
MEASUREMENT OF RECOIL PROTON POLARIZATION IN NEUTRAL PION PHOTO­

PROroCTION AT 60 AND 90 DEGREES, USING A WIRE CHAMBER SYSTEM 

Thesis by 

Shui -uh Cheng 

In PartiaL Fulfillment of the Requirements 

For the Degree of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena, California 

1970 

(Submitted May 25, 1970) 



ii 

ACKNO WLEDGEMEN'[,~3 

This thesis worl~ was conceived and supervised by Clemens 

\h~w; c'll. He toot part in every 1)11a8e of j tc operation. His expcr.i (nlec, 

:Idv:iec) and guidance "Was vital to -the success of this experiment. He, 

as head of our group, provided me with continuing motivation and en­

couragement during the past few years. 

Charles Prescott, pioneered in the construction, testing, and 

l'mm:ing of all w:Lre spark chambers used in the experiment, also linked 

t.lle PDP-5 computer on-line to the system and kept the computer function­

ing smoothly throughout the entire experimental period. His creativity, 

participation, patience, and thoroughness contributed invaluably to the 

~mcce::.~sful execution of all stages of the experiment. Thanks are also 

clue to other members of the group for sharing the task of running, 

particularly to Kirk McDonald, Edward Lipson, and Robert Kline for 

their help in wire orbiting calibration. 

Walter Nilsson constructed much of the apparatus; his crafts­

llJannilip and attention to detail deserves full recognition. My thanks 

a.l.~x) go to William }'riedler for his des i6m and skillful construction 

or thl'ccwire chamber houses. 

I am grateful to the synchrotron crew, under Paul Van Ligten, 

to Earle Emery and Dick Wileman, and to the synchrotron operators, 

headed by Al Neubieser, for their continued assistance. 

Much time was saved due to Greg Stewart's participation in 

data scanning and data anlysis. I also appreciate his patience in 

correcting the draft of this thesis. 



iii 

For financial support, I am indebted to the J\tomic Energy 

Cl.'HUlLi~~~;j()n, and to the r-aliforrlia InstItute of 'I'ecllllulo!,;y. 

j\bove all, much appreeiat:ion and Lhalll<,(; go Lu Lhe U. :;. 

G(.'\,('l·llml~llt and j t;:; people whm,e generoGi ty and ld,ndncm; made j t 

p,,~.,!,rbll; J'or me to complete my advanced study in ttds country. 



iv 

ABSTRACT 

We measured the recoil proton polarization in the react:Lon 

o lP --> n p at the Caltech electron synchrotron at pion CM production 

angles around 600 and 900
, and photon energies from 0.65 to 10.375 GeV. 

Recoil protons were momentum-analyzed by a bending magnet 

alung ,vlth a counter-wire spark chamber system. The polarization waf;;; 

d,'termincd by measuring the left-rj.ght asymmetry of p-C scatterings 

jn a carbon plate range chamber. The data acquisition 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 yield 23 polarization points. 

The results indicate a strong angular dependence throughout 

the angular and energy regions covered. They agree very well with 

earlier results, but with improved statistics and with finer energy 

binning in the region of overlap. 

1(.0 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 nO photoproduction. 
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1 • INTRODUC'l'ION 

Single pion photoproduction in the photon energy range 

k < 1.S GeV is largely dominated by s -channel nucleon L30bar intcr-

(1), (2) 
In the production of' charged pIonn, 

there :i:; :JIso an important contribution from the t -channel pion 

cxebange -term, which determines the behav:ior :in the forward direc-

tion. However, the pion exchange term is forbidden in the case of 

11° photoproduction, because the existence of a non-zero 11{°1{° vertex 

",ould violate the law of charge conjugation. 

In terms of the familiar helicity formulation introduced by 

.Jacob and Wick, and assuming that parity is conserved in photo-

production, we can write down the experimental observables. The 

differential cross section is 

4 
2 

da(G) 1 
(--,., 

= 9. }.J IH·I (1-1) an 2 k l 

i=l 

,,,here I, and q represent the momenta of incident photon and of the pro-

duced p:ioll. The polarization of the recoil nucleon in the direction 

\ 1\ 
q x k. is then 

= 9. _1_ 
k da(G) 

dn 

(1-2) 

\1Jt.Lch :iu due t;o the interference between different helicity amplitudes. 

II, pI'C)vilk:; one mean::.; or probing the phm.;e relations among the helicity 

amplitudes. 



2 

Another such means is the measurement of the asymmetry 

parameter I:(g) = (a.l - a/ / )/( ) for a process initiated by 
a 1.. + al / 

polarized photons, where a.l and a/I are the cross sections for photon 

polarization perpendicular and parallel to the production plane. In 

terms of the helicity amplitudes it is 

= 9.. 
k 

1 

da(g) 
<ill 

(1-3) 

Finally, the asymmetry parameter T(g) = (a - 0 )/(0 + 0 ) 
+ - + -

for a photoproduction process off a polarized proton target (with 

a ,cr the cross sections for target polarization parallel or anti­
+ -

parallel to ~ x~) can be expressed as 

= 9.. 
k 

1 

da(g) 
dn 

(1-4) 

So far no data have been available for the measurement of 

T(g). Only a very few measurements on I:(g) amd peg) have been made. 

Even for the most completely investigated observable, ~~(g), the 

existing data are by no means complete and consistent. In particular, 

o -the reactions yn ~ n~ and yn ~p~ have been sparsely investigated 

due to experimental difficulties. 

waves, 

By expanding the helicity amplitudes in terms of partial 

Walker (1) was able to fit most of the known experimental 

data with a model consisting of electric Born terms, nuclear isocars 

resonances in Breit Wigner form, and a nonresonant background in low 
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pnrtial \faves which is reQuired to vary smoothly with enerc;y. TILLs 

lIlC1del y:i 0] ded fairly t;atiBfactory result,s in the energy region 1<. • 1.!) 

l~,~V. It appeanl doubtful that thhl approach w:ill be Hl(;an:i.III:~ I'lll aL 

m.stor:ically, the measurement of recoil nucl0'(Hl polarization 

( -1 ) to try to determine the relative parity 

J' n' " 1 1" n (J ""0') ,tnd P (I")"'£') If the paritle:3 w(.:r~: the l) ,j(' .L:,(lJU b :L:5 _')L < .. ·33 (~d). 

~3:]Jnc, no polarization should be seen at Q.l(. = 90
0 

near the "second 
1( 

resonance" once we assume no appreciable admixture of other diagrams. 

However, the experimental result clearly indicated that a substantial 

polarization did exist in that region, which was inteYIlreted as evi-

dence for the interference of opposite parity states. 

As one proceeds to higher photon energy, the number of 

('ontribut:ing states increaces. The polarization value is now the 

rCS1LLt of interference l)etween many partial waves. Arguments such '.iG 

:'):l]\.llraj I:; l)E'('olilc more dij'ficult to apply. To disentangle the situation, 

bJl'ople in the past U»), (5) have tried to describe the photopro-

duction processes "at intermediate energies ll 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 

Ixcggeized (see Figure 1. 2), which dominate the behavior at very high 

C'nergy, plus assorted 'background terms. Among the possible t-channel 

poles, the w is believed to dominate the p and ~ according to SU3 

predictions. 

III' 'lit, 
( (~ ) 

The remllts of the last Caltech 1(0 polarization experi-

at ~·x ... fino, '{tjO < k -: 14!jO MeV were jnterpreted .in tcnflS 
1( 
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uf isobars, Born terrn[.> and a slowly turned-on Heggeized w exchange. 

Since that time, the duality picture has been formulated 

to say that the reaction amplitude can be al.ternatively dc-

scribed by a complete set of s-channel poles or a complete Get ot' t-

channel negge poles, 1)1118 appropriate background. terms. It further 

states that the leadj.ng Hegge pole exchange roughly corresponds to the 

snm of all s-channel resonances. 1'his view is in contrast to the once 

pOl)ular con~jecture that tIle leading Hegge exchange is related to the 

l1()n-l'CUonant background t.erms. 

The duality picture implies, in particular, that any attempt 

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 Hegge cuts and fixed poles. 

Our experiment was intended to get the best polarization data 

J1u:;n:Lb.l.e at g-l< 63 + Uo and g* = 9'.0 + 8
0 

and at energies as high fJ.S - ,) -rc - rc , 
our experimental method would permit, in order to put further con-

straints on the diagrams contributing in the isobar region. 



!) , . 

" •. 1 Gl~ll''l'UJ D,'(,er:iption 

'1 

'T'ld:: experiment if; to f;tudy ttl(' t'Wo-body rt~netjon 

() 

)' + 11 --> n + p 

--> 'If ( f) -I _'1 ) 
[ .. -.. 

The polarization of the recoil proton 'Was measured for 

incident photon energy k, between 650 MeV and 1375 MeV, at pion center-

c·f-mass production angle g.)!., 63 + - 8 and 9.3 + - 8 degrees. The 
n 

polarization was measured by the asymmetry in p-C scattering of the 

l'ccoi.l proton. 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 computer handled, the possibility of introducing artificial 

/;!~;ylJllllctry 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. 

