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ABSTRACY

We measured the recoil proton polarization in the process yp > pn
at the 1.5 GeV Caltech electron synchrotron, at photon energies from
0.8 to 1.1 GeV, and at center-of-mass production angles around 900.

A counter-spark chamber array was used to determine the kinematics of
all particles in the final state of the partial mode Yp = pn (n = 2vy).
The protons' polarization was determined by measuring an asymmetry in
scattering off carbon. Analysis of 280,000 pictures yielded 2400
useful scatters with a background which was 30% of the foreground. The
polarization results show a sizeable opposite parity interference at

830 MeV, 950 MeV, and 1100 MeV.
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I. INTRODUCTION

In this experiment, we measure the polarization of the reccil

proton in the reaction
YyY+p>rp+tn

for center-of-mass production angles around 90O and at photon energies
from 0.8 to 1.1 MeV.

Figure 1.1 shows all the information known about eta photoproduc-
tion before we first fired our spark chambers. The figure shows a
large peak immediately above threshold which is close to isotropic in
angular distribution; this feature of the eta photoproduction cross-
section is most likely explained by the presence of the nucleon isobar
811(1550) as an intermediate state.

New data on eta photopreduction from Daresbury(23)

show a distinct
second peak at a mass value of about 1760 MeV. It is believed that
this peak is due to the presence of the isobar Pll(lTSO). Indeed, with

this isobar and the established 811(1550),'a11 the features of figure
(1,24)

b

1.1 and the new data are well fitted including the dip in the region
around 1650 MeV and the flat peak around 1700-1800 MeV. We note, how-
ever, Lhat only very few data exist, so that the few constraints they
yield make a model incorporating only few terms a satisfactory fit.

At comparable energies in pion photoproduction, however, the sit-

uation is more complicated. Many isobars can and do contribute; as a

result, asngular distributions are complicated and as well, the polariza-



‘uUoT308s-sscad uorzonpoxdojouyd B3T [T SJINTTI

fal

= ).\.)_"
>U> >©Tu7u /C_UT(
205t Q0RT .o_om«. _cm; Q00!1 oot Q00 008 =

o] gllz
21

f:mm :mm:mwgﬂwﬂ 1 T

4]

P”ﬂ?SO)
I—‘
1C
——ﬂ
B8)

s, 07

Oyst

S11(1550)
ey

DIz (i518)

P (1460)

4
¢ U

I
|
U

o
guOsMELS X .
[ )
AESED A % .I.OO
11825y  + ~ £
I £l 1
oL ¥
Q &
,05 B -
7.,.)....“\4 | .m__)_)‘ ro
N T LONODEADLOHA Bl

h0

NHI(O8H31S/SNHEA0H TIW
NDT LDIS-SS0Y

)



(2’3,1”’)

tion has a steep angular dependence,

In eta photoproduction, only the I = 2 channel contributes and
therefore fewer isobars are expected. As a result, the cross-section
and its angular distribution exhibit much simpler features than in the
case of pion photoproduction.

We note from figure 1.1 that two I = % rescnances which are proﬁ—
inent in pion photoproduction, the Dl3(1512) and the Fl5(l688), do
not appear to contribute in the photoproduction of the eta meson. The
D13(1512) is close to threshold and therefore suppressed by an angular

2% + 1
q

momentum factor = q5 (q is the center-of-mass momentum). The

(1688) does not show up because of SU(3) Clebsch-Gordon coeffic-
(5)

F15
ients.
The isobars known from mp scattering which do contribute to
Yp - pn all have J = %, and the question of their photoexcitability
has interesting consequences with respect to symmetry and quark model

considerations.

As an example, we consider the states D15(1680) and Sll(lTlO).
These are not required .in phencomenological fits. Moorhouse(s) has
pointed out that the guark model predicts that these resonances cannot
be photoexcited. Yet the Sll(lTlO) resonance could be photoexcited
even in that model, but only if there is mixing between it and the
511(1550).(7)

Another interesting question is whether the Pll(lh6o), the "Roper

resonance", can be photoexcited. This resonance, with the same guantum
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numbers as the nucleon, was fMirst ldentiflied in pion-nucleon phose

s : . (8) :
shill analysis by Roper el al. N peak ol the righl mass value hoo
been obuerved in small-angle p=p and T-p inelastic scattering at sovers)

9, 10, 11 . . .
(9, 10 ) However, analyses of both the pion and eta photo-

energies.
production angular distributions do not require a Pll(lh60) contribution.
This is not surprising, however, because the Pll(1h60), were it present,
would appear under the peak of the Dl3(1512) and would as well be under
the tail of the P33(1238), in pion photoproduction. In eta photoproduc-
Lion, unless it were strongly produced, the Pll(lh60) would be hard to
identily in the presence of the 811(1550), without better angular
distiributions than are presently known. |

11 the Pll(lh60) can be photoexcited off neutrons but not protons
(i.e., the vertex YpN*(thO) vanishes but YnN*(lh60) does not), then
J-spin conservation implies that it belongs to a 10 in SU(3). Thus
information on the photoexcitability of the Pll(ih60) can help to
establish its SU(3) assignment, which is not yet certain.

How then can we find out about these weaker states, namely the
Pil(lhéo) and 311(1710), if the 811(1550) and Pll(1750) dominate the
mechanism?  The states in which we are interested each occur in a
resion where the dominating state has opposite parity; therefore the
answel' i Lo perform an experiment which is sensitive to interference
t@rmé that arise between opposiée parity states.

We are doing a high statiétics experiment on the OO - lﬁbo asymmetry
in eta photoproduction near threshold which should be sensitive to the

(12)

presence of any P wave admixture.
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Photluproduction experiments with polariwzed photons or a polurizcd
Larget are also sensitive Lo opposite parily interfoercnee and will no
doubt be done alter technical advances make them more leusible. 'The
recoil proton polarization is also sensitive to opposiﬁe parity inter-
Terence; in fact it was by such an experiment that the relative parity
o1 the first and second resonances was established.

We pertormed ow recoll proton polarization experiment at 90O to
vield informabtion on l"ll(lh60)'as well as Sll(lTIO). The Pll(lh60)
lies below threshold in the nNp channel, but because it is very broad,
its Lail muy contribute. If so, its interference with the‘Sll(lSSO)
could show up prominently in a polarization experiment at 900.

Bimilarly, a sizcable polarization at 90O in the region of the
Pli(lTSO) could indicate an interference with the 511(1710); the
presence of the latter would lead us to the conclusion that there ic

S]l(lYlO) = (1550) mixing.

Sll

1hus we chose our kinematical region to be sensitive to opposite
purity interference in the region spanned by the Sll(lSSO) and the
Pll(lTSO). In photon energy, this region corresponds to from 800 to
1150 MeV. Recoil proton energies at these k values range from 100 to
300 MeV. This is convenient for using carbon as a polarization analyzer:
the anélyzing power of carbon is both well known and sizeable in this
region of proton energies.

We will see in Section IV that our results do indeed indicate the

presence of 5-P interference at both regions of interest.
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IT. EXPERIMENTAL METHOD

Wo wished, Lhen, in this experiment to study fhe recoll prolon

polarication in Lhe reaction

Y+p->p+n

at energies from 0.8 to 1.1 GeV. Our experimental group had
previously described the methods, described below, necessary to iden-
tir'y the above reaction; the contribution of the present experiment in
this respect was to run in such a configuration that our detection
el't'iciency was about fifteen times that of our previous cross-section
experimeut.(l3) In spite of the fact that this meant an inevitable loss
in experimental resolution, the increase in detectlon efficiency was
necessary . The protons' polarization was determined by an asymmebry in
scattering off carbon, which is the most useful element to use for a
polarization determination from protons in the energy range of the
present experiment (90 - 280 MeV). Nevertheless, beoauss of the size
of the p-C scattering cross-section, only 3-4% of our fully identified
events could be used in such an analysis.

The rmeneral experimental area is shown in figure 2.1 with the
apparatus particular to the present experiment shown schematically in
figure 2.2, Circulating electrons at energy Eo strike a tantalum target
and produce the photon bremsstrahlung beam. The Caltech synchrotron
produced a uniform phoﬁon beam for about 170 milliseconds during each

one-second acceleration cycle. The emerging beam was collimated and

swept before passing through the hydrogen target and finally stopped and
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monitored in a quantameter. (The photon beam is described in morce
detnil in Appendix VI-1, the hydrogen tarpget in Appendix V1-i.)

The recoil proton from yp - pn was detected by means of a 'proton
telescope consisting of three scintillation counters and three optical
spark chambers. (See figure 2.2). A proton was defined by a triple-
coincidence among the scintillation counters whose biases had been
adjusted for maximum proton efficiency and minimum electron or pion
cfliciency. (See Appendi# VI-4). 7The first two spark chambers defined
the proton direction while the third chamber, consisting of spark-
chamber modules alternating with carbon plates, served as a scattering
chamber while also yielding information on the proton energy from its
range in Lhe carbon. ‘The (known) direction of the incident photon and
the direction of the proton defined for us the reaction plane.

