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ABSTRACT

We measured the recoil proton polarization in the reaction
Yp = nop at the Caltech electron synEhrotron at plon CM production
angles around 60° and 900, and photon energies from 0.65 to 1+375 GeV.

Recoil protons were momentum-analyzed by a bending magnet
along with a counter-wire spark chamber system. The polarization was
determined by measuring the left-right asymmetry of p-C scatterings
in a carbon plate range chamber. The data acgquisition was handled by
an on-line PDP-5 computer.

Among the 600,000 events taken, approximately 18,000 p-C
scattered events survived the kinematics tests and requirements of
analyzing power to yleld 23 polarization points.

The results indicate a strong angular dependence throughout
the angular and energy regions covered. They agree very well with
carlier results, but with improved statistics and with finer energy
binning in the region of overlap.

no photoproduction cross sections in the same kinematical
region were also messured in the process. The agreement with known
values is excellent.

These results are interpreted in the framework of an isobar

and partial wave model of ﬂo photoproduction.
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1. INTRODUCTION

Single pion photoproduction in the photon encrgy range
k < 1.5 GeV is largely dominated by s-channel nucleon isobar inter-

(1), (2)

mediate states. In the production of charged pions,
there is also an important contribution from the t-channel pion
exchange term, which determines the behavior in the forward direc-
tion. However, the pion exchange term is forbidden in the case of
ﬂo photoproduction, because the existence of a non-zero 7ﬂoﬂo vertex
would violate the law of charge conjugation.

In terms of the familiar helicity formulation introduced by
Jacob and Wick, (3) and assuming that parity is conserved in photo-

production, we can write down the experimental observables. The

differential cross section is
do I -
dQ(g) T2 0k ) ‘Hi' (l l)

wvhere k and g represent the momenta of incident photon and of the pro-
duced pion. The polarization of the recoil nucleon in the direction

A
q x k ig then

a1 * x B
P(e) = = (_i_g_(g) Im(Hl He + Hy H, ), (1-2)
an

which ig due to the interference between different helicity amplitudes.
IL provides one means ol probing the phase relations among the helicity

amplitudes.



Another such means is the measurement of the asymmetry

parameter () = (o, - a//)/(U y for & process initiated by
L

+0'//

polarized photons, where o; and c// are the cross sections for photon
polarization perpendicular and parallel to the production plane. In

terms of the helicity amplitudes it is

1.

() = & 1
- C)

% *
Re(Hl H, -H,H ). (1-3)

Finally, the asymmetry parameter T(8) = (c+ - o_)/(c+ +0_)
for a photoproduction process off a polarized proton target (with
o+ » O_ the cross sections for target polarization parallel or anti-
parallel to Q x'&) can be expressed as

*
TE) = b In(H, H

3 5 +Hg H:) . (1-4)
=)

-

So far no data have been available for the measurement of
T(8). Only a very few measurements on 5(6) amd P(6) have been made.
Even for the most completely investigated observable, %%(9), the
existing data are by no means complete and consistent. In particular,
the reactions yn —*nﬂo and yn — px  have been sparsely investigated
due to experimental difficulties.

By expanding the helicity amplitudes in terms of partial
waves, Walker (1) was able to fit most of the known experimental
data with a model consisting of electric Born terms, nuclear isoctars

resonances in Breit Wigner form, and a nonresonant background in low



partial waves which is required to vary smoothly with energy. This
model yielded fairly satisfactory results in the encrgy region k -7 L.
GoV. It appears doubbful that this upproach will be meaninglul ol
higher energies.

listorically, the measurcment of recoil nucleon polarivation
(1)

was propocsed by Sakurald to try to determine the relative parity

C ol the isobars Dlg(lSQO) and P__(1256). I the parities were the
b e}

"second

same, no polarization should be seen at Oi = 90° near the
resonance" once we assume no appreciable admixture of other diagrams.
However, the experimental result clearly indicated that a substantial
pelarization did exist in that region, which was interpreted as evi-
dence for the interference of opposite parity states.

As one proceeds to higher photon energy, the number of
contributing states increases., The polarization value is now the
rosult of interference between many partial waves. Arguments such as
Joakurai's become more ditficult to apply. To disentangle the situation,
people in the past (2], b8) have tried to describe the photopro-
duction processes "at intermediate energies” in terms of a combination
of s-channel isobars (see Figure 1.1), which dominate the behavior at
the low energy, and t-channel pole exchanges, either elementary or
Reggeized (see Figure 1.2), which dominate the behavior at very high
cuergy, plus assorted background terms. Among the possible t-channel
poles, the w is believed to dominate the p and ¢ according to SU3
predictions. |

The results of the last Caltech 7 polarization experi-
()

. GO o : . g 3
el ab uﬁ w607, 150 < k<0 1450 MeV were interpreted in berms
3



ISOBAR EXCHANGE

DIAGRAMS CONTRIBUTING TO 7° PHOTOPRODUCTION

Figure 1.1




and

BORN TERMS CONTRIBUTING
TO »° PHOTOPRODUCTION

Figure 1, 2



of isobars, Born terms and a slowly turned-on Reggeized w exchange.
Since that time, the duality picture has been formulated (7),

() to say that the reaction amplitude can be alternatively de-
scribed by a complete set of s-channel poles or a complete sot of t-
channel Regge poles, plus appropriate background terms. It further
gtates that the leading Regge pole exchange roughly corresponds to the
sum of all s-channel resonances. This view is in contrast to the once
popular conjecture that the leading Regge exchange is related to the
non-resonant background terms.

The duality picture implies, in particular, that any atteﬁpt
to try to mix the leading t-channel pole and s~channel poles in a
reaction has to be approached with due caution in order to avoid double
counting.

On the other hand, the evaluation of t-channel background
integrals hinges on specific models. We may, for example, assume they
are due to the presence of Regge cuts and fixed poles.

Our experiment was intended to get the best polarization data

0 . .
, and at energies as high as

possible at 0% = 63 + 87 and 0% = 95 * 8
o - b
our experimental method would permit, in order to put further con-

straints on the diagrams contributing in the isobar region.



2o BXPERIMENTAL MIYPHOD AND ‘IICHN TQUIGS

C.l Genoral Description

This experiment is to study the two-body reaction
DA 1(“ + p
-y 4 (2.1-1)

The polarization of the recoil proton was measured for
incident photon energy k, between 650 MeV and 1375 MeV, at pion center-
al-mass production angle Gﬁ, 63 + -~ 8 and 93 + - 8 degrees. The
polarization was measured by the asymmetry in p-C scattering of the
recoil proton. (9) The p-C scattering occurred in a large carbon
plate wire spark chamber system. This allowed one to follow the entire
proton trajectory closely. ©Since the data collection and data analysis
were all computef handled, the possibility of introducing artificial
asymictry was reduced to a minimum.

Briefly, the entire experimental procedure can be described
in the following steps. (See Figure 2.1.)

(1) The Bremsstrahlung beam of the Caltech synchrotron was passed
through a liquid hydrogen target.

(?) A counter system which detected the recoil proton and the forward
decaying photon of the no was used to obtain a clear ﬂo trigger.

(3) A series of wire chambers was used in conjunction with a bending
magnet to obtain the complete determination of the ﬂo photo-

production kinematics. The information was stored on-line through

a PDP-5 computer.
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(4) A large carbon-plate wire chamber system was used to detect the
recoil proton polarization by means of p-C scattering in the
system. The scattering information was recorded on-line on a
magnetic tape along with (3).

Nearly six hundred thousand events were taken in two kine-
matical settings. Approximately 3.4 X lOl4 equivalent quanta of photon
beam were used. Data collection was about one event per two seconds
with the synchrotron pulsing once per second. The faster data collec-
tion rate was due to the use of the on-line computer (PDP-5) which
could handle up to one event per second. Thirty-five thousand events
survived the preliminary requirement of 7p-C scattering angle 2'40.
But only 18 thousand finally passed all kinematical and analyzing
power requirements and were used to obtain the final polarization
values.

In the next sections the details of what has been outlined
above will be discussed more thoroughly. The details of the experi-

mental apparatus and some calculation can be found in the appendices.

2.2 Trigger and Selection of Neutral Pion

Figure 2.2 shows the general layout of the experimental
apparatus in the Caltech synchrotron. The Bremsstrahlung beam from
the machine was collimated, scraped and purified in a permanent
sweeping magnet., It then passed through a target containing
0.63 gm/cm2 of liquid hydrogen. The duty cycle of the syuchrotron
was about 13%, allowing the fast coincidence electronics and the
subsequent spark action more than suificient time to ocenr at the

rate of data accumulation. (See Table 6.2 for typical counting rates
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of' the experiment.)
Since the results of this experiment are sensitive to the
bockground, care was taken Lo insure that contamination was minimal.
The major source of background was due to protons assumed to be
produced by process (2.1-1) but which in fact were not. The (inal
background contamination of less than 7% (see Appendix 6.17 and
Appendix ©.18) was achieved by employing a detection scheme which
required a coincidence of the recoil proton and the forward decaying
photon in the trigger. Basically, two systems were used to obtain
the trigger
(1) The x° detection apparatus consisted of a y detecting system.
The vy detecting system consisted of a scintillation counter and
a lead-lucite Cerenkov shower counter arranged to insure a clean
separation of 7's from charged n's or protons. The system was
placed in the laboratory such that the normal to the aperture
was parallel to the horizontal plane. The angle between the
normal and the incident Bremsstrahlung was determined by the
pion center of mass production angle desired. To improve the
cleanness of the x° trigger, a bias of 250 MeV was imposed on
the pulse height of the lead-lucite shower counter. This bias
helped greatly in discriminating against the multi-pion production
background (see also Appendix 6.3).

(2) The proton detection scheme consisted of a proton aperture, a
bending magnet, and a proton telescope. The proton aperture

allowed recoil protons in the selected kinematical range to pass
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_ through to the bending magnet and excluded the rest of the pafti-
cles which might or might not originate from the hydrogen target.
The bending magnet selected appropriate momenta. The final and
the most powerful blasing was set in the proton telescope. The
proton telescope consisting of three scintillgtion counters was
located right behind the bending magnet as shown in Figure 2.2,
The protons were nlow cnough to yleld counter pulse heldghts well
above those of minimum ionizing particles. The electronic bias
on those counters was adjusted so as to exclude particles which
had ionizing power significantly below the protons. However, the
bilas was carefully set not to exclude the protons desired. For
all the settings the proton kinematic energy was low enough
(mostly below 300 MeV, some as high as 500 MeV, or Bp < 0.77)
that the proton telescope cobtained a reasonazbly clean pulse-height
separation between protons and g8 ~ 1 charged particles, mainly
n's. A typical pulse height distribution for protons is shown in
Figure 6.6 (see also Appendix 6.4 for the details of the proton
side of the experiment).

To summarize, a 7° signature was a three-fold coincidence

in the proton telescope in coincidence with the y system.

2.3 On-Line Wire Spark Chamber System

This experiment enjoyed a great improvement over the previous
Caltech polarization experiment (6) by using an on-line wire spark
chamber system. The system registered the event information on a

magnetic tape instead of using the conventional optical method, and
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therctfore was relieved of the complicated and tedious lens correction.
Thiman crrors introduced in the processes of sceanning and measuring
wvore also greatly reduced.

In ract, from the data acquicition through Lhe preliminary
data analysis all the way to the final calculation ol proton polar-
ization, the whole operation was completely computer handled. DNot only
the time and the costs were considerably reduced as compared with a
typical coptical spark chamber experiment, but the experiment was
capable of producing more reliable results.

The event information stored on the magnetic tape emphasized
heavily the proton side. Since no hodoscope was used on the no side
to determine the location of the shower, the only information the 7
system provided was the pulse height of the lead-lucite shower counter.
The information of the recoil proton trajectories before and after the
bending magnet was registered in digitized form, each number represent-
ing a spark location in either the horizontal or vertical view of
a wire spark chamber.

Knowing the proton trajectories and the magnet configuration,
and assuming a clean no trigger, the photoproduction kinematics could
be completely reconstructed.

In the case of p-C scattering, the information of the
scatter kinematics could be abstracted from the spark locations in
the wire chambers in the carbon-plate scattering house.

The measured variables describing the kinematics of

the event, +the errors in these variables, and the manner in which
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they were obtained are given in Table 2.1. Complementary to this

table is Figure 2.3 which defines the varigbles.

2.4 Proton Carbon Analyzing Scatter

Consider a p-C scatter in the context of general spin
1/2 - spin O scattering. The most general amplitude one can write
which conserves all quantities conserved by the strong interactions

(e.g., parity, J ... etec.) is
F=f+0.H0 g

the E?being the usual Pauli spin matrices, ﬁg,Olﬁ x 6' (where A

indicates & unit vector), f and g are Fermi's invariant amplitudes.

i
i

One can éasily show that a spin 1/2 beam with initial polarization

i'? gives (10)

0(0,2) = []f}e 3 ]g]2 + 2Re(f*g)%2 o B 1= 00(9)(1 + & ﬁ2 . B)
(2.4-2)

00(9) = |f|2 + [gle, is the unpolarized cross section,
A = 2Re(f*g)/o (0);

A, the analyzing power,is a property of the scattering material, i.e.,
carbon, which has been measured in other experiments (see Appendix
Ga14) s

In the case of “o photoproduction with the initial
unpolarized, parity conservation requires that the polarization of
the recoil pfoton on the production plane be zero, and iT the

final state proton is polarized at all it can only be in a direction
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.—-)
perpendicular to the production plane. Hence, take P = Qi P,

%1 =R x %; equation (2.4-2) then gives

a(% , @}'?) = oo(%) (L + AP cos cp]'p). (2.4-3)

See Figure 2.3. Equation (2.4-3) is the key to a proton polarization
measurement in our energy range. One can proceed in two ways from here:
(1) Scintillation counters can be set up behind a carbon block such
that cos Qé = +]1 for one counter, &, and cos ¢' = -1 for the
other, B. Then, assuming the two counter detection efficiencies
equal,

N, = e(l + AP), N_ = c(1 - AP),

B

N being the number of counts and ¢ a constant; and

Na - NB

Na + NB

over the kinematical region of acceptance (usually gquite limited

€ = AP, where A is the average analyzing pover

for this method). By looking at the counting asymmetry e, and
knowing the analyzing power, A, one can obtain the polarization, P.
(2) A wire spark chamber system containing carbon plates can be used

to see the scatters. In this case, the greater part of the proton
trajectory can be seen, and so apparatus-introduced asymmetries
are largely avoided. Also, a rather precise measurement of 6!,

cos @é can be made over relatively large ranges of these variables
compared with method 1. Here statistical methods are used to

determine the polarization, briefly as follows. The
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expected distribution for p-C¢ scattering is given by (2.4-3).
For each (k, 9;) bin one measures a large number, N, of such
scatters each with an associated cos ¢é and Ai' We then form
I
N

L(P) =% (1L + A, Pcos &' ), for each (k, ©*) bin. (2.4-4)
St i pl b

As described in more detail later (Section 3.4), L(P) is the
so-called likelihood function. The value of P which maximizes L(P),
P*, is the best value of the polarization obtainable from the data.
This method assumes, of course, that no artificial asymmetries have
been introduced into the observed scatter asymmetry. One also must
be sure that the detection efficiency for scatters is independent of
polarization. (These considerations are treated in Appendix 6.12.)

This experiment used the latter method for the polarization
determination. The chambers used are described in Appendix 6.6. The
parameters measured were @ﬁ, cos @é and the proton ranges before and
after scattering. These parameters were used to determine the relevant
value of analyzing power associated with each event (Appendix 6.14).
Table 2.1 together with Figure 2.3 completely defines these variables;
in addition, the table mentions the way they were obtained, and the

approximate errors involved.

2.5 Backgrounds

A. Proton Compton Scattering Backeround

From Table 6.7 in Appendix 6.18, one can see the similarity

between the kinematics of single pion photoproduction and proton
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Compton scattering. Since our system did not intend to detcoct
both decaying photons of the pion, proton Compton ucattering
events could become a very important source of background. The
minimum pulse height requirement in the shower counter did not
help to discriminate against the Compton background events, for
the y from Compton scattering usually possesses higher energy

than the forward decaying y of the no .

This background contamination could be estimated from cross

section information of Compton scattering at CMS 65° (11)

o (12)

(see
Figure 2.4) and at CMS 90 (see Figure 2.5). By folding
in the geometric detection efficiency of Compton scattering in
our system with the known cross sections, one could estimate the
background counts as a function of incident photon energy and
the CMS angle. A subtraction of these counts has to be made
before the estimation of single pion production cross section
(see Section 3.5).