(;?) II eounter nystem which detected the reco:U proton and the forward 

decaying phot.on of the nO was used to obtain a clear '](0 trigger. 

(:'5) A series of wire chambers was used in conjunction with a bending 

o magnet to obtain the complete determination of the 1C 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 deteet the 

recoil proton polarization by means of p-C scatter.ing ln 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 10
14 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 p-C scattering angle> 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 

2 
0.63 gm/cm of liquid hydrogen. The duty cycle of the s~1chrotron 

was about 13%, allowing the fast coincidence electroni c,; and the 

subsequent spark act Jon more than sufficient Lime to o<':'~lIr ai~ the 

rate of data accumulation. (See Table 6.~) for typic:nl c()1llltlng rates 
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of' thl: cx-pcr.i !!lent. ) 

U:ill(~C the J'clmltl3 of thi:; experiment nre uC'IwLtive La the 

lla,:'kgrtl1md, (~:lI'e Wl:l~1 taken to innure that eontamina.t:ion 'was minimal. 

'rhc ma;jol' r;ource of 'background 'W'dD due to protons Ilcsurnccl to 'be 

l)l'()duccd by prucess (;:).1-1) 'lJutwhich in fact were not. The l'inal 

"bnckground contamination of less than 7% (see Appendix 6.17 and 

Appendix ().lS) 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) o The re detection apparatus consisted of a y detecting system. 

The y detecting system consisted of a scintillation counter and 

a lead-lucite Cerenkov shower counter arranged to insure a clean 

~3eparation of y' ~3 from charged re's or protons. The system was 

l)laced :i n 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 

o cleanness of the re trigger, a bias of 250 MeV was imposed on 

the pulse height of the lead-lucite shower counter. This bias 

helped greatly in d~scriminating against the multi-pion production 

background (see also Appendix 6.3). 

U:» 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 parti-

cles Which might or might not originate from the hydrogen target. 

The bending magnet selected appropriate momenta. The final and 

the most powerful biasing was set in the proton telescope. The 

proton telescope consisting of three scintillation counters waD 

located right behind the bending magnet as shown in Figure ~).? 

rrht' protorm were ::low enough to yield counter plll[)(~ heJghts wel.l 

above those ot' rn:inimlUn 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 

bias 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 ~ < 0.77) 
p 

that the proton telescope obtained a reasonably clean pulse-height 

Bcpal'ation between protons and (3 :: 1 charged particles, mainly 

A typical pulse height distribution for protons is shown in 

I"igure G.G (see also Appendix 6.4 for the details of the proton 

side of the experiment). 

To summarize, a ~o signature was a three-fold coincidence 

in the proton telescope in coincidence with the r 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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therefore -was relieved of the complicuted and tedious l.ens correet:Lon. 

Hlllllml ,'I'l'unj :iJltrodll('l)d .in tlte proevnuol: 01' ':(,nJuting Hnd In<'n::lIriJI,": 

III fact, from the data ne<jlliL:it.ioll througl! thl.~ pre:] ilIllnury 

(ic1tn <In:ll.yr>.ir: all the wry to the n.naJ. cnlCILLatJon ot' proton polur-

j :.nt:i.on, the whole operation -was completely comput.er handled. Not only 

the time and the costs were considerably reduced as compared with a 

ty-pical optical 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. Sj.nce no hodoscope was used on the reo side 

Lc' determine the location of the shower, the only information the reo 

~;ystelll provided was the pulse height of the lead-lucite shower counter. 

'rl!e information of the recoil proton tra,jectories before and after the 

bending magnet lias 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 reo trigger, the photoproduction kinematics could 

be completely reconstructed. 

In the case of p-C scattering, the information of the 

f3cattel' 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. Com~lementary to this 

table is Figure 2.3 which defines the variables. 

2.4 Proton Carbon Analyzing Scatter 

Consider a p-C scatter in the context of general spin 

1/2 - s~in 0 scattering. The most general am~litude one can write 

which conserves all quantities conserved by the strong interactions 

(e.g., parity, J ••• etc.) is 

F ~ f + ; • ~2 g, 

the d being the usual Pauli spin matrices, ti2 II ~ x~' (where 1\ 

indicates a unit vector), f and g are Fermi's invariant amplitudes. 
i i 
I 

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

P gives (10) 

a(9,~) ~ [\f\2 + \g\2 + 2Re(f*g)'ri2 .P.l ~ 00(9)(1 + A {i2 p) 

(2.4-2) 

00(9) ~ \f\2 + \g\2, is the unpolarized cross section, 

A ~ 2Re (f*g) I Q' (9); 
o 

A, the analyzing power,is a property of the scattering material, i.e., 

carbon, which has been measured in other experiments (see Appendix 

6.14). 

In the case of reo photo~roduction with the initial 

un~olarized, parity conservation requj.res that the polarization of 

the recoil ~roton on the ~roduction plane be zero, awl if the 

final state ~roton is polarized at all it can only be in a direction 
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perpendicular to the production plane. Hence, take P = ~l P, 

~l = ~ x~; equation (2.4-2) then gives 

0(9' , ~I) = 0 (9') (1 + A P cos ~'). P pop 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 ~, = +1 for one counter, a, and cos ~I = -1 for the 
p p 

other,~. Then, assuming the two counter detection efficiencies 

equal, 

Na = c(l + AP), N~ = c(l - AP), 

N b~ing the number of counts and c a constant; and 

Na - N~ 
€ = = AP, where A is the average analyzing power 

Na + N~ 

over the kinematical region of acceptance (usually quite limited 

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 9~, 

cos ~, can be made over relatively large ranges of these variables 
p 

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, Q*) bin one measures a large number, N, of nuch 
:n: 

scatters each with an associated cos~' and Ai' We then form 
Pi 

N 
L(P) = :n: 

i=l 
(1 + A. P cos ~' 1 for each (k, g*) bin. 

~ Pi :n: 
( 2.4-4) 

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 Q' cos~' and the proton ranges before and 
p' p 

after scattering. These parameters were used to determine the relevant 

value of analyzing power associated with each event (Appendi x 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 Baclcground 

From Table 6.7 in Append:i.x G.lD, one can ~lee tllL' si lll :ilRrity 

between the kinemati cs of single pion photoproduct:i on a nd proton 
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Compton scattering. Since our s ystem dill not intend to detl'\':t. 

both decaying photons of the pion, proton Compl,)n ~;('ntt el' illg 

events could become a very important source of background. The 

minimum pulse height requirement in the s hower counter did not 

help to discriminate against the Compton background events, for 

the y from Compton scattering usually possesses higher energy 

o than the forward decaying y of the n 

This background contamination could be estimated from cross 

section information of Compton scattering at eMS 650 (11) (see 

Figure 2.4) and at CMS 900 (12) (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 inci dent photon energy and 

the CMS angle. A subtraction of these counts has to be made 

be fore the es timation of single pion product i on cross section 

(see Section 3.5). 

The Compton scattering constituted about 4% of events 

at g* = 63 +- 80 and about 3.1% at g*=93 +- 80
, which is con-

n n 

sidered tolerable in this experiment. (Error bar 10% in polar-

ization.) For details of the calculation see Append i x 6 .18 . 

B. Multipion Photoproduction Background 

The other potential source of background is t he multipion 

photoproduction. Since the upper limit of the incident phot on 

energy was 1 375 MeV, photoproduct :ion of up to 6 pIons ,.;as c ner-

getically poss J.ble. The charged pions were cxc:ludccl by tIle veto 

counter of the y detect or. Ther efore one expects th:1t t he 
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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 ~o photoproduction dominated the 

rest of multi ~o production, for a minimum of 250 MeV pulse height 

requirement in the shower counter would bias off most of the pions 

from multi ~o processes where the production cross sections were 

not available and were believed to be small. 

o No reliable estimation of the total cross section of two ~ 

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, byassum­

ing a uniform 2~0 cross section over the entire incident photon 

energy range, one was able to estimate the contamination to be 

3.2% at g* = 93 t SO and 2.S% at g* 63 t So. 
~ ~ 

To surrnnarize, the total contamination of bacl\:ground events 

could amount to 7% where 4% is from proton Compton scattering 

o and the rest from two ~ process. 