The eta was identified by simultaneous detection of both gammas
from its L1% decay mode, n -+ 2Yy. Two gamma detection systems were set
up on the opposite side of the beam from the proton telescope, the plane
rormed by the two being perpendicular to the (average) reaction plane.
The dnﬁln thal the Intersection of these two planes made with the in-
conming photon beam was the central eta angle and was determined from
kinematics. The two detection systems were placed symmetrically above
and below the reaction plane; thus we were looking at etas whose decay
photons, on the average, come off symmetrically with respect to the eta

direction: this procedure yields the largest detection efficiency for

n - 2y.
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ach photon detection system consisted of %" lucite (Lo shield

from very soft electrons), a veto scintillation counter, btwo radiantion
lengths of lead to convert the gamma, a 4 x Y system of overlupping
crossed hodoscope counters, and a lead iucite shower counter. This
system is described in detail in Appendix VI-3. A "gamma" signal was
defined by a simultaneous signal from at least one vertical and one
horizontal hodoscope counter and a sufficiently high pulse height in
Lhe shower counter, in the absence of a veto signal.

A Lhree way coincidence between the two photon systems and the
proton telescope indicated a possible event and defined oﬁr trigger.
When the logic indicated such a coincidence, we fired our spark
chambers; this made the proton track visible to a camera which photo-
graphed the chambers both from the side and from the top by a system of
mirrors. Fiducial marks were illuminated, 15 for each of the two views
o’ the chambers, and photographed on the same frame of film; in this
way we could determine the location of sparks in the lab. Also photo-
craphed on Lhe same Prame of film was o panel of lights which were
"lashed Lo indicate the particular hodoscope counters which participated
in each photon shower, as well as the pulse-heights in each shower
counter. The film wés then advanced; we were able to record Jjust one
trigger per synchrotron pulse--on the average the trigger rate was one
per 15 synchrotron pulses. In this manner, information was collected for
about 280,000 triggers in about 1500 hours of running at two kinematical
settings. Table 2.1 summarizes the parameters of each setting and shows

the amount of data collected at each.
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ALl the primary data Cor each evenl appeared on ouwe (rame ol 3§45
mm 1 lmy Lwo typical trames are shown in Uigure ©.3. "The evenl on Lhe
'vimht of'  the figure shows a proton scatter, the one on the left doeg
not..  1n addition, for each run (750 triggers), rates were recorded
tfor all important counters in the experiment as well as for coincidences
at all levels in the logic. In this way dying phototubes and dead
transistors were!quickly noticed (and buried).

Figure 2.4 shows schematically the relationship between the
initial reaction plane, Yyp - pn, and the proton-carbon scattering plane.
Un the average the top view of the events in figure 2.3 shows the
projection of the p-C scatter onto the initial reaction plane.

Let us-see how the information collected can be used in the recon-
struction of the event. There are five particles present (yp -+ pyy),
each of which has four quantities to be determined, yielding a total
of 20 numbers to determine. Conservation of energy-momentum gives us
four relations, the known masses of the photons yield thrée more
relations. In addition the known direction of the incoming photon as
well as the measured directions of the two final state photons give us
six more known quantilies. Also, we know the mass/of the initial proton
and that it is at rest: four more quantities. [Minally, we measure the
direction and energy., (if we assume for the moment that we have an
elastic p-C scatter), of the final state proton, which yields its
Lh-momentum. We then have determined 21 relations among 20 unknowns.

We will see in the next section how we were able to effectively exclude
most of our background with this one parameter over-determination in

spite of our inability to resolve the p-C inelasticity.
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ITI. DATA ANALYSIS

In this section we will discuss the various criteria by which our
280,000 pictures were reduced to roughly 2400 "useful" "loreground"
events ag well as the analysis of these "ugeful" events leading to a
polarization determination at 5 photon energies and al center-of-mass

y , o
producbion angles around 907 .

1. Scanning and Measuring

The major cut occurred in the scanning and measuring stage of the
experiment, about 18,000 triggers surviving. Scanning and measuring
will be treated more fully in Appendix VI-6; the scanners were instruct-
ed to record and measure any event where it appeared that (a) one photon
cach went into the photon telescopes (see Appendix VI-3 for further
debails), (b) where the associated proton underwent & clear scatter of
ab Least 3”, and (¢), where at least 2 carbon plates existed hetween
the scaltering vertex and the stopping point of the proton. ‘The number
3O was chosen with the idea that in the final analysis, only scatters
with angles on the scanning table greater than 4° would be used: with
any cutoff one chooses, it is very hard to get an unbiased selection
near the cutoff angle itself. We will see later that because of the
size of the carbon analyzing power for scatters less than ho, this
region contributes very little anyway to a polarization determination.

The requirement of two modules of carbon between the vertex and the
stopping point was imposed for two reasons: (1) 2 carbon modules cor-

responded on the average to about 75 MeV and at energies below this
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number, the carbon analyzing power is small and not well known; and (2),
to make an accurate measurement on the proton track after the scatter,
at least 3 sparking modules were required (there were 2 sparking modules
between each pair of carbon plates).

Most of the 280,000 frames had 2-photon signatures (=80%) so that
this éut on the scanning table down to 18,000 pictures is pretty nearly
a reflection of the size of the p-C scattering cross-—section; most
events simply did not scatter.

All the events which survived the cut on the scanning table were
measured. This process consisted in digitizing all the information on
the frame énd punching this information on IBM cards. In particular,
on the proton side x and y coordinates of the proton sparks in the two
views of all three chambers, with the coordinates of 12 fiducial lights,
wele digltized Tor each event. On the photon side, the seintillation
counters participating in the photon showers as well as the shower
pulse-heights in the lead-lucite shower counters were digitized and
recorded. All the IBM cards were directly transferred to one 2400 ft.
magnétic tape. This tape was run through a major analysis program
which genefated another magnetic tape consisting of all calculated
quantities for each event, there being 18,000 events at this stage.

We will call this the preliminary analysis stage. This tape was
then run through a program utilizing the maximum likelihood method to
calculate the most likely proton polarization responsible for any left-

right asymmetry in the p-C scatters, for any desired cut on the events.



oy =

The preliminary analysis stage will be described by discussing Lhe
cults mde on bhe data for one particular ruon through Lhe muximum Likeli-
hood  program.

Throughout this section, we will be referring to table 3.1 which

shows how, for Setup 1, over 10,000 of 12,000 events were rejected.

2. Proton Reconstruction

Before the proton track could be reconstructed in the lab, it was
necessary to locate the fiducials.

The coordinates of the measured fiducials_ﬁere fit to a master
grrid by a transformation of the coordinate system which was constrained
only to preserve straight lines. In this way, rotation and translation
o' the (ilwm in the frame holder, changes in film size due to tempera-
ture and humidity effects as well as misalignment of themirrors in the
projection system could be corrected. More fiducials were measured
than there were parameters in the fit, so that a x2 for the fit was
calculated. A large X2 would reflect a measuring error--35 events for
this setting were rejected on the grounds of a poor grid fit.

As we mentioned before, the proton passed through two spark
chambers, each chamber consisting of two two-gap modules, before enter-
ing the range chamber so that there were 8 sparks on the proton
trajectory before any proton-Carbon scattering could occur. After being
corrected by the coordinate transformation mentioned above, the U4 of
thése sparks that were measured were fitted to a line in three dimensions:

table 3.1 shows that 18 events were rejected because of too large a
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TABLE 3.1

SUMMARY Oi¢ REJECTED EVENTS, SET I, FOREGROUND

Criteria # of Events
Grid Fit 35
Proton Trajectory 18
Target bk
L Type 1726
XMN1 4206
DELE 1587
IPH1 2h2
1PH2 288
ANGMAX 208
ANGMIN ; T52
TPFMAX _ 0
TPFMIN 1031
ANPMIN 25
PHOTON K 17
Total Number of Rejected Events 105h9

Total Number of Events Processed 1793
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XZ——these events could have scattered in the scintillator between the
two chambers.

Onee the parameters of the proton trajectory were determined, the

proton line was extrapolated back to the tarpet Lo determine the cvent
origin. Yhe main uncertainty was due to the finite diumeter of the
target. The event origin was chosen on the midpoint of the intersection

o’ the trujectory with the target. The trajectories of U1l of the
events at the setting under discussion did not intersect the hydrogen
target and were therefore rejected.

