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Measurements are presented of the recoil-proton polarization for n photoproduction angles near 64
in the c.m. system. The steep angular dependence observed by others at lower energies persists to at
least 1500 MeV, and the polarization crosses through zero near 63' over the entire 900-1600-MeV
energy interval. Summary fits are made to available recoil-proton polarization data, 950-1250 MeV, and

are found to require terms of order cos'8, but no higher.

I. INTRODUCTION

%e have measured the polarization of the recoil
proton in neutral-pion photoproduction for incident
photon energies between 1000 and 1800 MeV, at a
mean yion production angle of 64.5 in the center-
of-mass system. The experiment was performed
at the Cambridge Electron Accelerator. Section II
discusses the technique and the apparatus, Sec. III
the data reduction procedure, Sec. IV the results,
and See. V presents discussion and comparison
w ith other experiments.

II. TECHNIQUE AND APPARATUS

Bremsstrahlung produced on an internal syn-
chrotron target by an 1800-MeV electron beam
passed through a collimator, sweeping magnets,
and a scraper before striking a 5.08-cm liquid-
hydrogen target {Fig. i). Photons from the decay
of the neutral pion passed through a permanent
700-gem field into a shower detector consisting
of a tantalum-plate optical spark chamber, a

V'

scintillation counter, and a, lead-glass Cerenkov-
counter hodoscoye. Pulse heights from the scin-
tillation counter and Cerenkov counters, together

with hodoseope information, were recorded on
film along with the shower-chamber pictures. The
recoil proton entered a spectrometer consisting of
a scintillation counter and two thin-plate optical
spark chambers at each end of a dipole magnet
providing mean deflection of 15'. This proton arm
subtended 2.V x10 ' sr at the target and provided
momentum resolution EP/P =0.02. Time of flight
between the two scintillation counters and pulse-
height information from the 2.5-cm-thick down-
stream counter permitted rejection of particles
other than protons. The details of the proton spec-
trometer and the photon detection system are given
in Ref. 1. The protons from the spectrometer en-
tered a spark chamber built of aluminum-sheathed
graphite plates, each 91.4 cm square and contain-
ing 1.27 em of graphite, 0.05 cm of aluminum, and
epoxy dement to total 1.40 cm. Sixty-one plates
were mounted with 1.27 cm spacing in a gas-tight
enclosure filled with helium at slightly above at-
mospheric pressure. Tests based upon minimum-
ionizing cosmic radiation indicated that the cham-
ber would have been only negligibly more sensitive
were the expensive He-Ne mixture used instead of
pure helium. The chamber was photographed in
90' stereo on 35-mm I inagraph Shellburst film
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through an optical system employing parabolic-
cylindrieal mirrors as field elements.

III. DATA REDUCTION

During the experimental runs about 160000
events were photographed, after a coarse elec-
tronic selection based upon pulse heights in the
Cerenkov and scintillation counters and time of
flight in the spectrometer. The proton spectrom-
eter and y-spark chamber pictures were scanned
and measured automatically on the MIT SPASS
system. ' About 25 percent of the events passed
rigid requirements set to define neutral-pion
photoproduction. Included in these events is a
background of proton Compton scatterings esti-
mated to be less than 7 percent over the photon
energy range of interest. Also included are pos-
sible multipion productions. A Monte Carlo esti-
mate placed this background at less than 3 percent
of the a,ccepted events. ' Carbon-chamber photo-
graphs of the events selected by SPASS were then
scanned and measured automatically by an early
version of the SPASM system, then at Harvard, 4

and the various measurement data were merged
onto a common set of computer tapes.

Polarization determinations are extraordinarily
sensitive to small systematic errors in angular
measurements. To assist in the reduction of the
proton-carbon scattering data a set of grid lines
intersecting on a 20-cm lattice were ruled on both
carbon-plate spark-chamber windows and were