The Compton scattering constituted about 4% of events
at % = 63 +- 8° and about 3.1% at 0%=93 +- 8°, vhich is con-
sidered tolerable in this experiment. (Error bar 10% in polar-

ization.) For details of the calculation see Appendix 6.18.

Multipion Photoproduction Background

The other potential source of background is the multipion
photoproduction. Since the upper limit of the incident photon
energy was 1375 MeV, photoproduction of up to 6 pions was ener-
getically possible. The charged pions were excluded by the veto

counter of the y detector. Therelore one expects that the
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remaining source of background, aside from proton Compton scat-
tering, to be multiple neutral pion photoproduction simulating
single neutral pion photoproduction in the detection apparatus.

It is assumed that the two ﬂo photoproduction dominated the
rest of multi ﬁo production, for a minimum of 250 MeV pulse height
requirement in the shower counter would bias off most of the pions
from multi no processes where the production cross sections were
not available and were believed to be small.

No reliable estimation of the total cross section of two n°
photoproduction has been available. A comparison of bubble
chamber data (13) and counter data up to 1200 MeV incident photon
energy showed that essentially all the cross section for the
pion photoproduction was accounted for by single neutral pion photo-
production.

A Monte Carlo estimation of the detection of the two pion
background was made (see Appendix 6.17). In addition, by aésum—
ing a uniform 2ﬂ0 cross section over the entire incident photon
energy range, one was able to estimate the contamination to be
5.2 at 0% = 93 % 8° and 2.8% at ox 63 % a°.

To summarize, the total contamination of background events
could amount to 7% where 4% is from proton Compton scattering

and the rest from two ﬂo process.
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5. DATA ANALYSIS

So b Prack Recognlition

The wmall sboruge cspace ol Lhe PDR-L compuber (/L l';) and TG
relatively slow cyele time (6 psec) forbids on-line data analysis
beyond'simple distribution displays, etc.. All the subsequent analysis
was done on Caltech's IBM 360/75 machine.

An efficient and accurate track recognition scheme is of
vital importance to the success of data analysis. Two separate schemes
were devised, one to find tracks in the front five wire chambers, the
other to find tracks in the wire chambers behind the bending magnet
(total up to 23 chambers) with an option to find the scattered track
in case of a pP-C proton carbon scatter.

Both schemes have been well tested, for every setting (a
total of 7) at least 1,000 events were carefully examined. The de-
tailed computer output was checked with the playback display on the
RM 561 A oscilloscope event by event. The playback option helped
greatly in perfecting the track-fitting schemes.

A. Front Chambers

It has been noticed that throughout the experiment no more
than two recognizable tracks ever appeared in any view of the
front chambers. 1In case of multiple sparks, no immediate attempt
was made to try to identify their location in space, i.e., we
did not try to correlate the spark locations from both views of
the same chamber. Instead, the scheme dealt with track recog-

nition in the horizontal and vertical views separately, thus



reducing the tedious spark stereo problem to the much simpler
track storeo problem (sce also Section “.l-¢).

The wooden box which held the five front wire chanmbers wasn
shielded by an 1/2" lead plate facing the target with an opening
" x &

ol & s

centered at the central proton trajectory. Therefore,
prior tc the track recognition subprogram, all sparks falling
outside the proton aperture woere removed, since geometrically
those sparks could not have originated from the liquid hydrogen
Larget and therelore were undesired in the truack ritting. 4Yhis
constraint cleaned up a lot of background sparks and greatly
reduced the efforts in the track fitting.

The algorithm of this scheme took advantage of the fact that
there were only five chambers involved, a relatively small number.
The scheme was capable of finding up to two tracks in one view.

It began with constructing the first possible line segment, which,
in general, was the line joining the first spark of the first
chamber to the first spark of the next chamber, then extrapolated
this Line segment into other chambers. If, in a given chamber,
the distance from the extended line to the nearest spark in this
chamber was within a few standard deviations (one standard de-
viation here was chosen to be the average wire spacing of the
wire chamber, namely 1 mm. The number of standard deviations
used was adjustable.) this spark would be picked up. The follow-
ing chambers (of the front 5) would be likewise treated and these
picked sparks, along with the sparks forming the beginning line

segment, were used to make a least square line fitting. In case



ol not having enough sparks to make the line fitting, the f{irst
line segment would be abandoned and a second possible line scgment
which, in general, was the line Joining the first spark of the
first chamber to the second spark of the second chamber, would be
constructed. And a similar spark searching and line fitting
process was repeated.

Tn the least square line fitting, assuming N sparks to begin
with, the scheme alwnys started with o fitting using all N spurks.
Il the chi-square value of the fitting turned out too large to be
accepted, then the first possible combination of N-1 (N-1 being
3 or 4 now) out of the original N sparks would be chosen to do
the fitting, and the chi-square value examined. This process
would be repeated until either a satisfactory chi-square value
was found or the fittings of all possible combinations of sparks
of 3 and up were exhausted. In either case no more than

5 5 S :
C5 + C, + C, = 16 trials would be attempted. Should the scheme

4 3
fail to ind a straight line after exhausting all possible com-
binations, a next possible line scgment would be constructed and
a similar spark searching and line fitting process followed,

When a line was finally successfully found, the sparks
which contributed to this line fitting would then be removed so
that an exact track searching procedure could be applied to the
remaining sparks to look for a possible second track. (Obviously
this scheme can be generalized to search for more than two tracks.)

By choosing the acceptable chi-square value to be 3* (M-2);

where M is the number of sparks participating in the line fit,
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M-2 being the degree of freedom in a straight line least square
fitting, throughout the analysis, it was found that on the
average it tock between three and four trials to find & success-
ful track.

The efficiency of finding at least one track in the front
chambers is defined as the product of the efficiencies in the
horizontal and vertical views. It ranges from 85% to 99.7%.

The drastic variation from nearly 1 to 85% was caused by the
malfunction or inefficiency of a particular chamber. Most of
the time the efficiency was about 99%. A careful examination of
a sample of unsuccessful events clearly indicated that these
events were either falsely triggered or totally unrecognizable.

Back Chambers

We defined a fiducial area containing all the useful sparks
in the three wire chambers which were sandwiched with the proton
telescope to be a 10" by 12" area. This was slightly larger
than the size of the proton telescope. In the scattering house
where the p-C scattering is anticipated (i.e., the spark may
appear in any part of the chamber),only those sparks appeared
within 2 cm of the fiducials are excluded. This screening was
intended to get rid of edge sparks.

Since no more than one track was ever observed in the back
chambers throughout the entire experiment, the scheme could con-
centrate on finding only one track in one view at a time, ieeping
in mind that the track might penetrate a large nunber of wire

chambers (up to 23). The first pass of this ccheme was to find



a7

a roasonable fivst gucss Line cgquation withoult poerlorming o
least square line Pitting.

To begin with, all line segments conneccting the asparks of
immediately adjacent chanbers were constructed (as compared with
constructing a line seément at a time which could be formed
between any two sparks of two distinct chambers in the previous
scheme). Each line was represented by the line equation
Xi(or Yi) 2= MiZ + Bi' The slopes, M's, and the intercepts, B's,
ol all line segments were then grouped into an M — B plot
(Fieure 5.2) where each point represents a line scgment. If a
cluster of points is observed by the computer to fall into a
region of AM < (L +M 2) Agmax and AB < AM * Z, then the first
guess line equation is defined as the arithmetical mean of this
cluster of points, namely, M = (g

i=1
the actual implementation of this algorithm, the mean value of the

- N
Mi)/N and B = (T Bi)/N . In
i=1

slopes, M, was defined step by step; the first M was defined as
Ml’ when a second line segment satisfied the prescribed criteria
ot AM and AB, M would be modified as M = (M + MQ)/B. This M was
used to try a third line segment, etc.. Agmax is the waximum
Ltolerable angular fluctuation of the line segments which physi-
cally belong to the same trajectory. ‘In this experiment, the
wire spacing of the chambers was 1 mm., the minimum distance

between two adjacent wire chambers was 1.5 cm., therefore a

fluctuation of up to AQm =

~ (@] .
ax = B = 4~ was expected for the line

segments which belong to the same track. In principle, Agmay

could be greatly reduced by elther decreasing the wire spacing



or inecreasing the chamber distance.

The A@max = 47 condition set the upper limit for the angular
resolution »f the p-C scattering, i.e., the scheme could not
resolve a less-than-4-degree scatter in one view, since, by
definition, the line segments of the scattered track with
Qp' < 4° would be included in the incoﬁing ones.

In the second part of this scheme, the first guess line
equation was used to pick up sparks within a few standard devia-
tions of it. (The multiple scattering increased the uncertainty
of the spark location. One standard deviation was chosen to be
2 or 3 mm. depending on the relative location of the wire
chambe;s.)

All the sparks thus gathered were put into a least square
line fitting. If the chi-square value of the fitting was too
large to be accepted, the fit would be abandoned. No attempt
was made to try to reduce the number of sparks and repeat the
least square fitting all over again as was done in the previous
scheme. There were three reasons to Justify this measure, First
of all, since the number of sparks involved could be as high as
23, to exhaust all mathematical combinations of 3 sparks and up
was an impossible task even with a very high speed digital com-
puter like the IBM 360/75. Secondly, there were only up to 2
sparks allowed to appear in the last 20 out of the total 23
chambers (two scalers for each view of a chamber). The proton
lead aperture, bending magnet, and the proton telescope together

greatly reduced the chance that an accldental charged particle
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would penetrate into the scattering house. It was unlikely that
such a spark would appear so close to the first guess line as to
be included in the line fitting. Thirdly and lastly, we allowed
a large acceptable chi-square value for the fitting. It was set
to be 5 x (M-2), where M-2 is the number of degree of freedom
in a straight line fitting of M sparks.

The efficiency of finding a track in the back chambers is,
as in the previous case, defined as the product of the efficiency
in the horizontal and vertical views. It was on the order of
97%. The fluctuation of efficiency was only a few percent. The
reason for this more stable track finding efficiency was due to
the fact!that more chambers were involved in the fitting. The
scheme thus was less dependent on the performance of any partic-
ular chamber or chambers. In fact, during a certain period of
data acquisition, one chamber was found dead, but no immediate
action was taken to correct it until the end of that run. The
analysis efficiency of this run did not show a marked reduction.
To summarize, with a large number of chambers involved, it was
the collective behavior which determined the efficiency of track
recognition.

Solution To The Stereo Problem

As stated in Section 3.1-A, only the track sterec problem
in the front chanmbers needs to be solved. To be more specific,
a unique solution has to be devised in the case where two tracks
were found either in the horizontal or vertical view, or both

views, of the front chambers to determine which one of the



double tracks really was associated with the recoil proton. The
very fact that only one track was found in the back chambers
greatly helped to solve this ambiguity.

It was found that only between 3 to 5 percent of the events
had double tracks in one view or the other. TFor a normal event
with only one track in each view, the treatment of the stereo
problem was bypassed. If the double tracks were found in the
horizontal view, the first logical test to resolve the ambiguity
was to extrapolate the tracks back to the target area and make
sure the tracks really came from it. The one which did not orig-
inate from the target would be suppressed. In the case that both
tracks survived the test, the second test would call upon one of
the tracks at a time together with the one found in the back cham-
bers to do the proton momentum fitting (see Appendix 6.11-A).
Whichever first yielded an acceptable momentum would stay for
further tests. If the double tracks were found in the vertical
view, the first test was again to extrapolate both tracks to the
target area, and suppress the one which did not originate from
it. Usually this simple test alone would solve the ambiguity.
Otherwise, a second test was made to match the slopes of the
tracks before and after the bending magnet. A first order cal-
culation using Maxwell's equations showed the vertical slope of
a charged particle trajectory would not be changed by going
through a bending magnet whose magnetic field was vertical.
Therefore, the track that had a slope consistent with the onc in

the back chambers would survive the test. This completed the



D.

identilication ol the track stereo problem.

Determination of Proton Carbon Scattering

The primary purpose of the preliminary data analysis of a
polarivation experiment 1is to filter out as early as possible,
the non-proton carbon scattered events which do not carry polari-
zation information. The track recognition scheme in the back
chambers (see 3.1.-B) was modified to recognize the scattered
tracks  In the M-B plot mentioned for the line segments in the
back chambers, if a second distinct cluster of points wac found
in additiou to the one corresponding to the incoming track, a
similar treatment would be applied to find its first guess line
equation. To define a useful scatter, we requiréd at least a
4 degree scattering angle in at least one view, i.e., the
projection of the p-C scattering polar angle into either the
horizontal or the vertical view should be no less than 4 degrees.
This constraint would pick up all events with tan Qé z~f? tan 4°

or crudely, @é g 4°J2 ; but only a part of the events in the

region 1° ~ Qé 5 4QJ2 depending on whether the projection of
Qé in any view would exceed 4 degrees.

Before we entered into the second part of the least square
fitting, a first-guess location of the scattering vertex along
the common axis (Z axis) of both views was needed to separate
the back wire chambers into two regions. The location of the

vertex was calculated from the view which showed the larger

preliminary scattering angle. Often, only one view showed a



ereateor than 4 degree seabter and the other view did nol show o
scatter. In this case, the tlrot-guess vertex was calculated
rom the view with scatter. By tiltering the sparks in the two
regions (one before, the other af'ter the vertex) using the two
first-guess line equations (these two line equations might be
identical in the view where the outgoing track is within 4
degrees of the incoming one), one could proceed to do the least
square fitting as previously described. The exact location of
the scattering vertex along the common axis could not be uniquely
determined if one tried to calculate it from separate views,
since this only resulted in two different numbers. To get the
cxact location of the scattering vertex, one has to construct
the incoming line equation in space uniquely out of the 2-dimen-
sional line equations in the horizontal and the vertical views.
Similarly, the outgoing line equation in space was uniquely
constructed out of the 2-dimensional outgoing line equations in
the horizontal and the vertical views. The vertex was defined
to be the center of the minimized line segment between these two
spatial.lines. A very stringent bias was imposed to reject the
events with minimized line segment larger than 1 cm. Only about
2.5% of the events were rejected by this constraint. A careful
examination of these rejected events showed that they either
were highly inelastic in nature and therefore could not yield
useful information for polarization (see Appendix 6.14) because
of undefined analyzing power, or they would also be rejected in

the subsequent tests. Figure 3.1 shows a typical scattered
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event found by the computer.

3.2 Major Biases in Preliminary Data Reduction

Prior to the track recognition, events with shower counter
pulse height below 250 MeV were discarded in order to suppress the
possible multiple no productlion background. A more detalled explanu-
tion 1s given in Appendix 6.17. The time-of-flight distribution
between the signals from the shower counter and one of the proton
scintillation counters served as a redundant check of the coincidence
of the system. The full width of the time-of-flight distribution was
on the order of S nsec. which was largely caused by the variation of
the velocity of the recoil protons. Throughout the preliminary data
analysis, even without setting a bias on it, the distribution of the
surviving events always looked normal and clean. Therefore the dis-
tribution was simply left as it was without the imposition of any
~bias.

The first maJjor bias applied was to make sure that the
recoll proton did‘originate from the liquid hydrogen target in the
horizontal view. The projection of target on the horizontal plane was
a rectangle 9.18 x 3.81 cm. A 1/2" polyethylene plate was placed in
front of the first wire chamber to suppress soft electrons and photons.
This plate induced some multiple scattering, which in turn broadened
the shoulders of the target distribution (see Figure 3.4-A). The
-events falling outside fhe extended target area were suppressed.

A similar check was then applied to make sure that the recoil
'pfdtdn came from the target in the vertical view. Although the dia-

meter of the target was 3.8L cm., the target distribution (see
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Figure 3.4 B Target distribution



¥igure 3.4-B) in the vertical view only showed a heavy concentration
in a region of 2 ecm. This is due to the bremsstrahlung beam which had
a diameter of on the order ol' 2 cme The events falling outside the
eatended turget arca (due to multiple scattering also) were supprossed
u:r betrore.

A third test was to try to correlate the tracks before and
alter the bending magnet by matching their slopes. Thic wac a safe
check to make certain that both track segments physically belonged to
the same track. In Figure 3.5, the difference of vertical slopes was
plotted against the number of events. The half-width of the distri-
butioﬁ was on the order of 0.02 (or 1.2 degrees). It was chiefly
caused by the multiple scattering of the recoil proton in the carbon-
plate range chamber. A maximum tolerable variation of vertical slopes
was set to be 0.05 (or 3 degrees). All the badly matched events were
romoved from further tests.