Table 3.1 next shows a cut of 1726 events. This large cut is a
result of the fact that, in this experiment, we needed to know in which
carbon module the proton stopped after scattering in order to accurately
suppress backgrounds. An event was of this type if its track left the
range chamber after scattering, or could have left without causing
another gap to spark. We have seen in Section II that, assuming an
elastic scatter, we are only one parameter overdetermined; for events
which leave the chamber after scattering, we lose this overdetermination,
and as we will see, suppression of backgrounds becomes impossible.

Also included in this cut was a small number of events which did
not leave the chamber but were not used in the likelihood determination

of the polarization for a reason described in Appendix VI-10F.



3. Kinematical Reconstruction
The proton direction (before the scatter) together with the known
direction of the incoming Y-ray define the reaction plane. From the

event origin and the hodoscope information, we determine the trajec-

torics of the two decay photons of the n. The direction of the n itselfl
in Lhe inbersecbion ol the reaction plane wilh Lhe planc of iLs Lwo
decay photons. It 1s now obvious why we placed our counters in such a

way that these two planes were, on the average, perpendicular to each
other: in this way we obtain the minimum uncertainty in the determina-
tion of the direction of the n. From the two angles, Bl and 62, that
the decay photons make with respect to the n direction, we found the

velocity of the n, Bn , from the following expression:

sin(@l + 62)

Bn = sin61-+sin62
Next, the proton energy was calculated, assuming an elastié p-C
scatter, from its total range in the carbon plate chamber. The effects
of' a non-normal incidence, an off-center origin in the target and the
carbon recoill energy were included where necessary. In practice, the
proton kinetic energy, Tp, was calculated from the following expression:

i
a; log R

™M w

log T =
P 0

S
where R is the total proton range, including the material in front of

the range chamber, and the ai's were determined by fitting the known

range—cnergy data for carbon to the above expression. 'The exprescion
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was good to within 0.3 MeV (of the tabulated values) for proton cnerpies
between 40 and 300 MeV. 'The experimental uncertainty in the proton
energy., assuming an elastic p-C scatter, was about 6 MeV, resulting
mainly from the finite size of the carbon plates. Of course, if the p-C
scatter were highly inelastic, our determination of the proton energy
from its range would be very inaccurate. For the distribution of proton
energies involved in the present experiment, an inelasticity of AE gives
rise to an under-estimate of the proton energy by an amount, on the
average, of 0.8 AE. Because of the nature of the p-C scattering cross-
scction in Lhe region of the present experiment, the majority of our
protons did scatter elastically off the carbon. The eflect of inelas-
ticities, however, is not small and will be discussed in greater detail
later.

The incoming photon energy, k, was calculated using the above
determination of the proton energy together with the proton trajectory
itself, from the following expression

ME -M2+ p2
o= bl P ol
1 M - E + p _cosB

P P P P

where Mp, Ep, pp, Sp are, respectively, the proton mass, energy, momen-—
tum, and lab production angle, and P is the mass of the n, ShQVMeV.

Since in this expression we are also assuming that the two final state
photons came from an eta, we are here two parameters overdetermined so

that there are three different ways of calculating the photon energy.

The other two ways, which do not assume an elastic p-C vertex, were
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ME_ - p?
P - B 2
% M - E_+ p_cos0O
P n n n
wvhore ¢ ia the n production angle In the lab, and I‘l:r] and pn Lhe ola
n
enerey aod momentum calewlated Crom the expression for B'] riven aboves
and
sin6
k, = cos g cos6
3 pp( 9p 51n9n n)

where Py the proton momentum is calculated from the conservation of

energy relation:

sin6 31n29

cosf_) + M, = 73 2 + M2+ 2 + u?.

p)(COSO‘ ¥ sin® sin 6
s & n n 8

In practice, a quartic equation was solved for pp.
Next, the mass of the 1 meson itself was calculated in two indepen-

dent ways, the first assuming an elastic p-C event, and the second not.

The first expression is:

sin® g sin® ¢
- E P y2
XMN1 = [}p (cose A n cosh ) - T ) (9951n6 ) ]

The second expression for the mass used only the angles measured in the

experiment:
2(f - v.)
XMND = — Ty
(r - v.) P
n
where Sl
e + f
f (Sinep cosep cosen)ESHYn,
sin®
= sianBnYn’
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and Yﬂ 1s calculated from the expression for3n above.
The energy of the eta was then calculated in two independent ways:
Lhe Pirst used Lhe expression I8 = M vy  where v was enleulabled s
n nm n
deseribed above trom the reaction pluane information f'rom the proton
side together with the hodoscope information on the two decay y-rays.
The other method assumes an elastic p-C vertex: then from conservation

ol eneryy, we see that the energy of the n is just the photon energy

minus the proton kinetic energy:

where the calculations of k, and TP are described above.

n practice, in the kinematical region in which we were working,
Lhis lalter determination ol the energy of the eta was very insensibkive
to Lhe accuracy of the measurement of Tp, or to any inelasticities, up
to about 30 MeV in the p-C vertex. Of course, the first mentioned deter-
mination of En is completely independent of the proton energy. The
difference of these two quantities, called DELE, then ought to be near
zero for true events, and relatively independent of p-C inelasticities.

In practice, for any particular setting, each event was plotted as
in figure 3.1: the vertical axis of this dot plot is DELE, and the
horizontal axis, XMN1l, the mass of the meson. The true n events
e luster in the center where expected; in addition, we see a rather
brroad backyround which is duce primarily to 2“0 production and to the

T deeny ol Lhe npoitoell,
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This method of oxhibibinz our eventa and then choosings g ovenls
Lo be those within the central cluslber was Lhe one which enabloed s Lo
use our overdetermlination in the best way. If our reaction kinematics
vere exactly determined, then we could calculate the mass of the n
(XMN1) and make a cut upon that variable; since in fact, disregarding
any p-C inelasticities, ﬁe are one parameter overdetermined, we can
apply Jjust one more cut. Without assuming the mass of the eta, this
cut would be on the variable XMN2, the other expression for the eta
mass. The events were displayed on a dot plot with the axes being the
two ways of calculating the eta mass, as we see in figure 3.2. We sece
Crom Lhe Cigure an ela peak broader than that in flgurc 3.1 and with
mote backround.

Other methods of separating foreground from background were tried:
all were inferior to the method described of plotting the difference in
two determinations of the eta energy against the eta mass. The reason
for. this is that the variable en, the lab eta angle, appears only in
the expression for XMN1 and not in that for DELE. For amusement, we
show in figure 3.3 the results of an attempt to select foreground
events wilhout the use of the measured proton energy and thus to avoid
the question of p-C inelasticities we plot k,-k, againsﬁ XMN2, all of
which are independent of Tp, the proton kinetic energy.

To exhibit the size of oﬁr background more ciearly, we show in
figure 3.4 the projections of the indicated bands of events from the
dot plot onto the mass and DELE axes. We again see peaks in both dis-

tributions where expected, with a broad background underneath. Choosing
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evenls from the central cluster 'or analyois resulboed, s we enn sce Mrrom
Table s.1 t'or this selling, in a cut of some 57 hundred cvents. liven so,
roughly 15% of the évents remaining were part of the background; at the
end of this section, we will describe how the remainder of the events
in the dot plot were used to make a correction for this contamination
uﬁder the central cluster.

By using the information obtained from the two pulse-~heights in
the shower counters, we were able to exclude some 500 more background
events from under the n peak for the setting in question. In figure
3.5 we see a pulse height spectrum from one shower counter for events
under the central cluster as well as for events away from the cluster
(bnckground events). We see that the pulse heights for events asso-
ciated with n producticn are generally much higher than those asso-
ciated with background prbcesses, indicating that the photons associated
with the background are generally of lower energy. The calibrations
of our shower ecounters will be described in Appendix VI-3; the cuts
waré wade Lo maximize background discrimination without a significant
louss of eta events.

We show in figure 3.6 a dot plot analagous to that shown in figure
3.1 where the present plot contains only eventsrwhose p-C scattering
angle was less than 4°. This sample of events is one in which an over-
whaelming, nunber of protons scatter purely elastically; because of the
similarity of the two plots, we see that our selection procedure for

N's is not visibly affected by p-C inelasticities.
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L. Selection of "Useful" Scatters; Polarization Determination

The last five cuts in Table 3.1, respcnsible for eliminating some
2000 events, and leaving 1800 for analysis for this setting, all are
concerned with the parameters characterizing the p-C scatter. These are
the angle of the scatter and the energy after the scatter, determined by
converting the proton range after the scatter to an energy.