3. DATA ANALYf,I3 

:'" 1 '1'],.'1('.1\ i{C'('ognltj'lll 

'I'hl: U11IllLL :JtllrUI';() :.:pUCC! (It' Lhe t'D.L'-tl CUtrlllUI;cl' (1 I';) :~l\(1. I L:: 

rc].ut, i'V l;ly slow cycle time (C p.sec) forb JdB on-.LLnc ct.; rtf! arm.lye i r: 

beyond simple distribution displays, etc.. All the subsequent analysic 

,vas done on Cal te ch I 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 

~ere devised, one to find tracks in the ftxnt 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 cuse ai' a p-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 aPlleared in any view of the 

front chanibers. In 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 tllC teditlU8 ::park stereo probl.clIl to the much n:lmp:lel' 

'l'hc ·wooden box Hhich held the t'i.vc front -wi re ehHniberu wu: .: 

shielded by an 1/::"" lead plate facing the target -with an opening 

centered at the central proton trajectory. rfherefore, 

prior to the trucl\. recognition subprogram, all sparks falling 

Ollt:.dtie the ~proton aperture were removed, since geometricalJy 

tll\'::C :::lKu'h:: euu .l.d not have orj c;Jnatr.d from the .Liquid l1ydrogcm 

l,;:tl'g(~L ami LllorcJ'(\re -were luHie:;ired :in the tru,cj', l'itting. 'J'hj:::; 

eullGLruillt cleaned up a lot of 'baekground sparks and greatly 

reduced the efforts in the track fitting. 

rfhe algori thrn of this s cherne 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 g'~I1cral, was the lJne joining the first spark of the first 

(~h:\lnlJCr to the f :i.rGt spark of the next chamber, then extrapolated 

thi::: liIH~ :.:cL"lnent into othor chamberG • If, in a given chamber, 

the dJstance from the extended line to the nearest ::;park in this 

chamber -was -withj.n a fe-w standard deviations (one standard de-

viation here -was chosen to be the average -wire spacing of the 

wire chamber, namely 1 mID. The number of standard deviations 

used was adjustable.) this spark would be picked up. The follow-

ing chambers (of the front 5) would be like-wise 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 
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of not having enough sparks to make the li.ne fitting, the i'irf~ L 

line c;egment would be abandoned and u second pos sible line L)Ce;rncnt 

wllicll, in general, wm; the line ,joining the firGt ::parll. of the 

£'irst chamber to the second spark of the second chamber, would be 

constructed. And a similar spark searching and line fitting 

process was repeated. 

In the leat3t square line fitting, assuming N sparks to begin 

,,,i!:ll, the ,.:(~heTI\(~ it.l.wayu GLUTted with u fitting w;:ing all N :;par.kn. 

J(' thl' eh:i.-nquar(~ value of the f':ltting turned out too large to be 

aceeptcd, then the first possible combination of N-l (N-l betng 

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 

"\.JaB found or the fittings of all possible combinations of sparks 

of 3 and up were exhausted. In either case no more than 

16 trials would be attempted. Should the scheme 

frdl to find a straight line after exhausting all possible corn-

1) illuL ionr;, a next pot;nible line ~;cgrnent would be constructed and 

a s:Lmilar spark ~,earching and line fitting process followed. 

When a line \.JaS 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 ~* (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 took between three and four trials to find a 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. 

B. 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 "\v'8.S 

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 scheITe could con­

centrate on finding only one track in one view at a time, ::eej?::1g 

in mind that the track might penetrate a large nUIJiber of wire 

chambers (up to 23). The first pass of this ~~cheme 'Was to find 



lc[w L; I;CLWU'C line J'itting. 

'1'0 begin with, all line segments connecting the :: park.n ()" 

immediately adjacent chambers -were constructed (as eompared w:.i.th 

constructing a line segment at a time which could be fonned 

between any two sparks of two distinct chambers in the previous 

scheme). Each line was represented by the line equation 

X. (or Y.) - M. Z + B.. The slopes, M's, and the intercepts, B' s, 
1 1 1 1 

uJ' all 1:ine Gcgments were then grouped tnto an M - B plot 

(Fir.;llre ;',. ;,) where each point represents a line segment. If a 

l'lunter of points is observed by the computer to fall into a 

region of !'1M ,,_/ (1 + M 2) 6,g and L'ill ::: 6.M * Z, then the first 
max 

guess line equation is defined as the arithmetical mean of this 

N N 
cluster of points, namely, M::: (~ M')/N and B = (~B')/N In 

~l 1 ~l 1 

the actual implementation of this algorithm, the mean value of the 

slopes, M, was defined step by step; the first M was defined as 

M
l

, when a second line segment satisfied the prescribed criteria 

0:1' ,1\1\1 and L\B, M would be modified as M::: (M
l 

+ M
2

)/2' This M was 

m~ecl '(;0 try a third line segment, etc •• /':,.9 is the maximum max 

t.()lel'ublc angulur fluctuation of the line segments 'whi ch phys 1-

cally belong to the sarne trajectory. In this experiment, the 

wire spacing of the chambers was 1 mm., the minimum distance 

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

1 '" 40 was fluctuation of up to 6,g = 1-5 ::: expected for the line 
max 

segments which belong to the same track. In principle, 6,g 
max 

eouid be greatly reduced by either decreasing the wire spacing 
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or increasing the chamber distance. 

The 69 = 40 condition set the upper limit for the angular max 

resolution0f 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 

9 I < 40 would be included in the incoming ones. 
p 

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 rom. depending on the relative location of the wire 

chambers. ) 

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 allover 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, be!1ding magnet, and the proton telescope together 

greatly reduced the chance that an accldentel chargf'!d parU ele 
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HORIZONTAL VIFW 
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Figure :).1 Scale plot for track identification. 
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Figure 3.2 M-B plot for track identification. 
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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 fbr this more stable track finding efficiency was due to 

the fact that more chambers were involved in the fitting. The 
i 

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. 

C. Solution To The Stereo Problem 

As stated in Section 3.1-A, only the track stereo problem 

in the front chambers needs to be solved. To be more specific, 

a unique solution has to be devised in the case i~1ere tv~ tracks 

were found either in the horizontal or vertical vie,,,, or both 

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



double tracks really was associated with the recoil proton. The 

very fact that only one track 'Was found in the bad: 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. For 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 

Ims 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.ll-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 goir:g 

through a bending magnet whose magnetic field was vertical. 

Therefore, the track that had a slope consistent with the one in 

the back chambers would survive the test. Thh~ completed the 



ic1cnt1i':i.eation 01' the tracl<.. Gtereo proo] em. 

D. Dl~terlllinat:ion of Proton Carbon Scattering 

The primary Imrpose of the preliminary data analys is of a 

polarization experiment is to filter out as early as possible 

the non-proton carbon scattered events which do not carry polari-

zation information. The track recognition s,~heme in the back 

d1mnl)l~rc (::;ce :5.1-B) was modified to recoc;rdze the scattered 

tl':.lck. In the M-B plot mentioned for the line ~:;cC;lllentG in the 

b:lcl\ chmllbcrs, 1 f' 0. second dh:;tinct cluster of points wa:; found 

III mldJt-Ioll to the one correspond;ing to the incoming traek, a 

silll:Llar treatment would be applied to find its first guess line 

equation. To define a useful scatter, we required 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. 

'rh is cons tl'aint would pick up all events with tan Q' >.[2 tan 40 

p-
o r or e l'udcly, 9' > 4- ,I 2 ; but only a part of the events in the 

p 

4.(~/2 depending on whether the projection of' 

Q'in any view would exceed 4 degrees. 
p 

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 



p;l'cnt,('T Chlln ,1. dl'i,~rUe : :eHt;ter Hilt.! thv ntlt( ' t' v .lew rI.id )tid. Illluw 11 

:3t:~lttcr. Tn thl~; CI:WC, the rlrnt-gueu ~: vertex Wtf: (~t:ll (·l.tJnt( ~ d 

i'rom the v~i.cw wJth sentter. By filtering the fJparh.s l.n the two 

regions (one before, the other after 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), ~ne 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 

detennined if one tried to calculate j,t from separate views, 

nince thjs only resulted in two different numbers. To get the 

exact locat:ion 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 oi' these rejected events showed that they either 

were highly inelastic in nature and therefore could not yield 

11seful 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 

poss:iblc tnultj:ple 1(0 production bnckground. A more <lct!l:lled explunu­

t:1on is 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-f1ight distribution was 

on the order of 5 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

t.ribution was simply left as it was without the imposition of any 

bias. 

The first major bias applied was to make sure that the 

recoil 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 

iXontof 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 the extended target area were suppressed. 

A similar check was then applied to make sure that the recoil 

proton came from the target in the vertical view. Although the dia­

meter of the target was 3.81 cm., the target distribution (see 
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Figure 3.4-B) in the vertical view only showed a heavy concentration 

in a region of 2 cm. This is due to the bremsstrahlung beam which had 

11 dJamctt::l' of on the order or 2 em. '1'he eventll f'allJng outuJdc the 

(':d;cndl~d turget area (dlW to lllult:ip .. le l,efltt.<~rjrlf; alDu)wer'~ 1:llppl'l.~n:;ed 

u:: bel'ore. 

A third test. wa:; to try to eorrelate t.he t.racks before and 

",ftcl' the bending magnet by matching their slopes. This was a safe 

c:heck 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

bution was on the order of 0.02 (or 1.2 degrees). It was chiefly 

eaused by the multiple scattering of the recoil proton in the carbon-

'plate range chamber. A maximum tolerable variation of vertical slopes 

\v~IS set to be 0.05 (or 3 degrees). All the badly matched events were 

removed from further tesb;. 

