracks, or the
reverée.

The efficiency was measured by repeated scanning of about 15 per

‘cent of the 585 Mev'stack. The detection efficiencies were measured
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separately for scattering to the left and to the right, and found to be
equal within a small statistical uncertainty. The details of the efficien-

cy and bias estimates are given in the section on results.

Additional Scanning and Measurements

Energy loss in a sample of wide-angle scattering events was
measured by grain-counting the track before and after scattering, in
order to determine the value of the energy loss which resulted in a
visible change in grain density. ILosses greater than 70 Mev were
measured by finding the range of the scattered prong. A very detailed
study of the distribution of the energy loss was made by the Padua
group, so that it was not required that the measurements at Caltech
be extensive.

The grain counting was carried out by Mrs, Elaine Motta,
(usin’g a 100 X Objective and 10 X Ocular; the length of the reticle scale
was 60 microns. At least 400 grains were counted before and after
the scattering point. The measurem;ant of ionization by grain counting
is not entirely trivial at the range of ionization of interest; the grains
are so close together that they often join, Merely éounting the density
of the black blobs is inadequate; fhe blob density decreases both at
lﬁgh and low ionizations. At low ionization there are few grains, and
at high ionization there are few ga.ps. The maximum densgity occurs
© near the ionization of interest, so that the blob density is a very insensi-
tive measure of the ionization. The remedy is to adapt a coanvention for
handling oversize blobs; the technique must be calibratec, and its repro-~

ducibility investigatéd. (60) In the present measurements, any blob
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‘which filled nﬁore than c;ne small division of the reticle (0.5 mlcron)
was counted as more than one grain; the number of gra.ms assigned

to such a blob was equal to the number of divisions entirely filled.

The calibratioh was obtained by counting a number of tracks in the
plates exposed at 660 Mev; the technique was found to be reproducible
within statistics. The grain density-energy calibration obtained is
shown in fig. 9. The average slope is such that the counting of 400
grains before and after scattering enables one to determine the energy
loss to about 7 Mev.

During the scanning of some of the plates of the’kb585 Mev stack
(F), the scanners recorded all stérs; which had gray prongs that could
be confused with an incident proton. They also recorded the inelastic
scatterings recognizéd by a visible change of grain density.

The number of tracks per cmz entering the stacks waé measured
as a function of the position on the entering face. The track densiti'e‘s,'
were also measured in the plates of the hydrogen-out exposuré;; Stack C.

"The rﬁhgés of the stopping protbns werer measured in both the
Stanford and Harvard stacks. The absolute momentum calibration of
the spectrometer was known only to about 1-2 per cent, so that the
range dist’ribution of the protons provided a useful independent méasurg
of the beam momentum. |

As a part of the original attempt to use the Feld-Maglié sca;nning
method, the“ angular distributions in both projected angle and dip were
measured at a distance of 3 mm from the incident edge. ‘I’he most com-
plefe measureménts were made on the plates of the first 585 Mev expos -~

ure (Stack A). The measurements are consistent with a roughly rectan-
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guiar distribution Qf the incoming angles, Whése width is determined by
the angular width of the entrancé aperture and the angultar magnification
of the double-focusing magnet (1.17) obtained using the usual optical
theory. (61) Sample distributions at 3 mxm are shown in fig. 10; the
solid curves are calculated assuming a rectangular beam and Gaussian

multiple scattering.
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VI. ANALYSIS

| The analysis of the data poses two independent probiems. The
first is that of cérrectly determining the polarization of the proton
beam émerging from the double-~focusing spectrometer; the second is
that of determining how the measured polarization is related to the
polarization of the protons recoiling from 7° photoproduction: not

all of the protons came from this process.

A. Measurement of the Beam Polarization

Statistical Analysis

To estimate the polarization of theemergent proton beam one
may simply compare the number of scatterings to left and right,
dividing the computed asymmetry by a suitably constructed average
of the analyzing power over the chosen interval in angle and energy.

This proceduré, while simple, has several disadvantages. The
sc,a.ttei’ing distribution is multidimensional; the scattering angle, azi-
muthal angle, and the energy of the protons at the scattering point vary
VaﬁpreCiably, and are all measured for each scatter. The averaging
over all these variables produces a loss of information; furthermore,
the construction of the average analyzing'power requires that one
integrate over the three-~dimensional distribution, including the effects
of f:he detection efficiency and the geometrical factors required to con-
vert space angles to projected angles, The product of the detection
efficiency and fhe cross section must therefore be known as a function

- of the several variables. The calculation must be repeated whenever
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the geometrical or other criteria are changed; the data of different
groups scanning 1n different ways caﬁnof be directly ;:orhpa.rred.

These complications can be avoided by use of the maximum
1ike1ihood procedure. The method has four advantages: first, the
estimate _obtained is statistically optimum, in the sense that the
distribution of estimatés obtained from successive independent sam-
ples has minimum variance; second, the information obtained in the
maltidimensional measurements is not lost, or incorrectly averaged
over, but is all used properly weighted; third, the computations are
quﬁ:e simple; foqrth, the cross section and scanning efficiency need
not be known, . although: the efficiency must be unbiased.

The maximum likelihood method is frequently used to estimate
a parameter in a distribution from a very small sample, so that the
method is often regarded, with some Vjustification, as a device for
~drawing relié,ble conclusions from unreliable data. However, it is
to bé emphasized that the method is both powerful and convenient if
the samples‘ are large and multidiﬁensional; the minimum-variance
property is an additional dividend.

For the present purposes the maximum likelihood theore‘m can
_be stated as fqllows: Let f(xi;‘P) be a normalized probability distri-
bution of known analytical form in an m-dimensional random variable
%, (i=1,2,3,...,m) and an unknown parameter P. Let successive
sainplés Sk (k=1,2,3,...) betal%en‘, eé.ch sample containing n values
of the ym-dimensional variable Xy denoted by Xij (j=1,2,3,...,n).

o . 5 e
Then, if there exists any . estimate Pk of the parameter P from the

data of sample Sk which has the property that the distribution of the
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successive values of Pk has minimum variable, the estimate P

k

‘is unique, and is the vaiue of P which maximizes the likelihood

function IL{n, k, P) for the sample S, , defined by the product

k’
N ‘
L(n,k, P) = J']:lf f(xij;P) (xijesk)

The maximum condition may be stated as follows:

)
[é—f)log L(n, k, P)] =0

P= Pk

As the size of the samples increases (n — ), the distribution of the
estimateé ‘Pk ‘and the lik'elihood _function both tend to a Gaussian dis-

tribution whose variance is estimated from a given sample by

2_ ) |pog Link,P -1
([P los Limulo T

S .
oF P=P,
The theorem i’lOIdS 'if certain conditions of iegularity,;:vhich guarantee
the existenéé of a relative maximum of the 1ikeliflood function and the
existence of a minimum ?ariance estimate,are satisfied; a discussion
of these conditions and the proof a,fe given by Cramer. (62)
For a small sample, the theorem provides an estimate of the
| parameter P but does not give the distribution of the estimate to be
expected in successive samplings. It is usual to give a plot of the
likelihood as a function of the parameter P to show the simape of the
rhaxirﬁum. ‘Forilarge sainples, h’Lowevekr, the theorem is more power-

ful; the distribution of the estimates.is nearly Gaussian,
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Except in the simplest cases, the solution of the likelihood
equation

¥} ’

i
o]

.
P=P

s

fo‘r the estimate P  must be numerical. The solution is, however,
élwayé straightforward for.a large sample: the likelihood is nearly
Gaussian, its logarithmnearly quadrratic, and the derivative of it.s
logarithm nearly linear in P. Iterative solution of the likelihood
equation, almost a linear equation in P, by a succession of linear ap-
proximations (Newton's method) will in general converge promptly.
- The maximum can also be found graphically, although the former method
is better sp.itebd to machine computation,

In the present application one wishes to estimate the value of the

parameter P in a sample from the distribution

A

£(0, ¢, T;P) = €(6, ¢, T)o(8, T)[1 + a(6, T)P cos ¢]

where,‘ as before, €(8,¢,T) is the detection efficiency, assumed un-
biased, * 0(0, T) is the unpolarized cross section, a(8,T) is the |
aﬁalyzing power, and 0 and ¢ are respectively the space scattering
-angle and the azimuthal angle between the direction of polaﬁza’tion and
the nc‘>rma1 to the scattering plane. The logarithm of the likelihood
function for a s;ample of n values (ej’qu’ Tj)’ i=1,2,3,...,n, is

therefore

s

W

That is, €{0, ¢, T) is assumed to be an even function of cos ¢.
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n n

log L, :;‘ log e.0. + log (1 + Py.)
fow J ) A J
j=1 j=1

Vj = a(ﬁj, Tj)cos qu

and the condition for the maximum is obtained by differentiation:

n
8 log L . ;‘ Y - 0
, % - = |~
P lp.p =1 1+Py,
. j=1 E J

Notice that the unpolarized cross section and the detection efficiency
do not appear in this formula. The variance is determined by the next

higher derivative:

1 |8%0g L B Ys 2
o2 sp> . 1+ P
P=P  j=I Y

- Space Angles

" The use of these formulas involves the calculation, from the

measurements of projected angle and dip, of the space angles of scat~

tering: the scattering angle 0 between the ingoing and outgoing ﬁzomen-
tum vectors, and the azimuthal angle ¢ between the normal to the
sc'attering plane and the direction of polarization.

Scattering in emulsion is experimentally represented in terms
of the projected angles and dips before and after scattering, as shown
in fig. 11. The momentum vectors before and after scattering, Py and

p,, may be resolved into the rectangular coordinate system shown in

the figure; the rectangular componeﬁts of a.vector p are given in terms



-5]a

379NV d1d L
319NV Q3103rodd : 99

S3ILVNIQHOOD :NOISTAW3 NI ONI¥ILLIVIS  NOLONd
1l 34N914

\\ 3NV d NOISTNA 3

NOILOW

X+ 39VI1S’

dNV1d 1vOO04d

40 NOILOW
Z+

-~




-52-
of the projected ahgle Gp and the dip by
P, = P cos y sin Gp
: = p cos y cos O
P, =P Y P
p, =Ppsiny

The space angle of scattering may then be calculated by taking either

the vector or scalar product of the two momentum vectors:
sin 0 = lpl x le/plp?,
cos © = 31- 2/p1p2

The components of the normal to the scattering plane are the components
of P X_EZ/sin 0.

If the polarization vector p is fixed in space, the calculation
of cos ¢ = n - p is trivial, 'However, in the Stanford exposures, the
effect of the spin precession and the finite dip distribution in producing

a distribution of the polarization vector in space must be considered.

Spin Precession

In passing through the spectrometer the proton moment rotates
) . =’:<
Q =(1+ aE/m) = 3.068 times faster than the linear moment. (34) In
this formula, a is the anomalous part of the proton moment (1. 79 nuclear

magnetons);' E is the total energy and m is the rest energy of the pro-~

tons. The numerical value applies to protons of 540 Mev/c momentum.

*I am indebted to Dr. Carl Iddings for providing a short derivation of
this formula.. | |
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Measurements oﬁ the Stanford spectrometer show that the central
bending angle is 180. 7+ 0.1 degrees (58); the dip distribﬁtic_)ns in emul~
sion‘confir‘m; these me a,sﬁremen'ts within thé experimental error quoted.
The total 'preceséion angle on the central orbit at a momentum of 540
Mev/c is accordingly 554. 4 + 0.3 degr’ees,. 14.4 + 0. 3 degrees in excess
of 1.5 révolu.‘tiOns. (In fig. 8 the precession angle is schematically
represented as 540 degrees, or exactly 1.5 revolutions. )

~Since the polarization is transverse, * the moment is normal to
the pafh at the entrance of the magnet; a finite spread in dip (+ 3. 39)
was accepted by the siits, so that the distribution of the entering
Hmom‘ents had a similar spread. . This s/pread is magnified by the focusing
action and the precession; a proton which enters the mégnet with dip vy
leaves it with diﬁ My, where M is the angular magnification of the
double-focusing 1ens:. The total bending angle is therefore less than
the c’erﬂ:ral beﬁding angle by an angle (1 + M)y. Allowing for the initial
position of the moment at the entrance, the angle between the moment
at the exit arid the direction of the rﬁ:Om.ent on the central ray is found
to be [1-91+ M) v. The 'magnification M may be estimated using
the formulas given for a doublejfocu:sing lens system by Judd. (6l) For
the Stanford magnet, where the object distance is equal to the radius,
fhé computed x}alue of the angulér magnification is 1.17. It has already
been remarked that the magnet Waé operated at a rather high field

strength, so that there was partial saturation of the pole tips; however,

"A small longitudinal polarization, about 5 per cent at most, may be con-
tributed by the direct production process e~ + p—~e” +p+ 7°.
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the widths of the angular distributions observed in emulsion (fig. 10)
do not seem to diffe‘r greatly from thé widths predicted By the double-
focuéing theory. Assuming the theoretical value of the magnification,
therefore, one finds that the spread of + 3.3 degrees' at the entrance
of the magnet is magnified to a spread ofi 22 degrees at the exit, so
that the total precession a‘ngle lies between‘ 532‘ and 576 degrees.