The analyzing power of a p—-C scalter is defined to be the fraction
of 100% polarized protons scattering to the left in a left-right asym-
metry determination. This number is of course a function of scattering
angle, energy at the scatter, and the inelasticity of the scatter itself.
A somewhat modified version of W. A. McNeely's(lh) fit to the world's
p-C asymmetry data was used in the present experiment. The fitting prog-
ram before modification would yield an "experimental average' asymmetry
when furnished the energy and angle of the scatter, the inelasticity of
the scatter and the experimental (Gaussian) vncertainty in the inelasti-
city for the particular event. In the present experiment, we knew only
the scattering angle and energy after the scatter, our resclution being
too poor to reconstruct accurately enough the energy at the scattering
vertex. The program was modified to account for our flat resoluticon in
inelasticity (we knew only an upper limit on the inelasticity of a l
particular event beyond which its reconstructed mass would be too small
to be considered as a good event), and our lack of knowledge of the ener-
gy at the vertex. The modified program was compared with the original
program on a set of data from ancther experiment(lS) vhere the inelasti-

cities were well known and the results were found to be consistent.
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These lasl Uive cubts on Lhe duta, then, are due scimply Lo our lach
o kaowiedise off the p=C analyzing power in cerbaln regions: 208 evenlys
were discarded because their scattering angle exceeded 30° (lab)--a
region where, for most energies, the analyzing power is either very
small 'or changing very rapidly with angle, or not known well at all;

757 events were discarded because their projected scattering angle on
the scanning table was less than ho—~a region where the analyzing power
is small, Coulomb scatters begin to compete with nuclear scatters, and
where we could not be certain of a lack of left-right scanner bias in
the selection of events; 1031 events were discarded because their

encrgy after the scatter was less than 90 MeV, a region where, for
elastic events, the analyzing power is small and not well known.
Finally, 25 events were not used because the analyzing power for these
events was less than 0.l--a number comparable with the experimental
uncertainties in p-C analyzing powers.

We are now left with, for this setting, 1793 p-C scatters to
analyze, about 80% of which are associated with the photoproduction of
the n. The events were binned according to the energy of the incoming
Y ray and the center-of-mass mn production angle. The gnalyzing power of
each event was calculated using the above~mentioned fitting program, and
the results, along with the recontructed ¢ of the p-C scatter, (see
figure 2.h), were used in a maximum likelihood determination of the pol-
arization. The method is described in Appendix VI-10; for now let us séy
it we have a bin of N events, the i'th event having analyzing power Ai

- : o : . o .
and sealbleving angele ¢i (¢ being 07 for a "left" scatter, 907 for an "up"
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scatter, 180° for a "right" scatter, ete.)), then the likelihood

function for this bin of events is:

N
L(P) = TE%TN I (1 + Ay Pcos¢i)
i=1

This form of the likelihood function assumes that the detection effi-
ciency for a p-C scatter is independent of ¢; when plotted as a function
ol ', the most likely value of the polarization is that P at which

L) s maximwn.  In most cases (and 01l tor the presenl experiment)
L{i") is very nearly o Gaussian and the widlh of the Gaussian can then

be interpreted as the experimental error in the determination of P.

L(P) is normalized in the following sense:

2T 2T 271

o
o~
—

L(P) ad, d¢2 iz @ 3 d¢n = 1.

Thus the height of the likelihood function can also be interpreted.
(8ee Appendix VI-10E).

In figure 3.7 we see a plot of one of our likelihood functions,
corresponding to events within the central cluster in Lhe dot plot of

Figure 3.1, for a particular bin in photon enecrgy.

5. Background Subtraction

In practice, a polarization analysis was made on the "background"
events away from the central cluster to adequately correct for back-—
ground contamination undér the central cluster. After our finding that
the background or "off—kinematics" polarization did not vary signifi-
cantly (within statistics)‘from quadrant to quadrant of the dot plot,

all of the background events were lumped together and the resulting
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polarization was "subtracted", according to the fraction of background
events in the central region.
The fraction of background events under the eta peak was determined

(16) which will be described

by a method devised by L. S. Rochester
briefly here.

For events away from the central cluster, we made distributions of
the following variables: the event origin, the proton range, the hori-
zontal and vertical coordinates of the proton in the third counter in
the proton telescope, and the horizontal and vertical coofdinates of
the photon in each photon detector. We assumed and found that these
distributions (for the events away from the eta peak) were uncorrelated.
Points were selected at random from these distributions and the "event"
was run through our analysis program, generating a simulated background
event. The process was repeated for sufficient statisties. Figure 3.8
shows a dot plot of these generated events, analagous to figure 3.1. 1In
figure 3.9 we see distributions of these generated background events in
the variables XMN1 and DELE with cuts made so that this figure is
exactly analagous to figure 3.4. We normalized these distributions by
requiring that, away from the region of the n, the distributions of
real events and of generated events would contain the same number of
events. Then we knew, in two independent and agreeing ways (using
the distributions in DELE or in XMN1) how many background events were
under the eta peak; and by comparing the distribution in photon energy
for our generated background events with that of our real events, we

knew our background contamination for any desired bin in photon energy.
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We then performed the required subtractions in the polarization values;

to repeal, our only assumptions being that the energies and angles ol

the proton and photons of the real background events are uncorrelaled,

and that the polarization of background events under the eta peak is

the same as its average value around the eta peak.

0. Determination of Polarization in the Reaction Plane

By exactly the same methods, the polarization in the plane of the

reaction was determined. This time, the likelihood function is:

N
_ 1 ‘ .
i % ) = BnY o (1 + Ai (P, COS¢i + ﬁl Sln¢i))
i=1

where R; is the polarization in the reagtion plane, and P, the
tion perpendicular to the reaction plane. ﬁ. ought to be zero
parity conservation, (see Appendix VI-9). A n&n zero P, would
perhaps a scanning bias or other error in our methods. P, was

to be consistent with zero where required, as the next section

polariza—
by
indicate
found

indicates.
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IVv. LRESULTS

Ly Lhe melhods deseribed in the previous section, polarizalion
vaiues perpendicular to as well as in the reaction plane were calceulated
for five bins in photon energy.

Figure 4.1 shows the spectrum of photon energies for events within -
the central clusters for both Set I and Set II. In figure L4.2, we see
our distributions in center-of-mass production angle, calculated from
Lthe proton energy and angle, for the same sets of events. Both the
distribution in photon energy and in center-of-mass production angle
contain some background events, 30% for Set I and 27% for Set II.

In tables k.1 - b.Lh, we have tabulated our results; we have
explicitly shown the size of the background correction for each bin
in photon energy. No cut was made in center-of-mass production angle,
figure L.2. The values at the far right of these tables, then, are
the polarization values and errors, corrected for background by the
method described in Section ITI.

We note the agreement in the value of P, for the bin which the
two settings have in common, 930 < k < 1000 MeV. In figure 4.3, we
have plotted our results for P, for the whole experiment, where we
have lumped the events in the overlapping bin together. In doing this,
we remember that the average center-of-mass production apgles for Set I

Vand Set II are 950 and 800, respectively, figure 4.2,

We have similarly plotted our final results for ﬁl foreground events,

P, background events and F, background events in figures 4y 4, 4.5 and
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.6, respectively. We nole that there is no parity arygumenl. rorbidding

A backeround polarisation "

in the reaclion planc' For o backeroun:d
process with more than two independent "inal state parbicles, Appendix
V{ - oy N . 0.0 . v f W Tt & g
~9. 'The reaction vy =»-pm T is such a process, and we believe it to
: A - . , LEPY
be the major source of our background. The process
YP * PN

*37}'

also contributes to our background; of course for it we expect P" to
vanish.

The errors shown are statistical in nature. Possible sources of
systematic errors such as analyzing power inaccuracies or shifts in‘
measured gquantities (range measurements, angles) have been investigated
and it was found that the only major source of such errors was the
reflection of our lack of knowledge of the inelasticities in the
determination of the analyzing power for each p-C scatter. On the
average, using the method devised of averaging the analyzing power over
all possible inelasticities, our polarization values were changed by
20% over the results obtained by assuming each event to be purely
elastic. (See Appendix VI-8.) By taking a careful lock at the dis-
tribution of incoming proton energies for our experiment as well as the
dependence of the p-C analyzing power and cross-—section on inelasticity,
we feel that the 20% number is reasonable and that our possible system-—
atic uncertainty ought to be at the most 10% of the values obtained by

aszsuming each event to be elastie. Thus we can say our systematic error
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at each point is well within the statistical error bars themselves. We
remark that for an experiment where incoming proton energies exceed
those in our experiment significantly (an average of 165 MeV for Set I,
216 MeV for Set II), knowledge of the inelasticity becomes essential

in doing an accurate polarization experiment.