The most important test of all was the proton momentum 

fitting. A wire orbiting calibration of the proton momentum in the 

1)ending magnet was done in the spring of 1968. (14) (See Appendix 

G.ll-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 tra,jectories 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 

momentmTl range \Vider than 400 McV/c, only the upper part 01' the IIlOfrlt'n­

tum spectrwn would be used in most case8. Fortunately the evcntnln 

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 

effie:Lency curve. This test alone accounted for the largest single 

.lOSI: of events (see Figure 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 G.II-D for the reconstruction of the photon energy). Since 

an assumption -was made during the calculation that only one single ~o 

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 

c:ould 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 ktnd of reaction 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 

allJount of material in between, and the recoil proton angle with respect 
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A" #.1.1 

to the incoming photon beam. '1.'he effect of the brouderLing o:t'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-

t,ering. Table 3.1 shows the major biases and their effects in a 

typieal run. 

:-i. j Duen Hundling and Data Storage 

All the preliminary data analysis up to this point was done 

off line on the Caltech IBM 360/75 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. Each 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 12-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 

l'llll s .i.:z.c tapes were generated to store nearly 600k events. It took 

the 360/75 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 fJurvived all the tests. The record format of' the output tape 



1. 

2. 

:) . 

I • 

~ ) . 
l> • 

7. 

.:) 
I..~I • 

9. 

10. 

'.L'AHLI': :-', • .1: OVI':Hi\.lJ, /\NALY::J.:: J':I"l<'JCII':NCY .Ij\f lillN ,1:jU 

TEST 

PBL BIAS 

FRONT XZ 

Ti'RONT YZ 

X'/ " . '1'/\ I{(~h"r 

Y'l I .. J '1'/\HGJo:'.L' 

BACK XZ 

BACK YZ 

'rotal 1/ Hecordn Proccr;sed == 7Ul?, 

If Records Survived :: 5054 

NTEST NSURVIVE 

7013. 6012. 

6012. 5952. 

5952. 5937. 

!j9:/) 7. ~)9L) . 

;)9L~. 5(j!:i9 . 

56:59. 5439. 

5439. 5408. 

V. SLOPE MATCH 5408 • 5309. 

MOMENTUM FIT 5309. 5214. 

KGAMMA RANGE 5214. 5054. 

% RELAT. 

85.73 

99.00 

99.75 

99. ~)r: 

9!-J. 7~) 

96.11 

99.43 

93 .17 

98.21 

96.93 
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l~()llf~.i:;I;.~d. of nJJ Lite p('rt:Lneut inf'ol'lIlut.JOtI nec(kd fot' I.h(' further' 

ea.lclIlnLiotl (It' polnri'·,IIt.J()n. The 1'()1'1II11Li:: llhllwn ill '1'ldd.c :'.:'. 

[,ince on the average only about (;1, or the (~V(!lIts :mrvl ved 

8.11 t.he tests in the preliminary analyr;is, the output tape (packed .in 

lri.gh density of 800 eharacters/inch) vms much more condensed than the 

input one. An effort 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 

9:3 +- tl degrees and the remaining 3C1{o 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.) 

3.4 Calculation of Polarization 

Conventionally the proton polarization is represented as a 

J'unction of incoming photon energy and the center-of-mass pion pro-

duet ion angle. An intuitive way to visually estimate the order of 

magnitude of polarization is by making a histograph of the number of 

eventG versus the azimuthal angle of the proton carbon scattering, 

¢' (which is by definHion the angle between the pion production plane 
p 

and tho p-C Gcattering plane), for all the events within a region 
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8. 
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11. 

12. 

13. 

1,1. 

l e:· 
;:). 

16. 

TABLE 3.3: 

*1 B (front) x 

M (front) x 

By (front) 

My (front) 

B (back) 
x 

M (back) x 

By (back) 

My (back) 

B (scatter) x 

M (scatter) x 

By (scatter) 

M (scatter) y 

X vertex 
y 
vertex 

Z verte): 

K 'photon 
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OUTPUT TAPE FORMAT 

17. gcm 
1( 

18. Tp initial 

19. cos (glab) 
~pr 

20. T 'p vertex 

21. gpc 

22. ~PC 
23. Inelasticity 

24. Energy Resolution 

25. *2 
Fl~g 

26. Chamber # of Proton 
stoppage 

27. Vertex Module # 

28. Magnetic Config-
uration 

29. PbL Pulse Height 

30. T.o.]'. Pulse Height 

31. Run Number 

32. Event Number 

-)(-1 B, M (front) represent the intercept and slope of the fitted 
x x 

line in the front chambers 

*2 Flag == 1 Scattered track leaves Range Chamber 

Flag == 0 Scattered track stops inside Range Chamber 
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* (k + 6.k "* + 6.91£ ) 
- 2 ' "'1£ - ~ 

where k is the center of the photon energy bin, 6.k the full width, g* 
1£ 

is the center of pion center-of-mass production angular bin, 6.g* its 
1£ 

full width. Scattering theory (l6) predicts 

N(~') = N (l + AP cos ~I) pop (3.4-l) 

where N is a normalization constant; AP,is the mean of the product o 

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 -l and +l. A very quick and 

powerful way of checking the reliability of the data is simply to see 

if the Fourier analysis of N(~') shows any large non-zero coefficient, 
p 

for a sin ~I term is in direct contradiction to what is expected from 
p 

equation (3.4-l) and therefore should be discredited. 

Figure 3.7 shows two histographs of this nature. The func-

tional dependence of a cos ~I term is clearly indicated along w~th a 
p 

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 uncertainty. The maximum likelihood theorem is briefly de-

scribed in Appendix 6.l3. 

In this experiment the likelihood function is 
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n 
L(P) = 1( 

i=l 
[a (T ,G') E. (k, G* )(l+A. (T ,G' ,L\T )p cos cJl' ] 

o Pf P 1 1( 1 Pf P P Pj 

(3.4-2) 

L\T is the inelasticity of the ~-C setting for the n events in the p 

(k, G*) bin. 
1( 

T is the proton kinetic energy just before the P-C 
Pf 

scattering, G' and ~, are the polar and azimuthal angles of the scat-
p p 

tering in the laboratory system, A. is the analyzing power of carbon, 
1 

a is the unpolarized cross section, E. the single pion production 
o 1 

detection efficiency. (See Appendix 6.16.) Since neither a nor E. 
o 1 

are functions of the polarization P, equation (3.4-2) implies an 

equivalent likelihood function 

n 
L(P) = 1( 

i=l 
[(1 + A. (T ,G, L\T ) P cos ~' )]. 

1 Pf p P Pi 
(3.3-3) 

The maximum likelihood theorem states that at the limit n-> 00 the 

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

fitted value of polarization is at P = P* where the condition 

d 
;§p [L(P) ]p=p* = 0 (3.4-4) 

is satisfied. The uncertainty of the polarization is defined by 

1 

£n(L(P)) } ""2 

p=p* 

(3.4-5) 
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In this experiment, because of the large amount of use.ful events, the 

gaussian approximation was always a good one (see Figure 3.0). 

3.5 Calculation of Single Pion Photoproduction Differential 

Cross Section 

As a by-~roduct and as a check of a polarization experiment, 

o it is always useful to estimate the ~ 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 

o 
~ cross section. It covered the identical kinematical regions of 

the pol~rization measurements, namely ~* = 63 +- 8 degrees, 
~ 

650 < k < 1350 MeV and Q* = 93 +- 8 degrees, 650 < k < 1350 MeV. The 
~ 

cross section in this region, specifically the region of the second 

and third resonances, 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.l1-A). Once the kinetic 

energy, T, has been obtained, one can easily calculate the photon p 

energy by using the laws of conservation of energy and momentum 

. th t . 1 0 d d assumlng a a slng e ~ was pro uce . (For the details, see 

Appendix 6.1l-D.) Figure 6.17 shows a typical raw k distribution of 

the experiment. By unfolding the k distribution with the geomeLrienl 

detection efficiency and taking into account the ~)Y"f>teliJnLi e Ctlt"l"ee-
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tions one is able to calculate the ~o differential 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 

o 0 region 9* = 93 +- 8 , 650 ~ k ~ 1350 MeV. 
~ 

The general method used in calculating the cross section 

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 ":t tik/2 is a summation of contributions from single ~o photo­

production, Compton scattering and 2 ~o photoproduction (contributions 

from three or more ~o productions are believed to be negligible). The 

formula is 

C(k) 

where 

= 4 ~ a ~ Np W b tik B(k) 
E k 

o 

E (k») 
'YP 

(3.5-1) 

C(k) ~ number of events experimentally generated in the 

interval k +- tik /2 

E(k) ~ geometrical detection efficiency of event initiated 

from photon of energy k 
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TABLE 3.4: SYSTEMATIC EFFECTS* 

Effect Loss "b in g* = 93+80 
7G 11: - Loss % in g~ 

Spark Chamber Dead Time 0.4 0.4 

SP-l Negligible Negligible 

SP-2 Negligible Negligible 

SP-3 Negligible Negligible 

Veto 0.4 3.0 

PbL Negligible Negligible 

Photon Pre-Conversion** 3.5 3.0 

Shower Counter Iff" *** ne l.c1.ency 5.0 3.5 

Proton Counter Inefficiency Negligible Negligible 

Miscellaneous 1.5 1.5 

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 3.1. 