The most important test of all was the proton momentum
fitting. A wire orbiting calibration of the proton momentum in the

(14) (See Appendix

bending magnet was done in the spring of 1968.
6.11-A.) Three different magnetic field configurations were chosen
to accept proton momenta in the range 800-1200 MeV, 600-1000 MeV, and
100-800 MeV/c, respectively. Given the incoming and the outgoing
proton trajectories and the magnet configuration, the proton momentum
could be calculated providing all the fitting parameters were within
the precalibrated ranges.

Since the geometrical detection efficiency (see Figure 6.28

and 6.29) for most of the settings of the experiment covered a proton
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4.1

momentum range wider than 400 McV/c, only the upper part of the momen-
tum spectrum would be used in most cases. TFortunately the events in
this region always contained more interesting polarization information
and were less contaminated by multi-pion production background.

The relative percentage of events which survived this momen-
tum test.ranged from 40% to 98%, depending on how well the prescribed
400 MeV/c momentum range fitted into the upper part of the detection
efficiency curve. This test alone accounted for the largest single
loss of events (see Iigure 3.6).

The last test was to bias off events with reconstructed
photon energy larger than the end point energy of the synchrotron (see
Appendix 6.11-D for the reconstruction of the photon energy). Since
an assumption was made during the calculation that only one single 7
was produced, the reconstructed photon energy originating from a
Compton scattering event would appear to be higher than it actually
was. Since Bremsstrahlung has a continuous energy spectrum nothing
could be done about it if the reconstructed energy was still less than
the end‘point energy. However, if it was larger than the end point
energy, the event would be biased off on the grounds that it could not
be the kind of reactioh desired. Within the resolution of the experi-
ment the material (mostly a 1/2" polyethylene plate and liquid hydrogen)
between the target and the first wire chamber introduced a certain
amount of multiple scattering which tended to move up the reconstructed
Bremsstrahlung end point. The shift was estimated to be on the order
of 15 MeV depending on the synchrotron end point itself, the exact

amount ol material in between, and the recoil proton angle with respect
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Figure 3.6 Reconstructed recoil proton momentum distribution.



to the incoming photon beam. The effect of the broadening ot the end
point energy was accounted for by extending the maximum allowable re-
constructed photon energy to be the sum of the synchrotron end point

energy and the uncertainty in energy introduced by the multiple scat-
tering. Table 3.1 shows the major biases and their effects in a

typical run.

5.5 Duta Handling and Data Storage

All the preliminary date analysis up to this point was done
off line on the Caltech IBM’560/75 using a comprehensive analysis

program. The details of this program can be found in CTSL 48 . (15)

The input information, generated on line in a PDP-5 computer in the
experiment, was stored on a 7 track magnetic tape. EFach full size
tape of 2400 feet contained up to 7200 records. Each record by itself
contained the full information of an event, packed in low density

(200 characters/inch or 100 PDP words/inch), consisting of 294 1l2-bit
PDP words. Shorter tapes were occasionally used for special tasks.
The format of a record is shown in Table 3.2. Altogether, about 100
'ull size tapes were generated to store negrly 600k events. It took
the 560/75 between 4 to 6 minutes CPU time to process a full size tape
for the preliminary data reduction. The first part of the program has
to deal with the compatibility of the two computers. A 360 assembly
language subroutine was written to translate the 7 track 12-bit in-
formation. The rest of the analysis program was written in the
familiar FORTRAN 4 language. The output tape contained the events

which survived all the tests. The record format of the output tape



PABLIK Hels

‘Total J} Records Processed = 7013

OVERANL ANALY:L

# Records Survived = 5054

TEST
PBL BIAS
FRONT X7
T'RONT Y7
X7 WARGIET
Y7 ARG
BACK X%
BACK YZ
V. SLOPE MATCH
MOMENTUM FIT

KGAMMA RANGE

NTEST

7013.

6012,

5952.

Y957

H9l12.

5659.

5439.

5408.

5309.

5214.

NSURVIVE
6012.
5952,
5937.
H9LP.
HGH9,
5439.
5408,
5309.
5214.

5054.

IELCTINCY AN RUN 50

% RELAT.
85.73
99.00
99.75
99.57
95,72
96.11
99.43
96.17
98.2L

96.93



congtisted of all the pertinent information nceded for Lhe further
calenlation of polarivatlon.  The tormal s shown in Table 5.5,

Since on the average only about 6% ol the cvents survived
all the tests in the preliminary analysis, the output tape (packed in
high density of 800 characters/inch) was much more condensed than the
input one. An cffort was made to put together all the individual
condensed output tapes belonging to the same geometry, same synchrotron
end point, and same magnet configuration into a master tape. Seven
master tapes were thus created; in case the original one was lost, a
duplicate one was available. Altogether, there were 35k events with
useful p-C scatter found in the preliminary data analysis. ©Seventy
percent of the events were with pion center-of-mass production angle
935 4+- 8 degrees and the remaining 30% events with 63 +- 8 degrees.
This large amount of data enabled a statistically meaningful deter-
mination of the polarization parameters. As a by-product it gave a
complete set of p-C scattering data in the experiment's kinematical

region for future reference. (See Appendix 6.15.)

5.4 Calculation of Polarization

Conventionally the proton polarization is represented as a
function of incoming photon energy and the center-of-mass pion pro-
duction angle. An intuitive way to visually estimate the order of
magnitude of polarization is by making a histograph of the number of
events versus the azimuthal angle of the proton carbon scattering,
¢é (Which is by definition the angle between the pion production plane

and the p-C scattering plane), for all the events within a region



78

TABILG 5

et

Run /

High Bit Ivent #

Low Bit Event #

Magnet Config-
uration

PbL, Pulse Height

Tol' Pulse Height

SP X 1,1

SP X 1,2

SP X 1,3

SP X 1,4

SPY 1,1

SPY 1,2

SPY 1,3

SPY 1,4

Overflow of
Chamber 1

SPY 2,1

ap x 2,2

Q

I

Overflow of
Chamber 8

b

.——)l

¥ SBY MSIA yowe ‘sasquey) ¢
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INPOT TAPE FORMAT

80

81

82

83

84

198

199

294

SP Y 9,1

SPY 9,2

SPY 9,1

SPY 9,2

Overflow of
Chamber 9

SP Y 10,1

SP X 10,2

I

Overflow of
Chamber 28

z |

N N
v LUT

e

LAD L

— |6~ sIBTEOS T SBY MOTA U0BO ‘SIaq

1uUBOBA



10.

11.

12,

X1

*2
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TABLE 3.3: OUTPUT TAPE FORMAT

B, (:f‘ront)*l LY

M_ (front) 18.
By (front) 19.

M_ (front) 20.
Y

B, (back) , - 21,

M (back) " 22.

B, (back 23,
,, (pack)

M_ (back) 24.
Na

B, (scatter) 25,

M (scatter) 26.

By (scatter) 27.

My (scatter) 28.
X R 29-
vertex

Y ) 30.
vertex

Z'verte): g

Kphoton e

B, M_ (front) represent the intercept
line in the front chambers

Flag
Flag

I

-1 Scattered track leaves Range

0 Scattered track stops inside

cm
]
bl

Ty initial

lab
cos (Opr )

T
p vertex

QpC

0]
pC

Inelasticity

Energy Resolution

*
‘Flag

2

Chamber # of Proton
Stoppage

Vertex Module #

Magnetic Config-~
uration

Pbl, Pulse Height

T.o0.I'. Pulse Height

Run Number

Event Number

and slope of the fitted

Chamber
Range Chamber
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where k is the center of the photon energy bin, Ak the full width, O;
is the center of pion center-of-mass production angular bin, A@; its

full width. Scattering theory (15 predicts

N(®') = N (1 + E o} 3.4-1
(81) = N (1 + TP cos 1) (5.4-1)

where No is a normalization constant; Kﬁ‘is the mean of the product
of carbon analyzing power and the proton polarization in this bin.
The value AP is actually the lower limit of polarization P, since the
carbon analyzing power is always between -1 and +l1. A very quick and
powerful way of checking the reliability of the data is simply to see
if the Fourier analysis of N(@i) shows any large non-zero coetficient,
for a sin ®§ term is in direct contradiction to what is expected from
equation (3.4-1) and therefore should be discredited.

Figure 3.7 shows two histographs of this nature. The func-
tional dependence of & cos @é term is clearly indicated along with a
crude estimation of the AP.

However, no attempt has been made to try to disentangle P
from AP because of the complexity involved. A much more sophisti-
cated maximum likelihood method was used to calculate the polarization
and its uncertsinty. The maximum likelihood theorem is briefly de-
scribed in Appendix (S

In this experiment the likelihood function is
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n
L(P) = = [oO(Tp . @é) E, (k, 0%)(L1+A, (T

e',AT )P cos &' ]
b >4
i=1 f ¥ E By

i i

(3.4-2)

ATP is the inelasticity of the P-C setting for the n events in the

(x, Qﬁ) bin. Tp is the proton kinetic energy just before the P-C
f

scattering, Oﬁ and @é are the polar and azimuthal angles of the scat-
tering in the laboratory system, Ai is the analyzing power of carbon,
co is the unpolarized cross section, Ei the single pion production
detection efficiency. (See Appendix 6.16.) Since neither o, nor E,
are functions of the polarization P, equation (3.4-2) implies an

equivalent likelihood function

n
L(P) =x [(L+A, (T , 0, AT )Pcos d')]. (3.3-3)
i=1 TPy FOOF Py
The maximum likelihood theorem states that at the limit n-> « the

likelihood function L(P) approaches a gaussian. Therefore the best

fitted value of polarization is at P = P¥* where the condition
el (L(P)] =0 (3.4-4)
oP P=p*

is satisfied. The uncertainty of the polarization is defined by

2 .
AP ='{- é‘E zn(L(P))}- (3.4-5)
OP pop*
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In this experiment, because of the large amount of useful events, the

gaussian approximation was always a good one (see Figure 3.8).

3.5 Calculation of Single Pion Photoproduction Differential

Cross Section

As a by-product and as a check of a polarization experiment,
it is always useful to estimate the no cross section in the kinematical
region covered and check the results against the well established data.
Good agreement of the results is an assurance that the apparatus was
working correctly in all details and as a whole. About 20% of the
original 600k events were used to perform an estimation of the single
ﬁo cross section. It covered the identical kinematical regions of
the polarization measurements, namely Qi = 63 +~ 8 degrees,

650 < k < 1350 MeV and @; = 93 +- 8 degrees, 650 < k < 1350 MeV. The
cross section in this region, specifically the region of the second
and third rescnances, has been well reported, (1) namely the region
of the second and the third resonances.

To determine the photon energy, k, the first step is to
evaluate the kinetic energy of the recoil proton by using the wire
orbiting calibration method (see Appendix 6.11-A). Once the kinetic
energy, Tp’ has been obtained, one can easily calculate the photon
energy by using the laws of conservation of energy and momentum
assuming that a single no was produced. (For the details, see
Appendix 6.11-D.) Figure 6.17 shows a typical raw k distribution of
the experiment. By unfolding the k distribution with the geometrical

detection efticiency and taking into account the systemalic correc-
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tions one is able to calculate the no differentigl cross section.

In calculating a cross section one must account for all
events. Every event with a recognizable track in the back chambers
was accepted. It is also important that the systematic corrections
should be made prior to the calculation. Even though each effect is
rather small, the combined effect could be considerable. Table 3.4
lists the systematic effects for the cross section calculation in the
region 6% = 93° +- 87, 650 < k < 1350 MeV.

The general method used in calculating the cross sectiqn
once all systematic corrections were completed was modified from that
of Section V-A of Reference 17 . For completeness the relevant formula
is reproduced here.

The total number of counts at a given incident photon energy
bin k + Ak/z is a summation of contributions from single ﬁo photo-
production, Compton scattering and 2 no photoproduction (contributions
from three or more no productions are believed to be negligible). The

formula is

Eok s dQ2n dQ7P
(3.5-1)
where
C(k) = number of events experimentally generated in the
interval k +- Ak/2
€(k) = geometrical detection efficiency of event initiated

from photon of energy k
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TABLE 3.4: SYSTEMATIC EFFECTS”

Effect Loss % in 0% = 93+8° Loss % in 0% = 63t8°
Spark Chamber Dead Time 0.4 0.4

SP-1 Negligible Negligible
SP-2 Negligible Negligible
SP-3 Negligible Negligible
Veto 0.4 3.0

PbL Negligible Negligible
Photon Pre-Conversion®* 3.5 340

Shower Counter Inefficiency*** 5.0 B35

Proton Counter Inefficiency Negligible Negligible
Miscellaneous H I 1 L &

Total Corrections 10.8 11.4

* Systematic effects do not include inefficiency due to analysis.

A typical analysis efficiency table can be found in Table 3.1l.

*%* Photons which convert in the target walls or in air before

reaching the veto counter are lost.

*¥%  Pulse height requirement introduced in the analysis is respon-

sible for this inefficiency. The electronic bias was set low

enough so that it introduced negligible inefficiencies.
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I = synchrotron end point encrgy in MeV

<
It

- gystematic corrections, all those ol Puble 5.4

B = overnil data analysis efficiency (as those o' Table 3.1)

N = number of protons in target per cm2 (3.9176 X loﬁs/cmg)

W = quantameter constant ( =1.097 X Tome MeV/BIP; see also
Appendix 6.1)

b = number of BIPs

Nk = energy bin ( = 25 MeV)

[ws]
—~~
=
o
il

The bremsstrahlung function for 0.193 radiation length
of tantalum target (Z = 73)

k' = Energy of the center of photon energy bin in MeV

The geometrical detection efficiencies of different reactions
are given in Figure 6.28 and Figure 6.29. The differential cross
sections of proton Compton scattering are shown in Figure 2.4 and
Figure 2.5. Although the cross section of 2 ﬂo production is not
readily available, an upper limit of 18 ub total cross section was
used for all the background estimation (see Appendix 6.17).

The evaluation of %%- was made after completing the back-
7t

P o . ;
ground subtraction. The results of n photoproduction cross section

agreed very well with known values (for the results, see Section 4.2).
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4. RESULTS

4.1 Proton Polarization

This experiment was intended to measure the recoil proton
polarization in ﬂo photoproduction with synchrotron end point up to
1375 MeV, at pion C. M. production angles, O;, of 60 and 90 degrees.
However, the actual O§ distribution of the useful events (see Figure
4,2 and Figure 4.4) showed that the geometric centers were actually
63° and 930 respectively. The k distributions for the events con-
taining useful p~C scatters are displayed in Figure 4.1 and Figure 4.3.
The events with k > 1150 MeV in Ox =93 T 8° were scarce; they were
further reduced in the evaluation of the carbon analyzing power (see
Appendix 6,14). The corresponding polarization points are therefore
associated with large error bars. They are presented for the sake
of completeness. The data are presented in Figure 4.5, Figure 4.6,
Table 4.1, and Table 4.2.

Although Bloom's experiment (6) at Oz = 60° covered
energies as high as k = 1450 MeV, our experiment provided & first
check on his results with better statistics and finer energy binning.
(50 MeV in this experiment as compared with 100 MeV in the previous
one.)

For the data taken around 9;‘= 600, the magnet was operated
at configuration 2 most of the time; it only accepted the recoil pro-
tons with momentum between 600 MeV/c and 1000 MeV/c. The photon
energy, k, associated with such recoil protons usually exceeded 900

MeV. Therefore, the lower limit of photon energy at 9; = 60° polar-
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TABLE 4.1

1025

1075

1125

1175

1225

1075

1326

POLARTIZATION DATA AT 9; = 63 + 8%,

0.07

0.16

1+

1+

1+

0.11

0.10

0.11

0.12

0.20

0.25

0.29

0.25

0.0L1 -

0.06

-0.04

-0.01

0.05

‘0044

0.34

0,29

+ 0.11
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ization points was 900 MeV.

However, there were still gbout 25% events at @i around ROO
that were taken in magnet configuration 3 (400 MeV/c < P, < 800 MeV/c).
A large portion of the photon energy range associated with such a
proton momentum range lay below 900 MeV. As a consequence, we were
able to abstract enough events to do a differential cross section
estimate, but not enough to do a polarization estimate.

The results at O§ = 63 * g° generally agreed well with those
of Bloom's. Our results did not show a zero crossing in the region
between k = 900 MeV and k = 1100 MeV as did Bloom's experiment, as
predicted earlier by Beder. (2) The polarization value at k = 925
MeV (negative in Bloom's experiment, but positive in this experiment)
in fact agreed with the 66 Stanford dats.