A word should be said concerning the-value of the polarization of
the foreground parallel to the reaction plane for the bin k = 930 to
1000 MeV in Set I. This particular bin has a corrected (for background)
number of events of only 156 whereas the other two bins at the same
setting have a total of 1114 corrected events. Putting all of those
events into one bin yields a polarization in the plane value for Set I
of .09 = .12. Similarly, for Set II the value of P in the plane is .15
+* .17. For the entire experiment, P in the plane for foreground events
becomes .11 # .10. This may be compared with the value of .L6 *.10,
the polarization of foreground events out of the plane for the entire

experiment.
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V. DISCUSSION

Our results, as shown in figure 4.3, show a sizeable positive
polarization both in the energy region dominated by the isobar 811(1550)
and ip that of the Pll(1750) state. (See figure 1.1)

In this section, we would like to explore the following questions:
(1) what would we expect the polarization to be in the simplified model
where only the 811(1550) and Pll(lTSO) resonances contribute; (2) from
our data, what can be said about the P-wave amplitude under the 811(1550)
and the S-wave amplitude in the region of the Pll(1750); (3) were the
Pll(1h60) photoexcited, how would the polarization and asymmetry behave;
and (4), what conclusions about the isobars contributing to our reaction
will we be able to reach when we have our data on the g u 180o asym-—

metry in eta photoproduction?

l. Polarization in the Model of the 811(1550) and Pll(1750)
If we consider only j = % S and P wave meson-nucleon states, then
from the conservation of parity, electric dipole absorption leads to

the S intermediate state, and magnetic dipole absorption to the P

11 11

intermediate state. We call the amplitudes for these absorptions Ed
and Md’ respectively. Considering only these states, the expression

for the differential cross-section for Yp =+ pn is

1(0) = [Ed]2-+jMd[2 + 2 Re (B MZ) cosf.
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The recoil proton polarization, P(6), for the above reaction, can be

found from the following expression:
( (B, M) si
P(Q) I(0) = -2 I, (By My) sin®

where B(8) is in the direction of kxg.

If we now define, (where R and I refer to real and imaginary parts)

A

*
Re (By My) = Ep My + Ep M;

* .
and P = -I (Ed Md) ="Ep M - E; M., 5l
then we see that the 0° - 180° asymmetry is given by
1(0°) - 1(180°) = ha,
and the polarization at 900 becomes

2P

5, =) &
p(907) = ‘Ediz - lMdlz

Now let us suppose that the S wave amplitude is resonant, corres-—
ponding to an intermediate state 811(1550). This assumption tells us
something about the energy dependence of the Ed amplitude; at least

near resonance, it should behave like

T
E o /2 = ' 5.2
E -§ -1 /2

where Er is the energy of the resonance and T is its total width, about
120 MeV.

We see from the form for Ed that at the energy of the resonance,
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Re Ed(1550) % 0. 5.

We also note that Im Ed takes on its maximum right at the energy of the
resonance, which corresponds to k = 830 MeV.

If we similarly suppose the P wave amplitude to arise from the
Pll(lTSO) resonance alone, with a width of about 250 MeV, then we can
make similar statements about its energy behavior.

We éssume here that in the expression for the amplitude for

Yp + pn, the Breit-Wigner forms for the two resonances, S (1550) and

11

Pll(lTSO), enter with undetermined relative sign only. This is a .
less stringent assumption than that used for the cross-section fits
in reference 24. Then we see from our expressions for A and P that

at 830 MeV, where ER % 0, the asymmetry and the polarization should

be opposite in sign.

2. B8=P Interference in the Region of the 1550) and Pll(lTSO)

814

OQur polarization is positive at k = 830 MeV (the center of the
811(1550) resonance). Locking at expression 5.1 for the polarization,

and remembering that E the real part of the electric dipole amplitude,

R!

at this energy is zero, we can thus say that M the real part of the

R’
magnetic dipole amplitude, is negative at k = 830 MeV. This magnetic
dipole amplitude could result from the Pll(lh60).

Similarly our positive polarization at Xk = 1100 MeV implies either

a positive real part to the electric dipole amplitude there, or a large
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negative imaginary part to the electric dipole amplitude. We assume
the P wave amplitude near 1100 MeV comes from the Pll(lTSO): there

are in principle the two choices for the Ed amplitude, since 1100 MeV

is about 40 MeV less than the center of the (1750), so that M.

Pll
dogs not vanish there. If we assume this Ed amplitude at 1100 MeV to
be resonant, then our second choice, large negative imaginary part

to Ed’ is compatiﬁle with the 811(1710).' We should point out that
the central energies for the resonant states we are here describing,
Sll(lTlO) and Pll(lTSO), are not well established.

3. Photoexcitation of the (1L60)

Pll .
The threshold for eta photoproduction is 1487 MeV in the center-

of mass. Thus if the P.._(1460) contributes to this process, it does

ll(
so through its long tail: its width is about 200 MeV.

We take the most simplerminded approach to the problem of a reson-
ance below threshold, namely that the M, smplitude for the P, (1460)
is still of the Breit-Wigner form of expression 5.2. Then, from our
expressions for the asymmetry and polarization, we see that at 830 MeV,
P and A both ought to be of the same sign. However, such an approach
may be unreascnable. The problem of an S-wave resonance below threshold

(18) The treatment explicitly applies for poten-

has been investigated.
tial scattering in an S state alone. The result is that for a bound

state of energy —e (where € > 0 and small), the scattering phase shift
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is given by

where E i1s the energy of the scattered particle. We note that the
above phase shift varies rapidly from 7 at threshold to mw/2 for

E >> €. The important point is that a below threshold resonance may
be felt in a way totally different from the usual phase shift behavior,
which is from O to .

This treatment will not apply to the Roper resonance below ets
threshold because of its large width. We note, however, that this
abnormal clockwise behavior of the phase shift has been seen in partial
wave fits to K p scattering, there arising from the A(1L405), 30 MeV

below threshold.(l)

4. Information from Other Experiments

From our polarization data, we have established a P wave amélitude
in the region of the 811(1550) and an S wave amplitude in the region
of the Pll(lTSO). We have not been able to say whefher or not these
amplitudes are resonant.

From expression 5.1, we see that for our positive polarization to
be a result of interference between the Sll(lSSO) and Pll(ITSO), these

two resonances must contribute with opposite sign. This makes definite

1Ferro—Luzzi, private communication.
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predictions concernihg the energy dependence of the 0° - 180°
asymmetry in eta photoproduction; data on this asymmetry which were
taken by our group are presently being analyzed and should shed more
light on the two regions of interest. Even so, it will probably be
necessary to do the polarized target and polarized photon experiments

mentioned in the introduction to completely settle the question of the

SU(3) assignment of the Pll(lh60) and to establish whether there is

511(1550) - Sll(lTlO) mixing.
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Vi. APPENDIX

1. Synchrotron, beam, monitoring.

Figure 2.1 shows the main features concerning the photon beam
before interacting in the hydrogen target. Electrons in the main ring,
after being accelerated in a circle to endpoint energy, strike a thin
tantalum target. The resulting photon beam was collimated and scraped
at several points with thé use of lead apertures. Before reaching the
tinal scraper, the photon beam was allowed to pass through a permanent
3 kilogauss magnet (shown in the figure) to further reduce any charged
particles in the beam. At the target, the beam cross-section was
circula: with a radius of 1.2 cm and its angular divergence was 4 milli-
radians.

No absolute measurement of beam intensity was needed in the analysis
of our experiment. However, during the actual running of the experiment,
the beam intensity was monitored by use of a Wilson quantameter. This
provided a means of checking the rates of all counters and important

coincidence circuits in the experiment.

2. Hydrogen Target
The liquid hydrogen target used in this experiment is shown in

(19) In the present

figure 6.1 and has been described previously.
experiment, the cylindrical mylar cup which contained the hydrogen was
20.0 cm in length and 3.8 cm in diameter and was oriented so that the

pbenm passed along the cylinder axis. In the way of the beam was .012"
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of mylar (as well as the hydrogen-—.0708 g/cm’at 20.3° K) and the

-n

reaction products went through (normally) .005 g

of mylar and .03%" of

aluminum after leaving the hydrogen.

3. Photon Detection

The apparatus used for photon detection in this experiment was

> " o)
similar to that used in previous experiments in our group.(“o)

Figure
(.2 shows two views of our detection system. Bach detection system
consisted of a velo scintillation counter to rejecl charged particles,
two radiation lengths of lead in front of a T x 9 hodoscope grid of
overlapping scintillation counters, and a lead-lucite Cererkov shower
counter. The total aperture of each system was 6" x 10" and for both
kinematical settings, each was at a distance from the hydrogen target

of about 22". The hodoscope grid consisted of five overlapping vertical
counters yielding nine bins, and four overlapping horizontal counters
yielding seven bins. Thus each grid element had the dimensions 1.1" by
0.85" and the typical angular acceptance in the horizontal direction was
aboul 9.90.

The two radiation lengths of lead converted about 80% of the inci-
dent photons; the biases on the hodoscope counters were set so that each
counter was 100% efficient for minimum ionizing particles. This assured
us that all converting photons would be detected.