The precession angle relevant to a given track can be calculated
from the dip observed at,thé entrance of the stack, if the double -focus -
ing formulas are assumed to hold. The exit dip, entering dip, and pre-
cession angle are uniquely ‘rela‘ted; having obtained the direction cosines
of the moment vector p, the factor n- p = cos ¢ is readily obtained. .

The dip observed immediately before scattering is not uniquely

-related to the dip entering the. stack, because of multiple scattéring,_
which produces a further spread in dip comparable to the entering
spread. To‘determine the dip at the entrance, it is necessary to tracé
the trackg back to the incident edge. The expenditure of the labor ré-

quired to tracé all the tracks did not appear to be justifiéd by the s?.ze
of the efféct; if the vector _Il is held fixed the scalar product n - &
varies by at most 20 per cent as the components of yu vary over the
allowed range.

- The factor n* p in the maximum likelihood formula for the
polarization was evaluated for each event using the conditional means

of the corn.pdnents of the moment vector, given that the dip and pro-

jected angle before scattering had the observed values. In this fashion
the correlation between the observed angles and the orientation of the

moment was included. The formulas used to calculate the components
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of the moment vector are 1isted and justified in Appendix 2; in deriving
them it was'assuﬁmed that the multiple scattering is G_auésian, that the
di»stfibutions of incident dips and projected angles were rectangular,
and that the optical parameters calculated from the double-focusing
theéry are sufficiently accurate.

' The interaction of the moment with the radial focusing fields

was also investigated, and found to be negligible.

Inelastic Scattering

Measurements m.ade at Uppsala of the analyzing power as a
function of angle and energy loss in scattering show that for the elements
studied, the analyzing power decreases i-bughly linearly with energy
loss, becohﬁng essentially zero when more than 30 Mev is lost. (42)
Scattering which excites nuclear levels lying only a few Mev above the
ground state displays an asymmetry similar in magnitude to thé asym-
metry in scattering from the ground state.

'The inelastic scattering is roughly isotropic and unifdrmly dis-
tributed in energy loss, unless individual levels are resolved; tﬁe cro‘ss

‘sections increase slowly with atomic number. The elastic scattering,
on the other hand, increases rapidly at small scattering angles and with
increasing atomic number. The possible advantage of using the heavier
elements as polarization analyzers has already been pointed out.

It is possible to measure the energy loss of each scattering
occurring in emglsion, either by grain counting, or--since the incident
beam was Ahighly.monoenergetic-—by measuring the range of the scattered

prong. A resolution of the order of 5 Mev may easily be obtained.
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If the energy loss is not directly measured, scattering with
enérgy loss greafer tha.ﬁ‘about 30 Mev can be elim:ina;teci by visual com~
pariéon' of the grain density before and after scattering.

A careful study of the inelastic scattering in the 660 Mev expo-
sure has been made at Padua, where the energy losses of 280 events
were measured. The results show that the ratio of inelastic to elastic
scattering is sufﬁciéntly small that the inelastic scattering can be ac-
counted for as a small correction to the data obtained in the Caltech
area scan, without measuring the energy loss of each scattering except
by visual comparison of the grain density before and after scattering.
The manner of making the correction will now be described.

The distributions in scattering angle and energy loss obtained
at Padua are shown in fig. 12. About half the Padua déta is included;
the data shown is represe'ntafive. The elastic peak manifests itself
plainly; the distfibution in energy and angle of ineiastic scattering ié
seen to be roughly uniform. To make the correction if was és,sumed
that the analyzing power decreases linearly with energy loss, bec oming
zero at an energy Eo" and that it is zero if the loss is g;'eater. It was
also assumed that the dependence of the cross sectiqﬁ on energy loss
;:oﬁld be expressed as the sum of the elastic cross section, a delta
function in eneréy loss, and a uniform inelastic spectrum. The analyzing

power and cross section per unit angle are then written

Q
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where o, is the strength of the elastic delta function, and o, is the

i
magnitude of the inelastic scattering per unit energy loss; a, is the
analyzing power in scattering from the ground state and the low-lying
levels included in the calibration experiment,

If energy losses up to a maximum value of Em are accepted,

the average value of the analyzing power is

E
[, ™ a(6, E)o(6, E)dE
a(e) =

[, ™M (6, E)AE

1 0iEo

A= O~ 7 5o E,
0 i"m

The parameters I, and oy were determined from the Padua data.

The elastic cross section per unit angle was taken to be proportional

to the number of events in the interval of energy loss 0 < E < 10 Mev',
and the inelastic intensity o, was taken to be proportional to the
average number of events per unit energy loss and per unit angle in the
interval 10 € E < 30 Mev. It w‘as assumed that the detection efficiency
was essentially unity at thé angles shown.

The maximum energy loss accepted in the area scan was takén
to be 30 Mev. The results of the measurements of energy loss by grain-
counting wide angle tracks, described previously, or by measuring
the range of the scattered prong, are sh‘own in fig. 13 (lower hisfogram).
No.event accepted in the area scan was found to lose more than 27 Mev.
Some scatters rejected because the grain density changed visibly upon

scattering were grain-counted; the smallest energy loss found was 15 Mev.
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A similar detei-mination (upper histogram) was obtained by identifying
events accepted in 'ihe area scan of the 660 Mev exposure at Caltech
Which were aléb detected at’Padua, where their energy losses were
measured; two events with an energy loss greater than 30 Mev were
aécepted, and several others rejected.

. Using the parameters derived from the data, supplemented at
wide angles by the elastic cross section estimated for emulsion by
V. Z. Peterson from the Harwell data shown in fig. 3, the following

correction was obtained:

6, deg. : Ao.o/ a, %
6 -2.0
8 ' -2. 4
10 -3, 1
12 . . =5.8
14 -11.2
16 -13. 8 Elastic Minimum
18 -12.5
20 -14. 6

The magnitude of the correction for a given sample depends on
~the angular distribution of the sample; thé correction to the Caltech

- data will be given .in the section on Results, The correction is quite
small; since only about 15 per c‘ent of the events found in the area scan
and used in the ‘é,nalysis scatter more than 12 degrees; in fact, the

statistical uncertainties in the analyzing power at wide angles are as

large as the correction.
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Data Reduction Procedﬁre

The 'calcﬁla.tion of the polarization was performed ip two steps:

First, the space scattering angle, the scalar product n . P, and
the kinetic energy at the point of scatter were computed for each event.
The angular factors were calculated in the manner outlined above, -
and the kinetic energy was obtained from. the depth in emulsion at which
the scattering occurred, using the range-energy relation published by
Barkas (63), allowing for the measured density of the emulsion. The
range of the protons disagreed slightly with the value predicted using
the nominal value, 540 Mev/c, of the incident proton beam. In the
stacks exposed at Harvard, however, the measured range agreed very
well with the range predicted from beam energy of 144 + 1 Mev; it was
therefore assumed that the momentum calibration of the Stanford spectro-
meter (known to about 1 or 2 per cent) was in error by about 1 per cent.
The incident momentum was taken to be 546 Mev/c.

Second, the effect'we analyzing power y = a(6, T)n+ p was
ca.léulated f;;r ea.c;h event and the maximum likelihood solution obtained
by linear iteration; the likelihood was then computed as a function of the
polarization to display the shape of the maximum. The analyzing power -
data furnished by Rutherglen (fig. 2) was approximated by a table in
the variable 6 . V ’]."/mc2 for each of the three proton energies (91,
liS, and 143 Mev) at which measurements were m,ade; The value of the
a.naiyzing power for each event wé,s found by interpola,tion.. At small
angles the 143 Mev data was supplemented by the Harwell measurements

on silver at 138 Mev (fig. 1) The decrease in the analyzing power at
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fhe two lower energies was estimated from the corresponding decrease
for carbon; the 1ow-energ§ analyzing power of carbon has been measured
'avt Ha;rwevll;, (36)‘ The values of the analyzing péwer used in the calcu~
lation are shown in fig. 14, except that the analyzing power was set to
zero at angles beyond GVT/mcz = 8, 0 degrees, furnishing a cutoff at
about 21. 5 degrees in scattering angle to the average energy of 130 Mev.
The effects of inélastic scattering and the uncertainty in the analyzing
power at wide angles and low energy were investigated by modi:fying
the analyzing power at wide angles.

The numerical computations were performed with the Burroughs
220 computer. Mr. H. A. Thétessen assisted in developing the programs.
Most of the data was prepared for the computer: either by Mr. Thiessen
or by Mrs. Nerys G. Wright. The preparation of the data \x;as thoroughly
checked for errors in recording or in translating the data to the form
accepted by the computer. After proofreading, the data for each plate
was summed as it was punched on paper tape; the sum was checkéd
after the tabe was read by the computer. The space angles program
was designed to use thé data in raw form as originally r'ec.ordc;d, without
preliminary processing.

Other programs were used to sort the space angle and energy
data into histograms, and to sort the values of the effective analyzing
power, y = a( G, T)n* p . Itis estimated that the cost of such simple

but tedious sorting operations is 20-30 times less if done by machine

rather than by yha;nd.
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B. OTHER PROCESSES

When the electron beam passed through the target a number of
récoil protons were accepted by the spectrometer which came from
processes other than the photc»pr’oduct'ion of neutral pions or the scatter-
ing of élecfromagnetic radiation (assumed to be negligible). One of
these processes was the direct production of pions in the reaction
e  +tp—>e 4 p+ 7°; also, protons were accepted which recoiled from
the Sc:atter‘ing of -electrons with soft photon emission, in the reaction
e + p— e +p+ y,' or from the elastic scattering of electrons which
had previously lost energy by radiation. The contributions from all of

these processes can, however, be estimated.

Electron Scattering

The croés section for the scattering of electrons from protons
with a point charge and point anomalous magnetic rﬁoment has been
calcxlléted by Rosenbluth in first Born approximation from the following
diagram, on which thé amplitudes for the emission,absorption, and
" propagation of the virtual photon are shown in Feynman's notation (64)

apart from a numerical factor:

v P
\

o of + SE(hd - 4d)
J ZZ

The electron scattering experiments at Stanford have shown that the
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Rosenbiuth formula corx;ectly represents the data if it is multiplied
by a form factor, which is a function only of the invariant four~momen-
tum, fransfer, to-té.ke account of the finite size of the proton. The form
factor for the &:harge and the Dirac moment seems to have the same
shape as the form factor for the anomalous rx;lom,ent, The radius of the
charge—mom.ent distribution seems to be about 0. 8 x 10™° cm. (54, 55)
The radiative correction to the elastic scattering,to allow for
iﬁelasfic emission of soft photons, has been caléulated by Schwinger
é.nd'by Schiff, (65, 66) The correction is in the form of a factor multi-
plying the Rosenbluth cross section, which depends on the experimental
energy res olution, and which gives the energy spectrum of the radiative
scattéring. The cross section and the correétioﬁ are given, in terms
of the laboratory angle and energy of the recoil proton, in the paper by
Tautfest and Panofsky. * (67) The radiative coz;r,evction factor ha,s the

following form:

A =2 {(logos - 3 llog (x4 L-2)+x+F] -1g-40(6)}

e

b - —
qm

where a is the fine-structure constant, % is the laboratory momen-
tum if the recoil protons from elastic scattering, and qm is the mini~

mum laboratory momentum accepted; ¢(0) is a function of the laboratory

~angle of recoil.

b3 N
There is an error in the formula for the Rosenbluth cross section in

this paper; the linear factor in the total proton moment p + 1 should
be squared. : » '



—66-

Ir; the present exiaosures the recoil protons from elastic scatter-
:‘Lng"were not accepted by the spéctronﬁ.éter: the elasti;: rheco»il momen-
tum ‘qe was above the upper limit of the momentum window, The con-
tribution which fell '#Jithin the narr owv‘winddw was estimated by multi-

plying the dériva.t’ivev of the spectrum factor with respect to S by the
width of the moméntum window and by the Rosenbluth cross section
and the séua;'.re of the experimental form factor. (54)

The number of,protons from the elastic scattering c;f electrons
slowed by radiation was cé;iculated U:sing the Rosenbluth cross section
and experimental forﬁ. )factor, evaluated aﬁ the incident‘ electron energy
~which produced a recoil accepted by the spectrometer. |