The finer energy binning revealed an interesting structure
at k = 1175, 1225, 1275 MeV. whose combined effect agreed excellently
with those of Bloom's. The numerical results of this experiment and
those of other related experiments are presented in Table 4.1.

For the data taken around Qi = 9% T 80, the momentum range
of the wire orbiting calibration fitted well into the kinematicsal
rangeé. Therefore we actually were able to use the events with k as
low as 650 MeV in the cross section as well as the polarization
estimation.

At Qﬁ = 93 * 80, our results again agreed well with those
of other experiments in the region of overlap (below k = 1000 NeV).
The agreement between this experiment and the 67 Stanford data is

excellent.
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TABLE 4.2 POLARTZATION DATA AT @i = 93 + 8°,

k (MeV) P, ' P,
650 -0.66 + 0.23 0.02 + 0.23
700 -0.80 + 0.09 -0.40 + 0.10
750 -0.69 + 0.07 -0.18 *+ 0.07
800 ~0.47 * 0.07 -0.04 + 0.07
850 -0.26 + 0.08 0.00 + 0.08
900 -0.29 * 0.09 0.02 + 0.09
950 -0.54 + 0.10 0.15 + 0.11
1000 -0.42 + 0.13 0.05 + 0.14
1050 ~0.67 * 0.20 0.32 + 0.20
1100 -0.56 + 0.26 0.07 + 0.26
1150 -0.49 * 0.36 0.40 + 0.41
1200% 0.25 + 0.60 0.10 * 0.57
1250% -0.52 + 0.69 0.53 + 0.73

*These settings yielded very few events. We present the results for
completeness only - they are essentially useless for fitting pur-

poses.
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A consistency check was made to make certain that no appre-
ciable systematic asymmetry was introduced during the data acquisition
or during data reductlon. For every polarization point, P ,obtained
its corresponding polarization on the production plane, P,,, was also
calculated according to equation 3.4-3 except replacing cos ¢£ by
sin @é . The law of conservation of parity requires that P,, should
be zero. The calculated P, (included in Table 4.1 and Table 4.2)
contirmed this assumption quite well. |

By dividing all the data into four angular bins, namely

©, 67t 4% 89 * 4° and 97 t 4°, we were able to calculate

9§=59t4
the polarization as a function of pion production angles in the CMS.
The results showed a strong angular dependence for the region covered.
The trend of the angular variation from 59 ¢+ 4° to 67 + 4° seemed to
agree with Bloom's finding that the higher the pion production angle,
the larger the polarization. Figures 4.7, 4.8 and Table 4.3 display
the finely binned data. The strong angular dependence of the polar-
ization values appears to be present on the entire energy range of
this experiment.

Errors quoted are purely statistical, as obtained from the
maximum likelihood method. Systematic errors of the experiment are
small, the shifts thus introduced are believed to be insignificant.
The errors due to the uncertainties of the carbon analyzing power
(rood to 15%) were estimated to be less than 30% of the quoted error
barse. .

In order to estimate the worst possible correctlon due to

the presence of the 7% background events, we assumed that all of
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RECOIL PROTON POLARIZATION IN DIRECTION k x g
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PABTE 4.5 POLARTZATION DATA AT 9; = 890, 67, 69, 97
F,
k(MeV)
0% = 59+ 4% [ox =67+ 4° |o*x =89 F4° |ox = 97 t 4°
b4 k14 7
< O* > = B60.7T] < 6% >=085.3]<6%¥>=90.5]< 6% >=95.4
b1 g i n k14
560 -0.76 T 0.22 | -0.78 t 0.16
750 -0.68 T 0,08 | -0.75 T 0.07
850 -0.29 t 0.08 | -0.26 t 0.09
950 0.66 * 0.33 -0.08 T 0.15 | -0.48 ¥ 0.09 | -0.22 * 0.13
1050 0.05 1 0.12 0.03 ¥ 0.10 | -0.65 ¥ 0.16 | -0.17 f 0.28
1150 0.42 * 0.10 -0.04 T 0.13 | -0.81 T 0.27
1050 0.29 T 0.18 0.32 T 0.33

< > = Geometrical center of the bin
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them were completely polarized in the same direction; the polarization

thus found showed an average change of 40% of the quoted error bars.

4.2 Single Pion Photoproduction Differential Cross Section

Single ﬁo photoproduction cross section at 0% = 63°F g° and

G§ = 93 + 8° in the energy region 650 < k < 1350 MeV were also deter-
mined as a by-product of this polarization experiment. Thelr good
agreement with the known values could serve an indication that the
whole system worked correctly in all detsils. The results are pre-
sented in Figure 4.9, Flgure 4.10, and Teble 4.4.

The energy resolution was on the order of 15 MeV which helped
to explain the low pesk cross section value at the second resonance at

@; = 63t 8% ., The effect of the second and the third resonances

appeared at the right energy for both Gi = 63° and 9§ = 93°.,

The cross sections were evaluated according to the scheme
outlined in Section 3.5. About 20% of the original 600 k events were
used for this estimate. Due to the large number of date available,

the errors introduced by ﬁure statistics Ogpgt? "eTre small. The total

t

percentage erroy Ot ot? quoted was defined as follows:

2

+ O 2+ o]
S.E

Utok =J Ogtat T “M.C.

O, 0 is the percentage accuracy of the Monte-Carlo detection effi-

ciency; o is the percentage uncertainty associgted with the

SeEe
systematic errors of the experiment. The combined effect seldom
exceeded 10%. The most deviation these data could possibly suffer

is an overall normalization constant because of the nature of the
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k(MeV)

650
675
700
725
750
775
800
825
850
875
900
925
950
975

1000

1025

1050

1075

1100

1125

1150

1175

1200

1225

1250

1275

1300

1325

1350

TABLE 4.4 DIFFERENTTIAL, CROSS SECTION DATA AT Oi
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AND o%* =
7

do
0. oW /ay)

63

1.66
1.90
2.46
2.84
2.91
2.77
2.62
2
2.07
L.95
1.63
1.62
1.77
1.89
1.88
1.91
1.96
178
1.64
1.39
1.23
l.12
0.94
0.89
0.78
0.66
0.55
0.56
0.44

+

1+

i+ 14+ 1t i+

P T b

1+

RSN ESRE S S O A o T Bl

i+

1= 1+ 1+ a1+

0.12
0.13
0.l6
0.18
0.18
0.17
0.16
0.15
0.13
0.13
0.11
0.11
0.11
0.12
0.12
0.12
0.12
.11
0.11
0.10
0.09
0.08
0.08
0.07
0.06
0.05
0.05
0.05
0.05

93 t 8

(0]

P« B3
3.42
382
3.96
4.27
5,93
5+ 86
3.41
3.26
2.72
2.46
2.26
1.97
2.00
1.88
1.70
1.65
1.40
1.28
0.96
0.84
.89
0+.53
0.43
0.27
e 30
0.24
B9
0.351

R E e

t4 1+

14

[ I S o B

1= 1+ 1+ 1+ b
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(L)

experiment. By comparing the data with those compiled by Walker,
this normalization constant is believed to be within 10%, which is

within the order of magnitude of the quoted error bars.



5. DISCUSSION

In order to better understaund the results of thie experiment,

wve first tried to examine how well these repsults would fit into the

existing phenomelogical models.

Since most of the data were taken for k < 1200 MeV, we ex-

pected that the isobars would dominate the region. Hence, we started

from an isobaric model of photoproduction, using the form developed

by R.L. Walker. (1) The photoproduction amplitudes of this model con-

sist of the following three terms:

(1)

(2)

(3)

The s channel nuclear isobar resonances in Breit-Wigner
forms. FEach resonance is charecterized by a set of para-
meters as described by Reference 1.

Born terms, which usually consist of s and u channel nucleon
poles both with electric and anomalous magnetic couplings
and a t channel pion pole for the production of charged
pions. The inclusion of Born terms due to anomalous mag-
netic coupliﬁg in no photoproduction seems to yileld bad fits
to the existing data. Therefore, they are excluded in this
scheme.

Low-lying partial waves. These terms are essential to
describe the non-resonant background. They have to be in-
cluded to obtein good fits. One assumption of the fits is
that these added low-lying partial waves (i. e., 1 =0, 1, 2)
should vary smoothly with respect to energy for credibility.

Using this model to fit the existing cross section, recoil
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nucleon polarization, and polarized photon data, Walker was able to
obtain the initial low-lying partial wave amplitudes as functions of
energy.

Figures 5.1 to 5.4 display the polarization and differential
cross section calculated according to this scheme, using the same set
of low-lying partial wave amplitudes determined by Walker, plus Born
terms and resonances.

The agreement between the prediction from isobar model and
the measured data was very good at k < 1000 MeV. Significant deviation
emerged for polarization at 9§ = 93 & 80, k > 1000 MeV. (Presently
only amplitudes at k < 1175 MeV have been determined, therefore no
prediction could be made for k value beyond 1175 MeV.)

Bloom's fitting curve at O; = 60° is also presented in Figure
5.1; he included a "fourth resonance" N*(1924) and a slowly turned-on
Reggeized w exchange trajectory in his fitting scheme. () Although
this scheme fitted his data well, we are reluctant to adopt it, and,
in the light of more recent theorectical development, we regard it as
too much of an ad hoc ansatz; rather, we believe that a more thorough
evaluation of both s and t channel partial wave amplitudes is necessary
to avoid double counting.

However, in order to establish a meaningful angular corre-
lation with better statistics, we incorporated the results of this
experiment with those of Bloom's wherever possible. We feel justified
in this procedure since the experiment of Bloom et al (€) was done Ty
our group, with the assistance of this author, using essentially com-

parable techniques, albeit using a visual spark chamber system.
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Figure 5.3 shows proton polarization as a function of 9; at
difterent energies with Waelker's prediction drawn on top of it., Here
again, the prediction agrees with the measured values nicely at low
energy. At k = 1150 MeV, the deviation from experiment becomes appar-
ent. Nevertheless, the predicted trends are consistently in guali-
tative agreement with those of the data points.

Because of the nature of the helicity formalism, the recoil
nucleon polarization (equation 1.1-2) is more sensitive to the change
of a helicity amplitude than the differential cross section (equation
1.1-1). Aside from this, the differential cross section appears in
the denominator of the expression of polarization, the uncertainty
associated with the polarization becomes large whenever the corre-
sponding differential cross section is small and 1ll-determined, like
those at k > 1175 MeV. Therefore, a polerization measurement with
better statistics included in the isobar model fitting would give a
tight constraint to the helicity amplitudes.

The present status of no photoproduction fitting scheme may
be improved if more resonances at higher energies and more higher
partial waves are included when more datae become available in the
future.

On the other hand, it is obviocusly doubtful that the very
assumption of isobar model mechanism should be valid for k > 1200 MeV
and yield consistent and reasonable fits at all. Rather, we believe
that in the framework of duality ideas, one will in the longer run
strive to find alternate s and t channel descriptions of the inter-

mediate energy region studied here. 1In order to do this, more data are
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needed.

We doubt that with present methods the recoil nucleon polari-
zation experiments can reasonably be carried much farther, with fuller
angular distributions. However, experiments are soon going to start
at Bonn and DESY to study no photoproduction off g polarized target,
and also ﬂo production using polarized pﬁotons. According to the
formulace given in the Introduction, more experiments, in conJunction
with the data given here, will put tighter constraints on a really

successful model.



6. APPENDICES .

6.1 Pholon Beam

The photon beam at the Caltech synchrotron was produced by
bombarding a tantalum target (2 = 73) of 0.193% radiation length with
the circulating electrons which had been accelerated to the energy Eo‘

The Bremsstrahlung beam emerging from the synchrotron was
collimated and scraped at several points along its path by passing it
through lead apertures. Also, before reaching the liguid hydrogen
target the beam was passed between the poles of a permanent mesgnet to
deflect the contaminating charged particles (see Figure 2.2). By the
time the photon beam reached the target, its diameter was about 2 cm.
which was considerably smaller than that of the hydrogen target
(5.81 cm. in diameter).

The photons which did not participate in any reaction went

(18)

into a beam catcher where a Wilson type quantameter was located.
The quantameter was to measure the total energy of the photons by way
of collecting the charges of the photon-induced shower. The pressure
p of the gas in the quantameter and its external temperature T were
measured daily. The value p/T, which is proportional to the amount
ol gas in the quantameter and thus also proportional to the sensi-
tivity of the device, was found to be constant to within 0.2%. The"
output of the quantameter was fed into a charge integrating cifcuit.
Calibration of the integrator was performed daily during the runs and

remained constant to within 0.27%.

The quantameter constant obtained was
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1 BIP = (L.097 + 0.0029) x 10*° Mev

Although in a polarization experiment, an absolute calibration was
not necessary, the consistent monitoring of the photon beam through-
out the experiment did help to make a better differential cross section

estimate.

6.2 Hydrogen Target

The origin of the laboratory coordinates was defined as the
geometric center of the liguid hydrogen target. The liguid hydrogen
was contained in a cylindrical cup made of 0.005" mylar. The dimen-
sions were 9.18 cm. in length and 3.8L cm. in diameter. A 0.001"
aluminum sheet, kept at liquid nitrogen temperature through thermal
contact with a liquid nitrogen container, was placed around the cup
‘for heat shielding. The outside shell was a longer cylinder made of
0.035" aluminum sheet with both ends open except for 0.005" mylar.
The space'between the outside shell and the cup was maintained at
high vacuum by a diffusion pump. A temperature dependent carbon
resistor was placed on top of the cup. The voltage across it indi-
cated the fullness of the target. An sutomatic filling system was
driven by this voltage reading to keep the target constantly full.

A similar device was used to keep the liquid nitrogen container con-

stantly full. Figure 6.1 shows the construction of the target.

6.3 “o Detector

The apparatus (see Figure 6.2) was designed to detect the

neutral pi meson (7t = 0.89 X lO—lssec) vie its decay mode n -> y + ¥
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(branching ratio 98.8%) and & -> 7 + et e (branching ratio 1.2%).

Only one shower counter was used to detect the forward
decaying photons. In the kinematical region coverecd, these photons
carried energy between 260 MeV and 950 MeV making them capable of
inducing cascade showers in lead. The dimensions of the shower counter
and its distance from the target were chosen such that at least the
forward decaying photons would be detected (photons which decayed
in a forward direction in the center-of-mass system. The Lorentz
transformation made the C.M. forward going photons into a cone cen-
tered at the direction of the ﬂO'S motion in the lab with an opening

M
half angle of Sin™T( =2 ).
b1

In‘front of the shower counter there was a veto scintil-
lation counter. The purpose of this counter was to exclude charged
particles like protons or charged pions so as to make certain that
the cascade shower in the shower counter was not induced by the
charged particles. A coincidence of no signal from this veto counter
and a properly biased signal from the shower counter served as a
signature for a high energy gamma ray.

The efficiency of the wveto counter was somewhat rate-depen-
dent: about 99% at the settings with ei = 93 +~ 8 degrees, and 97%
when the detecting system was moved to a more forward direction of
Qx = 63 +- 8 degrees. The efficiency was also slightly dependent
on the intensity of the Bremsstrahlung beam. Fortunately, throughout
the experiment, only a relatively small beam intensity (averaged
0.6 X lOlO electrons per beam dump) was used so that the master

-trigger rate would not exceed one per beam dump which was the maxi-
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munm data collection rate the on-line PDP-5 computer could handle.

The requirement of a minimum pulse height of 250 MeV from
the shower counter in the data analysis (see Section 3.2) would
certainly reject any charged particles which slipped through the veto
counter without being instantly rejected.

No hodoscope was used to try to determine the location of
the shower as was done in the previous optical spark chamber experi-
ments. (6) Since the trajectories, and hence the energy, of the
recoil proton could be accurately determined, it became obvious that
as long as a clean no trigger was provided, the whole kinematics of
the reaction could be completely reconstructed without knowing the
location of the shower (see Appendix 6.11-D). The sole advantage of
knowing the shower location was to discriminate the multipion pro-
duction background events from the single pion production events.
Since the multipion background was estimated to be at most only a few
percent effect which was further reduced by a factor of 2 by setting
a high energy bias of 250 MeV in the shower counter pulse height,
(see Appendix 6.17) it was clear that it would not be worth the
trouble to build the hodoscopes and the fast electronic on-line read-
out system.