The lead-lucite Cerenkov shower counter consisted pf six lucite
plates attached to one lucite light pipe, with five radiation lengths of

lead between the plates. A 5" RCA T0L6 ﬁhototuhe collected the light.
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Figure 6.2 The photon detection system (horizontal
hodoscopes not shown).
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The light intensity was roughly proportional to the energy of the photon
(for normal incidence near the center of the counter), with a Gaussian
signa of L0% at 1000 MeV and depending upon energy as E;R. As explained
carlier, fToreground events had a very different pulsce height gpectrum
Vrom.buckground events and by setting eminimum value upon the photon
pulse heights, we were able to further reduce background contamination.
As a result, some small number of eta events were lost, but the back-
ground events were depleted much more. From the results of a lengthy
investigation by L. S. Rochester on the effects of non-normal incidence
and on edge effects with the very same shower counters for his cross-

(13)

section experiment, we find that the pulse height spectrum for
mono-energetic photons begins to collapse very strongly for photons
showering within one centimeter of the edge of the 6" x 10" aperture
ot the shower counter, so that by applying a minimum pulse height to
accept an event, we are effectively throwing out n events whose phctons
(one or both) shower in this region.

The two shower counters were calibrated with monoenergetic elec-
trons of normal incidence. In addition, a3 = 1 peak was obtained by

removing the lead between the lucite plates and passing 600 MeV elec-

trons through the counter. Our results were consistent with those of

43

L. S. Rochester.
It was important to monitor the performance of the shower-counters

during the running of the experiment and for this purpose, as in our

previous experiments,two small scintillation counters with six inches

of lead between them were placed behind each shower counter. A trigger
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of’ these two counters in coincldence provided u source ol non-showering
particles (fast pions and muons) of 3 > 0.96. Vleriodically durlng Lhe
experiment, the gains of the shower counters were checked with Lhis
source and the biases on the counters were set with respect to the
resulting minimum ionizing distributions. The biases were set in such
a way as to minimize false triggers from 8 = 1 particles or low energy
photons from background processes while not at the same time cutting
significantly into the spectrum of true n events. We estimate that
with our bias settings we lost only a small percentage of the true
events for Set I, whereas for Set II, the number was more like 10%.
This situation could not be tolerated in a cross-section measurement;
for our purposes, these settings gave us, especially for Set II, a much
richer sample of n events on the film with the slight increase in run-
ning time (to obtain a given number‘of events) outweighed by the

decrease in scanning time.

h.‘ Proton Telescope

A. Apparatus

The proton telescope consisted of three scintillation counters and
three sparvk chambers, as shown in figure 6.3. It is essentially the
same as that used in previous experiments in our group. The first
scintillator was 6" x 10" while the other two measured 17.5" x 17.5".
A1l were %" thick. The counters were arranged such that a proton
traveling in a straight line from any portion of the target and passing
through the third proton scintillation counter would automatically have

passed through the other two scintillators. The biases on the proton
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Figure 6.3 The proton detection system.
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counters woere set in such a way as to exclude minimums withoul culting
into the slower and theretore more heavily donlzing protons. A puloe-
height spectrum for protons l'or any one ol the scintillation countoers
was obtained by use of an additional 1" scintillator. With a large
pulse height requirement upon this counter in coincidence with the
scintillator in question and with enough carbon between the two
scintillators to stop a 250 MeV proton ( =30 em), we were able to easily
distinguish between a proton and a minimum ionizing spectrum. In addi-
tion, the maximum of the proton spectrum always occurred at exactly the
place, relative to the minimum peak, predicted by energy loss of
particles in matter tables.

The two thin foil chambers between the proton scintillation
counters each contained four gaps separated by 0.001" aluminum foil.
The active area of the first was 8" x 10" and of the second, 17.5" x
17.5". The range-scattering chamber was modular--two gap sparking
modules alternating with carbon modules. These have been described

(19)

before, and are shown in detail in figure 6.4. The carbon plates
were 1 cm and 1.5 cm thick; an attempt was made to arrange these sizes

in the range-scattering chamber in such a way as to maximize resolution,
tor each setting, in the vertex of the scatter and in the proton stopping

point. However, it was found that our resolution was very insensitive

to any such arrangement.
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B. Optics and Fiducials

The lenses and mirrors used to send two views 90O apart of all
three chambers to the camera are shown in figure 6.3 as well as iIn
figure 6.5. Lenses were required to see into the spark gaps of the
range chamber because of its size; they were plano-convex, each with
a l'ocal length ol 19" 2". The effect of distortions was checked after
our system was aligned by photographing a specially made grid at
several positions in the region of the range chamber. Both horizontal
and ﬁertical distortions were checked for and found to be negligible.

The fiducials, appearing as plus signs in figure 6.5, were
machined onto lucite strips which were end—liéhted. The strips were
mounted independently of the spark chambers. The distance of the
fiducial frame from the origin was known to about 1 mm while the inter-

fiducial distances were measured to an accuracy of about 0.1 mm.

5. Electronics

In figure 6.6 and figure 6.7 we see the main features of our logic
and readout systems. In both figures, SP refers to counters in the
proton telescope and PbL to the lead-lucite shower counters. For a
discussion of the logical requirements for an event trigger, see Section
II. By requiring a veto signal to be a coincidence between one veto
counter and the shower counter on the opposite side, we were able to
effectively reduce our veto dead-time. Our cbincidence delay curve

widths of 20 ns resulted in a negligible loss of events.



~69~

sna1 quas—"

ONIAZAYNS Ni 3Sn
39Q3LHOIVHLS NOISII3ud

/mmms_qxu

S4i41S IvioNaid
~~— 9NIQTOH 3NVH4
H3IGNTHD LNOYS

¢'9 aan31y

SW3LSAS SN3T aNv vidNdid i

1 ONIM3LLVOS - 39NV

e mmmmmm— - s mm——————————

/I.ma_mhm v10nal4 ONiGI0H
JAYE4 WONIWNTY QI91Y 31VHVe3Es



-T70-

*1985Ta7 B899 107 07807 3884 9'9g a3ty

SOINOH L0313 LNOQVIY
oL

!

SUIBAVYHO ra9s ¢ BOLYH3N39 (o0 £°)
Svds oL < INILAVI0 ¥399IML o134

3ONIAN0D HALSTN J(24A) o d

31V9 Wv3e

B3

€dS + 245 - 1S

= ———

Hd 0L

IR S
I

2-14¢ O1-9HH Ol-9HA 2A 1-1ad S-1HH S=1LHA 1A vdS £dS 2dS 1dS

2 VNNYD | YNAYD



MAS TR
TRILGER

LIGHTING AND
CAMERA CONTROLS

L]
CAMERA ADVANCE

A

HEIGHT

il T

PoL - 2

wil wi2 v2l w22
Con | [oawr ]
——l{uunk GAY?J—UIUN[AR GMIJ DISC. DIsC DISC. - oISC.
X T &
Emmnvou I Imvzauro- ] l COINC J I COINC l
TWO CHANNEL o1sc oisc
TRIGGER
e et R ANALOG - DIGITAL
CONVERTER l
kG g MOR Y 1o MASTER 1o MASTFR
s ssrtes sl AND COINC CONC,
READOUT

LIGHT ING
CONTROL

LAMP DRIVERS

PION _CAL IBRATION

ELECTRONICS FOR SHOWER COUNTERS

TEHMINATED
PATO = PANEL

ALl PHOTOTUBE
SIGNALS AvAILABLE

SYSTEM FOR COUNTER CALIBRATION

~ODOSCOFES

TRIGGER

!
1
1
Il
'
'
!

(USED ONLY DURING
COUNTER CALIBRATIONS)

[ o]

INTEGRATOR

[PUL SE HE GHT ERASE MEMORY aND
ANALYZER LAMP DRIVER CIRCUITS
296 T
Cnamod 5 1 l [ l

HODOSCOPE ELECTRONICS

Figure 6.7 Readout and calibration systems.



AT D

6. Scanning and Measuring Criteria

Every one of the 280,000 pictures was scanned twice (each roll of
film being looked at by two individuals) by trained scanners, many of
whom had had previous experience working on a polarization experiment.
To be considered aApossible scatter, the proton track had to fulfill
the following criteria:.

1) The event must have a clear scatter of at least 30 in

either of the two views of the range-scattering chamber.

2) The track length after the scatter must be long enough

to measure well (usually three sparking modules).

3) The event must have only one scatter.

4) The event must be correlated in all chambers.
Both l1lists of scatters, each generated by a different scanner, were
looked at by a third scanner. The third scanner or verifier was one
of two individuals for the entire experiment, the two most experienced
seunuérs of the group. The verifier was the one who decided upon uny
events in conlention. In practice, only events with scatters of 4° or
more were used in the final analysis. Out of a sample of 680 such
events, the scanniné efficiency of the first group of scanners was 97.3%

while that of the second group was 95.3%.