** 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 I{as set low 

enough so that it introduced negligible inefficiencies. 
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Jo: _. r;ynchrotroll end pol nt energy j 11 MeV 
o 

0: L;ystemntic cOl'reetlont.;, nIl tlJu:;c 0" 'j~uble :").·1 

(3 overall duta analysis ef'f'.icieney (uu thofJC 01' Table ::,. l) 

N number of protons in 
p 

o 03 0 
target per cm"- (:5.917G X 10" leur) 

W = quantameter constant 13 I ( =1.097 X 10 MeV BIP; see also 

Appendix 6.1) 

b = number of BIPs 

6k energy bin ( = 25 MeV) 

B(k) = 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 ~o production is not 

readily available, an upper limit of 18 ~b total cross section was 

used for all the background estimation (see Appendix 6.17). 

The evaluation of ~~ was made after completing the back­
~ 

ground :;ubtracti.on. The results of ~o photoproduction cross section 

~1grecd very we1.l 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 nO photoproduction with synchrotron end point up to 

1375 MeV, at pion C. M. production angles, Q*, of 60 and 90 degrees. 
n 

However, the actual Q* distribution of the useful events (see Figure 
n 

4.2 and Figure 4.4) showed that the geometric centers were actually 

630 and 93
0 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 Q* = 93 ± SO were scarce; they were 
n 

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) o at Q* = 60 covered 
n 

energies as high as k = 1450 MeV, our experiment provided a 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. ) 

o For the data taken around Q* = 60 , the magnet was operated 
n 

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 Q* = 60
0 po1ar­

n 
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TABLE 4.1 POLARIZATION DA'rA A'r 9* = G3 + 8°. 
1f 

P 
~ 

0.15 + - 0.24 0.2b 

-0.01 + 0.1E> 0.01 -
0.00 + 0.11 O.OE> -

0.07 + 0.10 -0.04 -
0.16 + 0.11 -0.01 -

0.37 + 0.12 0.05 -
0.10 + 0.20 -0.44 

0.56 + 0.25 0.34 -

0.54 + 0.29 -0.29 -

PI! 

+ 0.24 -

+ O.ln -

+ 0.12 -

+ 0.11 -

+ 0.11 -

+ 0.13 -

+ 0.21 -

+ 0.25 -

+ o 'Z'7 - .OJ 



60 

ization points was 900 MeV. 

However, there were still about 25% events at g-)(- around hOO 
:n: 

that were taken in magnet configuration 3 (400 MeV/c < p < 800 MeV/c). p 

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. 

o The results at g* = 63 ~ 8 generally agreed well with those 
:n: 

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 data. 

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 g* = 93 ~ 80
, the momentum range 

:n: 

of the wire orbiting calibration fitted well into the kinematical 

range. 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. 

o At g* = 93 ~ 8 , our results again agreed well vith those :n: 

of other experiments in the region of overlap (below k = 1000 !'leV). 

The agreement between this experiment and the 67 Stanford data is 

excellent. 
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TABLE 4.2 POLARIZATION DATA AT g* = 93 ± 8°. 
1( 

k(MeV) P PI! .J... 

650 -0.66 "!: 0.23 0.02 -.t 0.23 

700 -0.80 -.t 0.09 -0.40 -.t 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 -.t 0.11 

1000 -0.42 "!: 0.13 0.05 -.t 0.14 

1050 -0.67 :!: 0.20 0.32 -.t 0.20 

1100 -0.56 "!: 0.26 0.07 -.t 0.26 

1150 -0.49 "!: 0.36 0.40 -.t 0.41 

1200* 0.25 "!: 0.60 0.10 "!: 0.57 

1250* -0.52 -.t 0.69 0.53 -.t 0.73 

*These settings yielded very few events. We present theresul ts 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-

c.inble Gyntematic asynnnetry W,J.S introduced during the data acquisitton 

or dud ng data. reduction. For every llOlarJ <:atlon lX)j.IlI~, P"obtuined 

:i. ts correslxmd.Lllg polari zution on the production plane, P I I' Wf;1.(1 n.luo 

calculated according to equation 3.4-3 except replacing cos Cl>~ by 

sin Cl>~. The law of conservation of parity requires that PII should 

l)e zero. The calculated P I I (included in Table 4.1 and Table 4.2) 

eonfinned thin assumption quite well. 

By dividing all the data into four angular bins, namely 

g* = 59 : 40
, 67 : 4°, 89 ~ 40 and 97 ~ 40

, we were able to calculate 
1f 

the polarization as a function of pion production angles in the eMS. 

'l'he re;.mlts showed a strong angular dependence for the region covered. 

o 0 
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 

(good to 15%) were estimated to be less than 300/0 of the quoted error 

In order to estimate the worst possible correction due to 

the presence of the 7% background events, we assumed that all of' 
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k(McV) 
g* = 

1( 

< G* 
1( 

G~)O 

750 

850 

950 0.66 

LOtiO 0.05 

1150 0.4,2 

J~';)O 0.29 

~)9 

:> 

+ -

-I 

1 -

+ -

+ 

1'0] ,I\HJYJ\'l.'ION DI\'l'/\ Nl' QX 
1( 

P .1-

4° g-l(- :::: 67 + 4° g* 
1( - 1( 

::: 89 

=: (;0.7 < Q-l(- > :::: 65.3 < G* > :::: 

:rr :rr 

-0.70 + -

-0.68 + 

-0.29 + -

0.33 -0.08 + 0.15 -0.48 + - -

0.J2 0.03 + 0.10 -0.65 + - -

0.10 -0.04 + 0.13 -0.81 + - -

0.111 0.32 + 0.:53 -

+ 4° -
90. :,:" 

0.22 

0.08 

0.08 

0.09 

0.16 

0.27 

< > = Geometrical center of the bin 

Q-x- ::: 97 + 4° 
1( 

< G-)(- > :::: 95.4 
:rr 

-0.78 + 0.16 -

-0.75 + 0.07 -

-0.26 + 0.09 -

-0.22 + 0.13 -

-0.17 + 0.28 -
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them wc~re completely polarized in the srune direction.; the polarization 

thus found showed an average change of 4r:f{o of the quoted error bars. 

4.2 Single Pion Photoproduction Differential Cross Section 

Single reo photoproduction cross section at Q* = 63·t SO and 

Q* = 93 : SO in the energy region 650 < k < 1350 MeV were also deter­
re 

mined as a by..;product of this polarization experiment. Their good 

agreement with the known values could serve an indication that the 

wholt::' l;Yl1tel11 worked correctly in all details. 'I'be results are pre-

sented in Figure 4.9, Figure 4.10, and Table 4.4. 

The energy resolution was on the order of 15 MeV which helped 

to e:X""p1ain the low peak cross section value at the second resonance at 

9* = 63 t So. The effect of the second and the third resonances re 
appeared at the right energy for both Q* = 630 and Q* = 930

• re re 

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 data available, 

Ute err,)1'/J introduced by pure statistics crstat ' were small. The total 

percentage error 0tot' quoted was defined as follows: 

=J 2 
(j 
stat 

2 + (j M.C. 
2 

+ O"S.E ; 

0M.C. is the percentage accuracy of the Monte-Carlo detection effi­

ciency; 0S.E. is the percentage uncertainty associated with the 

systematic errors of the experiment. The combined effect seldom 

exceeded 10%. The most deviation these data could possibly suffer 

i[; an overall normalization constant because of the nature of the 
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TABLE 4.4 DIFFERENTIAL CROSS SECTION DATA AT g-J(- = 63 + SO -re 

AND g* = 93 -:!: 8°. 
re 

k(MeV) ~ o(~bjsr) 
63 

~~ (f!b jQ ) 
"9~-)o '- r 

650 1.66 -:!: 0.12 2.33 -:!: 0.19 

675 1.90 ~ 0.13 3.42 -:!: 0.26 

700 2.46 ~ 0.16 3.82 -:!: 0.29 

725 2.84 -:!: 0.18 3.96 -:!: 0.29 

750 2.91 -:!: 0.18 4.27 -:!: 0.31 

775 2.77 -:!: 0.17 3.93 -:!: 0.29 

800 2.62 -:!: 0.16 3.86 -:!: 0.27 

825 2.33 ~ 0.15 3.41 -:!: 0.24 

850 2.07 -:!: 0.13 3.26 -:!: 0.23 

875 1.95 -:!: 0.13 2.72 -:!: 0.20 

900 1.63 ~ 0.11 2.46 -:!: 0.18 

925 1.62 -:!: 0.11 2.26 -:!: 0.17 

950 1.77 -:!: 0.11 1.97 -:!: 0.15 

975 1.89 -:!: 0.12 2.00 -:!: 0.15 

1000 1.88 ~ 0.12 1.88 -:!: 0.14 

1025 1.91 -:!: 0.12 1. 70 -:!: 0.13 

1050 1.96 -:!: 0.12 1.65 -:!: 0.13 

1075 1. 73 ~ 0.11 1.40 -:!: 0.11 

1100 1.64 ~ 0.11 1.28 ~ 0.11 

1125 1.39 -:!: 0.10 0.96 -:!: 0.09 

1150 1.23 -:!: 0.09 0.B4 -:!: O.OB 

1175 1.12 -:!: 0.08 0.B9 -:!: 0.08 

1200 0.94 ;: O.OB 0.53 ~ 0.05 

1225 0.89 -:!: 0.07 0.43 -:!: 0.05 

1250 0.78 -:!: 0.06 0.27 + ,:).04 

1275 0.66 -:!: 0.05 0.30 -:!: 0.04 

1300 0.55 ".!: 0.05 0.2·1- -.!: 0.0-1. 