To compare the contribution from the scattering processes with
the contributions from photoproduction and electroproduction, the
number o'f useful protons per incideﬁt electron was calculated :tfrom, the
known radiation probability in the fadia.tbr, target windows, and liquid
hydrogen. The brems strahlung intensity ﬁom the copper radiator and
steel Window,é was computed using the thin~target spectrum deﬁved by

" Bethe and Heitler. (68) The r'a/diation in hydroge}n, comparable in mag-~.
nitude, wa.‘s determined from thev recent calculation of Becker, DeStaebler,
and Panofsky, based on the Wheeler-Lamb estimate of the radiation from
fhe atomic elec’tron’, (69, 70); |

+ The laboratory photopion yiélds per unit proton energy were ob-
 tained fr:om the data of Vette..(14) A summary of the details of the cal-
culétion of the relative contributions of the two elecfron«sca.ttering pro-
cesses is gi\}en'ih Table I. The contributions are expressed in terms of

the ratios of the yields per unit solid angle and per unit proton energy.
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TABLE I
' SUMMARY OF ELECTRON SCATTERING CONTRIBUTION
I. RECOIL PROTONS FROM PROCESS e  +p—e” + D+ y

A. ' Energy Distribution (Radiated Energy per Unit Energy) of Real and
Virtual Photons: kN(k)/incident electron

Stack Copper-SS Window erdrogen Electropion Prod.  Total
D 0.0173 0. 0080 0. 0144 0. 0397

F 00168 0,009l 0. 0164 0. 0423

B. vNumerica.l Results D F

1. Rosenbluth cross section xF> 9. 65 x107%% 7. 6x10732 cmz'/ster..
. 2. Radiative correction factor '
(per Mev proton kinetic 7 3 -3 -1
energy) ‘ - 1.60x10 0.98x10 Mev
3. Cross section x rad. corr. x :
electrons/photons per Mev 2.6 : 1.0 pb/ster.
4. Photon cross section
o D ax
do T
aﬁ;r aﬁ— -a'.—f].-, ’ v | i 28. 6 26. 2 p,b/stero

5. Ratio (3)/(4) 9. 0% 3. 8%
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TABLE I (Continued)

II. RECOIL PROTONS FROM PROCESS:

- =t
e +A—e +A+y Bremsstrahung

i !
e +p-~e +p Elastic scattering

Results:
SERRS | D
1. Electron energy: E -
To give acceptable scatter 620
2. Photon energy E - E 80
3. Ratio, electrons/real + virtual
‘ photons per Mev " 7.6
4, Cross section x FZ 0.134
5. dE/dT:f electron energy per
unit proton energy 3. 24

6. (3)x (45)1x (5) (cross section/photon. )‘3. 3

7. Pion cross secitiori (lab)

L3
520 Mev
90 Mev
5.3 Mev

0.112 pb/ster,

2. 79

1.7 pb/ster.

do 7 dk
..c.l_Q_,, & daT 29 26 " pb/ster.
S A '
8. Ratio 11.5% 6. 3%
III. TOTAL
e +p—e +pty 9. 0% 3. 8%
- St :
e +A~"‘>e +A+ Y 11. 5(70 60 370
_.’ - -'
e +p-—+e +p
' 20. 5% 10.1%
Signal + Noise _ 1+ B 1.10

Signal

Correct observed polarizations by these factors.

1.20
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The ‘pro.tons which recoil from the two scattering processes have
essentially zero poiarization. To show that the scattered recoils are
unpblé..rized in -thé first Born approximation, even if the anomalous-
moment scattering is included, is straightforward.

In the Dirac theory, the spin operator is iy5W , where W is the
0perat6r constructéd‘ from the four-vector Wy: W= Wove- Wy =W v, -

y'y

W The four-vector Wy must be chosen so that its scalar product

z¥z*
with the particle's four-momentum is zero. (71) If the scattering ampli-
tude is f, the pola:;ization'in the direction of the three-vector ﬂ is
then the exéected value of the spin operator:

| f+iy5Wf

P =
s

'I’hé numerator and denominator of this expression must be appropriately
summed and a.vera,gle;d over the final and initial spins of the proton and
electron, keeping only positive -enérgy states. |

| - The scattering amplitude is 'prd‘po;rtiona.l to the matrix element,
vcomputed to 1owe§t order by fhe usual Feynman fule-s. Thé ma,trix'
element éonﬁains two factors, one involving proton operators and one
involving electron operators. The square of the matrix element may be
'eva,lu_ated in the ubsual way by ins‘erting the projectién operators con~
s‘tructed from the Dirac equation, which leave only the positive énergy‘
states; one may thebn perform the sums over the spins efficiently by
taking the trace of thé resulting matrix. (71, 72) The eklectron factors,
whe.thériOr elastic 'scattering or scattering with radiation, cancel out
in the p_ol'arizationexipres’sion, so that the finai formula f(;r the polari-

zation'is the following:
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er{<¢z+m>[¢+ (¢ - #eb)] iy  WH + ) £+ (4 - d)])
ZTr{(yfz+m[¢+“ (d# - ¢¢]<ﬁ1+m>[¢+ ¢s4 91}

Iﬁ this f’ofmula.,; Py N and pzx are the four-momenta of the proton before
é,nd after séattefing, a4y is the four-momentum transfer pz)\- Pl);’ L
is the anomalous moment, aﬁd m is the proton mass; ey is the polari-
zation vector o‘f the virtual photon, to be summed over.

Straigiltforward e&aluation of the numerator, using the commuta-

tion rules for daggered operators

4B + B4 = 2a b
¢Y5 + ﬁ(\’5 =0
~gives a zero resﬁlt; régardless of the choice of ey
| Since the protons from the scattering proce'sses have known (zero)
polarization, it is easy to correct the magnitude §f the measured polari-
zation to obtain the polarization resulting from the pion processes. The
polarization obtained by combining two beams of polarizations "P1 and

P2 of intensities Nl and Né, is the arithmetic mean

If * R is the ratio NZ/N ; and PZ is zero, one obtains

P = (1 + R)P

The correction, therefore, consists of multiplying the observed polari-

zation by a factor equal to the ratio of the total number of protons to the
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n’urﬁber from the pion processes. The ratios are 1.10 and 1. 20 for the

585 Mev and 660 Mev exposures respectively.

. . £
Electropion Production

Having determined the polarization of the protons which recoil
from the photoprdduction_ and electroproduction of neutral pions, the
differences in the polarization of the protons produced in the two
processes must be investigated.

The electroproduction process may be considered as photopro-

duction by a virtual photon, as shown by the following pair of diagrams:

hY 7 ;€

Photoproduction , Electroprdduction

The processes differ in two ways: First, the pion-nucleon final state
can be excited by long'.itudinai as well as transverse photons, ‘that is,
by a direct’coulo;rnb interaction as well as by radiation; second, the
excitation of the final state cAannot; be uniquely determined by measuring
the energy and angle of one of the outgoing particles, since thg final
state contains three particles, |

For forward electron scattering the excitation of the pion-nucleon
‘ ﬁnai state aﬁd the kinematics of the electroproduction process differ

from photoproduction only by a trivial energy difference, arising from

He .
Dr. Carl Iddings has assisted materially in the following analysis.
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the fihite' rest ehergy ofrthe electro'n’._ The contribution from longitudi-
né,l'phbtons is hégligible, .and the ratio of the transverse contributions
is a known function of ‘ener;gy.

"Although the cross section for the production of pions is found by
intAegrating dver all angles of‘the scattered electron, small angle scatter-
ing is étroﬁgly favored, because the cross section for scattering into a
giveﬁ direcfioh is inversely proportional to the square of the invariant

*
momentum transfer, that is, to

! 1
e = (oM b Mo - p)
Tk, = (PT-p )P, - P

H

2 1 H
-2[m™tp-p -p_p,l

4

t ~ 2 (2
2pp'(l - cos 8_) + m®(p - p')*/pp’

A Wheré p and pt are the initial and final four momenta of the scattered
electron, p and Bt are the corresponding three-momenta, m is the
electron mass, and Ge is the electron scattering angle.
‘The cross section for electropion p;:odu,cfion is convehiently ex-
pressed in terms of the ratio of the number of electroproduced pions
1;6 the number of phot_oproduc‘ed pions in a target bombarded by equal
intensities of electroné and photons respectively. Because of the impor-

tance of small angle scattering, this ratio is almost independent of the

details of the meson-nucleon interaction. In the approximation that one

*__
The notation in this section follows that of Dalitz and Yennie (73); in
particular, the scalar product of two four~-vectors is defined by

[ TR : - - e -
a bp = a.b; + a.ab2 + a3b3’ aobo =a*b aobo.
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can i’eplace sloxﬂy«varying terms in the cross section by their values
for forward séatte)ri)ng, the electropion/photopion ratio can be estimated
analjrtically; recent estirﬁates are giv‘én by Dalitz and Yennie (73).

Good agreement with this approximation to the ratio has been
obtained in the experiments of Panofsky, Woodward, Newton and Yodh,
WhO measured the cross section for the electroproductwn of posﬂ:lvé
pions from hydrogen. For example, in one case (60 Mev »plons ai; 75°
lab, at a beam energy of 600;'Mev) ‘the predicted ratio was 0..0200 and fhe
obserxf’ed ratio was 0.0193 + 0. 610, indicating that the wide angle scatter-
ing doe.s\‘not pr(oduyce deviations greater than at most a fe;zv per cent,

-at this energy.‘ (74, 75, 76)

Information about the behavior of the érosvs rsection‘ off the energy
shell has been gathered by Panofsky and Alltoh, who measured the cross
section for wide angle electron scattering with as socriated pion production.
The pions were not observed, so that the fn.eas ured quantity was the
total cross section for charged‘ and neutral pion production by virtual
‘photons of given invariant momentum transfer. The kinematical condi-
tions were such that the pions were produced resonantly in the 33
state. No evidence for a large longitudinal colntribution was found, al-
though the resonant state can be excited by certain longitudinal multi-
>p01es; The finite size of the proton was evidenced by the decrease of
’ the cross section with increasing invariant momenturn transfer. (77)

Polarization, however, arises from interferences not detected‘-
in é total cross section measurement. Assuming that the contribution
from 1ongitﬁdindl multipoles is of the same magnitude as the experimen-

‘tal errors in the Panofsky—Aliton experiment, one concludes that it is
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qui£e»~ possiblé fhat,the longitudinal multipoles are as large as the non-
resonant transversve multip;Dles at energies near the secLond resonancey
Whe'r'e kthef; toﬁé.lt cross sécﬁon ha,s only about one-seventh the value
it has at the ‘f‘irst‘ resonance.

- It is therefore necessary to discover if the kinematic favoring
of small aﬁgle scattering does in fact permit only a small contribution
from 1o.ngitudiﬁai terms, and to investigate the effect of the:three’—bo-dy
: kinematics on the resolution in center of mass angle and‘energy.

Dalitz and Yennie have derived an expression for the ratin of.

the number of electroproduced pions td the number of pions photopro-—

duced by a bremsstrahlung SPectrum o(k, p). The ratio is Ne/qS(k,,p)

where
2 '
N =& 4kf S (be ) 2 df
= =5 .
e T PP, @ph kMkp, 4ﬁ,

: 1s 12
& = (Tr 1319

] 2

S 2 :
&, = 7 Tr {4]p- j |7+ % Iy,

+4Re (p+ ) 0k - 3 (0% b ) A
' -
+ ke 3, 1P lp+p)2-k7 (k“kp)z/k‘*ki}(k“ku_) 1

In these formulas, q)ph andb (I)e are proportional .to the sum over spins
of the squares of the matrix elements for photoproduction and electro~
produ%:tién resp‘ectively, jt is the transverse current opérato.r, jﬁ is
the loﬁgitudinal current oberator, and the subscript f implies evaluation

for forward electron scattering, 'F2 -is the form factor which allows

\
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for the fin.i’te‘ size ofi the proton, measured by Panofsky and Alltc;n.

The élecfroprodﬁction term ®_ is Lorentz invariant, although
this fact is not obvious from the formula given. To ideﬁtify the tra.nsf
verée amplitudes with those known (or thought)' to be present. in photo-
production, it is ciésira.ble to evaluate the iﬁdicated traces in the pion-
nucleon center of mass system, separating the factors which Vary
rapidly with electron scattering angle. ‘The evaluation of the traces, in
terms of generalizeci longitudinal and transverse production amplitudes,
is similar to the corresponding evaluation for photoproduction pefformed
in Appen(iix IV. It was found that the four ferms in the expr‘ession for -
@e consist of products of quantities which depend only on the energy and
. angle in the pioh‘nucieon c. m. system with coeffi¢ients which depend
sensitively on the‘ electrbn scattering angles. The coefficients of the
two longitudinal terms are as follows:

1. Coefficient of 1ongitudina,l;-transver se interference term:

| L= ap%-p “Xp - 3t)/k§ kr
where r( =transverse component of recoil proton momentum r.
2. Coefficient of pure longitudinal term:
Ly =[(p + o7 - K1k /1%
If the momentum transfer is forward, only the pure transverse terms

can contribute; the longitudinal coefficients given are zero for forward

u

scatte‘rmg:. (p - _Jit)f =0, k*’tkPL 0.
The principal objection to the small angle approximation con-
ventionally m.adé is that the variation of the recoil electron momentum

with electron scattering angle is neglected. It is not obvious that the

neglect is justified, because the recoil momentum appears squared in
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integrand of the electroproduction cross section, and at wide angles

' ,vthe electron can carry 6ff a large share of the momentum. If the recoil
morhentum in the forward direction is small (as it was in the present
eXposures), it can be relatively quite large at wide angles.