T. Events Leaving the Chamber; ¢ Resolution
A matter of importance in the preseht experiment is a consideration
of events which may leave the scattering chamber after scattering. These

must be thrown out since their range after scattering is uncertain and



necesgsary in the present experiment. The position of the last spark on
each proton track was constructed and if the event could have traversed
one more module without detection, the event was discarded.

Events which do not leave the chamber must also be looked at
carefully to see that if they had scattered "the other way", they
could have been detected. For an example, we consider the case where
the scatter takes place in the plane of the reaction and we take this
reaction plane to be parallel to the horizontal plane of the scattering
chamber (which it is on the average). The proton polarization perpen-
dicular to this plane is related to the left-right scattering asymmetry
in this plane; the event shown at the top of figure 6.8 clearly cannot
be used in a sample of events (scattering in the reaction plane) to
determine the left-right scattering asymmetry as it could not have been
fully detected had it scattered in the other direction. '

At the bottom of figure 6.8 we show a way of representing an
arbitrary scatter, The z-axis goes into the paper with the x-=z plane
representing the reaction plane. The solid line represents the proton
after the scatter (the initial proton difection being along the z-axis)
with ¢ being defined as indicated. The dotted lines represent scatters
with related ¢'s as indicated.

From figure 6.8, we see that if we are interested in polarization
perpendicular to the reaction piane, arising from an asymmetry in the
reactién plane, the indicated scatter may be used in the likelihood
analysis without modification for the following two cases: (we assume

the scatter itself does not leave the chamber) (1) if the related
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Figure 6.8 (a) Diagram of event not used in a
likelihood analysis;

(b) representation of the ¢ in a p-C
scatter, and of related scatters.
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scatter at ¢ + 180° does not leave the chamber; (2) if the related
scatter at ¢ + 180° does leave the chamber, the one at 180° - ¢ does
not leave the chamber and the one at 360° - ¢ does leave the chamber;
(this latter case is as though we are only sensitive to a ¢ region of
T rather than 27 radians). Similar requirements can be stated for a
determination of the polarization in the reaction plane.

Only 5% of oﬁr events failed to fall into one of these categories
and these were not analyzed although a procedure for treating these is
described in Appendix VI-10F.

As a check, the events were analyzed separately depending upon in
which side of the chamber they occurred and the results were consistent
(for both settings).

All eventé upon the final list (from the verifier) were measured
as possible candidates for the reaction and a large sample of the events
were measured and analyzed twice to give us an idea of how-measﬁring
errors would affect calculated quantities. The only quantity to vary
significantly from measure to measure was the calculated ¢ of the p-C
scatter, figure 6.8. The discrepancy varied depending upon the theta
of the scatter, but on the average for the events used in the analysis,
this discrepancy was about 8°. If we consider this a reflection of our
resolution in ¢, then our results must be modified slightly; this
because the observed cosine ¢ will always be somewhat smaller than its
actual value. The entire effect, however, is lesslthan 1%. See

reference 21.
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8. Analyzing Power

The analyzing power of an element can be defined very simply as
the asymmetry induced in the scattering of 100% polarized protons. Of
course the analyuzing power is a function of proton encrgy, the'angLe
of the scatter, as well as the inelasticity of the scatter. The experi-
mental method of double, scattering of unpolarized protons to obtain the

(22) and that of slowing down the protons

magnitude of the asymmetry
after the first scatter to less than 10 MeV and observing their asym-
metry in scattering off of Heh (whose ansalyzing power is calculable) to
obtain its sign are well known.

A program written by W. A. McNeely(lh)

to interpolate between all
the known p-C analyzing power data was used with a modification
described in Section III to account for our lack of knowledge of the
inelasticity of each p-C scatter.

In figure 6.9 we see a two dimensional representation of the
elastic proton-Carbon analyzing power as fit by W. A. McNeely. As was
mentioned previously, the analyzing power for the present experiment,
when our lack of knowledge of the p-C inelasticity was accounted for,
was, for a typical bin of events, about 20% less than the value cal-
culated using the values in figure 6.9. TFigure 6.10 shows the values

of the analyzing power, when averaged over inelasticities, actually

used in the present experiment.
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9. Conservation of Parity
We Tirst consider the process p-C + p-C. Carbon is a gpin zero
nucieuss; Lheret'ore the most general amplitude for Lhis process, consis-—

Lent with parity conservabion, is of Lhe form

<Y [+ g3 n| y>

~

where wi and ¢f are the initial and final proton spinors, and n is a
wnit vector normal to the scattering plane. The quantities f and g
are functions of energy and angle, but not of spin.

The differential cross-section for this process is

- - A
<p; [(£ + g0 - A) (f + gg »A)| Y, >

1l

[£]2 + |g|® + 2 Re £ g <¢i|3 - A ;>

£+ |e|2+2Re £ g (B,_- &)

RS
where Pin is the incoming polarization.

If we make the identification

*
2 2 Re f g
|£]2 + |g] 2
we can write
dg =3 ~
Eﬁ o 1 + A(Pin  n).

This is the origin of the expressions used in the likelihood function.

e
Let us now calculate the polarization, P = <wf o wf>,of the

out
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t'inal state proton rfor the process p-C -+ p=C.
do * ¥ Ty > 2
e & = <, F #20 *n f + g0 *n ), >
ds2 " out \11 I( & ) ol &0 )] ql.

When the Pauli spin algebra is completed, the result is

d, -+ 2 ~ A ; % ~
H% ﬁ;ut = [#] * = [glz)Pin + 2| gl (gin *n)n -2 Im (f g)n x ﬁin

*
+ 2 Re T g

=

=

]

-
We note in particular that if P,

_).
0, then P is only in the direction
in ou

t

~

of' n, the normal to the reaction plane.

We will state here that the result is the same for two-body photo-
production: if the initial protons and photons are unpolarized, then
the final state polarization is in the direction of the normal to the
reaction plane. This follows from writing down the most general
parity couserving amplitude for photoproduction (this time including
the photon polarization vector, E), and calculating the final state
polarization for an unpolarized initial state.

In the case of a background process with more than a two-body final
state, such as Yp ~* pﬂoﬂo, the extra degree of freedom in the final
state allows parity conserving interaction terms which yield a polariza-
Lion in a direction other than ﬁ x E, (for instance the term

> > >
@ . (k. X D_n_o))-
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10. The Maximum Likelihood Method(l)

A. The First Moment

If a beam of N protons with polarization P’ in the z direction is
incident on the origin along the y axis, the number of evenls scattering

ab angle ¢ is given by the expression

(1 + A P cosg)
27

N(¢) dp = N d¢ 10.1

where A s Lhe analyzing power of the scatter (assumed for now to be
constant for all N scatters) and where all N events do scatter. The
larger N, the more correct will be this expression. We see that the
average value of the cosine of the angle is given by

2T
To5F = %— J N(¢) cosé d4 = 555

0

s0 that

P = 102

I{ however, all scatters do not have the same analyzing power, but

instead there are Ni events with anualyzing power Ai, then

Ni(l + AP cosd)

N(¢) d¢ = z e d¢ 10.3
A H
and
A e 1
Eos¢ = > & N
i
(1)

The material in this section is treated much more fullyin ref. 21.
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s0 that

where A 1is the average analyzing power. For the 2L bins of events in
the present experiment for which polarization values are reported
{roreground, background, in the plane and out of the plane), the above
simple minded determination of the polarization agreed in all cases
with the value obtained from the maximum likelihood method to within
about 30% of an error bar.

We would like to calculate the statistical error in P from the
above simple-minded expression. For this, we use the central limit
theorem: +the standard deviation in the average of N measurements of a
quantity (in this case cos¢) is equal to the square root of the second
moment about the mean of the quantity, divided by the square root of N.

I'or A = 1, the average value of cos¢ is just P/2 so that we have

(cosp - P/2)2 = %-f N(¢) (cosdp — P/2)2 d¢

;2 o o
= o= { (1 + P cos¢) (cos?p - P cosp + T )d¢ = =-F

and therefore

* 2
(Acosd)? = (é‘- E‘)/N

giving us the expression for AP:

AP=/§/1—P2/2=‘/%'|:1-%2-§—6“-—-. ..]10.)4
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Again, if our distribution were as in expression 9.3 we would et

] ) Ap2
w1 TR
A [
[ the present experiment, AP was always less than ..M so Lhat Lhe ox-
pression
ik 2
AP == N
A

is accurate and reproduces our errors as calculated by the maximum

likelihood method.

B. The Likelihood Function
As pointed out in the beginning of this section, a proton scattering
with analyzing power A has a probability proportiocnal to

1+ AP cos¢
2m

of scattering at the azimuthal angle ¢ where again we are assuming P
is in the z direction. A depends upon the polar scattering angle (not
¢) as well as the proton energy and the inelasticity of the scatter.