photographed at the beginning and end of each roll
of film. Separate photographs were made of wires
stretched 61 cm in front of each of the windows
to permit determination of the effective camera
locations, in the two views, as a function of the
chamber gap number, to allow for certain optical
system distortions. Using averaged measurements
of the photographed grids as made on a Vanguard
film-plane digitizer, an optimized 22-coefficient
function was calculated to map from the film plane
onto the window grid of each view. Separate func-
tions were determined for each 20-cmx20-cm
square cell of the chamber window, and then the
individual mappings were assembled into a contin™
uous weighted average to eliminate discontinuities
at the cell boundaries. The aim was to obtain a
ma, pping that was eonformal not only over large
areas but also over the 15-20-cm regions that are
critical for the determination of projected scatter-
ing angles of individual protons. The individual
events as measured by the SPASM system were
first mapped onto the film plane to correct for
lens and CRT distortions, then onto the planes of
the spark-chamber window grids, and then into real
space, using a smoothed representation of the
effective camera locations for each view. It is
believed that this over-all procedure effectively
compensated for both the intrinsic pin-cushion
distortion of the parabolic field mirror system
and the smaller scale distortions associated with
the incidental bending of the large flat mirrors re-
quired to fit the optics onto the accelerator floor.
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FIG. 1. Arrangement of experimental equipment.
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The gross mapping fitted the 20-cm-cell vertices
on the windows to +0.06 cm, at worst. A check on
a smaller geometrical scale was carried out using
actual proton tracks as mapped by the above pro-
cedure. Measurements of two successive spark
locations were used to predict the location of the
spark preceding the pair for comparison with
actual measurements of that spark. The precision
of transverse measurement of individual spark
positions was found to be +0.1 cm in the top view
(looking down on Fig. 1) and +0.13 cm in the side
view. The mean extrapolated spark location did
not deviate from the expected straight line more
than 0.010 cm in the top view and 0.015 cm in the
side view.

For each event so measured and mayped scat-
terings were detected by dividing the spark trail
into two portions and fitting a straight line in space
to each yortion, weighting the individual sparks
to account for multiple Coulomb scattering appro-
yriate to the scattering energy as inferred from
the known incident energy and range of the particle.
Such fits were obtained for all possible subdivi-
sions of the track having at least two sparks in
each of the two branches. The mean points of
closest approach of the two fitted lines were de-
termined and acceptable fits were required to have
this point lie between the two assumed track seg-
ments. The closest approach distance, which was
distributed with standard deviation 0.064 cm, was
required to be less than 0.152 cm. A goodness-of-
fit parameter was also calculated and, in case of
ambiguities, the scattering was assumed to occur
in the plate giving the best goodness of fit. No

specific tests were made to detect double or plu-
ral scatters. For the selected fit the angles of
scattering, the proton energy at scatter, and the in-
elasticity of the event were calculated. This last
was determined from the incident momentum and
measured range of the proton. This procedure
yields "scatterings" down to angles of about 2',
below which the algorithm becomes progressively
less reliable. Proton-carbon analyzing powers
and an estimated uncertainty thereof were deter-
mined for the conditions of each scattering event
using an extension of tables and a program pre-
pared at the California Institute of Technology. '
Data summary tapes were prepared and used to
calculate the proton polarization and other results
for a variety of cuts and conditions. ' All data were
subjected to cuts correlating a proton's trajectory
in the spectrometer with its initial path in the
carbon chamber in order to minimize spurious
events.

Since it was known that a systematic angular
error of as much as a few tenths of a degree could
seriously affect the computed polarizations, an

additional normalization procedure was carried
out. For this, all events scattering at 2'or more,
among which small-angle and other events of neg-
ligible analyzing power are vastly predominant,
were assigned an analyzing power of 1.0 and the
resulting spurious proton "polarization" was cal-
culated for scatterings in each of the spark-cham-
ber plates. For each plate an empirical redirection
of the polar axis of scattering was effected to min-
imize a smoothed representation of these spurious
"polarizations. " For the chamber view relevant
to the experiment —the top view —the spurious
polarizations were approximately a constant 0.05
and were compensated by projected shifts of about
0.05' in the effective forward direction. The scat-
tering angles for each event as renormalized in
this way, together with the corresponding analyz-
ing powers, were also recorded on the data sum-
mary tapes. A comparison of results calculated
both from the original data and from this renor-
malization of them provides a measure of the re-
sidual systematic uncertainties in this experiment.