To obtain a quantitative idea of the sejriousness of this effect
.in allowing contributions from longitudinal multipoles and in smearing
the kinematics, thg following viewpoint was taken: ASéUI;ling that the
production amplitudes are slowly varying functions of angle and energy,
the density of states factor W = p'zs in ee/kpkp. determines the relative
contributions of different scattering angles, and therefore the distribu-
“tion of values of the energy and angle in the pion-proton center of mass
system, of the invarianf momentum transfer, or cther k_inematical
quantity.

For a speéiiied momé,ntum and angle of observation of the recoil
proton, the electroproduction process is kinematically détermingd if
the two angles determiﬁing the ‘direction of the scattered electron are
given: the anglg ,Ge between the incident and scattered morhenta, and
the angle ¢ between the béam—proton and beam—electroh planés. The
distribution of a given kinematical quantity Q(Be}d)) , such as the» square
~of the invariant moméntum transfer, may be determined by integrating
the weight W (multiplied by the appropriate J acobian) along lines of
constant Q. |

The resolution in the energy and a;xgle in the pion-proton c. m.
‘system, and in the magnitude of the invariant momentum trans;fér, kM N
- were calculated‘..for the kinematical conditions of the Stanford exposures.

The necessary integrals were computed using a simple numerical
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method: the é.ngular range in Ge,qS was broken into small elementary
areas, and the‘ valué of the quantity Q whose resolution function was
to bé -determined was computed for each cell, using the formulas given
in Appendix III; the values of Q found were weighted according to the
value of W for the ‘cell, and the weighted counts were sorted into
groups. The cells were made smaller in regions where the factor W
varied rapidly. The Burroﬁghs 220 computer was used to make the
necessary kinematical cakulations and to tally the counts.

This calculation would be exact if the square of the electropro-
duction matrix element wére independent of the direction of electron
scattering. More representative resolution functions were obtained
' by approximately including the angular dependence of the coefficient
of the second transverse term in & _, 4 Tr Ip j_t|2/kpk“, using a
modified weighting factor, W' = W(1 + 42 . _p_t/kp’kp). In this factor,
P is the transverse part of the incident electron momentum in the
pion-proton center of mass system. The approximation implied,

Tr I,B . _j_tlz. =p* p Tr |th2’ is good at small angles.

The results obtained using the improved weighting factor are
shown in figs. 15, 16, and 17. The excitation of the pion-proton center
of mass system has been expressed in terms of the energy of the réal
photon which photoproduces the same final state, to facilitate compari-~
son with photoproduction. The width of the peak in photbn energy isv
seen to be about 20 Mev; there is, however, a long loﬁr energy tail.
The corresponding distribution in the photoproduction process is, of

course, a delta function. , The resolution in center-of-mass angle is

seen to be about 3-5 degrees. More than half of the area under the
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resolution curves for invariant momentum transfer correspohds to
transfers smaller than 20 Mev.

| An estimate of the possible magnitude of the longitudinal contri-
butions was obtained by using the resolution program to determine the
distribution of values of the longitudinal coefficients. The average
values of the coefficients were calculafed from the distributions ob-
tained; the calculation was done only for the 660 Mev exposure, the

worst case. The ratios of the average transverse coefficients were as

follows:
L,/(1+4p-p,) =0.20
L,/(1+4p* p,)  =0.09

Therefore, if the. longitudinal amplitudes were exactlythe same in mag-
nitude and phase, and in energy and angular dependence, as the trans-
verse amplitudes,the longitudinal production would amount to 29 per cent
of the transverse production.

Near‘ the s,econa resonance, the non-resonant production appears
to contribute perhaps 20 ﬁer cent of the total photoproduction cross
section. Assuming that the longitudinal amplitudes have,as an upper
limit, a magnitude co:;responding to this non-resonant production, one
estimates that about’ 10 pef cent of the electroproduction is excited by
longitudinal vif‘tual photons.

The'electropion/photopion ratios were computed fromvthe equation
for ~Ne USil;lg the values of the integrals found. The results agree with
those obtained géing the small angle approximation giveﬁ by Dalitz and

Yennie. The ratios are given in Table I; about 40 per cent of the pions
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are electroproduced. It is coqcluded, therefore, that longitudinal pro-
 duction may amount to about 5 per cent of the total. The uncertainties
in the'polarizaticin are of cbmparable magnitude. It should be noted
that this uncertéinty may be reduced when more information about the
electroproduction process becomes available.

'Bésides this uncertainty, the main effect of the inclusion of
electroproduced recoils is to degrade the resolution. The effective
resolution in laboratory photon energy for the two exposures was ob-
tained by combining the rectangular distribution of real photon energies
accepted with the smeared distribution of equivalent photon energy repre-

" sentative of electroproduction. The results are shown in fig. 18.
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VI. RESULTS

Distributions in Angle and Energy

In fnigs.r 19 and 20 the distributions in space scattering angle
of the events found in the area scan of the 660 and 585 Mev exposures
are shown. In the analysis of the 585 Mev exposure, some plates were
scanned to a depth of only 10 mm; the higher average energy, and an
evident gain in the srhall-angle detection efficiency, account for the
larger proportion of small angle scatterings.

For comparison, the angular distribution of the scatterings
found at Rome by the follow-back method is shown as well. In the Rome
scan, only scatterings with a projected angle change of at least 6 degrees
were retained. The selection ;:riteria applied at Padua were essentially
the same as those used in the area scan; scatterings with a projected
angle change of at least 3 degrees were recorded. In the sample Padua
distribution, fig. 12, only scatterings of 5 degrees or more in space are
shown.

The aistrihutions in energy before scattering and in the cosine of
the azimuthal angle (cos ¢ =n - AE._) obtained in the aréa scan of the 660
Mev exposure are shown ih fig. 21. The cosine distributions are given
separately for positive and negative values; the dependence of the asym-

metry on the value of the cosine is well illustrated.

Efficiency and Bias

The efficienéy of the area scan was measured by repeated scanning,

mostly of the 585 Mev plates. The efficiencies for the detection of scat-
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tering to the left an& riéht were measured separately, providing an
accurate measui-e of the bias, deﬁned as the difference "o_f the left and
right efficiencies divided by the sum. The efficiencies in the area
scan of the 660 Mev plates were obtained by comparison with the
scanning of the same areas at Rome and Padua. The results of the

measurements and comparisons follow:

.. Double scanning results: both exposures: Scatterings with projected

angle change 3 - 20°:

Left Right Sum
cos §< 0 cos ¢>0 or Average

Found by first scanners only 14 6 20
Found by second scanners '

only 10 18 28
Found by both 56 63 119
Average efficiency, first

scanners 81 + 3% 84 + 3% 83 + 2%
Average bias, all scanners 2 + 3%

The data from two earlyAcheck-scans on the 660 Mev plates used is not
included; for these plates the efficiency was as low as 20 per cent, al-
though the bias was zero within statistics. The above efficiencies are
therefore characteristic of the fully-developed scanning method, with
clear plates; there is no evidence of significant bias. It is worth em-
phasizing that such a bias would have been detected, even if all scanners

were equally biased.
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2. Rome-Caltech comparison: 660 Mev exposure, scatterings with

projected angle change 6- 20 degrees:

Found by .Calt‘e.ch only
Found by Rome only
.Found by both

Caltech efficiency
Caltech bias

Rome efficiency

Rome bias

Left: Right Sum
cos ¢§< 0 cos ¢>0 or Average
31 41 72
32 31 63
31 44 75
49 + 4% 59 + 4% 54 + 3%
. 9+ 6%
524 4% 50 + 4% 51 % 3%
| 2 + 6%

Some events were missed at Rome because the scattered tracks entered

plates which were not line-scanned; the efficiencies given include these

‘losses and are therefore lower than estimated, and are not typical of

the method, although they are representative of the experiment, and

provide a measure of bias.

3. Padua-Caltech comparison: 660 Mev exposure, scatterings with

prcjected' angle change 3-20 degrees:’

Found by Caltech only
Found by Padua only
Found by both

- Caltech efficiency

' Caltech bias
Padua efficiency

Padua bias

Left Right Sum
cos ¢<0 cos ¢>0 or Average
47 68 115
19 27 46
23 31 54
54 + 4% 54 + 4% 54 + 3%
‘ 1.2 4 5%
33 + 4% 31 + 3% 32 + 3%
~2.4 + 8%

The Padua efficiencies are also lowered by losses of events which would

have been traced from plates not scanned, or of events lost in plates
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scanned by track-following without trace-through, where the scattered
track did not croés the starting line. \

There:a'.ppears to be little evidence of scanning bias in any ‘o:E
fhe'three scanning methods, althdp.gh the bias values obtained from
the Rome and Pa,dua-comparisons have rather large 'uncertaini:ies. Bias
in follbwf-back method used at Rome was also monitored by comparison
of the numbers of multiply-scattered tracks found in the left and right
acceptance intervals (see‘ the discussion in Appendix I). The average
spurious asymmetry was found to be quite small, correspon&ing to an
angular misalignment of at most 0. 05 degrees. It is therefore legiti-
mate to combine the data to .obtain a final polarization value.
| The difference of the scanning efficiency on the 585 and 660 Mev
plates was caused by the use of the latter plates for training and the

fact that they were less transparent.

Background from Empty Target and Star Prongs

Elght of the plates of the hydrogen-out exposure, Stack C, were
line-scanned for tracks meeting the criteria applied to proton tracks
during the area scan. Only 15 tracks were found; the same area in
Stack F contains about 2800 acceptable tracks. Allowing for the difference
in exposure, the background from the empty target is found to be 3.5+1
per cent, presumably almost entirely from elastic electron scattering
in the targef walls and hence unpolarized.

Inyscanni'ng some of the plates of the 585 Mev exposure, a record
was kept of all stars which had one or more gray prongs whose grain

density was similar to that of the proton tracks. ' The number of star
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't

prongs per unit volume which satisﬁed the acceptance criteria for proton

tracks was less than 1 per cent of the number of acceptable tracks.

Polarization Values

The polarizations obtained from the maximum likelihood calcu-

lations described earlier are given in the following table:

: Polarization Values, Per Cent
Photon Energy Scanning Useful With Inelastic =~ Without Inelastic

Mev- Group Events Correction Correction
585 Caltech 959 49 113 48413
660 Caltech 470 47+ 19 ' 45 + 18
660 - Rome 265 28 +18 24 + 17
660

- Padua 232 90 ¢+ 24 80 4 22
(Energy loss 0-30 Mev) - x

660 All, 830 41 +13 37 +12

—

less duplications -

Sample plots of the likelihood as a iunction of polarization are given in
fig. 22. fi‘ile 1ike1ihood function differs from a Gaussian by at most 1 or
2 per éent. "Typical distributions of the values of the effective analyzing
power, a(0)cos ¢, for 1;he events used in the maximum likelihood calcu~
lation are shown in fig. 23,

The efficiency and bias measurements indicate that the data of the
different scanning groups may be validly combined, and that the rather
large differences in the 660 Mev results are statistical in origin. A
more compiete comparison of the Caitech and Italian results is in pro-
gress, but it is not expected that the above values will change greatly.