Knowledge of the location of the shower would not help much
to discriminate against Compton scattering background events. The
kinematics of Compton scattering is very similar to that of single
pion photoproduction in the presence of a high energy incident photon
beam (k >> m , see also Appendix 6.18). Within the accuracy of the

energy resolution of the shower counter CAL/E < 15%) the elastically
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ccattered photons behaved very much the same as the forward decaying
photons from ﬂo- However, the Compton scattering background was
estimated not to exceed 4% on the average (Appendix 6.18) which was
tolerable for the statistics intended.

The best way to discriminate against Compton scattering
background events is to detect both decaying gamma rays of the ﬂo
by using two shower counters in symmetric locations with respect to
the “o production plane. (17) Thus, a pion trigger would demand a
coincidence of both shower counter signals. The reason why this
unique method was not used in this experiment was that its counting
rate was one order of magnitude smaller than that of the one-shower-
counter method. It therefore would not take the full advantage of

the fast on-line data collection rate.

A. Shower Counter

The shower counter consisted of alternating layers of lucite
and lead. The lucite radiator of the shower counter was con-
structed out of 12 sheets of 0.43" lucite, 19" wide and 10" long.
At one end all the lucite layers were glued to a light pipe with
1/4" lucite spacers in between. The light pipe lucite was ta-
pered to better fit on a 5" XP 1040 photomultiplier tube. The
counter was wrapped with 0.005" aluminized mylar and black
tape to seal the counter from external light sources. The lead
sheets, 0.2" thick and cut to fit in the 40 cm. by 21 cm. aper-
ture of the counter, were inserted in the spaces between the

lucite sheets. One additional lead sheet was placed in front of
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the shower counter to make the total number of lead sheets 10.

As the cascade shower develops in the lead sheets, the fast-
moving positrons and electrons in the shower generate Cerenkov
radiation in the lucite slabs. The amount of light generated is
proportional to the total path length traveled by the charged
particles in the lucite slab. The light is then collected and
converted into an electric pulse in the XP 1040 phototube.

Since the lucite is a Cerenkov radiator, only the charged
particles traveling faster than the Cerenkov threshold velocity
can generate light. Therefore the lead lucite counter has no
response to slow protons or low-energy charged pions. This
provided a strong argument for favoring the lead lucite system

instead of a lead scintillation system for shower detection.(lg)

Shower Counter Calibration

Since a monoenergetic photon beam was not readily available,
the testing of the shower counter was done in a monoenergetic
energetic electron beam. For a total absorption counter, the
photon initiated shower differs from the electron initiated
shower significantly only in the first several radiation lengths
where the memory of the incoming charge is still retained to
some degree. Since there were altogether 12 X (1 K, = &2
lead is one radiation length) of lead placed in the counter, it
was assumed that there was no significant difference between
photons and electrons. This has been confirmed in a test by
using a tagged photon beam as was explained in CIST-41 and in

the literature <19)
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Figure 6.3 shows the response of the lead lucite counter to
energetic electrons. In the lower end of Filgure 6.4 there were
two points each corresponding to a distribution taken by remov-
ing all lead sheets trom the shower counter. The response was
found independent of the incident electron energy in the energy
range covered.

It was necessary to set a certain discrimination level on
the shower counter during the experiment. For this purpose, a
pion telescope was set up (see Figure 6.2) by placing two scin-
tillation counters of smaller aperture, 5" by 6", separated by
6.5 cme. of lead brick, behind the shower counter. This léad
brick plus the lead in the shower counter was thick enough to
stop all charged particles except fast xn's and p's. For the
n's capable of reaching the back pion counter, their kinetic
energy would be in excess of 225 MeV or B > 0.92. The radia-
tion produced by the tast moving n'e resembles that of the pasc-
ing electrons. Therefore, the pion telescope provided an on-the-
spot calibration of the pulse height of the shower counter.

The electronic bias was set slightly'below the minimum-
ionizing peak. (In the data anlysis the final energy cutoff was
set at 250 MeV.) The minimum ionizing peak was located in the
pulse height distribution obtained by letting the charged pions
pass through all counters, i.e., trigger = V x PbL x nl x x=2.

Since these two pion scintillation counters were used only
for the shower counter calibration, their participation was not

ncoded to form the master trigger of the single no photoproduction.
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A more elaborate and accurate shower counter calibration was
done before and after the data acquisition by placing it in a
monoenergetic electron beam as explained in the previous section.

In order to prevent the system from being accidentally
triggered by undesired particles, the whole apparatus was shield-
ed by lead shéets except for a front apsrture of 40 cm. by 21 cm.
and a rear aperture of 5" by 6". The counting rate of the shower
counter was found to increase one order of magnitude when the
bending magnet was turned to the highest momentum configuration
(approximately 14k gauss between pole tips). The trouble was
removed by wrapping the whole XP 1040 phototube section with four
additional layers of high magnetic shielding material.

The pulse height of the shower counter was converted into
digital information in a Nuclear Data multichannel pulse height
analyzer. It was recorded in a magnetic data tape along with the
spark information of the recoil proton trajectory. Figure 6.5

+
shows a typical n” spectrum. The electronic bias was set around

150 MevV.

Proton Telescope

The proton telescope consisted of three scintillation coun-

ters. It was located right behind the bending magnet. The scin-

tillation counters were constructed of 1/4" NE 102 scintillator, 10"

in width and 6" in height. BEach counter had a flat light pipe which

was tapered to fit into a RCA 7850 phototube. The center of the scin-

tillators was coincident with the central ray of the bending magnet
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(central ray being the referrence proton trajectory whose momentum was
known). The counters were separated from each other by a distance ol
5 inches. In front of each of the scintillators, there ﬁas &8 big
square wire chamber, 20" by 20", where the trajectory of the charged
particle exiting from the bending magnet might be reconstructed., All
these wire chambers and the scintillation counters were mounted in an
aluninum box with two openings of 4" in height and 20" in width for
beam passage. 'The 4" height of the opening matched the distance be-
tween the magnet pole tips.

A coincidence of signals from all three scintillation coun-
ters was required in the fast logic. Every master trigger obtained
in the experiment corresponded to a charged particle going through an
effective area of 4" by 10" of the proton telescope.

The purpose of the proton telescope was to accept protons
and to discriminate against charged pions or electrons by putting a
suitable pulse height bias on each counter. The conventional method
ol' placing s fourth counter with high pulse height bias behind the

range chamber {17}

to help to set the bias was not used in this
experiment because in the initial setting, protons could never reach
the back of the range chamber to trigger the fourth counter for lack
of energy. 1In addition to that, the kinetic energy of the recoil
proton could be accurately determined by using the wire ofbiting
calibration method. Therefore, we could afford to set the bias
5lightly lower than that of the conventional method so that one hun-

dred percent of useful protons would be accepted. The few percent

background events which asccidently passed the pulse height require-
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ment would be removed when more requirements were imposed during data
reduction.

The raw pulse height distribution of a proton scintillation
counter was obtained by requiring a coincidence of the other two coun-
ters, both in low bias. The bias of that counter was setl by adding
attenuators in the input signal side of the fast logic. A second pulse
height distribution of the same counter with bias would be taken re-
gquiring a triple coincidence. The amount of attenuation was finally
determined when the biased pulse height distribution began at a place
corresponding to the middle of the front shoulder of the raw distri-
bution, thus-removing most of the undesired background from it.

The final pulse height distribution of slow protons was
obtained when all three counters were properly biased. Figure 6.6
shows a typical set of distribtuions obtained in this way.

The voltage on all phototubes was monitored by means of a
precision digital voltmeter. Variation of phototube voltages was

within one part in 104.

6.5 Characteristics of Wire Spark Chamber

The wire spark chambers built for this experiment were one
gap devices; the conducting wires ran vertically on one side and
horizontally on the other side. The spacing between the adjacent
wires was 0.04". The frame of the chambers was made of benelex. An
enclosure made of 0.002" mylar sheet shielded the whole active region
from the exterior.

Since the spacing was 0.04", the spatial resolution of a
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spark was not expected to be better than 0.02". When a few sparks,
each with such accuracy, were fit into a straight line the fitted line
was expected to be closer to the physical trajectory than its con-
stituent sparks. The delay time of our chambers was measured to be
500 nsec when operating in the system. This was the time between the
recognition of a proton and the application of high voltage across the
wire chamber to induce sparks.

This delay time together with the counting rate of the proton
telescope determined the number of tracks one saw in the chamber per
trigger. In this experiment, both were such that only one track was
seen in the back chambers, and occasionally two tracks might appear
in the front chambers. This was due to an intense Bremsstrahlung beam
or the geometry of the apparatus.

A high chamber efficiency could be maintained with a wide
range ol sweeping voltages. Since the intrinsic delay of the wire
chambers was 500 nsec., we chose a sweeping voltage just below the
voltage at which the efficiency dropped away from lOO%. At 500 nsec
delay and 45 volts, a minimum amount of background, consistent with
the maximum eff'iciency, was obtained.

Aside from the application of a sweeping field, we shortened
the memory of the chanmbers by adding a quenching agent, such as pure
alcohol, to the inert gas which was flowing in the chambers at all
time. During the experiment, part of the neon-helium gas mixture was
saturated with alcohol before entering into the system.

The operation of the wire chambers was found to be strongly

dependent on three factors.
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(1) The H.V. pulse applied across the chanbers, which was
set around 10 kv in the experiment.

(2) The purity of the gas mixture. A slight contamination of
air or water vapor always resulted in malfunction.

(3) The amount and the purity of alcohol in the system.

A sample of the gas mixture used in the experiment was chemically

analyzed. Table 6.1 shows its composition.

6.6 Carbon-Plate Wire Chamber System

The carbon plate wire chamber system, consisting of alter-
nating wire chambers and modular carbon plates, served to slow down
and to stop the recoil proton and provided the target material for
pP-C scattering from which information on proton polarization might
be derived.

There were up to 20 wire chambers and 43 carbon-plates used
in the system. The thickness and the number of carbon-plates varied
with the synchrotron end point and the kinematics of the setting.

For the data taken around Gi = 93 degrees, all 43 carbon-plates were
needed to stop a proton of 310 MeV kinetic energy.

The thickness of a wire chamber was 3/8", that of carbon
module frame was 3/8" or 1/2" depending on whether it held a 0.5 or
a 1 em. plate. The system, with all 20 wire chambers and 43 carbon-
plates tightly packed together, occupied a span of 26".

Gas flowed in parallel through the gap of the +ire charber
to prevent a pressure differential within the chamber. 1In order to

maintain a faster flow rate and minimize the gas consumption, a closed



Helium

Neon

Nitrogen
Oxygen

Argon

Freon 12
Water (Vapor)¥
Alcohols

10l

TABLE 6.1: COMPOSITION OF GAS SAMPLR

Mass Spectrometer Analysis

Mol ‘@)

19.16
77.45 Min.
.64
s
None Detected
None Detected (20 PPM Sens.)
2.51 Approx.
Less than 10 PPM, if Present
100.00

* Water value reported is approximate only due to adsorptive and

desorptive effects on glass container and inlet system of mass

spectrometer utilized.
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ras system was employed. It circulated at a rate of gbout 15 ft3/hr.
Usually it took about one and one half hours to fill up the system.
(The residual gas in the chambers dies out according to an exponential
law.)

Electrical contacts to the chamber were mounted in the sildes
of the chamber. The high voltage was applied to one side of the
chamber while the ground leads were connected to the other side. The
aperture of the wire chanmber was 20" by 20". FEach wire chamber or
carbon module could be slid in and out by loosening the steel frame
which held them tightly together as a unit.

To permit accurate measurement of the spark positions in the
laboratory system, fiducial marks were added to all views of the wire
chambers. Whenever an event triggered the system, along with the
sparks which registered the passage of charged particles, the first
and the last conducting wires of each view (or each side) of a wire
chamber were fired simultaneously. The interval between these two
signals was used to normalize the locations of sparks in space., Before
and after the experiment, the distance between the first and the last
wires of each view of each chamber was measured to within 0.01".
Before the major data reduction, the time intérval between the arrivals
of the first fiducial signal and that of the second one was calculated
by averaging them through a large sample of events. The mean interval
was then used as an input in the preliminary data reduction. The
advantage of using a mean value instead of doing normalization in-
dividually was to suppress the statistical fluctuation of the time

interval between two fiducials, and to supply a reasonable value to
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Lhone evenbs whogse Tidancials elther Malled Lo flro or talled to he
registered.

When a recoil proton entered into the system, the trajec-
tory was manifested by the sparks it generated. Its energy was deter-
mined by the amount of carbon i1t traversed before stopping. The
arrangement of alternating wire chambers and carbon modules ensured
that sufficient information could be extracted about the trajectory
of the recoil proton. When a p-C interaction with an appreciable
scattering angle (4 degrees at one view) was observed, not only the
energy off the incomlng prolon would be determined by using the energy
range relation (also can be determined by the wire orbiting method as
will be discussed in Appendix 6.11) but also the inelasticity of the
scattering.

The intrinsic uncertainty of the range measurement was given
by the amount of carbon between the stopping wire chamber and the next
one. Throughout the experiment, this uncertainty in terms of proton
kinetic energy was put at about 10 MeV. A more detailed explanation
is given in Appendix 6.11.

A big aluminum house was built to hold all the wire chambers
and the carbon modules. CGreat care was taken Lo ensure an easy access
and rearrangement of the chambers. The whole house was mounted on top
of a flat steel frame where fine adjustments were provided to easily

locate the whole house in the desired orientation and position.

6.7 On-Line Readout System

The spark and fiducial signals from one view of a wire
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chamber propagated to both ends of the wire chamber frame. A wand,
with its magnetostrictive ribbon perpendiculsrly presgcd against'the
conducting wires, picked up the signals by induction into the ribbon
at one end of the chamber. The signals then propagated along the
ribbon at the speed ol sound (about 5000 meters/sec). A rubber pud
was abtuched to one end ol the ribbon to damp and to terminate the
signals with minimum reflection. On the other end, there wag a pick-
up coil made of a few turns of copper wire, where an electric pulse
was induced upon the arrival of a signal on the magnetostrictive
ribbon. This pulse was immediately pre-amplified and shaped in the
small amplifier of the wand. The output signal was then sent back to
the control area via a 50 Q@ cable. The signal was again amplified
and shaped to a standard form of two negative peaks sandwiched between
o larger positive peak. A proper bias was set to exclude possible
noise pulses. 'The pulse output of the second stage amplifier was fed
into a Lecroy electronic time digitizer. The time interval between
the arrivals of the first pulse (presumably the first fiducial signal)
and any of the subsequent pulses was digitized in clock units. It was
'found that a clock unit (generated by a quartz oscillator) corre-
sponded to a distance of 0.267 mm. in space. - For a typical wand, a
1ull Lecroy digitizer unit was assigned so that up to four sparks
could be registered in that wand. The arrival of the first fiducial
pulse turned on the gates of all four scalers such that the quartz
clock pulses would be registered continuously as long as the gates
remained open. The arrival of a second pulse, which could be a spark,

a filtered noise signal, or the second fiducial signal, would close
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the gate of the first scaler. Whatever was left inside thé 12-bit
flipflop of this scaler indicated the time interval between the two
signals. ULikewise, the arrival of a third pulse terminated the
counting of clock pulses in the second scaler. The signal of the
second fiducial signal was treated on the same footing as the pre-
vious spurkse.

Most of the time, there were not enough sparks to exhaust
all four scalers. The contents of the unterminated scalers always
showed 77717, (that is, all 12 flipflops in "on" positions). This
provided a very easy pattern to recognize when the data were pro-
cessed by a real time computer. However, there were occasions,
particularly in the front chambers, when the beam was so intense thst
more scalers were needed to accomodate all the sparks and the fidu-
cials. This situation would result in only registering the first
four sparks and. truncating the rest of them by sending out a flag
signaling the condition of overflow.

After studying the chambers' and wands' performance, a
decision was reached to assign a full Lecroy unit of four scalers to
each view of the first eight wire chambers (five in the front and
three behind the bending magnet, sandwiched with the proton scin-
tillation counters), and only a half Lecroy unit to each view of the
wire chambers in the carbon plate range house. This assignment
turned out to be reasonable: no event was lost for lack of digitizer
units.

In addition to the spark and fiducial locations, the pulse

height from the lead-lucite shower counter, and the time of flight
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between the signals of the third proton scintillation counter and
that of the shower counter were digitized in a 256 channel Nuclear
Data pulse height analyzer.