1325 0.56 -:!: 0.05 0.:'9 ~ () .l)4 

1350 0.44 -.!: 0.05 o. :51 1- 0.04 -
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experiment. By comparing the data wIth those t;ompiled "by Walher, (L) 

this normalization constant is believed to be within 10%, which is 

\vi thin the order of magnitude of the quoted error bars. 
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5. DISCUSSION 

In order to better understand the results 01' th16 experiment., 

,,Ie first tl':l.ed to examine how well these reuulte would fit :into the 

f:Cxisting phenornelogical 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-

sl.st of the following three terms: 

(1) The s channel nuclear isobar resonances in Breit-Wigner 

forms. Each resonance is characterized by a set of para-

meters as described by Reference 1. 

(2) Born terms, which usually consist of sand 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 coupling in ~o photoproduction seems to yield bad fits 

to the eXisting data. Therefore, they are excluded in this 

scheme. 

(3) Low-lying partial waves. These terms are essential to 

describe the non-resonant background. They have to be jn-

cluded to obtain 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, Wall~er 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 g* = 93 ± 80
, k > 1000 MeV. (Presently 

1t: 

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 g* = 600 is also presented in Figure 
1t: 

5.1; he included a "fourth resonance" N*(1924) and a slowly turned-on 

Reggeized w exchange trajectory in his fitting scheme. (6) 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 sand 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 j ustified 

in this procedure since the experiment of Bloom et al U:') "18S done cy 

our group, with the assistance of this author, using essentially cOnJ-

parable techniques, albeit using a visual spark chamber system. 
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Figure 5.3 shows proton polarization as a function of' g·x at 
1f 

different energies with Walker's prediction drawn on top of' jt. Here 

agajll, the prediction agrees with the meacured values nicely at Jow 

energy. At l<:. = 1150 MeV, the deviation f'rom experiment l1ecomes appar-

ent. Nevertheless, the predicted trends are consistently in qualJ-

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 ill-determined, like 

those at k > 1175 MeV. Therefore, a polarization 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 data become available in the 

future. 

On the other hand, it is obviously 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 sand t channel descriptions of the inter-

mediate energy region studied here. In 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 f'uller 

angular distributions. However, experiments are soon going to start 

at Bonn and DESY to study rro photoproduction off a polarized target, 

and also rro production using polarized photons. According to the 

f'onnulae given in the Introduction, more experiments, in conjunction 

w.ith the data given here, will put tighter constraints on a really 

successful model. 



6. APPENDICES 

G.l Pboton Beam 

The photon beam at -the Caltech aynchrotl'on wn.u producedh:y-

bombarding a tanta.lLun target (Z =: 73) of 0.1.93 rad:lat:lon length wIth 

the circulating electrons which had been accelerated to the energy E • o 

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 liquid hydrogen 

target the beam was passed between the poles of a permanent magnet 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. 

wbich was considerably smaller than that of the hydrogen target 

(3.81 em. in diameter). 

The photons which did not participate in any reaction went 

into a beam catcher Where a Wilson type quantameter (18) 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 piT, which is proportional to the amount 

of gas in the quantameter and thus also proportional to the sensi-

tivity of the device, was found to be constant to within 0.'4. The 

output of the quantameter was fed into a charge integrating circuit. 

Calibration of the integrator was performed daily during the runs and 

remained constant to within 0.27~. 

The quantameter constant obtained was 



1 BIP 1~'S 
= (1.097 + 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 

geome-t~ric center of the liqu:i.d hydrogen target. The liquid hydrogen 

-was contained in a cylindrical cup made of 0.005" mylar. The dimen-

sions were 9.18 cm. in length and 3.81 em. 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 automatic 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 
1f Detector 

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

neutral pi meson (T = 0.89 X 10-16sec ) via its decay mode 1f -> Y + y 
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(branching ratio 98.8%) and 1t' -> Y + e++ e (branching ratio 1.2%). 

Only one shower counter was used to detect the forward 

decaying photons. In the kinematical region covered, 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 1t'°'S motion in the lab with an opening 
M 

half angle of Sin -1 ( E 1t' ». 
1t' 

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 veto counter was somewhat rate-depen-

dent: about 9SO/o at the settings with g* = 93 +- 8 degrees, and 97;' 
1t' 

when the detecting system was moved to a more forward direction of 

g* = 63 +- 8 degrees. The efficiency was also slightly dependent 
1t' 

on the intensity of the Bremsstrahlung beam. Fortunately, throughout 

the experiment, only a relatively small beam intensity (averaged 

10 0.6 X 10 electrons per beam dump) was used so that the master 

-trigger rate would not exceed one per beam dump which was the rnaxi-
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mum data collection rate the on-line PDP-5 computer L:ould handle. 

The requirement of a minimwn 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 

o as long as a clean ~ 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 » ill , see also Appendix 6.18). Within the accuracy of' the 
~ 

energy resolution of the shower counter (M:/ E < 15%) the elastically 
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ccattered photons behaved very much the same as the forward decaying 

o photons from 1{. However, the Compton scattering baekground wns 

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 1{0 

by using two shower counters in symmetric locations with respect to 

the 1{0 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-

counte~ 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 lend sheetG l~. 

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. (19) 

B. 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 X "'" 0.2" 
o 0 

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 ae was explaJ ned j n C'l.'ST,-1l 1Ull! in 

the literature (19) 
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Figure 6.3 chows the response of the lead lucite counter to 

enel'setic electrons. In the lower end of' Figure 6.4 there were 

two "pointe each eorl'eGpond:lng to a dlstr:i.bution taken by rcmov­

:ing all lead sheets from the shower eounter. The response wur:; 

found independent of' the incldent electron energy :I.n 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 cm. of lead brick, behind the shower counter. This lead 

brick plus the lead in the shower counter was thick enough to 

stop all charged particles except fast nls and ~'s. For the 

nls capable of reaching the back pion counter, their kinetic 

energy would be in excess of 225 MeV or t3 ~ 0.92. The radia­

tion produced by the fast moving n' [; resembles that of the pace­

ing electrons. Therefore, the pion telescope provided an on-the­

spot calibration of the pulse height of the s~ower 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 ioniz1ng 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 n2. 

Since these two pion scintillation counters were used only 

for the shower counter calibration, their participation was not 

needed to form the ml:lf;tcr trigger of' the ci.ngle nO photoprodnctlon. 
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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 sheets except for a front aperture of 40 cm. by 21 em. 

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 ,,- spectrum. The electronic bias vas set around 

150 MeV. 

6.4 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. Each counter had a flat light pipe ",hier. 

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 



Figure 6.5 ?il 'll pH.! ~;t,: height distribution taken in leud-luej 1;(, 

.iho ,tler counter. 
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(celltrnl ray being t.he ref'errence proton trajectory whose momentum war; 

known). 'l'he counters were separated from eneh utho.r 'by 0. dJ Fltl.lllCe u1' 

~i inches. In front of each of the scintillators, there was a big 

square wire chamber, 20" by 20", where the trajectory of the charged 

~article exiting from the bending magnet might be reconstructed. All 

these wire chambers and the scintillation counters were mounted in an 

alul1lillUm ll()x with two openings of 4" in height and 20" jn width for 

heron pl1nsage. 'l1}:le 4" beight of' the opening matched the difJtanee be-

tween the magnet pole tips. 

A coincidence of signals from all three scintillation coun-

i~cl'r; was required in the fast logic. Every master trigger obtained 

in the experiment corresponded to a charged particle going througb 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 

:~lJitable pulse height bias on each counter. The conventional method 

1.)1' y.J.acing a fuu.rth counter wIth h1gh pulse height bias behind the 

l'nngC' chamber (17) to belp 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. In addition to that, the kinetic energy of the recoil 

proton could be accurately determined by using the wire orbiting 

calibration method. Therefore, we could afford to set the bias 

slightly lower than that of the conventional method so that one hun-

dred percent of useful protons 'WOuld be accepted. The few percent 

'l>:w1,ground cvelltn wh:i.eh accidently passed the pulse height require-
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lllent~ would be removed when more rcquirementG were imposed durlng dlltll 

reduct :i.on. 