The calculation has been checked in a number of ways. The 660
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Me\} polafizé.tion (combined data) was computed exc:lu.climgr scattering
witﬁ' space angles less than 5 degfees, and with the angle between
scattéring plane and pi*otoﬁ moment less than 45 degrees; the polariza-
tion changed by only 4 per cent. The 660 Mev polarization (Caltech
data) was a,lsolrecrzomputed using the average precession of the proton
moineﬁt for all t:‘ra‘cks. The polarization changed by the expected amount,
less than one per‘;ce‘nt;
Only the statistical uncertainty is shown. The uncertainty in.

the polarization res;ulting from uncertainty in the‘ analyzing power is es-
timated to be at inos‘t 4 per cent. The estimate allows for the statistical
error in the analyzing power and for the 10-20 per cent uncertainty in
the assumed'values of the é,nalyzing power at wide angles and low energy,
and is based oﬁ an investigation of the changes in the calculated polariza-
tion when the analyzing power was modified within the limits of uncer-
tainty; no deviation greater than 4 per cent was found. -

| The final values, corrected for background, and including the
uncertainty in the analyzing power, but not the uncertainty from electro~
pion production, or the uncertainty in the bias measurements, estimated

to be at most 3 per cent, are as follows:

Photon Energy, Mév Pion c. m. angle Polarization, iaer cent
585 i 86° | 56 + 14
660 Caltech data 77° 58 +19
660 Combined data  77° 51 + 14

The scattering in emulsion was predominantly to the right, looking

along the tracks from the top. The.spin of the protons was therefore
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dowﬁ, since protons with spin up scatter predominantly to the left. (34)
Because the spectrometer; which was placed on the left side of the beam
(fig; >5), réversed the spin direction, the protons were emitted from
the tai'get with spin up, in the direétion kxp, where k and p are
the momentum vectors of tﬁe incident photon and recoil proton respec-
tively. The sign of the polarization agrees with that found by Stein. (28)
These polarizations are plotted with the results obtained by others
(28, 78) as functions of the laboratory photon energy in fig.. 24; the counter
&ata of Salvini and Querzoli is preliminary. The agreement between the
different experiments is in general good. |
The solid curves in fig, 24 are model calculations, to be discussed

in the following section.
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VIIL. DISCUSSION

As a first stép in understanding the higher-energy maxima in
pion nucleon séé,ttering and ?.hotoproduction, it is desirable to discover
if fhe angular distributions and polarizations observed are actually con-
sistent vﬁth fhe assumption that the observed maxima aré resonances
in given state of angular momentum, isotopic spin, and parity.

The two higher maxima do not appear in the at 4 p scattering, *
so fha,t it se\ems, that, whether resonant or not, they are produced by
interactions in a state of total isotopic spin 1/2. From the 7° angular
distributions it seems cleér that the second maximum in photoproduction
arises from an intera)ctioﬁ in a state of total angular momehtum 3/2,
excite& by dipole radiation: Near the energy where the maximum occurs
the distribution is similar to the 5-3 cosze distribution characteristic
of this choice of quantﬁm, numbefs,_ and seems to include little quadrupole
contribution; of the form 1 + cosze. 'fhe,third maximum seems to involve
interaction with a total é,ngular momentum oﬁ at least 5/2. It is quite
pos‘siblé that both quadrupole and octupole radiation contribute; the quad-
rupole and 6cfupole distributi;)ns for angular moméntum 5/2 have a similar
‘shape, so that it is difficult to rule out either choice using the present
sketchy 7° data, or the more compléte, but more complicated, at data.
Furthei'more, there is a fourth maximum observed in the =+ p and

7 + p scattering, at a center of mass energy of about 1. 9 Bev; this

*It is not entirely certain that the third maximum does not appear in 74 P
scattering; recent data seems to show that the fourth maximum has a
shoulder at the eénergy of the third peak in the 7=+ p scattermg. (7, 79)
The isotopic spin dependence of the higher resonance is currently
being argued. (80, 81)
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rria}iimum is quite broad, and may already complicate matters at the
ene_fgy of the third maximum. It has been suggested that the third level
may have a’ total angular fﬁ.omentum 3/2, while the higher value of 5/2
ajéplies to the fourth level. (32) |

Dﬁférent level schemes have been proposed iﬁ efforts to explain
the observed maxima by resonance models. The schemes which have

been seriously discussed are the following:

Total Orbital Exciting
Angular Angular ‘ Multipole
Author Level Momentum Momentum Parity (Lowest Order)
Wilson II 3/2 1 Even Magnetic
(22) Dipole
Peierls I - 3/2 2 odd Electric
(23, 24) Dipole
II1 - .5/2 3 Even Electric
' Quadrupole
Landovitz, II 3/2 1 Even Magnetic
Marshall Dipole
(32) ‘
111 3/2 or 2 Odd Electric
‘ : 5/2 ~ Dipole
Magnetic
Quadrupole

In each scheme the first level (the 33 resonance) has total angular mo-
mentum 3/2 and even parity. |

| It is, of course, not necessary that any such simple models pro-
vide an adecjuate description of the experiments, particularly of the
higher ‘ene'rgy:daj:a, since the existence of the fourth maximum is ignored
and the nature 615 the third is essentially unknownj non-resonant inter-

actions also é,ppear to be pfesent.
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It was suggested by Sakurai (26) that the measurement of the
r‘e(_:vg)il proton in VTFO‘ photoproduction would help decide the parity of
‘the séc:ond state, since iﬁ the Peierls model the interference between
‘the two lower ’re‘s onant states (of opposite parity) would be expected to
produce 1ar‘ge(pola.‘rizations at 90 degrees in the centerwof—méss system
at energies between the resonances where the resonant phases were
properly related. The measurements carried out at Cornell, in Italy,
and in the present experiment are in essential agreemént; the polari-
z‘ati’ons near 90 degrees are large and have the predicted sign. (28)

However, G. Stoppini and C. Pelligrini presenfed an informal
calculation wﬁich seemed to show that one coﬁld expect to obtain high
polarization even if the Wilson parity assignment were correct, by
interference of the two evén-parity resonant states with the non-reso-
nant s-wave amplitude which appears to bé present., (31) L. F.
Landovitz and L. Marshall suggested that the polarization observed at
energies below the second maximum might arise by interference between
second and third resonances, if the states had oprsit-e parity. (32) No
specific calculations were presentedg and there was no published attempt
to demonstrate that any of the models offered as alternates to that of
Peierls were acfually consistent in detail with the energy and angular
dependence of the photoproduction cross sections.

Efforts to test the consistency of the various models with the ob-
sery‘ed anguiar distributions in the three photoproduction reactions,

| Y+p—~ 7T++ n
y+p—1+p

Yy+n—7 +p,
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wéré ‘rna,dé at ’C‘altech by Pr‘ofessor' Jon Mathews and Dr. Gerry
Neugebauer. The ré.sona,nt photoproduction amplitudes were obtained
from Silﬁplé reéonance »foi'fn.ulas,f and the ﬁonufes onance amplitudes
frém. the Born approximation. It was found that 'With the assumptions
made the angular distributidns were not well fitted by any of the models
at all é‘nergies. It was found especially difﬁcﬁl‘t to fit the angular dis-
 tributions for charged pion production, where the reta.rdation effect
plays a large role. The calculations were not entirely conclusive,
since the number of alternatives was too la.rge to investigate each of
them in detail. |

The present discussion is limitedlto the neutral pion production,
to avoid the complications of the retardation effé‘ct. The distributions,
unlike those for the charged pions, can be fitted by simple polynomials
in the cosine of the center of mass angle, quadratic up to about 600 Mev
and quartic up to about 1000 Mev,. the highest enefgy for which detailed
measurements exist. One concludes that only low ‘angular momenta
contribute. Although the 7° data é.re not as complete or as widely
agreed upon as the t data, there are a number of features which are
sufficiently well determined to provide tests of the models; it appears
pos s‘ible, in fact, to decide that the parity of the second resonance must
be odd, if the energy and angular dependence of the cross section, and
the sign and m,agnitude of the polarization, are to be consistent with the
observation§,

The experimental angular distributions a,ré usually represented

by the polynomial coefficients in the least squares fits to the angular
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distributions, given as functions of laboratory photon energy. It is more
conyvenient to discuss thé behavior ofkthese coefficients i'ather than of
the actual distributions. It is necessary, of coﬁrse, to recognize that
some of the coefficients, particularly those of higher order, are poorly
determined, and that at best only those features reproduced in the re-
sults of independent experiménts can be considered real.

The angular distributions in 7° photoproduction have been
measured at Caltech and Cornell, usually by observation of the recoil
proton alone. The distributions obtained have been analyzed into
polynomials in the cosine of the center-of-mass angle; the experimen-
‘tal valués of the A, B, C polynomial coefficients in the expansion
o(f) = A +Bx + CXZ + DX3 + Ex4, where x = cos ec’m. , are shown as
functions of laboratory photon energy in fig. 25. At energies at which
fits 6f polynomials of different degree were obtained, only the coeffi-
cients of the better fit are shown. The smooth curves are model fits,
to be discussed.

- The A (isotropic) and C (quadratic) coefficients have opposite
sign at low energy, indicating that production in a state of total angular
momentum 3/2 by dipole radiation predominates. The B (linear)
coefficient is small and poorly determined, but its sign and small
magnitude seem to be reproduciblg. For example, the maxima of
the fits to the angular distributions obtained by Vette (14) at 585 and
690 Mev, and by Worlock (15) at 600 and 700 Mev occur in the back-
ward hemisphere at an angle very close to ‘90 degrees, confirming
that the B coéﬁicignt is zero or slightly negative in the region of the

second resonance. The D (cubic) and E (quartic) coefficients, not
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shown, are uncertain. The D coefficient does appear to be positive,
which is relasonabl'e:v in most of the ﬁzodels D and B furn out to have
0pp§site sign. - If the sign of the E coefficient is in fact positive, it
may indicate that octupole, rather than quadrupole, radiation is domi-
nant af, ‘highyer energy: the distributions for production in a pure state

of angular momentum 5/2 have the forms:

Quadrupole radiation: 1+ 6x2 - 5><:4c

Octupole radiation: 5+ 6x2 + 5X4

The expressions for the angular distributions and polarizations
for the multipoles included in the models suggested were derived as
indicated in Appendix IV; the photoproduction amplitudes and multi-
pole expansion given by Chew, Low, Goldberger, and Nambu (21) were
used in the derivations. In their notation, electric or magnetic multi-
pole amplitudes are denoted by symbols E or M with subscripts £+
and £ , indicating a éartial wave of orbital angular momentum { and
total angula? momentum ] =4 *1/2 respectively. For example, M,
is the magnetic multipole amplitude leading to a p-state of fotal angular
momentum 3/2, necessarily magnetic dipole. This notation .is convenient,
since the parity is given by —(—i)i.
| Similaf multipole expansions have been given by Peierls, with
a different notation and normalization. (24) In Table II the expressions
obtained for the polynomial coefficients and polarization at 90° are given.
Only the interferences actually needed between the following multipoles

are included:
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TABLE II

MULTIPOLE EXPANSIONS OF POLYNOMIAL COEFFICIENTS
| 'USED IN MODEL CALCULATIONS

Cogfﬁcient in (—di% = A+Bx -i-Cx2 +Dx3 +Ex4, X = COS OC m

Multip,ole

Term A B C D E
E_ 1> 1 0o 0 0 0
My, |? 5/2 o -3/2 0 0
B, |* 5/2 0 3/2 0 0
M, |2 9/2 0 9/2 0 0
]M2+]2 9/27; 0 27 0 -45/2
| ]E3_lz 9/2 0 27 0 45 /2
IE,, | 45/4 0 21/2 0 45 /4
Im,_|? 45/4 0 27/2 0 45 /4
ReE. M, 0 2 0 0 0
ReE. E, -1 0 3 0 0
ReE, M, 3 0 -9 0 0
ReE, M,, -3 0 9 0 0
ReE,E, 0 -9 0 15 0
ReE, E,. -6 0 18 0 0
ReE, M, 0 18 0 -30 0
ReM,E,_ S0 2 0 0 0
ReM,M, 0 12 0 18 0
ReM,\M,, 0 18 0. -12 0
ReM[,E, -3 0 9 0 0
ReM,E, 0O -18 0 30 0
ReM M, -15/2 0o 63 0 -135/2
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Table II (Continued)

Multipole . ,
Term A B C D E

ReE, M, 3 0 -9 0 0
ReE, M,, -3 0 9 0 0

ReE, E; 0 18 0 -12 0

%
ReE, E,, 15/2 0 -63 0 135/2

#
ReEZ_M3_ 0 : 18 0 | -30 0

AP = Polarization at 90 degrees times cross section
at 90 degrees
' |
ImE M, -1
* :
ImEQ+E3_ -3

%
IInE0+M3 _ 6

*
ImM,; &, 4

¥
ImM; M, _ 6

* M 6

ImM, M, , -
ES

ImM1+E2+ | 3/2
kO

ImEZ_E3_

, %*

ImE, M;_ 3/2

The polarizations given are positive in the direction kx g,

where _1_{_ and

q are the momenta of the incident phdton and the pion.

(The sign convention is opposite to the experimental one.)