The run number and the magnet configuration number were
typed into the PDP computer manually at the beginning of every run.
The event number was incremented by one whenever a new event triggered
the system. A complete format of an event is shown in Table 3.2. The
event information was first stored in the data buffer of the PDP. Its
contents were displayed on the RM 561 A oscilloscope while waiting for
the next event. The triggering of a second event would transfer the
information of the previous event in the PDP buffer into a seven track
magnetic tape. It took about 3" of tape in low density to record a
complete set of event information. The records were separated from
eaéh other by a 3/4" record gap. Therefore, a full size tape of 2400 ft.
contained up to 7200 records which, for sake of convenience, usually
made up one run.

At the end of a run the teletype typed out the run number
and the total number of events. Then the accumulated pulse height
distribution and the time-of-flight distribution would be dumped into
the tape in a predetermined format. Finally, the end of file mark
(which is 17174 in the PDP and 360 machines) was put into the magnetic
tape to signal the end of a run.

These two accumulated distributions were redundant in the
sense that their constituent components could be found scattered all
over the tape. However, they provided a quick check on the whole

distributions without looking into the records one by one. Frequently,
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It wag necessary to get the vholoe shower counter pulse haolght dis-

tribution, and to decide wherce to put the bias ol 200 MeV.

6.8 Alignment and Surveying Method

The accuracy associated with the location of the apparatus
was of crucial dmportance. Much time was spent on a surveying system
wvhich aligned the wire chuambers to better than 0.02". This was accom-
plished by pulting all wire chambers into threc well machlined boxes.
Defore inserting the wire chambers, an eupty wire chamber frame of the
same sire was inserted into each possible location one at a time. The
Jdistance from the predetermined central orbit to the intersection of
the central cross hair of the empty frame was recorded. Since the
chambers in the same box were tightly locked against a machined edge,
it was possible to reproduce the chamber locations to within 0.02".
Most of the error in spark localization came from the uncertainty of
the troaneit location.

Treat care was taken to survey the bending magnet to the
predetermined position. We used a transit in the target position.

AL both the entrance and the exit sides of the magnet, a2 cross hair
frame atlached with a horizontal ruler was mounted facing the transit.
The cross hair and the reference frame were made of non-ferromagnetic
naterial so that when the magnet was turned on, the strong magnetic
field (i 14 k gauss) would not dislocate the reference frames or the
cross hair,.

The laboratory coordinate system was defined by scribed

pieces of aluminum. Some were epoxied to the floor below the
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bremsstrahlung beaw line, and others at known angles relative to the
DLeant Line.  Bean height was detfined by similar metal piccees epoxiced
onto the wall of the laboratory. The location of the transit was kept
calibrated using these reference marks. Transits were used mainly for
the angular measurements and sometimes for distance measurements when
a fine ingeribed raler was attached to the obJect which was to be
surveyod,

Less care was tuken in plucing and surveying the 7 mystem,
aince the kinematics were less sensitive to this information, and the
precise location of the shower was nolt used for the analysis. Both
the 7~ and the proton detection systems were moved only once during
the eXperiment. One aligmment was for pion C. M. production angle
near 90 degrees, the other for 60 degrees. Although various synchro-
tron end points were used for the same C. M. pion angle, the kinematics

made a change of geometry unnecessary.

.9 IMlectronics

Figure 6.7 shows the general layout of the logic and the
clectronic readout system. The fast logic consisted of a two-fold
master coincidence between the ﬁo side and the proton side of the
experiment,

The signals from all counters were brought into limiters
before entering into the logic., The outputs of the limiters were
clipped and fed into discriminators. The signals from the discrimi-
nators were used in various coincidence circuits determining the

trigger. The delay curves of the coincidence circuits showed a typical
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width of 25 nsec. determined by the width ot the stundard diperiminator

output.

The counting rates combined with such typical delay curve width

gave negligible accidental colncidence rgtes at all levels of the logic

and kept the dead time corrections down to a minimum (see Table 6.2).

(1)
(2)

(3)

(4)

The master trigger initiated a series of actions:

The wire chambers were triggered.

The locations of sparks and fiducials of all wire chambers
were recorded by means of the Lecroy digitizers.

The pulse height of the shower counter and the time-of-flight
between the third proton scintillation counter and the
shower counter were digitized in a 256 channel pulse-height
analyzer.,

The information of the previous event was dumped into the
magnetic tape before the current event information occupied
the data buffer of the on-line computer. In the meantime,
the current event would be displayed on a RM 561 A oscil-
loscope.

The sequence of actions required approximately 300 msec. and

was therefore limited to occurring once per beam pulse. To insure

that a second master pulse did not occur during this time, a veto

circuit prevented the master circuit from operation.

6.10 On-Line and Off-Line Check of System Performance

As mentioned at the beginning of Section 3, the PDP-5 computer,

with its 4k memory and 6 microsecond cycle time, was too small to per-

form any programmed on-line check of the system performance. However,
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with an average rate of as many as 2000 triggers per hour, visual and
photographic-assisted methods were developed to monitor the system per-
formance on a semi-on-line basis. The method was to give an lmmedluate
and relieble overall picture of the experiment.

When an event triggered the system, the information of fidu-~
cials and sparks was digitized and stored at the output'data buffer of
the PDP-5. This information, in the meantime, was displayed on a
M 561 oscilloscope. A typical display can be found in Figure 6.8-A.
The number at the top left corner is the event number in decimal. V
stands for the vertical view and H for the horizontal view. (Infor-
mation in the vertical view actually comes from the horizontal con-
ducting wires of wire chambers and vice versa.) The spacing between
the chambers shown on the picture was not proportional to the actual
distance in the laboratory. It merely gave a qualitative idea of the
sequencing of the chambers. However, by constantly watching the dis-
play, it was easy to pick up failures (like, e.g., the second fiducial
missing, multi-tracks in the front chambers, etc.).

To get an even better quantitative view of the performance,
an additional display scope 535 was connected to the system showing
the same display as the RM 561 A scope. By taking a multi-exposure
picture of this display with a polaroid film, we were able to pin down
not only the above mentioned trivial symptoms, but also the more subtle
ones like the inefficiency of a particular chamber, the inefficiency of
a certain region of a chamber, edge sparks, wands' failures, and even
the mismatch of signal caehles to the Lecroy digitizers (there were 56

signal cables).
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Migure G.0-0 gshows a Lypleal wmlti-track picture. 'The
sysbomatlic variation ot the track length din the horizontal view of
the range chanber clearly indicates the influence of Lhe gweoping
magnet.  Thovse with longer range awre less bent and have higher cnerey,
and vice versa.

Aside from these two semi-on-line checks, options were buillt
into the displaying program so that the accumulated shower counter
pulse height distribution and the time-of-flight distribution could
also be immediately displayed on the oscilloscope. A run with clean
7 triggers always resulted in well-behaved distributions. For instance,
i1 there werc too many points appearing beyond both shoulders of the
poak of a time-of-flight distribution, it was a good indication that
these were accidental background events, probably due to too intence a
beam. Figure 6.10 shows a typical set of pulse height and time-of-
flight distributions taken at the end of a run.

Among the first off-line checks of the system performance was
the adaptability of the PDP generated magnetic tape to the IBM-360
machiﬁe. Although the PDP tape unit was built to be compatible with
the IBM unit, there was a lot of worry as to how well the PﬁP generated
tapes might be accepted. If a record of a tape was unreadable by IBM
A60 unit, the rest of the tape might be completely disregarded. For-
tunately, not a single tape was rejected because of incompatibility of
of the two tape units.

A standard off-line check was to dump the contents of the
first few hundred records of a tape into printed form. They were care-

fully examined. Any inconsistency would be thoroughly investigated.
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Figure 6.8 . On-line event display (A) a p-C scattered event
(B) a V-type event and (C) a multiple exposure of
tracks.
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(B)

Figure 6.10 On-line (A) lead-lucite counter pulse height distri-
bution and (B) time-of-flight distribution.
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During the experiment, ccertain minor malfunctions of the Lecroy digi-
Lizers were discovered through this kind of' check.

A second check was to get a distribution of the locations of
the second fiducial out ol a large sample of events. The primary
purpose was to find a mean value of the distance between the first and
the second tiducial points of each view of a chamber in quartz clock
units. We took care to differentiate the edge sparking peak from the
second fiducial peak in the distribution. The edge spark usually
appeared ebout half a centimeter inside of the last conducting wire
(or the second fiducial wire). Sometimes another peak appeared behind
the second fiducial peak, corresponding to the reflected spark signals,
due to an imperfection of the damping device on the other side of the
magnetostrictive ribbon. Should an ambiguity arise as to which peak
was the right one, it always helped if more tapes of the same geo-
metrical setting were searched and compared. Tigure 6.11 shows a
typical second fiducial distribution. To get a quantitative idea of
the wire chamber performance and response, the sparks appearing in one
view of a chamber were accumulated throughout the entire run. The
number of sparks was then plotted against the location of its appear-
ance in a histograph. A dead chamber, a dead spot of a chamber, or
a region of edge sparking could be easily identified in such a plot.

A typical plot of sparking distribution can be found in Figure 6.12.

In addition to the method mentioned to extract the system
performance by correlating a large number of sample events, one could
inspect the event on an individual basis by either playing back the

magnetic tape for an oscilloscope display or call the "CAL-COMP"
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plotter in the computing center to make an exact scale plot for the

particular event in question. The latter method, though very expen-
sive ($L per event), provided the best qualitative means to perfect

the techniques of the track recognition schemes. Figure 3.1 shows

such plots with computer-found tracks drawn on top of the raw sparks.

6.11 Proton Energy Determination

A. Wire Orbiting Calibration of Proton Momentum in a Bending Magnet

The recoil proton momentum of this experiment was first
determined by a bending magnet. In a given magnet configuration
(or a certain fixed field strength) with known trajectories of
the recoil proton before and after the bending magnet, we were
able to calculate the proton momentum provided a thorough mo-
mentum calibration was done before the experiment. In the past,
trajectories were measured visually and individually. This is
not only time consuming, but also inaccurate; the fitted coef-
ficients usually reproduced the momentum to about 1%.

The method developed for this experiment was to combine the
well-known floating wire technique of tracing particle orbits
through magnetic fields and electronic readout using magneto-
strictive delay lines similar to those used in wire spark cham-
bers. The advantage lay in the rapid and accurate measurement
of many particle trajectories in a short period of time. The
use of magnetostrictive readout electronics eliminated the
tedious work of measuring individual trajectories visually and

provided a means by which the procedure could be computer
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controlled.

Briefly, the magnetostrictive readout system was used to
determine the position of the floating wire in the same way as
it detected the position of a wire carrying current from a spark
discharge in a wire chamber., IMive magnetostrictive pickups were
placed at known positions in the plane of the floating wire on
both sides of the bending magnet. After the wire, with a D. C.
current flowing in it, assumed its equilibrium trajectory through
the magnet, a current pulse was sent down it which generated
sound waves in the magnetostrictive ribbons. The time-of-flight
of these sonic pulses with respect to the fiducial pulses was
digitized and stored on magnetic tape by an on-line computer.
Further analysis on an IBM 7094 computer used these data, plus
the D. C. current, the tension of the wire, and the magnet con-
figuration to generate the momentum callbration of the magnet.
Thus, the calibration was conducted in quite the same wa& in
which the magnet was used in an experiment to determine a par-
ticle's momentum, (14)

The floating wire technique is based on the fact that the
curvature of a stretched D. C. current carrying wire In a mag-
netic field is the same as that of the trajectory of a charged
particle of a particular momentum in the same magnetic field.
Given a D. C. current I and tension T, and provided that the
locabions at which the floating wire is supported do not fall
on the magnet foei, the resulting trajectory of the wire is that

of a singly charged particle passing through those two fixed
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points with momentum given by

p(MeV/c) = 2.94 T (gm)/ I (amp). (6.11-1)

By varying the current or the tension, one is able to select
trajectories of different momentum. By varying the positions of
the fixed points, trajectories of different entrance and exit
positions can be obtained. Thus, one can map out the entire
family of trajectories of interest in a given magnet configura-
tion. In the external region where no appreciable field exists,
the trajectories are straight lines. We placed five magneto-
strictive ribbon pickups at uniform spacings, parallel to one
another, on the exit side and similarly on the entrance side of
the magnet. The floating wire lay Jjust at the surface of the
pickup devices, lightly touching them (see Figure 6.13). To
obtain the positions of the wire, a large instantaneous current
pulse was superimposed on the steady D. C. current standing on
the wire by discharging a capacitor through a spark gap connected
to the floating wire. The fiducials which provided the start and
stop signals for the electronics were placed at known positions at
the beginning and the end of the magnetostrictive ribbon. Cur-
rents were induced in the fiducial wire by connecting separate
capacltors to the spark gap, thus insuring that all signal cur-
rents were triggered at the same instant. The position of the
floating wire was digitized by the Lecroy digitizers to an accu-

racy of about 0.2 mm. at five points at each side of the magnet.
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These values were used Lo it bwo gtralight Lines. The oerrors in

a {1t ol the form
Y =mX + b (6.11-0

for the external part of the trajectory were typically
Hm =~ $0.004 and Ab ~ 10.08 mm.

After finding the incoming and outgoing trajectories of the
floating wire, a method was needed to fit the momentum using this
information. Here only the method we used for the case of a
simple bending magnet is described. No attempt is made to claim
that this is a generalized method,.

Consider a single trajectory through a region of magnetic
field lying in a plane perpendicular to the field direction. The
trajectory is uniquely defined by a position on the entrance and
the exit sides and by an angle of bend. The momentum p is ex-

pressed by three parameters: X15 Xp» and Am = (tan © ~tan 90) in

2

the generalized form
p=1r (xl, X, Am) (6.11-3)

1= x2 = 0 and

tan O = tan GO, where Go is the angular bend of the central orbit

A central momentum is chosen in which x

(see Figure 6.14). The momentum of the central orbit is measured
to be p_. Expanding the f(xl, X5 Am) about P, using Taylor's

expansion gives
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2 2 .
P =Py agXy +ayX, + 8l + a,X " + 8gX, + ... (6.11-4)

We kept all terms through fourth order in X)X, and Am, and

performed a least-squares fit to our data. Mathematically,

PO = f(O, 0, O)
J
a. =
. Sgi X Am
0
a —
& 552 x,, Am
_ 9 (6.11-5)
8z = &%m N
%0 %o
2
a. = ra—E
4 3% 2
1 Xps Am
ebcs

There are 34 adjustable parameters to be fitted to a much
greater number of separate trajectories. The ratio of the number
of trajectories to that of the parameters was about 12 to 1.
Clearly, the higher the ratio the better the reconstructed
momentum. However, since the fitting scheme is only a mathe-
matical one, the momentum fit is not guaranteed to be conver-

gent if the parameters Xy s X, or Am of a real trajectory fall

2
outside the range of calibration. Events of this nature were
discarded at the beginning of the momentum fit.

For particle trajectories not falling in the median plane

of the bending magnet, the magnetic field in the region ot the
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fringe fields will be different from that seen in the median
plane. However, to first order in the pitched angle, the cor-
rections to the fitted coefficients vanish. For best results,
wire orbits should be chosen which uniformly span the ranges
of Xy, X, and Am.

The various orbits measured covered a momentum range of
400 Mev/c to 1200 MeV/c in three magnet configurations with a
certain region (600 to 1000 MeV/c) overlapped. Using the coef-
ficients calculated by the least square fittings, we can cbtain
a p (cale.) for each orbit. From the measured values of the
D. C. current and the tension in the floating wire, we can also

obtain a value p (meas.) from equation (6.11-1). The quantity

S - p(calc.) - p(meas.) (6.11-6)

P

is an indication of the goodness of the fit. Figure 6.15 shows
that the accuracy of the fit in a typical magnet configuration
is good. The p(calc.) agreed with the p(meas.) to about 0.2%.

Energy Calculation From Range Measurement

A fast-moving charged particle loses energy via electro-
magnetic interactions when passing through matter. The range
energy relation for a given material enables us to caluclate one
quantity if we know the other. This relationship allows the
determination of the proton energy. The total range was calcu-
lated from the point of no production all the way to where it

stopped. The total range, containing liquid hydrogen, air,
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mylar, scintillator, masking tape, and carbon was then converted
into an equivalent amount of carbon in gm/cm2 . The point of no
production in principle could be anywhere in the target; the
trajectory in the front chambers could only suggest which direc-
tion the proton recoiled from. The multiple scattering in the
front chambers might even make it seem as if the recoil proton
trajectory missed the target. To simplify the situation, we
always considered the center of target as the starting point of
the range calculation. This is Jjustified because the range‘meas-
urement in the chamber intrinsically had an uncertainty of the
order of 2 gm/cm2 carbon while the uncertainty of the point of
noﬁproduction was on the order of 0.1 gm/cm2 liquid hydrogen.
(Liquid hydrogen density =~ 0.07 gm/cms.)
The range energy relation was expressed empirically in the

form

4
- i-1
log T, _y By [loglo (R + AR)] (6.11-7)

i=1
where AR and Ai's are constants, R is the range in gm/cm2 of
carbon equivalent, Tp is the proton kinetic energy in MeV. The
coefficients reproduced the proton kinetic energy to within
0.03%, provided the measurement of R was exact.