To confirm that the track-fitting routines select-
ed legitimate P-carbon scatterings all data with
measured inelasticity of scattering less than +10
MeV (within the measurement resolution) were
distributed in 1' laboratory scattering-angle bins
between 6' and 20', and in 20-MeV energy bins
from 90 to 210 MeV, plus one bin extending to 300
MeV. For each bin an average elastic differential
cross section was estimated from an interpolation
of existing data. ' The elastic scattering-angle
distribution was predicted for each of 7 ranges of
energy at scattering and was normalized to the
number of scatterings in that range. The results
were summed over the whole (90-300 MeV) energy
range, to obtain adequate statistics, and the pre-
dicted occupancy of each 1' angular bin was com-
pared with the observed numbers. Including all
angles 7 -20' in 13 bins the observed numbers fit-
ted to give a combined g'=4.35 for 6 degrees of
freedom, with a corresponding probability of 0.6.
Between 6'and 7'an excess of events was ob-
served, diminishing from a 100 percent excess
below 150 MeV to about 50 percent at 300 MeV.
These events are interpreted as coming from the
tail of the multiple scattering distribution folded
into our angular resolution. An additional com-
parison was made between the observed energy
distribution and the suitably integrated cross-
section estimates. Again, for 7 -20' and 90-300
MeV, the correspondence was satisfactory in
terms of the known spectrum of incident protons
corrected for inelastic scattering and absorption
processes which may have occurred during pas-
sage through the spark chamber. The energy and
angular range used in these tests contains the
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predominant contributors to the effective proton-
carbon analyzing power, and the above checks
give us additional confidence that our procedures
properly select and measure bona-fide proton-
carbon scattering events.

IV. RESULTS

Our results are summarized in Fig. 2 in which
proton polarizations as calculated from the xenoz-
malized angles are plotted against incident photon
energy. Polarization + 1 corresponds to a proton
spin in the direction of R& xq„o. Mean pion produc-
tion angles are indicated. The error bars are sta-
tistical. The data include all P-carbon scattering
angles above the angle max [7', 10.9'-0.0289T],
where T is the laboratory kinetic energy at scat-
tering, in MeV. This arbitrary cutoff eliminates
potential dilution from multiple-scattering events
but does not seriously affect the statistical accu-
racy of the polarization estimate. To illustrate
the sensitivity of the data to various assumptions,
there are marked against each error bar points
corresponding to the following alternatives: (a)
the use of all scattering angles greater than 3';

(b) the use of the original unnormajized scattering
angles greater than 2'; (c) data in which an esti-
mated uncertainty of the analyzing power data has
been added to, or (d) subtracted from, that ana-
lyzing power, for all renormalized scattering
angles greater than 3'. lt is seen that the results
are remarkably insensitive to these variations.
One may infer that the dominant contribution to the
asymmetry comes from the larger scattering an-
gles where the analyzing power is both large and
well known and in which the angular normalization
is not critical. Dilution resulting from multiple
Coulomb scattering does not appear to be signif-
icant, even in the data cut off at 3'. Regardless
of the cutoff used the very small angle scatters
contribute very little on account of the small
associated analyzing power.

Spurious asymmetries could also be introduced
were protons which scatter at large angles to
leave the spark chamber, or were the chamber
and measuring systems less sensitive to such
protons. The former contingency was avoided by
limiting measurements to tracks incident on the
central portions of the spark chamber plates.
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FIG. 2. Recoil-proton polarization near 64 pion production angle: results of this experiment. Points with indicated
errors use renormalizedp-carbon scattering angles cut off near 7' (see text). Also indicated are polarizations with
scattering angles cut off at 3' using renormalized angles (symbol "3"); using unnormalized angles (symbol "u"); using
renormalized angles and analyzing power data to which an uncertainty has been added (symbol "+")or from which it
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Either process would be expected to affect pri-
marily the larger P-carbon polar scattering angles,
the range of which extended out to 30'. Our results,
as described in subsequent paragraphs, were test-
ed for such an effect by a recalculation in which
scattering angles greater than 15'were excluded.
The remaining events, amounting to a little more
than half of our data, yielded polarization values
consistent with those obtained using the full sam-
ple. No systematic trend was evident as a result
of this cut.

A further systematic check was performed by
selecting all events with P-carbon scattering an-
gles between 2' and 3' and computing from them a
spurious proton *'polarization" in terms of unit
analyzing power. This test would be expected to
reveal measurement asymmetries which are im-
posed upon small-angle scatterings expected, a
priori, to be symmetric. For the renormalized
angles the mean "polarization" was consistent
with 0 with X'= 5 for 7 degrees of freedom. The
same data for the unrenormalized angles were
consistent with 0 polarization with X'=9.8. It is
evident from these various checks and from Fig. 2

that such systematic variations as may have been
introduced by optical distortions and mapping
approximations lie well within our statistical un-
cer tainties.