CLGN

~106-

Usual - Multipole : :
Notation Notation =~ Name Multipole Order Wave  Parity
My, M 25 j Y £ |
Y : :
E_, Ey Electric 1/2 1 0 s Odd
o Dipole :
M, M, , Magnetic 3/2 1 1 p Even
1+ 13 :
Dipole
E E Electric 3/2 12 a Odd
2- 13 , ,
, Dipole :
M E Magnetic ~ 3/2. 2 - 2 a Odd
2~ 23 :
Quadrupole ‘
M E Magnetic 5/2 2 2 d Odd
2+ 25 . :
Quadrupole
E E Electric 5/2 2 3 £ Even
3- 25
Quadrupole
E,, E;; . Electric 5/2 3.2 d Odd
‘ ) ‘ Octupole
M, M, - Magnetic 5/2 3 3 f Even
3=~ - 735 ,
, Octupole :

Qualif;af.ive concluéions regarding thé validity of the various
models have been reached by comparing the coefficients and polariza-
'tions in Table II with the experimental valp.es, aﬁd in some cases by
numetical evaluation of the coefficients using amplitudes and phases
derived from simple resonance formulas. These (‘:o/nclusi‘onsimay‘be
summarized as foliows: |

1. If the second lj’esonance is‘.taken toiha.ve even ﬁarity, the observed
polérization cannot poésibly arise by inferference of two resonant M1'+
- amplitudes with‘tile EO+ s-wave amplifude, as suggested by Stc;ppini
and Pelligﬁni; néithér the magnitude nor the sign of the predicted poléri-

zations are consistent with the observed polarizations and angular distri-
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butions. ‘ .
2 Of the fo;ir alternatives suggested by Landovitz ;ndearshall
(third st'ate\amplitude EZ_,V M, , M, or EZ_‘_)‘two possibilities (EZ— aﬁd
E2+) mé;y be ruled out at once, because the pfedicted angular divstribu;-
tions or polarizations are either very different from those observed
or inconsistent i;'l sign. The other t_v{ro models are more plausible, but N
the magnitude of the poylerxriz‘ation at low energy is less than that observed;
if s-waves, which appear to be present, are included, the polarization
is réduced further.

3. All of the eveh;parity modéls necessarily show interferences
between the two Ml " amplitudes in the A and C coefficients and the
total cross section ‘which do not seem to be present in the observations.

4, On the other hand, if the second resonance has odd parity, as
sug'g’ested by Peierls, the observed and prec{icted polarizations and
angular distributions a;re consistent iﬁ.magnitude, energy dependence,
and sign; a numerical calculation, including the s-wave amplitude which
seems to.be present, produces a plausible, although not good, fit to the
angular distributions and pblafizations up to about 800 Mev. Fair agree-
ment with £he m + data hé.s also been obtained by R. L. Walker and
J. Link. |
The conclusions listed are based on the following considerations:

In the mbodellof Stoppini and Pelligrini, the 90 degree polarization
is as follovs;é:
In‘1]?‘:+I"11+
5/2 M

- 2 2
1+l +IEQ+[
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It ié obvious thvat»this expression ha;_a maximum, which occurs when the
two: ai’nplitudes are rela;tively imaginary and when their magnitudes satisfy
the uhiikel;‘r ra‘tib’, ]E(')_f] /IMH_I = (5/2)1/2. The maximum ffalue of the
pélarization is then (].O)"l/'2 or 0.316, significantly 1‘eAss than most of the
values o,bsekrved. |

" The total magnetic dipole amplitude in the Wilson model dr its
modifications is the sum of the amplitudes of the first two resonant

states:

~The bsupe.l;scripts indicate the resonance. In the region of the second

2

maximum, the phase of Mi 1+

+ is close to 180 degrees, while that of M

must pass through 90 degreesrif the state is resonant. For two reasons,

the éign of 1\/112 must be chosen to be‘ the same as that of Mi

if the signs were opposite, the polarization from the two states would

: First,

tendi to cancel, regardless of the nature of the odd-parity amplitude
which interféfes with them unless its phase lies continué,lly between the
two resonén_t pha;ses. Second,' the B coefficient is negative at threshold
and becomesl po’sitive at the energy of the first resonance, indicating
that the phase of the interfering émplitude must lag the resonant phase
by 90 degrees, that is, it must be near zero. In order that the B
coefficient mé.y'turn negative again at about 600 Mev, as it is oBserved
1;0 do(, the Sign of Mi2+ must be the same as Mi_},, vunless the s-wave
phase suddenly increases through 90 degrees. .

The >s ~y§ave amplitude must thérefore be taken negative and

essentially real to produce agreement of this model with the observed B
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coefficient; the sign of the predi_cted_ polarization is then, however,

opposite to that obs'erverd.* |

| Thé poi’arization cannot, then, arise from an interference of
two ev'eh-'parity states with s-waves alone; both the sign and the fna;gni—
tude of the polarization are incorrect. A reasonable model, however,
.should include the s-wave; enough positive polarization must then be
provided by another interferencé to 'overcome’the‘ hegative polarization
generéted by the s-wave iﬁterfe;cence. This condition has been found
difficult to meet if the second resonance has even parity.

, If the third state has odd par:fty, it is also pos:sible to obtain -
polarization by interference with two lower even-parity states, as
pbinted out by Landovitz and Marshall. Four possible choices for the
amplitude of the third state have been examined: électric dipolé (E 2_)
or mé.gnetic quadrupole (MZ~)’ with total angula;' momentum 3/2; mag-
netic quadrupole (M2 +‘or electric octupole (E2 4)» with total angular
momentum 5/2. The maximum polarizations obtained by interference

- of each of these four amplitudes with M, , are as follows:

Interfering Multipoles Maximum Polarization Condition on
(Relative Phase 209) Magnitudes
M LE, | : 4/5 = 0.800 ML /B, (=t
M, M, 2/V5=0.895 M, /1M, [=3/75
M, M, 2/V5=0.895 | M, |/ |M, [=3/45
M, Ejy | v2/10=0.141 Myl B, =2/

*I am indebted to V. Z. Peterson and C. Pelligrini for an independent
check of this argument; they found that the original calculation of
Stoppini and Pelligrini was in error, both in magnitude and sign.



~110-

Since the maximum polarivzation obtainable by interference of M1 + and
E2+ is only 14 per cent, the observe& polarization cannc;t arise from

this ‘soufce. The maximum polarization from the interference with

EZ- is large, but thé angular distribution at energies g,reater‘tha.n about
800 Mev shows a sudden increase of the C coefficient to positive values,
so that it 'seems Quite unlikely that the third state could be excited by
di?ole radiation. (The latter argument is originally due to Peierls.)

The other two alternatives have bieen examined by crude numeri-
cal fits to the data, deriving the resonant amplitudes and phases from
a resonance formula similar to that used successfully to fit the total
‘cross section near the first resonance by Gell-Mann and Watson. (82)
The forms and parameters used are listed in Table III. The resonance
widths of the two higher states were obtainéd by fitting the resonance
formulas to the recent Berkeley 71 +p total scattering cross sections.(7)
The maximum polarizations obfainéd in the neighborhood of 700 Mev are
significantly s.maller than the obsex;ved values even if s-wave is not
included, an.d the fits to the coefficients are not very convincing.

Such difficulties do not arise if the second stéte has ‘odd parity,
as suggested by Peierls. The first and seéqnd states interfere to pro-
duce large polarizations at 90 degrees} and the con’cﬁbutions to the
polarization and the B coefficient from this interference are consistent
‘in sign below the second maximum, The addition of an s-wave amplitude
to f;hé modéi does not cause any fundamental difﬁ_culty."
| Numerical calculation with resonance formulas produces fair
agreement with.t.:he data, aitﬂough no éffort. was made to adjust the mag-

nitudes or phases of the amplitudes assumed to provide a better fit; a
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TABLE III
RESONANCE FORMS

1. Photoproduction Amplitudes:
: r

r i8 2_ 1 r . 2
M= |Ml|e IM[% = = T;sn'xﬁ
-1/2Ts
tan § = o
o
E, = Center of mass energy of resonance
= Center of mass photon energy, pion mass units
T r = Reaction width, constant except for the first reso-

nance, where formula of Gell-Mann and Watson
(82) was used, with fy = 0. 22 Mev

I, = Total width # scattering width I‘s = ZXVE(X)Y
X = qa
q = Pion center-of-mass momentum

a = Channel radius

VE(X) = Non-relativistic centrifugal barrier factor given
by Feshbach, Peaslee, and Weisskopf (83)

Y = Reduced width

2. Parameters: a = 0. 88 pion compton wavelength

0.88 ¥ /uc (b = pion mass)

H H

E, Y r
- -27 _2°
State Bev c.m. 2 Mev 10" " "em”-Mev/ster.
I 1.24 1 58 - (ref. 81, symbol
: f =0.22 Mev)
: Y
ai 1.50 1 22 0.72 Amplitude positive
, 1.56 1 22 1.43 Amplitude negative
1.53° 2 30 1.36 :
I , 1.69 2 18 0. 25
» 1.71 3 . 35 0. 49

s-wave E_:real, |E: ],2 = 0.30 x 10"30 cmz/ster.

*Units ¥ =c = 1.



-112-

J‘

rather arbitrary normalization to the total cross section was used.
»Wlthout adJustment it is difficult to obtain a very good f1t espemally
to the B coefficient, which is sensitive to the magnitude and phase
of the s-waves present. In figs. 24 and 25 some typica.l values of the
polarizations and the polynomial coefficienté are plotted.

- An effort was made to investigate the possible choices for the
amplitude' of the third state, given that the second state has odd parity;
it is af:parent from the data that the third state, and perhaps the fourth
state as Well, affect the distributions energies above about 700 Mev.
Four multipole amplitudes were investigated: M2+, E2+, M3_; ‘and E3_.
It was found‘ fhat if the signs of these amplitudes were chosen to fit the
B and D coefficients at high energy (that is, tb agree approximately
rather thah disagree violently), the polarization tended to become
negaﬁve at about 900 Mev unless the M3_ amplitude was used. Recent
results on the polarization at high energy obtained by Fréscati (78)
indicate that the polarization may continue large and positive; this
- result contrédicts the earlier value of 9%9 pei- cent obtained by Stein.

| The importance of including the third or higher states is indi-
cated by attempts at numerical fits to the angular distribution data of
Vette and Worlock; typical efforts are shown in fig. 26. The calculated
angulé.r di*s,tfibutioris are shown rfor the Peierls model, With s-wave

included (amplitudes M,,, E, , E,.) and also with the addition of a

1+
resonant MZ + amplitudé for the third state. The curves differ, but
neither fits well; when Ithe M 24 amplitude is added, the A and C coeffi-

cients are reduced at high energy by an interference between the two

"I am grateful to Mr. David Loebakka and Mr. John Link for assistance
with the numerical computations.



DIFFERENTIAL CROSS SECTION, MICROBARNS PER STERADIAN

-113-

1 1 K 1 T T

VETTE 490 MEV

N

%é i\T

N

4

I I B

+ VETTE
WORLOCK

7 T T

565 MEV ©
600 MEV &

N

Y

3
T

VETTE 690 MEV
WORLOCK 700 MEV

VETTE

1 \g} |
1 L@/@‘ é&? LL\

785 MEV

WORLOCK 800 MEV

R\

AN
\\
é\\

L
-

/c%é- i\‘%\\ T ’// l @5

\*
\\

it
N
AN -
N

] | ! ! ]

! J |

N
J

o 30

180 O

90

PION CENTER OF MASS ANGLE, DEGREES

FIGURE 26

ANGULAR DISTRIBUTIONS ¥y 4 P —= 7 + P
CURVES: MODEL CALCULATIONS

PEIERLS MODEL:

WITH S-— WAVE
WITH THIRD LEVEL Mg~

o,

180



-114 -

'resbhant odd—parity amplitudes, EZ-’, M2+. It mﬁy be that the E_3__
amplitude is better fqr tvhfe third state, a result indicate(;. by the study
of the at dgistributions made by Link.

| " Similar conclusions follow from the recent 600-750 Mev T -p
,sc’attering d"ata of J. I. Schonle (84), who finds that (a) the third state
seems to have total angular rﬁomentum 5/2; (b) the secondand third
states, if resonant, seem to have opposite parity; (c) strong non-
reéoriant amplitudes‘aré present.

One concludes that although the second state, if resonant, must
have odd parity if the polarizations ar;d distributions are to be qualita-
tively fit, it seems likelythata-quantitative fit will ﬁot bé obtained until
more and better data ’al;e obtained, particularly at high energy, and

that the third state will be found to have even parity.,
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L IX. CONCLUSION AND SUGGE“S‘TVIONS FOR FURTHER WORK

The po~larization of the recoil protons from the photoproduotion
of neutral pions has been measgred using nuclear emulsion as the
scatterer aod detector. Thg measu'réd values agree with those of
others, baryld with the predictions of Sakurai based on the Peierls model
of the ‘second resonance,

The combination of the Stanford Linear Accelerator, 180 degree
spectromoter, and emulsion has pi’ovéd successful in gathering signi-
ficant information with a noodeist expenditure of acceleration time.