Comparison of the Two Methods

If a recoil proton stopped inside the range chamber, our
program provided two schemes to calculate its energy. A com-

parison of the results would indicate the accuracy of the tits



As mentioned in Section A, the percentage deviation of the mo-
mentum fit using the wire orbiting calibration method was 0.2%
(which amounted to at most 0.4% in the deviation of kinetic

encrgy in the none-relativistie limit, while in the relativistic

Vimit T g “\TP/TP & AP/ppw 0.2%). F¥or a typleal incoming

proton with 'I‘p = 300 MeV, the uncertainty would amount to 1.2
MeV. This uncertainty was increased because the intrinsic un-
certainty of the locations of the wire chambers and the multiple
scattering all tended to obscure the trajectories. However, the
uncertainty of the proton kinetic energy derived by the wire
orbiting method was estimated to be on the order of 1%.

The major uncertainty of the proton kinetic energy derived
by the range energy relation came from the fact that there was
no way of knowing the exact location of the proton's stopping
point. The amount of carbon between two adjacent wire chambers
was typically 2.0 gm/cme, which corresponds to roughly 10 MeV
in the kinetic energy region covered,

Figure 6.16-A shows a plot of number of events against
ATP = Tp(Mag) - Tp(Range) for the nonscattered events. The plot
is well centered at zero, and the width of the distribution is
roughly 15 MeV as expected. Such distribution was calculated for
every tape processed. The center of the distribution was never
of'f by more than 5 MeV and the width was always between 10 and
20 MeV, with 15 MeV the most frequent value.

Therefore, the kinetic energy of a proton stopping inside
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the range chamber could be determined by two methods with the
Aunderstanding that the wire orbiting method provided a more
reliable result.

However, the events in which the informatlion of Lthe rcecoll
proton polarization might be derived are those scattered inside
the range house. The proton carbon scattering may be accompanied
by a certain energy loss (inelastic scattering). For this type
of events, the range measurement alone was not sufficient to
determine the proton energy. Therefore, the incoming proton
energy could only be determined by the wire orbiting method. By
integrating along the path to the scattering vertex using the
dE/dX releation we were able to find the proton energy before the
interaction. If the scattered track was stopped inside the range
chamber, the energy corresponding to the scattered track could
be easily found by the same set of range energy relation coef-
ficients in Equation (6.11-7). Aside from a small correction
dué to the recoil energy of the C nucleus which seldom exceeded
1 MeV, the difference of these two energies is called the in-
elasticity of the p-C scattering. TFigure 6.16-B shows a typical
inelasticity distribution. Aside from the elastic peak there is
a long tail in the positive side which corresponds to the super-
imposed effect of inelastic events. The inelasticity of a p-C
scatter was generally nceded to find the carbon analyzing power;
a more detailed description will be found in Appendix 6.14. Thus,
for the p-C scattered events (or the events of interest), both

methods of energy determination were used in a complementary
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fashion.

Recongtruetion ot Broemsstrahlung Boergy Opcetrum

Once the recoil proton momentum was cglculated by the wire
orbiting method, it was used to reconstruct the incident photon

energy. To find the kinematics of the two body reaction
. :
Y+ P ->n + D (6.11-8)

we need three unknown parameters: the photon energy k, the x°
momentum, and its production angle with respect to the photon
beam in the laboratory system. All the rest of kinematical
quantities are known. By relating these qunatities with the
law of conservation of energy and that of momentum in the pro-
duction plane, we can obtain the three needed constraints.

The reconstructed photon energy can be expressed in terms
of the known quantities in the form
mn2/2 - mpr

cos 6 - T
pP P P

k = (6.11-9)

where Op is the recoil proton angle with respect to the photon
beam in the laboratory system.

By accumulating k's over a large number of events, we re-
constructed the bremsstrahlung energy distribution:(see Figure

6.17). Since the experiment was contaminated by a few percent

background events from Compton scattering and 2no photoproduction,

the calculated k according to Equation 6.11-9 for the Compton
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background tended to be too high (due to m, = 0). TFor 2x° pro-
duction Equation 6.11-9 would give too low a k valuc (a correct
expression should replace m by 2 mﬂ). Since the bremsstrahlung
spectrum is continuous, a small distortion due to the background
did not show up strongly in the reconstructed spectrum. There-
fore, it was difficult to impose any condition to get rid of the
background events. The only bias applied was to remove events
with reconstructed k greater than the synchrotron end point energy
(see also Section 3.2). These events were presumably all of Comp-
ton scattering origin.

The uncertainty of k can be expressed in a differential form,
ok ok
Ak = ST;ATP + §§A9p . (6.11-10)

Tp is typically good to l%. The contribution of the first term
seldom exceeded 1 MeV in the kinematic region covered. Most of
the uncertainty came from the second term. With A@p = 0.30 due

to the multiple scattering between the H, target and the first

2
front chamber, Ak ranged from & to 11 MeV.

The shape of the recontructed L distribution was determined
mainly by a combination of ﬂo production differential cross sec-
tion, the geometrical detection efficiency of the system, and the
undistorted bremsstrahlung energy spectrum of electrons scattered
off tantalum. The differential cross section of 7 photoproduction

was unfolded from the calculated k distribution using the scheme

described in Section 3.5.
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6,12 System Introduced Asymmetry and Scanning Criteris

In a polarization experiment, one must be certain that no
left/right bias is introduced by the experimental method, or by the
handling of data. Several tests were made to be certain that there
was no such a bias. The first consideration was the purity of events.
As discussed in Section 2.5, the combined background of Compton scat-
tering and multipion production was estimated to be on the order of
7 percent. The influence of this percentage on the proton polarization
was not certain, but we were able to set an upper limit (see Section
4,1). We assumed that we started with a relatively pure sample of
protons from single no photoproduction.

The efficiency for seeing protons scattered to the left or
to the right might be g function of particle position in the range
chamber. The main possible source of trouble consisted of scattered
tracks leaving through the sides of the range chamber. For the data
taken around 9; = 63 degrees, no events were observed leaving the
range chamber, At Oi = 93 degrees the recoil protons were more‘ener-
getic, and about 2 percent of them left through the sides of the range
chamber after scattering. In order that these events would not pre-
sent a potential source of left/right asymmetry, they were all dis-
regarded for further use. After this biasing, a small residual asym-
metry still could be retained. Because in the horizontal view, due
to the influence of the bending magnet, the spark distribution was not
uniform throughout the whole span, i.e., higher energy protcns (or
less bent protons) stayed in one side and the lower energy protons

stayed on the other side (see Figure 6.12—A). Therefore, more high
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cnergy protons would be removed for exiting the range chamber atlor
p-C scattering than the low energy ones whose scattered tracks seldom
had enough energy to escape the range chamber. The cancellsastion there-
Fore was not expected to be perfect. However, the residual asymmelry
thus introduced was estimated to be only a small fraction ol the total
2 percent events. Their presence was at worst not expected to intro-
duce errors anywhere near to the quoted errors of the polarizations
(tyﬁically 10%). Other possible problems, such as the dependence of
sparking efficiency, were found to be negligible. A misalignment of
ol' the wire chambers might also cause a certailn bies. An estimate
was made displacing each wire chamber randomly by 0.02" (which was the
accuracy of the wire chamber location). To carry out the estimate,
a few points were picked up along a straight line, and then displaced
randomly, perpendicular to the original line. A least-squares fit
routine was then called upon to fit these displaced points into a
straight line. The results showed an excellent agreement with the
original one. The chi-square value of the fit was generally far less
than that of a typical fit in a real event. The reason for this
surprisingly small effeét is the combined effect on the apparent spark
location of thé wire spacing (1 mm.) and the multiple scattering. The
latter effect alone sometimes could be six times as bad as the mis-
alignment of chambers.

One great advantage of using the wire chamber electronic
readout system was that the data processing was completely computer
handled. A possible preferential selection of left or right scattered

events due to a visual scanning could thus be avoided. The cost of
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data processin; prohibited us From scanning every evenl twice. fThero-
Tore o woll tested and well Instructed scamnlng program was of tho‘
greatest importance. Several means of testing and checking were
utilized to make certain that the scanning program was doing what it
should do. The philosophy of the scanning scheme was to accept every
event which satisfied the scanning criterila, at the vame time trying
to minimize the number of false events which leaked through the tests.
It was estimated that 1/3 of the data processing cost was devoted to
perfecting the line fitting and scanning scheme.

One of the criteria for event selection was the values of
@én, Qév; the p-C scattering angle (Oé) projected on the horizontal
or the vertical view in the laboratory. The limits allowed were 4 to
45 degrees in at least one view. In order to be included in the final
polarization determination, an event had to have 6! between 4 and 30

degrees. The only loss of events came from those with
4 < Qﬁ < tan-l (N2 tan 40)

with neither of its projected angles exceed 4 degrees. To be exact,

when an event has
4° < o1 < tan™t (V2 tan 2°),

its being picked up or not depended on the azimuthal angle ®§ for

H -1

8! =t tan 9' cos @'

P I P p)
gV = tan™t (tan 0! sin ') .
P P P
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Our criteria would reject completely the events with Oé < 4°

and accept completely events with
¥ -1 s o]
Gp >tan ~ (N2 tan 47) .

Figure 6.18 shows a plot of events as a function of 95, the asharp rise
between 4 and 6 degrees is due to the fact that events with Oé in
that range were only partially accepted. Fortunately, the effective
analyzing power for Qé less than 5 degrees is too small to be useful
at all energies. Since the weight of each event in determining the
final polarization is proportional to its analyzing power, the events
with

2° < Qé < tan™t (N2 tan 4°)

had a disproportional small weight in the analysis.
Among the other criteria were

1. An event must have a track length of at least three sparks,
because it takes at least three sparks for a least square
line fit.

2 Every event must be correlated in all views. Minimum dis-
tance in space between the incoming proton and the scattered
proton fitted trajectories should be less than 1 cm.

3. If the séattered track stopped inside the range chamber,
the inelastiéity QATP = Tp(nmg) - Tp(range)) was required
to be between -~ 60 and 190 MeV. This requirement was aimed
to discriminate against the highly inelastic events like
the double-scattered events and two prong events (v type

events, see Figure 6.8-C) which the line fitting scheme
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usually failed to reject.

4, We rejected events with the scattered track leaving through
the sides of the range chamber, but keep events with the
scattered track leaving the back of the range chamber. At
@i = 93 degrees and synchrotron end point energy 1575 MeV,
the recoil proton of this setting could have a kinetic energy
of as much as 500 MeV, The range chamber can only stop protons
up to 310 MeV. For events with Tp > 310 MeV, orly the
energy at the scattering vertex can be determined, but not
the precise inelasticity of the scattering. Events without
a calculable inelasticity gave rise to a problem as to how
an analyzing power might be assigned to them. Our solution
is demonstrated in Appendix 6.l14.

The scanning program further provided a pre-selection of
events based on the energy in the p-C scatter as roughly determined
by the number of carbon modules after the scatter. The cutoff was
placed qt 90 MV, becausc the carbon analyzing power drops sharply to
vero at all Qé below this energy. |

The computer output of the preliminary data reduction was a
single list of supposedly good events, each accompanied with pertinent
information, like the location of the scattering vertex, the module of
track stop, inelasticity, pion production angle, p-C scattering angles
Oé, @é, etc. However, to be certain that the criteria were being
consistently applied, a data tape would regularly be selected to be
geanned visually by playing it back on the computer scope. The event

number of the seemingly good events were recorded independent of the
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computér output. This list was then checked against that of computer
ouéput. Any inconsistencles were checked one by one until either we
were satisfied with the computer output, or a correction was applied
to remove the inconsistency.

To summarize, the bias introduced in this experiment by
either the scanning procedure or the date handling appesars to be
consistent with zero, and certginly is much smaller than the purely

étatistical errors of the measurement.

%.13 Maximm Likelihood Theorem

The maximum likelihood theorem can be stated as follows: (20)

Let f(xl, Xy Xy ees X, a) be a normalized probability distribution
of known anelytical form of random events that can be described by m
random variables and an unknown ﬁarameter a. Let successive samples
Sk(k =1, 2, 3, ...) be taken, each sample containing n events de-
scribgd by (xl, Xpy Xgy eee xm)j vhere j = 1, 2, +.. n. If there
exists any estimate a¥of the parameter a from the data sample s, such

k
that the likelihood function defined as

n
L(n,k,a) = 1l f(xl, Xps Xgy eee X, a)j (6.13-1)
J=1

satisfies the maximum condition
[az L(n,k,a)] =0 (6.13-2)
g n n’ ’a a = a* = ’ ° -

Then the estimate a* is unique dnd is the most probable value that
can be cbtained from s measured sample, (xl, Xy Xgy see x.m)J "

tj=l} ees QN
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For n -->,° the likelihood function approaches a gaussian,
as can be shown using the central limit theorem. In that case, its

variance is estimgted using

{ 32 ..’._é_
Na = - a—a§ (tn L(n,k,a)a - ¥ (6.13-3)

In our experiment, the gaussian approximation was always a
2

good one. Cramer, in proving the maximum likelihood theorem (8L)
shows that in the limit of large n, a¥* approaches the true physical

value of the parameter g, with no other method of estimate more

accurate.

6.14 Anslyzing Power of Carbon

AAé stated in Section 3.4, the analyzing power A is a property
of the analyzer. In the case of carbon, the analyzing power was gen-
erally obtained from experiments in double proton carbon scattering.
(22) A brief description can be found in E.D. Bloom's thesis. (6)

W. McNeely made an independent survey of the analyzing
power of carbon in 1967 in support of Bloom's thesis. The program
covers a range of incident proton energies, Tp, between 90 and 300
MeV, of the scattering angle Gé between 3 and 30 degrees, and in-
elasticities up to 50 MeV. The complete account of this investi-

gation can be found in Caltech Synchrotron Internal Report 30. (22)

In this experiment, for the data taken around 9; = 930,
Tp could be as high as 500 MeV. To meke matters worse, a large per-

centage of the events did not even stop inside the range chamber after

scattering. Hence no precise inelasticity for the scattering could
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posgibly be cvaluated. Theretore MeNeely's scheme of analywing power
cannot be applied to these events.

Conslderable efforts were made to find a scheme which could
cover the events in the range interested. Kinematieally they are
classified into three categories.

A. 90 < Tp < 300 MeV, 4 < Qé < 30 degrees with inelasticity
less than 50 MeV.
B. 90 < 'I'P < 250 MeV, 4 < Q£ < 30 degrees without inelasticity.

260 < TP < 440 MeV, 4 < Qé < 20 degrees without inelasticity.
C. 440 < Tp < 640 MeV, 4 < Gé < 27 degrees without inelasticity.

For the events belonging to category A, which consisted of
all events in 6* = 63 * 8 degrees and about 65% of the events in
Q; =‘95 ts degrees, McNeely's scheme was used. A brief summary will
be presented in the following.

The scheme takes into account the contributions from the
clastic scattering and the first 4 levels of inelastic scattering.