For the purposes of further analysis and corn-
parison with other experiments we shall take a.s
our final results the po1.arizations calculated from

the normalized scattering angles and all data, hav-
ing a P-carbon scattering angle above max ['7', 10.9'
—0.0289T]. These results are presented in Table
I, separated according to whether the pion pro-
duction angle was larger or smaller than 64.5' in
the center-of-mass system. Also given in Table I
are the corresponding results from two different
experiments at the California, Institute of Tech-
nology covering overlapping energy and angular
regions. "In this table our errors as presented
are the statistical estimates which include, as we
have indicated, the range of likely systematic
uncertainties. The errors for the other experi-
ments are as quoted by the respective authors. "

V. DISCUSSION AND COMPARISON

WITH OTHER EXPERIMENTS

The polarizations in Table I show strong angular
dependence. To compare these data, it is conve-
nient to plot them, for each 100-MeV energy bin,
against the mean center-of-mass pion production
angle. This is done in Fig. 3. Also shown are
minimum-y' straight-line fits made under the
assumptions that all the data are statistically corn-
patible and that the variation over the 10' range is
approximately linear. We have fitted the proton
polarization to a function I' = a+ b (8 —62'), and
entered the coefficients a and b also in Table I.
These coefficients in effect summarize current
experimental knowledge of the recoil-proton po-

TABLE I. Recoil-proton polarization in direction ky

Photon energy '
(MeV)

This expt.
62.6' 66.5'

Ca.ltech b

57' 620
Caltech '

60 7 65 3
2 =a+b{e—62')

a b

950

1050

1150

1250

1350

1450

1550

0.44
(+0.28)

-0.08
(~0.23)

0.54
(+0.22)

0.23
(+0.25)

0.25
(+0.31)

—0.03
(+0.42)

-0.28
(+0.22)

-0.59
(+0.21)

-0.02
(+0.21)

-0,42
{+0.29)

-1,00
(+0,41)

-0.67
(+0.54)

0.17
(+0.21)

0.26
(+0.14)

0.04
(+0.15)

0.58
(+0.17)

0.70
(+0.24)

0.76
(+o.43)

-0.15
(+0,18)

-0.32
(+0.13)

-0.14
(~0.15}

0.01
(~o.18)

0,08
(+o.27)

0,66
(~0.33)

0.05
(+0,12)

0,42
(+0.10)

0.29
(+0.18)

-o.os
(+0.15)

0.03
(+0,10)

-0.04
(+0.13)

0.32
(+0.33)

0.040
(+o.o98}

0.017
(+0.057)

0,065
(+o.o59)

0.267
(+o.o83)

0.15
(+0.13)

0,07
(+0.21)

-0.01
(~0.43)

-0.043

(+o.o32)

-0.030
(+0.019)

-0.057
(+0.021)

-0.053
(~0.027)

-0.114
(+0.039)

-0,194
(+0,066)

-0.16
(+0.17)

~ Geometrical center of 100-MeV bin.
From Bloom gg /. (Ref. 7).

c From Cheng (Ref. 8).
Straight-line fits based on mean pion production angle for each datum.
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larization from m' photoproduction near 60' from
900 to 1600 MeV. Most significant is the indication
that the recoil-proton polarization passes through
zero at 63.3'+1.6' center-of-mass pion angle over
the entire 900-1600-MeV photon energy interval.
This angle corresponds to a range of squared
momentum transfers from t = -0.320 +0.015
(GeV/c)' at 950-MeV photon energy to t= -0.600
+0.02S(GeV/c)s at 1550 MeV. The center-of-mass
energy ranges between the D» and E» resonances
near 1680 MeV and the I'37 resonance at 1950 MeV.
At 1250 MeV there is a suggestion in the a coef-
ficient (Table I) of a 2-2-standard-deviation peak
in the energy dependence of the polarization at 62',
corresponding to a momentum transfer of -0.45
(GeV/c)'. However, there is no clear evidence of
any structure in polarization as a function of t
extending above or below this particular s-channel
energy of 1.8 GeV. Further, experiments at
higher energy, where t-channel processes are
presumed to dominate, show large negative polar-

I.O I I I

95Q Me V

izations in this t range, in contrast to the zero
crossing found here. '

In view of the steep angular dependence of the
polarization near 62 it is interesting to compare
these results with data at larger pion production
angles. Information is now available from Dares-
bury o and Bonnl' up to photon energies of 1250
MeV. For purposes of comparison and interpre-
tation it is conventient to calculate from all polar-
ization data the reduced cross section

P' = [k P(8) &T(8)]/(q sine),

where c(8) is the differential production cross
section at angle 0, and k and q are the photon and
pion center-of-mass momenta, respectively. The
reduced cross section is equal to the interference
term in the helicity amplitudes, Im(H„H,*+H,H4),
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TABLE II. Expansion coefficients for the reduced cross section [Eq. (1)] in the form I"=A+B cose+C cos 8+D cos &,

where 8 is the pion production angle in the center-of-mass system. '