Further exposureo at highér and perhaps at lower energy are desirable.
It may still prove convenient to allow the olectron beam to pass
through the hydrogevn target. However, to reduce the uncertainties
caused by electropion production, the contribution from radiative
electron scattering, and. the exposure time, the radiator should be made
thicker. Dr. Friednoan has suggested a possible arrangement, Withé o
‘ cooied,radigtor, of perhaps b. 1 radiation length, close to the end of a
short target cell. | The increased intensity of the bremsstrahlung
would reduce tho exposure times to a few hours. )
It is recommended that ﬁew exposu'-res be made with G-5, rather
theri K-5, emulsion. The de{reloped graios are larger in G-5, and the

tracks are more visible. The tracks should be developed as heavily as

clarity of the plates allows, and precautions ta'ken to avoid fading or

Electron beam intensities like those in the present exposures would 17
produce, in 0.1 radiation length, a bremsstrahlung intensity of 1. 7x10
Mev per hour, or about 1.7 x 105 Caltech BIP's per hour. The synchro-
© tron dehvers, typically, 100 BIPs per hour.
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etching of the g'ravins. The use of thicker emulsion should be investi-
gated, as an attempt to irnprove the area-scanning rate, lor‘,l in case
the tr'ack-fo‘lloWihg method‘proves more useful at high energy.

| To guaré,htee the absence of spurious asymmetry caused by
scanning bia’s, the exposures should be made With half of the pellicles
reversed. |

A further gain in efficiency can be realized by improving the
quaiity of the present emulsion grid. None of the three available grids,
Chicégo, Berkeley, or CERN, are entirely satisfactory. The Chicago
grid was used in the present work, and has the lowest density of

‘markings. However, the grid was made by photographing typewritten
humbers, and the contraét of the negative is low, so that an exposure
long enough’to print the numbers adequately also exposes the background
‘to sofne extent. It is estimated that about one man-month would be
required to ink a gr’id master, photographs of which would ‘be equivalent
in contrast to the Berkeley and CERN grids but with an acceptable den-
s ity of ﬁlarkings, - Efforts to photograph typewritten numbers have

not been Very successful.

V. Z. Peterson has pointed out that because of the smaller
proportion of inelastic scattering from the heavier elements, a heavy
liquidbbubble chamber is also a useful instrumeﬁt in measuring proton
polariéation, especially when operated with a synchrotron With a low
repetition ré.te.

| It is, finally, interesting to consider the possibility of measuring
the polafization.of the recoil neutron in positive photopion production,

especially thé polafization éaused by interference with the retardation
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amplitude. To fix the energy of the neutron, coincidence with the 1r+

is _ifequired, so that the experiment{ must be perform_ed With counters,
and ‘ca.-nnot;bedone at Stz;nford, where such coincidence measurements
are es‘sentially impossibie because of the short beam duration and high
‘intensity'. Counting rates will be exceedingly low if the conventional
pair of counters to left and right of the scatterer are used, since the
scatterer and counters must be made narrow to avoid spurious asym-
metries. ¥ The principal source of biaé is the rapid variation of i:he‘
kinématics in the production plane, which is also the plane of asymmet-~
ric scattering. It is worth pointing out that this difficulty may perhaps
‘be circumvented, by using a magnetic field along the direction of recoil
to precess the nucleon spin into the production plane, first to one side
and then to the other, a technique developed at Harwell. (46) A single
counter can then, in principle, be used to measure the scattering above
or below the production plane, reversing the ﬁelci, and the direction of
the moment, between runs. With this arrangement it should be possible
to make the,.scatterer and detectors larger and thicker, since the azi-

muthal variation of the kinematics is slow.

*The experimental design-has been examined by C. Peck.
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APPENDIX I

SCANNING METHODS

The initial scanning of the Stanford exposures, using the Feld-
M‘ag,liér'm.ethod, was carried out as follows by vPro-fessor Peterson:
'I;he disti'ibution of the projected éngles and dips of the tracks near the
' éntering edge (at a'depth of 3 mm) was measured in each plate; the median
of the projécted angle distribution was taken as the angular reference for
projected angles in that plate. The prdjected angles and dips at a greater
depth (23 mm‘)v ‘were measured; at this depth the protons had lost 30 Mev.
After subtractiﬁg the number of tracks which entered at wide angles,
the number of tracks to the left and right é,t angles more than 6 degrees
from the median direction ‘wére compared. ‘The magnitude of the asym-
metries obtained seemed to beaf out the statement, in the Letter by
Feld and Magli€ (29), that tracks which deviated by more than 5 degrees
~ from the iﬁéident beam direction could be ascribed to single scattering
in the emulsion; an estirﬁate of the'muitiple scattering contribution,
later found to be quite optimistic, also supported this statement. The
polarization obtained at 660 Mev was in fair agreement with the value
~of Stein at 700 Mev, but the valué obtained at 585 Mev disagreed even
in sign. | |

: Preéauti_oﬁs were taken td avoid left-right bias from angular
misalignment; the median of the entering distribution was checked by
comparing it with the median of the central, multiply-scattered, part of
the dis’tribution. at 23 mm. Good agreement between the two medians

was gerr‘lervally obtained, within the accuracy required by thé_ slope of the
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smgle sca.ttemng cross section.

It was eventually dlscovered tha.t the multiple scatterlng had been
unde’resmmated; the negative asymmet;fy was found to be caused by
the propagation of a small asymmetry in the inqident beam to wide angles
by multiple sCattéring. At this péint,‘ a fhérough investigatioﬁ of écannipg
methods was under,taken, since it appea’red thatthe method recommended
by Feld and Maglil was unreliable, ,

The quesﬁon of thé ?eliability of the Feld- Magli¢ method neces-
sarily invoives the question of the reliability of their calibration of emul-
sion as a pola.rization analyzer. If has already been said that their cali-
bration is almost certainly incorrect, ~since it. differs materially from
measurements made on pure elements under more favorable conditions
and agreed upon‘by a number of laboratories.

Béfore calculating the asymmetry, Feld and Maglié subtracted
an estimated inultiplé scattering background. The scattering seems to
have been underestimated. Fig. 27 shows the distribution of plane pro-

' jégted a_ngleé of the protons tracks in one of the stacks exposed at
'Star;ford (A). The solid curve is the calculated multiple scattering, ob-
tained by foldiﬁg Gaussian multiple scattering with a rectangular incoming
distribution. The width of the‘ réctangular distribution was taken to be

2.2 deérees, * and the width of the Gaussian 3. 2 degfees,*using the
simple formula of Rossi, allowihg for energy loss. (85) In this energy

region and for this thickness of emulsion the‘width agrees within a few

A w1dth of 2. 6 degrees is now thought to be more representative. The
change lowers the peak value by about 3 per cent; the distribution is
essentially unaffected at wide angles.
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péf cent with the Molidre scattering width given by Voyyodic’: and Pickup,
' ch‘écked experim.entally for 147 Mev protons in emulsion by Skyrme.
(86, ;87) The agreement Between thé curve and the data provides a
strbﬁgr indication that the scattering measured by Feld and Maglié at
angles within the first diffraction maximum from 6 to 12 degrees was
?redofn;lna.ntly multiple scattering, so that a subtraction of multiple
scattering could not be doné significantly.

To a:Void this ‘difficulty, one may follow each wide angle track
found at greater depth back to the incident»e'dge, to elimina;te the multi-
plywscatteréd tracks: the "follow-back" method. In a trial of the mefhod,

v traéks foﬁnd at 23 mm Whose. projected angle differed from the median
' angie by more than 5 degrees were followed back. The scanners found

193  tracks with no scatters whose projected angle change was
greater than 39 '

53 tracks with one scatter whose projected angle change was
' greater than 3° and less than 12°,

35 tracks with one scatter whose projected angle change was
~ greater than 5° and less than 120,

1 track with two scatters whose projected angle changes were
: greater than 3° and less than 12°,

This measurement shows tha;t only 15 per cent of the scattering into the
iﬁterval‘fromS to 12 degrees is actually single scattering. The 4conditions
under‘ which this fn.easurement was made wére very similar to those of

the Feld-—Magli(: expériment; the prinéipal difference was that the angular
width of thé beam in dip was 8 degrees instead of 1. 8 degrees, a difference

which should not greatly affect the projected angle distribution.
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Large ésymmet:;ies :Eouﬁd with the Feld-Maglié »rhn‘.ethod under
these conditions must be almost entirely spurious, Sihcé the multiple
scattéring is syrh‘metric. | |

'Sp‘ur’ioﬁs‘ asymmetries can é,rise from two sources: First, even
if the incom.iﬁg bﬂeam is perfecfcly symmetric, a small error in the deter-
mination of the céntral angle--the angle of symmetry--can produce quite
1a.r‘ge biases, since the scattering, multiple or single, decreases sharply
with increasiﬁg angle. Second, if the beam is not symmetric, the
"centra.i“ angle depends on the details of the distribution, and is in
geﬁeral unknown.

In the present study it was found by trial that it was difficult to
" fix the median of the anéular distributi;m in a given plate’ with an ac-
cura’cy’ greater than 0. 3-0. 4 degrees';. The ﬁncertainty arises partliy
from the statistical uncertainty in the median and partly‘fr om the dis-
persions in angular vmeasurements. ~ If the plate must be removed from
fhe 'étage, or the protractor s_ettif_g,, disturbed so that it must be reset,
additional errors-are introduced.

ifk'one assumes that the a;ngular distribtﬁ:idn consists entirely of
Gaussian multiple scaftering, one can estimate the first-order asym-
metry caused by an .aﬁgular misalignment of m‘agniﬁude & wupon the
relative numbers, L and R, of events observed in "Left" and "Right"

 bins of width d6, at angles 0 -6 and 6 + &6 from the beam center

In this formula | sz‘is the mean square projected angle of multiple
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scaftering, If o = 3 degrees, 6 =9 degrees, and § = O‘.‘ 3 degrees,
one obtains a spurious ssy.mrnetr‘y of 30 per cent.

More insidisus are ‘the effects qf ‘asymrkn-.ef-rives in the incoming
beam. It is doubtful that a very large asymmetry could arise under
the cond1t1ons given by Feld and Maglil (greater, say, than 5 per cent),
but the f0110w1ng a.rtif1c1al example has been constructed to demonstrate
the possible magnitude of the effe;ct in the Stanford exposures: Consider '
that the beam is made up of'a. sy;snm.etric part and an additional asym-
metric part cons1st1ng of two Gaussian peaks in the incomi ing distvibution,
at. a.ngles of -0. 625 and 1. 250 degrees, and of relative strengths 0.555
ax_ld 0. 445 respectively; each Gaus sisn hss a root-mean—-s‘quare angle
~of 0.5 ’degrees.' The median of this ciistribution is zero; but after folding
it with 3 degreevGaussian multiple scattering, the areas under: the tails
at angles greater than 6 degrees are differeﬁnt; the asymfnetry is 16 per
cent. - The example may be made more plausible by adding an arbitrary
symme‘trvic pa,.rt,‘ reducing the asymmetry. ’I“he co;rrespondiﬁg error. in
the pola.,‘rizat»'ion is about twice the spurious asymmetry.