‘The first 4 excitation energies of C o are 4,43, 9.63, 15, and 19 MeV

1
respectively. The effective analyzing power of an event is defined as
the statistical mean of the individual analyzing power An<Tp’Op) over
all excitation levels (n = O, being the elastic channel, n = 1 first
excitation level, etec.). The resolution T, our experiment obtained
for Tp, was on the order of 15 MeV (see Figure 6.16). It was folded
into the calculation of the effective analyzing power. The prob-
ability that the scattering excited the carbon nucleus to the nth

excitation level is proportional to a gaussian statistical factor
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(6.14-1)

{ AT - B\
wn(ATp,T)= exp —S-_It;:§~—l '}

where En is the excitation energy of the nth level in C Therefore,

12°
the effective analyzing power was defined for each event by

w (ar , A (T , o)
L 2P P (5.14-2)

Il
Aeff(T.pJ 91')) ATP’ T) =

M s
O
S‘%I g
=]

n
nZ o F wn(ATP, T) + EXTRA
dcn
where I is the differential cross section for the nth level exci-

tation. "EXTRA" is a contribution in differential cross section from
the region beyond the 4th level of excitation where no contribution

to the polarization is expected. In McNeely's program EXTRA was de-

fined as
(ax_- E)°
o d20 2T2
EXTRA = - Tag © dE (6.14-3)
<
\
f s\
a2 J { AT _-22) )
- \TE 5t |1-ERF 7-29;—— /l (6.14-4)
E=22

The lower limit of 22 MeV was selected because the 4th level excitation
energy at 19 MeV was assumed to have a half width of 3 MeV. The con-
tribution between 19 MeV and 22 MeV inelasticity was included in the
sumation of the denominator of Equation 6.14-2. In evaluating the
expression EXTRA from step 6.14-3 to 6.14-4 McNeely made an assumption

that the double differentiasl cross section %S%E stayed constant
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(lmb /str) at all angles and at all energies (from 22 to =) . This
assumption tends to make EXTRA slightly larger than it should be, or
the effective analyzing power smaller than it should be. The diffi-

culty arises [rom the fact that the best avalluble experimental

1

dan
converges to the value oi‘le/str at all angles and at all cnergies.

duta,(rﬂ) (up to date) indicates that === ol 22 MeV of Inclastilcity
No detailed information beyond that is available. However, the law

of conservation of energy does lmpose an upper limit on the inelas-
tieity; i.e., the double differentiél cross section should be zero
beyond thet upper limit. Since in a p-C scattering, the carbon nucleus
only takes a small amount of recoil enérgy, it is therefore reasonable
to approximate the upper limit of inelasticity to be the proton kinetic
energy just before the scattering, namelyAEmax = TP.

A simpleminded model of double differential cross section

was devised to meet the nced in the rcgion of inelasticity of 22 MeV,

to AE .« The model assumed that ——=, decreases uniformly from
max deB
(48
%5%E-= 1 nb/str at an inelasticity of 22 MeV to zero at maximum in-

elasticity'AEmax, according to an expression

n /{ A
d“g Tt my. 4O | E -22 ’ 4
ama (T Opt)= @aE '\\l " AE_ -22) (6.14-5)

With the above two approximations, the expression EXTRA is now



ar -\ 2
f AEmax dzo - 2T
EXTRA =
bo atar °© AR

d0dE T -22 aE
22
- " 02-AT )2
@ (o (5 ey T )
(6.14-6)

The s}ight modification of EXTRA from McNeely's version only increased
thekoéérail effective aﬁalyzing pbwer by sbout 1%, which is smaller
than the intrinsic statistical error of data. These errors are roughly
10% for the elastic data and 15% for the inelastic data where they
exist. The uncertainty in the polarization values due to this effect
is small, as explained in Section 4.1.

The events falling into category B either have their track
leaving the back of the range chamber, or their kinetic energy at the
point of scattering greater than 300 MeV. Therefore, they could not
be handled by McNeely's scheme. These events constitute about 25%
of the data taken around 6% = 93 degrees. The reference used for this
set of data was compiled by V.Z. Peterson. (23) He plotted the car-
bon analyzing power at Tp = 95, 135, 155, 180, 220, 289, 313, and 424
MeV as a function of polar scattering angle Oﬁ in a range from 3.5 to

30 degrees. In Figure 6.19 each curve is assigned a value of energy
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igure 6,19 Elfective carbon analyzing power at Tp = 220 MeV,
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acceptance (AE). The curve with AE = O represents the elastic analyz-
ing power. The curve with AE = 30 MeV represents the mean analyzing
power, averaged over a region of inelasticity up to 30 MeV, etec. To
be consistent with the events in category A, we chose the AE = 50 MeV
curve for our use. Table 6.3 shows the numerical values of the ana-
lyzing power at the eight given energies. The interpolation and extra-
polation method was used to find the analyzing power throughout the
region designated.

We then raised the question: How do we decide whether the
event in question whose scattered track most likely left the back of
the range chamber, had an inelasticity less than 50 MeV in order to be
included in the analyzing power calculation? It was obvious that we
Eould:notwdecide the matter on an individual basis. However, a sta-
tistical model was introduced which assigned every event a weight factor
of less than 1. The weight factor actually represents the probability
that a p-C scattering would result in an inelasticity of less than 50
MeV. This factor is a function of proton kinetic energy ’I‘p and polar
scattering angle 9'.

To obtain such a factor, we took advantage of the fact that
there were nearly 35,000 p-C scattering events which survived the pre-
liminary data reduction. Even after removing the events whose scat-
tered tracks left the back of the range chamber (mostly with high Tp),
there were still sufficient events to give us the percentage of events
in a given (Tp, Oﬁ) bin whose inelasticities were less than 50 MeV.

'I'p was divided into 30 MeV bins and Oﬁ into 3 degree bins. This per-

centage (or weight factor) tended to decrease inversely with respect
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TABLE 6.5 CARBON ANALYZING POWER WITH INERGY ACCEPTANCE AR « 50 MoV,
T
@é(de- P
grees)| 95 135 155 180 220 289 313 424
4 |0.100 0.270 0.335 0.345 0.107 0.085 0.255 0.230
5 |0.220 0.420 0.383 0.357 0.278 0.280 0.400 0.270
6 |0.230 0.450 0.412 0.382 0.400 0.390 0.487 0.280
7 10.225 0.460 0.430 0.410 0.470 0.462 0.520 0.290
8 |0.220 0.470 0.453 0.440 0.520 0.510 0.550 0.300
9 |0.217 0.480 0.472 0.471 0.560 0.530 0.562 0.335
10 |0.215 0.485 0.495 0.500 0.595 0.547 0.568  0.380
11 |0.212  0.492 0.520 0.530 0.620 0.550 0.560 0.354
12 |o.215 0.500 0.550 0.557 0.640 0.540 0.545 0.260
13 |0.220 0.510 0.580 0.582 0.657 0.517 0.522 0.143
14 l0.232 0.526 0.610 0.604 0.670 0.475 0.480 0.063
15 |0.250 0.550 0.645 0.623 0.675 0.420 0.430 0.007
16 |0.262 0.570 0.670 0.641 0.670 0.367 0.360 =-0.014
17 |0.282 0.600 0.705 0.643 0.657 0.306 0.300 =-0.010
18  |0.302 0.620 0.720 0.841 0.632 0.260 0.260 0.007
19 [0.322 0.637 0.718 0.829 0.596 0.240 0.243 0.028
20 |0.340 0.645 0.707 0.592 0.558 0.220 0.206 0.060
21 |0.360 0.650 0.685 0.532 0.520
20 {0.370 04645 0.655  0.462  0.476
o5 foosuz 00635 0.600  0.400 0,436
24 |0.385 0.610 0.538 0.340 0.395
25 |0.376 0.565 0.475 0.280 0.357
26 |0.356 0.513 0.420 0.220 0.360
27 |0.330 0.460 0.370 0.150 0.267
28 |0.300 0.400 0.330 0.100 0.121
29 {0.170 0.340 0.295 0.089 0.181
30 [0.235 0.290 0.255 0.105 0.139

*From UCRL - 10622 or Ref. (23)
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Figure 6.21 Percentage of events with inelasticity less than 50 MeV.
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‘to TP and Qé. It was with this property that the percentage wae cxtra-
polated to the region of Tp and Oé where a direct estimate was im-
possible for lack of inelasticity information. Figure 6.20 shows the
extrapolation curves. Table 6.4 shows the weight factors used for
cvents in category B. The method of interpolation and extrapolation
was again used to assign a welght factor for an event at any given
combination of Tp and Qé.

A careful check was made to maske certain that the polarization
calculated by method A and method B agreed within statistical tolerance.
This was done by applying method B to events in category A. (The
opposite check would not‘work since method A needs inelasticity as
input information, but the events in category B do not have it.) For
data taken around Gi = 63 degrees, the agreement was good (see Table
6.5). The small disagreement was believed to come from the fact that
the events in category A usually had inelasticities far below 50 MeV.
They were dealt with individually by McNeely's scheme. The analyzing
power thus found was generally slightly higher than that from Peter-
son's curves for AE = 50 MeV,

Events in category C, which constituted only about 10% of the
events at Oi = 93 degrees, were too energetic to be dealt with by using
either method A or method B. A recent paper by Eandi, etec. (24)
listed the carbon analyzing power in the region 440 < Tp < 640 MeV and
5.6 < Qé < 24 degrees. The inelasticity was not required in thap
measurement. Table 6.6 shows the analyzing power at all measured
points. The analyzing power gt different values of Tp and Oé was cal-

culated by means of interpolation and extrapolation.
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TABLE 6.5: POLARIZATION AT 63° CALCULATED
BY TWO METHODS

k (MeV) Weight Factor Method McNeely's Method

905 0.22 t 0.24 0.15 t 0.24

075 0.08 1 0,17 -0.0L + 0.16
1025 0.0L + 0.12 0.00 + 0.11
1075 0.15 £ 0.11 0.07 + 0.10
1125 0.26 + 0.11 0.16 + 0.11
1175 0.55 t 0.13 0.37 t 0.12
1225 0.32 T n.es 0.10 T 0.20
1275 0.58 £ 0.25 0.56 ¥ 0.25
1325 0.69 T 0.30 0.54 T 0.29

X AL 9; = 63t 6% most of the scattered tracks stopped inside the
range chamber, i.e., calculation of inelagticity was possible,
therefore McNeely's method weighed heavier than the welght factor
method in the final calculation. The chi-square value of the two
fits shows that
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A high percentage of events was lost because of the large
scattering angle at high Tp. The remgining events were further reduced
by the presence of the weight factors (see Figure 6.12). By the time
tﬁe polarization was calculated, not too many events survived the double
biasing, which in turn made the polarization points above k = 1150 MeV
at o% = 93 T 8 degrees have large error bars.

To summarize, it is difficult to compile the existing carbon
analyzing power data by a unique and general method. The existing data
at Tp > 400 MeV are scarce and inadequate. On the other hand, when
Tp > 400 MeV, which is much larger than the 012 binding energy (93 MeV),
it is doubtful whether the carbon nucleus would still retain its
ﬁdentity after the interaction. The present techniques of measure-
ment never try to detect all the final particles. If high energy p-C
interactions are indeed heavily contaminated by the dissociation of
the C nucleus or the generation of pions, the measurement of analyzing
power using the old technique would become meaningless. The art of
polarization measurement might be restricted to the energy region where
a high level of confidence can be maintained that the carbon nucleus
stays the same before and after the interaction, except for a possible

energy . level change.

6.15 Proton Carbon Scattering Data

With the 35,000 proton carbon scattering events, all from
the same experiment, we were in a good position to present the inter-
action cross section as a function of polar scattering angle Gé in a

region from 4 to 45 degrees. As explained in Appendix 6.12, not all
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events in the region 4° < Oé < tan-léJe tan 4°) were included because
of’ the way they were selected. Since the energy resolution was typi-
cally 15 MeV, no attempts were made to resolve the fine structurc of
the ditferential cross sectlon as & function of inelasticity.

From Figure 6.25 to Figure 6,27, the angular differential
cross sections of p~C scattering are presented in 50 MeV intervals.
Events with all inelasticities are included.

A simple rule that seems to hold true in all the data is
that the higher the proton energy the more iikely it would be scat-
tered to a large angle (and therefore would be more highly inelastic).

No attempt was made to try to explain the structure of these data.

6.16 Geometrical Detection Efficiency of Single no Photoproduction

To estimate the counting rate of the experiment, a Monte

Carlo calculation was performed assuming a single 7° production. The
input information of the calculstion included the dimensions and 19-
cations of the liquid hydrogen target, shower counter, proton aperture,
and the magnet configuration. It generated an event from a value of
k, then tested if the recoil proton successfully entered the proton
aperture and, if so, rejected the proton whose trajectory on the exit
side of the bending magnet could not satisfy the criteria of the wire
orbiting calibration. It then calculated the probability of the show-
er counter being triggered by at least one decay photon of the no with
energy greater than 250 MeV. An elaborate scheme was devised in this
calculation explicitly to take care of the edge effect of the proton

aperture. Figures 6.28 and 6.29 show the calculated Monte Carlo geo-
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ametrical detection efficiencies. The numbers in the graphs were used

to calculate the pion ditfferential cross sectlon in Section 4.2,

6.17 Calculation of the Contamination of Two x° Photoproduction

Background

A Monte Carlo calculation was performed to estimate the

geometrical detection efficiency for two 7 photoproduction events.

The calculation was complicated by the fact that three final-state

particles decay into a 5-body state almost instantly.

(1)

(2)

(3)

(4)

(5)

(6)
(7)

The caiculation was made in the following steps.

Choose a photon at energy k, to initiate the reaction

7p ~--> 2n°p, assuming p is produced on the horizontal plane.
Use a random number generator to generate a possible3inter-
action vertex inside the target cylinder.

In the CMS of yp find the momentum range of the recoil
proton. The range is then represented by a number of equal-
1y spaced momenta each associsted with a weighting factor
(phase space factor).

For each value of proton momentum in the CMS, try to find
the range of theta (in the CMS) explicitly such that the
corresponding range of theta in the Lab system can be
accepted by the proton aperture.

Make éertain that the recoil proton momentum can fit into
the prescribed momentum range of the wire-orbit calibration.
Find the motion of the C.M. of the 2x° system in Lab.

In the CMS of the 2x°, let 2x° decay isotropically, then
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transform each no back into Lab system.

(8) 1In the rest system of the first =, let 2y decay isotropi-
cally, then transform them individually into Lab system;

see 1f any 7 can trigger the biased shower counter. If not,

try the second ﬂo.

(9) Multiply the efficiency thus found by a factor of A‘(I>p/21r 2

A@p being the azimuthal angular acceptance of the proton

aperturg.

The calculated detection efficiencies are presented in Figure
6.28 and Figure 6.29. They are 6n the average of 4% of that of single
ﬂo photoproduction.

To estimate the final background counts, information was also
needed on the 2x° cross section. Unfortunately, no such measurement
has been made because of the experimental complexities involved. Any
attempt to try to relate the known n+ﬁ-data tq 2no data is always
confronted with grave difficulties. No single dynamic model proposed
could stand for further experimental tests. Hauser (25) found that
the OPE model could best describe the qualitative feature of his ﬂ+ﬁ-
data. But the OPE model could not possibly account for the 2’ pro-
duction because of C invariance. It has been generally believed that
the Qﬂo cross section could not be larger than that of n+n-. The other
incomplete evidence from the DESY bubble chamber experiment (13) in-
dicated that the single no photoproduction also accounted for most of
the photoproduction reactions below k = 1200 MeV. It was with this fath-
’er incomplete information that we set an uppér limit of 18 pb for the

o : 0 .
2~ total cross section, for 18 pb was the mean n~ total cross section
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in the energy range covered.
Figure 6.30 presents the background counts as a function of
ineident photon energy in setting 2. The overall contamination of all

o ‘
2% events was on the order of 3%.

6.18 Calculation of the Contamination of Proton Compton Scattering

Background

The photon energy in this experiment was always much larger
than the rest mass of the n° (135 MeV). Consequently the kinematics
of proton Compton scattering was very similar to that of single “o
photoproduction. For a comparison at k = 1000 MeV, see Table 6.7.

The scattered photon in Compton scattering behaves very much
in the same manner as the forward decaying y of pion in single 7 pro-
duction. Our y detection system did not have a hodoscope system to
determine the location of shower, nor did the shower counter have a
good energy resolution (~15%). Therefore, it was clear that the system
would accept a Compton event as easily as a ﬁo event.‘ In fact, because
of the 250 MeV pulse height bias of the shower counter, a higher de-
tection efficiency was expected for the Compton events then for the
single x° events in the lower region of k.

A relatively simple Monte Carlo type calculation was made to
estimate the geometrical detection efficiency for Compton scatter
events. The program was modified from the single “o detection scheme:
the rest mass of the = was replaced by zero (m7 = 0); we then tested
whether this scattered y triggered the biased shower counter.

The differential cross sections of Compton scattering at
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9§ = 65° and 90° are well known (see Figures 2.4 and 2.5). Ey folding
the cross sectioh with the detection efficiency, we were able to cal-
culate the background counts in setting 2 (see Figure 6.30). The over-
all contamination was estimated to be on the order of 4%. ‘The worst
possible effect of these background events, plus those from 2ﬂo, on

polarization was discussed in Section 4.1.
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