'rhe raw pulse height distribution of a proton sclnttl:Lut:ion 

COUlyter was obtained by requiring a coincidence of the other two coun­

t el's , lJoth in low biaD. '1'he bias of that counter was s et l>y add:ing 

at.tenuators in the input signal side of the funt logic. A second pulse 

he ight distribution of the same counter with bias would be taken re-

quiring a triple coincidence. The amount of attenuation was finally 

det ermined when the biased pulse height distribution began at a place 

corresponding to the middle of the front shoulder of the raw distri­

lmtion, 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 10
4• 

li.5 Character:i.stics 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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SP-2 DISTRIBUTION 

BIAS 

RAW DISTRIBUTION ON SPl XSP3 

Figure 6. 6 Pulse height distribution of a typical SP counter. 
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spark W'as not expected to be better tha.n O.O~~". When a fe'W spark.r;, 

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 

fiOO nsee when opera.ting 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 01' sweeping voltages. Since the intrinsic delay of the wire 

ehambers was 500 nsec., we chose a sweeping voltage just below the 

voltage at which the efficiency dropped away from lOci. At 500 nsee 

delay and 4,5 volts, a minimum amount of background, consistent with 

the maximum efficiency, was obtained. 

Aside from the application of a sweeping field, we shortened 

the memory of the chambers 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 

E;aturated 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 chambers, 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 

p-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 g* = 93 degrees, all 43 carbon-plates were 
1! 

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 chanber 

to prevent a pressure differential within the chamber. In order to 

maintain a faster flow rate and minimi ze the gas consumption, a clm:ed 



Helium 

Neon 

Nitrogen 

Oxygen 

Argon 

Freon lZ' 

Water (Vapor)* 

Alcohols 
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TABLE 6.1: COMPOSITION OF' GAU SAM.PLJi: 

MaDS :3pectro!lleter Arm.lyn 1s 

19.](; 

77 .45 Min. 

.64 

.23 

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 uti+ized. 
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gas nystem was employed. 
.~ 

It circulated at a rate of about 15 ft' /hr. 

Usually it took about one and one half hours to :fill up the system. 

(The residual gas in the chBniliers dies out according to an exponential 

Juw. ) 

Electrical contaets to the cha.ml>er were mounted in the s:ldes 

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 chamber was 20" by 20". Each wire chamber or 

carbon lnodule 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 

(~haml)ers • Whenever an event triggered the system, along with the 

~;par]\.S ,~h:i.ch 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 

"lvires of each view of each chamber was measured to within 0.01". 

Before the major data reduction, the time interval 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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regiuterec1. 

When a recoil proton entered into the system, the tr'ajec­

tory was manifested by the sparks it generated. Its energy was deter­

mined by the amount of carbon it 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 

~3 eattering angle (4 degrees at one view) was observed, not only the 

ellergy ()I.' the .ineotllllllJ, proLon would be d(;!tcrrnineu by w;ing the erlergy 

range relation (also ean 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 

lly the amount of carbon between the stopping wire chamber and the next 

one. Throughout the experiment, this uncertainty in terms of proton 

kjnetic energy was put at about 10 MeV. A more detailed explanation 

is given in Appendix 6.11. 

A big o.lumi111.uTl house was bunt to hold all the wire chambers 

:md the carbon modules. Great eare 'Was taken to ensure an easy acceSB 

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. 

G.7 On-Line Readout System 

The spark and fiducial signals from one vie"H of a wire 
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chamber propagated to l)oth ends of the wire chamber frrone. A wand, 

with its magnetostrictive ril1bon perpendicularJ.y presGcd against the 

conducting wires, picked up the signals by induction into the ribbon 

a.t one end of the chaml)er. The signals then propagah'!d along the 

r ll)bon at the speed or Gound (about ~JOOO lIIctel'f;/sec). A l"I.ibb(C!r l1wl. 

WW.3 I.L'I;;taehed to one end e)f the ribl)()n to dtWlI) and 'co tcrminate the 

u:lgnals with minimum reflection. On the other end, there was 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 n cable. The signal was again amplified 

and shaped to a standard form of two negative peaks sandwiched between 

a largcr posi.tive peak. A proper bias was set to exclude possible 

!JoifJe puJ.:.:;es. 'I'he pulse output of the second l3tage 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 rom. in space. For a typical wand, a 

i~ 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 pQlses 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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UK~ gate of the first scaler. Whatever wa.s left inside the 12-b:it 

flipflop of this scaler indicated the time interval between tbe two 

s:LgnalH. Lil<cwtse, the arrival of u third l)Ulse termhw.ted the 

cc'unting of clock pulGeG in the second scaler. 'l.'he signal of tlll:! 

second fiducial signal was treated on the same footJng as the pre­

vious sparks. 

Most of the time, there were not enough sparks to exhaust 

n.1.1 four scalers. The contents of the unterminated scalers always 

i>howed 71'778 (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 that 

more scalers were needed to accomodate all the sparks and the fidu­

e:ials. 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 I and wands I 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

-billation counters), and only a half Lecroy unit to each view of the 

I.ire chrunl)ers 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 leact-J_ucite 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 

each 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 17178 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 onc. Frequently, 
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it ,vaG UeeeSB8.l'.'{ to get t.he ' .... hulc dlower eourrLer p1l1nc ltuJIf,llt di::­

tributj.un, and tu dec.Lde wherc to -put the l):iaG 0 [' ;~!:>[) MeV. 

(j.8 Altgnment and Gurveying Method 

The accuxacy associated with the location of the apparatus 

\Vas of crucial. importance. Much time was spent on a survey·ing system 

\~"ich al:igned tIll' wire cnuJllbers Lo 1)eti;er than O.O~)". 'llhin was aeCOf(J­

pJ.jnlicd. 'by Jmtting all wirc charnucru :Lnto three well maeldned lJOxe::;. 

Before inserting the wire chambers, an empty wLre chamber frame of the 

:;ame si:"e\Jas inserted into each possible location one at a time. The 

distance 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 t.l'an:::it ./.oention. 

n:reat earl' waS taken to Gurvey th(~ bending Il1t.t{.;net to Ule 

-predetermined l)ucii;jon. We used a transit in the target posItion. 

!\t lJot;h the entrance and the exit sides of the magnet, a cross ha1r 

frame attached with a horizontal ruler was mounted facing the transit. 

'11he cross hair and the reference frame were made of non-ferromagnetic 

materia]. so that when the magnet was turned on, the strong magnetic 

field (~14 k gauss) would not dislocate the reference frames or the 

cross hair. 

'l'he laboratory coordinate system was defined by scribed 

pieces of aluminum. Some were epoxied to the floor below the 
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bremsst.rahlunG l'eallJ line, and other3 at known angles l'el.a.tjvl' to the 

lll'~lIl }:[ no. Bemn height wnu dei':i.ned by G:ilJd:' ttl' lTletal p.i ('ee:; (~JJux.Lc:d 

onto the wall of the laboratory. The location of the trann:i.t wa:..; J'\.cpt 

calil)rated using these reference marks. Transi ts were used mainly for 

"\:.be angular measurements and sometimes for distance measurements when 

:l f'jlle im;er:Lbcd :t'1Jler was attaehed to the ob~ject which was to be 

::lIJ'VCY' ',I. 

() 

Lcnn (~a!·(.' WIG taken 111 l).Lacing and surveying the lr cYBtem, 

ninee tIle k.l.nematicswcrc 1083 sensitive to thl:::; infurrnation, and the 

pl'c~cise Jocatiun of the shower i-laS not used for the analysis. Both 

o the j( and the proton detection systems were moved only once during 

the experiment. One alignment 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. 

C.9KLcctrun:icG 

Fit.';lll'e G.'1 nhows the general layout of the lou,ic and the 

electronic readout system. The fast J.ogic consisted of a two-fold 

rnaster coincidence between the 1(0 side and the proton side of the 

e:A,}>erimcnt. 

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. 'l~1e delay curves of the coincidence circuits showed a typical 
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-..ridt.h of ;~5 nS('l~. detennincd by thu width of the otUlLLillrtl tlJ lIt.'-J:' 1111.1 JllttUJ' 

~)ntput. The counting rates combined with such typical delay cllrvewidth 

Gave negligible accidental coincidence rates at all levels of the logic 

and h:ept the dead time corrections down to a minimum (see Table 6.2). 

The master trigger initiated a series of actions: 

(1) The iVire chambers were triggered. 

(2) The locations of sparks and fiducials of all wire chanibers 

were recorded by means of the Lecroy digitizers. 

(3) 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. 

(4) 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 eurrent event iVould be displayed on a RM 561 A oscil-

los cope. 