One concludes that the scanning procedure suggested by Feld and
Maglié is invahd at small angles, so that asymmetmes found with this
-method are very likely spurlous. The feasibility of accepting only
1arge angles, or of using a thinner scattering thickness, was investigated;
it was concluded that the sacr1f1ce in yield was so large that the method

4

became less attractive than the more reliable methods.
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| ‘Although the follow-back method can be used to eliminate the
mulﬁple-scattering contafnination,i it is also subject to misailignment
errors, tfo‘a-m somewl;aﬁ smaller extent. Many of the single scatterings
are not detected; only the wide angle tz;acks are traced back, and multiple
séa’cterin’g along a track which also displays a single scattering ‘m.a,y
cause it to scatter out of the acceptance interval. This inefficiency
makes it possiﬁlé’for anguiar misalignments to produce a spurious
asymmetry, whose magnitude can be estimated as follows:

The relative numbers of tra,cks‘ which in fact undergo a single

sca.tterlng with projected angle change 6 s and which are later found to .
lie at a projected angle © 'with respect to the 1nc1den1: beam, is approx1-

mately
s 3% %
(0 ;0) = g(6-6 )o (6)

where g(0) is the projected multiple scattering distribution, whose root-
mean-square angle is o; cp(e) is t‘he‘projvected‘six}gle scattering cross
section., It i§ a.é sﬁmed that the incoming beam consists of parallel
tré.cks, -and that the Sca.tteri’ng angles afe small. |

| Using this formula, the detection efficiency, which is the nor-
m,aliZQd prvob'a.bility' that the scatfering of angle 6* will be detected by

tracing back tracks whose progebted angle is greater than 6 is
| © 5(0-8" )a(e )de+f g(e 0 )o;e “)de
%k

p(®© ;91) =

) [s.0) E3 3k
7 fnoo g(6-6")a(6)do

Dividing '01711: G’( 0 ), and making use of the unit normalization of g(0),
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. one obtains

e , ) e
p(© ;91) =1 -S g(® - 6 )de
o 9,

A spurious asymmetry occurs if the left and right limits = Gi
are misaligned by an angle &, and is given to first order by

% *
. g(e "el) + g(e +ei)

p(6 ;0)

As Sum,ing that the multiple scattering is Gaussian, that the angle Bl
is 5 degrees, and that the roof-rri.ean~square multiple scattering angle
'is 3 degrees, the efficiency and bias are given as functions of the pro-

jected angle for single scattering 6 as follows:

Scattering Angle Detection Efficiency Bias
e, Degrees - Per Cent ,  Per Cent/Degree
5 50 14. 3
6 64 | 13,0
7 75 ‘ 10. 8
8 84 | 8.0
9 95 3.2
2 o

99 | 0. 8

The mefhod is not particularly efficient in detecting scattering
in the first diffraction maximum, where the analyzing power is known
with g.rea,test accuracy; the 1’aias effects are also largest in this regiop.
'I‘.héb‘ias caﬁ be controlled, by reducing the instrumental misalignment
errofsﬂ, and aiso by comparing the numbers of m.ultiply—-séattered'track»sl

traced on the left and right side; the bias in the multiple scattering is
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larger thén the single sc'attering bias, so that a misalignment is
sensitively detectéd. There a;'e_aboﬁt 30—50 such tracks ina ﬁlate;
the sﬁatistical c‘on‘firdencevin the asymmetry is therefore about 15 per
cent. In the conditions of the‘Stan:ford exposure, the corresponding |
uncertainty in the mm angular reference is about 0, 25 degrees; it is
necessafy t§ average the results over a number of plates to elimina.té
bias efféc;ts. |

It was discovered in the trials that the follow-back method is not
pafticularly rapid, because of the time required to trace tracks from
plate to élate. - Six. obser&er-v;reeks were consumed in collecting the
data quoted, not including the time required to determine the central
angle.

Measurements Weré also made of the rate at which tracks could
be followed forward. In the polarizé.’;ion m.easurerﬁ.ent of Friedfnan at
300 Mev (52), the average track following rate was 45 cm~per hour,

With the 400 mici"onvemulisiéﬁs used in tﬁe present experiment, however,
the wide di.st'ribution of Iinc\:‘oming‘ d1p angles, and the 1arger multiple
scattering, the avérage diétanée traveled by a track in a single pellicle
was 6n1y about 1 cm. In the: triafl's ‘the bés\t rate obtained was about 20 cm
 per hour. |
| - With the available plates it thereforé» seemed best to use the area
scanning technique, - described in‘ détail in the text, since the initial trialé
indicated that it was more rapid than track following, and there was no

“obvious source of bias.
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APPENDIX II

SPIN PRECESSION

‘The formula relating the scalar product of the moment vector
p and the unit vector n normal to the scattering plane to the precession
of the moment in the spectrometer is derived in this Appendix. It will

be shown the quantity to be calculated is the conditional mean of n- p

given the values of the projected angles and dip immediately before

scattering, and the required formula will be derived.

1. Definitions

a. Coordinates: Let (x, v, z) be a right-handed rectangular system

in therlaboratory, with the vy axis normal to the exit aperture of
the spectrométer and positive in the direction of motion of the

particles. The =z axis is positive upwards r(c. f. fig. 10)

b. Symbols:
GP ProjectedL angle in (%, y) plane, measured from y axis.
'\1 " Dip angle in unprocessed emulsion above (x,y) plane,

positive if particle moves upward.

D Bending angle

®_ ~ Bending angle on central trajectory

0 Laboratory angle of center of entrance aperture
Q ' P_'r'ecession frequency/cyclotron frequency

n ‘ Unit moment vector

‘M Angular magnification
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c. Subscripts for 05

0 At entrance of slpAectrome\terv
1 - At entrance of emulsion stack
-2 . Immediately before scat‘terking
3 Immediately after scattering

2. Spin components, to first order where justified in GP, y:

“a. At entrance of spevctrorn.eter

Mg = =Yg cot 8

My, = (1- Gpocos 6 cot 0)

b. At exit of spectrometer

By = -Y¥, cot©
HY = (1 - oncos ‘6 cot B)sin (Q&® + yo)'
B, = (1 - ep cos 0 cot 0)cos(QP + yo) |

where

Q@ + v, =03 + Q(¢¥¢O)+,y0 =@+ [1-(1+M)] y,/M

6 =0 /M
' po p1/

3. Scattering Probability:

de . ‘
S 9m = \e(e)1+ a(0)Pn- plf (0,
=yt + a(e)Pa - ] w(Op M)A8, dvy

co(oN1+a(0)Pn- ul

where f(’ep , 'yl)A is the probability that .y lies in the angular interval

1 S
(de,Pl’,dyl)’ and by = expected value of p.:
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= £ (0., v.)do_ dy
By .\ Pip( P, Yl) P, Y1 -

This formula shbws-that the 'Inea.nva.lﬁe of n- E_ is the quantity to be
used if n-+ p is not diréctly measured. The information per»vided
bjr the measurement of the dip and projected angle before scattering

(not uﬁiquely rela,tedto the orientation of the moment because of ‘multiple

, sca.tterlng) can be used if the conditional mean of n -+ p is calculated

from the measured Values.

4, Conditional distribution of moments, given the observed dip and

pr :je Cte d a']n'g:"‘.E :

where :E(yllyz) and f(B IGP ) are the conditional distributions of the
Py P2
dips and projected angles at the entrance of the stack glven the values

measur ed before’ scattering.

5. Conditional distributions of dip and projected angle:

Derivation for dip a.ngle glven.v
a. vy lv,) = f(vl)f(vz lyl)/S f(vl)f(vz Tvl)dvl: Cramér (62),pp 267-269.
b. f(yl) is assumed to be rectangular of width 2v; ; 2V = angular
© slit width multlplled by calculated angular ma.gmflcatlon.
c. f(yzlyl) is assumed to be Gaussian:
(v, vy) = (zwrl/z /2

- and

’ Y4 - .
CGx) = 3 g(t)dt = normal probability integral.
Y0 . :

2/, 2
€Xp f(Yz‘Yl) ./ZU = g(Yz‘Y]_)
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d. . R‘Oot-mean-squ'are projévcted angle o is obtained from the

a,pproxima.te formula of Rossi (81):

o=(21 'Mev)tl/vz/Zl./zpﬁc (radiaﬁs).

t = scattering thickness in radiation lengths

6, Expectation values of the spin components:

a. Expand }Ly, B, to second order in Yy

1 . 1,22,
p‘y = (1-M_6p1cos Bcot 6)[ s1n§2@o+ kylcos EZ(I)O-» 2k 'ylsinﬂti)o]
=(1- L o cosecot ol éos QP -ky,sinQd - 12 zcos‘SZ(I)']
IJ‘z,h'M'p1 t o XY SR -7 K Y o
where k=[1-9@+M)]M"
The second order‘expansion is quite adequate over the range of

argument allowed. |

7. Evaluation of mean components: obtain the conditional means of

. , 2 . :
Gpl ’glven BPZ, of Y1 ‘a_nc\i Yy» given v, and substitute in the

above expansiohs; the procedure is justified by ihe theorems on

the means of sums and products gi’ven'by'Cramér (62, pp. 170-174).
Formulas given for dip only; result for projected angle is similar.
gly, + v) - gy, - v)

G(‘Yzy + V)~ G(YZ - V)

| Yl']/YZ TY,t O

2 l ) gy +v)- glyy-v) | . (Yz'V)g(Yz’V)"(Yz"‘V)g(Yz‘*‘V)
2 T 0N GG, ) GV, 7] - GlY,-v)

+ (Yll/Yz)Z
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8, Final ~eValuation'o£ scalar product n -+ p: Having calculated the ex-
pected value of each component of the m.roment.vector, form the

scalar product n- p.

9. Calculation procedure for each event:

- a. Obtai , 0, .
n o b, Y,
b. Compute g(y2 + v), etc.

. 2
c. Co‘mpute‘ Y1 [y 2 v 1vp epl, [Gp .
d. Form mean components. '

e. Form scalar product.
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APPENDIX III-

ELECTROPION PRODUCTION KINEMATICS

1. Notation for particle momenta :

F bur~ (Momentum, Ener gy)

" Momentum Definition ' - Lab c.m. Mass .
pp Incident electron momentum . (psP 0) (B ;;_F‘O) m
‘. Pp: ' Scattered electron momentum (_E!, p:)) (Z_Pil, P;) m
; qp Pion momentum : (2 q O) Q. Q O) B
1:|.L Target protoﬁ momentum (t=0, to) (T, To) M
) rp o -Recoi} proton momentum » (z, ro‘) (R, Ro) M
k * Momentum transfer:  -p' o k;k ) K,K) =~
LMo b2 tok) (KK,
d Center of mass momentum: ’ (d,d,) (D=0, D,) --
B k +t =1 + - -
PR R

2. Definition of angles:

Elee Angle between p, _12': scattered electron angle in lab.
6 - Angle between p, rr recoil proton angle in lab.
¢ Angle between p,r plane and p, p' plane.

3. Magnitude of scattered electron momentum:

P, + t = p + % + T, B (conse,i'vation of momentum)

\

El1m1nat1ng qILJL by the relation q_*‘L qp = - Z, one obtains after

expres sion of the four- momenta in terms of momentum and

%The C. m. 5ystem is that of the pion and proton center of mass.
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energy, and putting p = Py p_' R P the following formula:

p'z, . | rp Ccos G—r‘o(p—'l-‘M)-pZ/.'Z
' p(l - cos 6 )1t r(cos 6cos B + sin©sin 0, cos ¢) - T,

4, Invariant momentum transfer
Wk =" p™)p - p
<, = (- pF)p - B,)
_ 2 1 1
=-2m” +p- P - PgP,)
1 : 2 1,2
= 2pp (1 - cos 85) + m“(p - p )*/pp’
5. Evaluation of c. m. quantities (upper case letters) from lab quantities

(lower case letters): Method used by Dalitz and Yennie (73).

a. Energy

d =k +t =(k, M+k
p TRt & o)

Do = total c. m. energy

a\/-d d v:'\/.q(k“_‘kp + 213%}L + tpkp)

L

='\/-_1<‘J"k,+ 2k M + M?
3 (s}

"b. Momentum

A = Vapa + AZ
. 4 (o]
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c. - Scalar product
. B=Mp + o .
_A_ _]?_ a bp +tAB =a-b-ab + ABg
6. . Evaluation of "equivalent™ real photon energy to give c. m. energy

DO - in photoproduction.

Electroproduction:
D% = - d'd = -k + 2k M+ MZ
(o] 58 : 38 o
Photoproduction: k2 = lé.boratory photon energy

Dz =2k, M + M2 ¥k =0 for real photon
o L o
Therefore, if D, is computed, kL is given by
p? - M%
k, = —
L~ T ZM
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A.PPENDIX v

MULTIPOLE EXPANSIONS OF PHOTOPRODUCTION
CROSS SECTIONS AND POLARIZATIONS

Reference: Chew, Low, Goldberger, and Nambu (21).

1. Photoproduction amplitude; most general two-component form:

f=ig-efj+o- qo- kxef, +ig-kgrefy+ig. 9q- iy

where

= Paﬁli spin ope rator

la

= unit vector in direction of photon polarization

|o
!

k = unit vector in direction of photon momentum

= unit vector in direction of pion momentum

o

2. Cross section, if ue and u, are initial and final proton wave functions

-g% = 714- —% z 2 z !<uf|ffui>12
initial final photon
spins spins polari-
zations

1Tk [
photon
-polarizations

L > ' Trace f+f .
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3. Polarization

PHR-GE ) o o
photon
polarizations

"where n = unit vector normal to production plane:

n=kxg/lkxal

4, Multipole é.xpansion of amplitudes: see also the report by Ball (88)

[e e
]

£ :Z [eM, +E, 1P, (x)
g =0 R

¥

+ [ (e M, + Ei_] P,_;(x)

- |
f= ) L+ My, + oM, 1P )
s
e s ,
=) IE,, ~M,]P) ()
f3 = g+ " Myl P
L=l

- n
+ [E,e- + Ml»"] PI_I(X)

A3 L 1+ Ji

n
f _? [MH-E .-»M___-Eﬂ_]Pl (x)
L=1 '

Pﬁ = Legendre polynomial of order {; primes indicate

- differentiation with respect to x; =cos 6
N C‘ m-.
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5. Explicit evaluation for the cases found useful are given in Table II
of the text; the expansions are given in full by Peierls (24), with

a different normalization.