If we ask now, what is the probability that N protons will scatter
with angles ¢i where the analyzing powers of the scatters are Ai’ the
answer is

N (1 + Ay P cos¢i)

P(¢15 (bz--- (bN) = izl o 3

simply the product of the individual probabilities. The above expres-

sion can be looked upon as the probability of generating an experiment



~8h-

withh the given phi distribution. We note that

5 ....¢n) dg, db, ....dg =1,

o'

i.e., the sum of the probabilities of every experiment is one.
This same expression, however, can be looked upon as a function

of F:

L ) = _I[

In words, it is the probability of generating a given experiment

(¢1, ¢2 e ¢ﬂ) as a function of polarization P. Thus, for a given
experiment, the value of P for which L(P) is maximum is the most likely
value of the polarization. As such, L(P ) is called the likelihood
function.

In practice, this was the method by which the polarization values
perpendicular to the reaction plane reported in the present experiment
were oblained. In all cases, L(P) was relatively narrow and was very
nearly a Gaussian through the whole range of P, from -1 to 1.

For & determination of polarization values in the reaction, the
fellowing function was maximigzged:

N ’ <
' 14 Ai B 51n¢i

L(P,) = I o 10.5
i=1

If one allows for polarization both perpendicular and parallel to the

reaction plane, the expression analagous to 10.1 is
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N(1 + AP, cosp + A Py sing)
N($) d¢p = o d¢

s that the fuanction to maximize becomes

W ) No(1+ A, P, ocosg, + A, P Si“¢i)
L(I’.;J P|| ) = 27
i=1

, . . {21)
lowever, it can be shown

that the use of expression 10.5 instead of
the above cxpression for determination of P, yields exactly the same
result; the only difference being an insignificant (less than 3% for

the present experiment) change in the error bars (which are the Gaussian

widths of the likelihood functions).

C. The Analytic Function L(P, PO)

We would like to answer the following question: 1if a beam of N
protons of polarization PO scatter with analyzing power 1, what does
the likelihood function for the resulting ¢ distribution lock like?

We fivrst note the following:

N 1+P cosq>i

Il
i=1

L(P)

il

2m

1n L{P)

N
f 1n o ) 10.6

i=1

For a particular smooth distribution of events N(¢), the above expres-

sion becomes:

2T

o L(P) = [ N(¢) 1n ;;i§§—99ig dé
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In particular, for N scatters with proton polarization Po’

i % 3
1 PO cos¢

N(§) = N ——
50 that we can define
2WF 1 4 Po cos¢ 1 + P cosd
In LR, ko) = N .g (——7‘“-—-‘“'—*) 1In ——-'—)'-"r————— dd¢

Lo be the logarithm of the function we are interested in. In words,

L, PO) is the likelihood function for an experiment whose ¢ distri-
bution is that arising fram an ideal scattering experiment done with

N protons of polarization PO.

The above integral can be done exactly yielding:

+/1 - P? 1 = /1-—P2ﬂ
P

, I s |
in L(P, PO) =N t}n ( 5

+ PO(

The above expression yields a limiting analytic form for the likelihood

Function. We expeclt the function 1.(1, PO) Lo bhe nearly Gaucsian and
cantered ul P .

$)

Writing
co
n
= - £ P
n L(P, P ) = N n§2 (P -Pp)" 1 (P)),

it can be shown that

£ (e ) = Bod (o B | Ll 1)

le} o v1l - Po2

so that we can write:



| _'L = ‘; Pc‘)‘ ¥
. ) = - B e I N .
‘ z“’ o) s, 22 8 1.6 S

rrrom which we can derive an expression for o, assuming L(1I', PP ) Lo have
O

the fform

e-p )2
L(P, P_) @ o~ ©'/20%

We ge t

(i)

=

3 /:_[1 ~ 3P0 ~ BLJ16 -« ] ]

Comparing with 104 we see the size of the advantage of the likelihood

approach.

D. Higher Moments

It can be shown in another way that the method of maximum likeli-
hood is better, although not by much, than the methed of simply equating
P to twice the average vaiue of the cosine of phi. Briefly, taking the
derivative of 10.6 with respect to P and setting the result to zero, the

e¢quation which the most likely value of P must satisfy is

=

cosg.
¢l

T & B cosda:.L

I~
(@]

i=1

where we have taken A = 1 for simplicity. Expanding, we have

=

L cos¢. (L-p cosd, + p? coschi - P? cosacpi # 5 ox ) =D

i=1
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This is equivalent to the expression

cosd - P cos’p + P? cosa¢ -Plcos™p+ .. . =0

where the "bars" mean average values. Keeping only the first two terms,

we obtain

B o= 18T
Ccos

which is eguivalent to expression 10.2 when we set A=l and COS2¢ =

as 1l is flor a large number of events.

We also note that equationl0.7 is satisfied exactly by P = 2 cos¢

N(1 + P cos¢)
2T )

if our distribution of events is of the form N(¢) =
We recall that expression 10.2 for P was derived by considering what
the average value of cos¢ was for our perfect distribution in terms of

P. HEguivalently, we could have calculated the average of cosa¢:

27
—r _ 1 N(1 + P cos¢) 3 .. B
cos ¢ = N { o cos”¢ do = ) P
s0 thut we have P = %—coss¢. If however, we calculate our statistical

errvor in the above determination of P, in the manner done for the
expression involving cos¢, we find the result less certain. We see
that we could write down an infinite number of equations involving the

moments of powers of cos¢ which P should satisfy; they are of the form

+
P = Cn cos2n l¢,

where
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27T

ok on
Cn = S cos" ¢ do
0
2n + 1
o Y
/?F (n+1)

The maximum likelihood method as exhibited in equation .7 is the one
method which uses all of the above equations relating P to the moments of
powers of cosine phi of the experimental distribution, each weighted
wilh Lhe proper signiticance. TFor a finite number of events, N, tLhe
hisher Lhe moment taken, the less significant is the resulting equation
as we eventually begin to probe the experimental distribution for struc-—
ture beyond the average spacing of the events. Since cosn¢ contains
terms up to cosnd , its effective "wave length" is 7/n so that, for a
sample of N events, we expect equations involving moments of cos¢

beyond about n = g-to be totally without information.

E. The Magnitude of the Likelihood Function

We have spoken up to now only of the width of the likelihood
function and of the value of P at which it is maximum. We will say
something of Lthe wctual value of the function at its peak which doeg
yield information not contained in the width. The function we have

defined above as L(P, PO) when evaluated at P = PO is

2T (1 = Po cos ) 1+ PO cos ¢
L(Po’ Po) =exp| N [ 1n a¢ | 0.8
0

2T 21

and this number represents the value the likelihood function takes at

its peak for a perfect distribution of N scatters of polarization PO.
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The actual experimental distributions are not perfect so that it is
useful to compare the height of the likelihood function for each
experimental bin with that of the function had the distribution been
perfect.

The generalization of 10.8 to the case when each event has a dif-

ferent analyzing power 1is given by the expressioh

M =

iIn L (p ,P )=

In L(A. P, A, P ).
exp = o o i o 1 o

1

|

i
From this expression and the definition of L(PO, P), we obtain the
result

N
1+ /1~ a2 2 Aalfs
i o i=1

2

) e

This number was calculated for each expérimental bin after PO was
determined from the maximum likelihood method, and it was compared with
the height of the likelihood function for that particular bin; it was
found that in all cases, the numbers were indeed very close (never more
than a 10% discrepancy). For further interpretation see reference 21
where it is-shown that the height of the likelihood function contains
the information in the value of X? one would obtain by a least squares
fit of experimental distribution in ¢ to the distribution in 10.3
(whereas the width of the likelihood function contains the information

in the derivative of x? with respect to P at PO).
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F. The Likelihood Function for a Limited Range of ¢.

Finally, we wish to quote a result by which one can use events
where only part of the 360o range of ¢ is available. We take the case
where the experiment is sensitive to a region in ¢ between ¢1 and ¢2.
In general, ¢1 and ¢2 are different for each scatter. ¥or the above

case, the angular distribution between ¢, and ¢, is now given by

+ P cos¢
) +

1
N(¢) a¢ = (¢, - 9, P(sin¢, - sing,) a8

and the correct likelihood function becomes:

i 1 + P cos¢i
L(P) = I

et (¢zi - ¢,;) + P(sin¢,, - sing,, )

10.9

where we have explicitly shown the dependence of ¢2 and ¢1 on the event.
The generalization to other than linear ranges in ¢ is obvious.

In practice, one could calculate ¢, and ¢2 for each event which
scattered near the edge of the chamber and then use the above form in
the likelihood method. However, only some 5% of the events could not
be treated by the criteria described in Section VI-7 and these were not
analyzed. In reference 21, we discuss the determination of error

from expression 10.9.
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