(MeV)
A

(Vb/»)
B

( p,b/sr) (pb/sr)
D

(p,b/sr)

950
1050
1150
1250

-0.397+ 0.063
-0.629+ 0.077
-0.361+0.053
-0.269+ 0.038

-0.03+0.44
-1.36 + 0.57
-1.86 + 0.39
-1.42 + 0.27

0.42+ 0.53
1.67 + 0.66
0.72 + 0.46
2.25+ 0.34

2.4 + 2.0
9.2 +2.8

11.8 + 1.9
6.6 + 1.3

~ Utilizing data from Ref. 7, Bef. 8, Bef. 10, Bef. 11, Ref. 14, and the present experiment.

divided by" sin8. Differential cross sections were
interpolated where available from recent Dares-
bury work. " Reduced cross sections are plotted
in Fig. 4, which summarizes currently available
data above 900 MeV."'"At 62' a composite point is
entered representing a straight-line fit to the re-
duced cross sections obtained from the data of the
present experiment and from the 60-degree Cal-
tech experiments. The individual data points
are treated as in Table I. Also indicated by
dashed lines are the uncertainty ranges of the
slopes of the straight-line fits associated with the
62' composite point. We have fitted these reduced
cross sections to polynomials in cos8, P'=A
+Bcos8+Ccos'8+Dcos 8, which are also plotted
in Fig. 4, using coefficients given in Table II.
The third-degree term is indispensible for fitting
the data near 60', but higher terms are unneces-
sary. It is to be observed that the slope of the
fitted curve at 62' lies within the uncertainty limits
of the slope associated with the fit to the 60-de-
gree data alone. The latter slope as measured in
the present experiment remains approximately
constant at dP'/d8= -0.067+0.0'i2 pb/sr deg be-
tween 900 and 1500 MeV and is consistent with the
same value up to '1600-MeV photon energy.

A full interpretation of all these data can, of
course, only be made in the context of an over-
all analysis of pion photoproduction phenomena

such as that of Walker. '2 On the other hand, it is
difficult to imagine how our principal result —the
apparent zero in the recoil-proton polarization at
62'-63' all the way from 900 to 1600 MeV —could
arise from a complicatedconspiracy of many con-
tributing and resonating amplitudes. Neither would
such a zero appear to be a reflection of a simple
t-channel process, since O„rather than I;, deter-
mines its location over the whole range of s. The
simplest a priori interpretation would be in terms
of a weakly energy-dependent and real background
amplitude which vanishes near 63' and against
which imaginary resonant amplitudes interfere to
produce the energy-dependent polarizations at
larger angles. Presently available cross-section
data are insufficient to resolve these speculations,
although there appears to be a broad minimum in
the differential cross section in the region 70'-90'
in the c.m. system and 900-1300 MeV, "which
suggests the vanishing of a significantly contrib-
uting amplitude.
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The cosmic-ray muon integral intensity (E& th,„l„ld~ 1 GeV/c) was measured under water
with a detector of small angular aperture (6.5' full width at half maximum). The motivation
of the work was to check the range-energy relation for muons under a medium, water, whose
properties are very well known and whose atomic properties (Z, Z /A) are significantly dif-
ferent from "rock" used in underground measurements. The ratio of these measured rela-
tive muon intensities, converted to equivalent depths of standard rock, to those measured
under rock and converted to standard rock, for 50 hg cm ~ 6 d 6 1000 hg cm ~ of equivalent
standard rock, is 1,09+ 0.06. This measurement shows that the range-energy interactions
of muons are consistent between "rock" and water for E&~ 240 GeV.

I, INTRODUCTION

This experiment measured the relative integral
intensity of single cosmic-ray muons with a small-
angle aperture (the angle-for full width at half
maximum is 8pws„=6. 5') for water depths of 244 m
and for slant-angle(zenith) detector orientations
up to 75'. The purpose of this experiment was to
establish accurately the consistency between muon
range-energy interactions in water and rock. ' '
The significant differences between water and
"standard rock" are partially reflected in their

atomic properties (Z/A, Z'/A) and their specific
densities [(0.50, 3.67)~, (0.50, 5.5)„, (1.0)~,
(2.65),].

A simple two-element small-angle-aperture de-
tector telescope was constructed and used as the
principal detector after a series of different con-
figurations, generally of wider angular aperture,
were experimented with in an early phase of the
work. Relatively hard muons, E„» I GeV, were
necessary to trigger an event in the telescope.
This directionally sensitive telescope registered
the number of muons, in fixed time periods,