The sequence of actions required approximately 300 msec. and 

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

that a second master pulse dj.d 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 G microsecond cycle time, was too small to per­

form any programmed on-line check of the system performance. However, 



11:'5 

1vi th an average rate of as many as ::000 triggers per hour, vJ suul n.ud 

photographic-assisted methods were developed to monJtol' the uystctrI per­

f ormance 011 a semi-on-line ba.sis. The method wn,s to give un l rmned:lute 

and reliable overall picture of the experiment. 

When an event triggered the system, the information of' f' i du­

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 

RM 561 oscilloscope. A typical display can be found in Figure 6. B-A. 

'rhe 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

lnation in the vertical view actually comes from the horizontal con­

J.ucting 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 

s equencing 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 

t he mj,smatch of signal cables to the Lecroy digitizers (there were 56 

:: :1[,;1)<11 eables ). 
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III1IglLt 't. 'I'.lrn:~u ·w.i Lit 'tlll,'~I't' 'Y'/lflIY: 111'(' .!.unu ",vnl,: IHld !rllVt' It:It-~It(.'r ('tll'I'f'~.Y' 

and V:i.l~l:: versa. 

Aside from these two semi-on-line checks, options were built 

j.nto 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 

() 

Jf triggers always resulted in well-behaved distributions. For instance, 

U' there '.Jel'e too many points appearing heyond both shoulders of the 

peat of a time-of-flight distribution, it was a good inflication that 

thcGe were accidental background events, probably due to too inten3e a 

beam. Fj.gure fi.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 

machine. 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 PDP generated 

tape:. m:ic;ht l>e accepted. If a record of a tape was unreadable by IBM 

:-iliO 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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(c) 

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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Figure 6.9 A Pulse height distribution of shower counter 
in a typical run. 
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(A) 

(B) 

Figure 6.10 On-line (A) lead-lucite counter pulse height distri­
bution and (B) time-of-flight distribution. 



119 

nllring tl10 expcl'imcn'L, certain minor malf\mctions of the Lecroy d :i(:>;i­

t .i.:lcrs \,ere dis~overeJ through this kind 01' check. 

A [Jocund chec:l~ was to get a distrtbution 01' the locat:iom~ of 

the sceonct l'iduc:ial out oj' a large sample of events. The prJ.mary 

p1lrpose VJ:..W to i'ind. a mean value of the dhd;unce between the .f':irnt Hnd 

the second fiducial point::> 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 about half a centimeter inside of the last conducting wire 

(or the second fiducial wire). Sometimes , another peak appeared behind 

t,he second fiducial peak, corresponding to the reflected spark signals, 

due to an imperfection of the damping device on the other side of the 

nlagnetostrictive 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. Figure 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 

3. 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 

l)erfonnance by correlating a large number of sample events, one could 

:i.nspect the event on an individual basis by either playing back the 

magnetic tape for an oscilloscope display or call the "CAL-COMFit 
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(j) HORIZONTAL VIEW f- 60 ~ - EDGE SPARKING z (FROM A SAMPLE) ::::> OF 200 EVENTS 0 
u .. IN RUN 150, 
lL. 40 - CHAMBER #9 
0 
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w 
CD 20 ~ 
~ 
::::> 
z lJl, I J 1 I 0 J I I I 
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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 ($1 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 

abie 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 inaccuratej 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 use<l to 

detennine the position of the floating wire in the same way as 

it detected the position of a wire carrying current from a spark 

d:i.l:;chal'!:~e i.n a wire chaml>er. Five ma.gneto~3trict:Lvc picl;ups were 

plaeed at Imown positions in the plane of the floating wire on 

both sides of the bending magnet. After the wire, with a D. C. 

current t'lowing 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-

f'Jgut'at:ion to generate the momentum calibration of the magnet. 

'.Plnls, the calibration was conducted in quite the same way in 

wuich 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. 

Caven a D. C. current I and tension T, and provided that the 

JllcnL:ionc at whi ell the floatjng wi.rc ts supported do not fall 

on the magnet foci, 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 just 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 

capacitors 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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rj'11,-;~;c vnl1w:; 'Were lw('d to J'Jt t.WI.) :,rLl'rd.glrt lines. The C['t:'lll'U ill 

a nt of the :t'onn 

Y-mX+b (G.11-:" ) 

for the external part of the trajectory were typically 

6m ~ ~O.004 and ~b ~ ~O.08 rom. 

After finding the incoming and outgoing trajectories of the 

flo~ting 'Wire, a method 'WaS needed to fit the momentum using this 

.in ['ormation. HC1'e only the method -we used for the case of a 

simple "beDding magnet is described. No attempt is made to claj.Tn 

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: Xl' x2' and LIn:: (tan Q -tan Qo) in 

the generalized form 

(6.11-3) 

A central momentum is chosen in Which Xl :: x2 :: 0 and 

tan Q = tan Q , 'Where Q is the angular bend of the central orbit 
o 0 

(see Figure 6.14). The momentum of the central orbit is measured 

to be po. Expanding the f(xl , x2' 6m) about Po using Taylor's 

expansion gives 
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+ ••• (6.11-4) 

We kept all terms through fourth order in xl ,x2 and 6m, and 

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

Po = 1'(0, 0, 0) 

al = *1Ix2' .6m 

a 2 = *21"1' .6m 

a 3 = ~k, 
(6.11-5) 

x
2 

a4 = d
2
P 

d 21 xl x
2

,.6m 

etc. 

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 xl' x2 or .6m of a real trajectory fall 

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 rCf-~ion of 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 Xl' x2 and 6m. 

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 obtain 

a p (calc.) 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 (S.il-l). The quantity 

5 = p(calc.) - p(meas.) 
Po 

is an indication of the goodness of the fit. 

(6.11-6) 

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%. 

B. 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

o lated from the point of n production all the way to m1ere it 

stopped. The total range, containing liquid hydrogen, air, 
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mylar, scintillator, masking tape, and carbon was then converted 

2 into an equivalent amount of carbon in gm/cm o The point of j'( 

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 justified 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 

j'(°production was on the order of 0.1 gm/cm2 liquid hydrogen. 

(Liquid hydrogen density ~ 0.07 gm/cm3.) 

The range energy relation was expressed empirically in the 

form 

4 

log Tp :::: I Ai [loglO (R + [ill)] i-l 

i=l 

(6.11-7) 

where [ill and A.'s are constants, R is the range in gm/cm2 of 
~ 

carbon eqUivalent, T is the proton kinetic energy in MeV. The 
p 

coefficients reproduced the proton kinetic energy to within 

0.03%, provided the measurement of R was exact. 

C. Comparison of the Two Methods 

If a recoil proton stopped inside the range chanilier, our 

program provided two schemes to calculate its energy. A COID-

parison of the results would indicate the accuracy of the l'ih: 



As mentioned in Section A, the percentage deviation 01' the mo-

mentum fit using the wire orbiting calibration method was 0.2% 

(which am01mted to at most 0.4% in the deviation of kinetic 

energy in the non-relo.tivistlc limit, -while in the relat:ivir:tic 

Jimi t T 1J..., ~rp fIr ,.."" b.p jp ,-~ 0.2%). It'or a typical 1 ncoming 
p '" "1:J J) P 

proton with T = 300 MeV, the uncertainty would amount to 1.2 
p 

MeV. This uncertainty was increased because the intrinsic un-

certninty 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 aujacent wire chambers 

2 was typically 2.0 gm/crn. , which corresponds to roughly 10 MeV 

in the kinetic energy region covered. 

Figure 6.16-A shows a plot of number of events against 

b.T = T (Mag) - T (Range) for the nonscattered events. The plot 
p p P 

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 

off 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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Proton energy resolution for non p-C scattered 
events in a typical run. 
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the range chamber could be determined by two methods with the 

understanding that the wire orbiting method provided Q more 

relj able l'l;..~su] t. 

However, the events in which the Jni'u.l"rnat:iun of th(~ rccoJl 

proton polarization might be derived are those Bcattercd inside 

the range house. The proton carbon scattering may be accompanied 

by Q certain energy los s (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 relation 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 

due 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. Figure 6.l6-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

JrnpoGed effect of inelastic events. The inelasticity of a p-C 

BClltter '\roU generally needed 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 



fn,[:h ion. 

D. Hecou:..:truction ul' Bl'Cml.wtl'ahhmf;? Energy Gpcctrum 

Once the recoil proton momentum was culcul.ated by the wire 

orbiting method, it wns used to reconstruct the incident photon 

energy. To find the kinematics of the two body reaction 

o r + p --> ~ + p, (6.11-(-3) 

we need three unknown parameters: the photon energy k, the ~o 

momentum, and its production angle with respect to the photon 

beam in the laboratory system. All the rest of kinematical 

quantiti.es 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 

k= 
m .... 2/2 m T .. - + p p 
p cos 9 - T 

P P P 
(6.11-9) 

where 9 is the recoil proton angle with respect to the photon 
p 

beanl 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 2~0 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). 
"I 

o For 2re pro-

duction Equation 6.11-9 would give too iowa k vnluu (n correct 

expression should replace m by 2 m ). Since the bremsst.rahlung 
re re 

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, 

= dk t::.T + dk t::.Q 
dT p ~ p 

p p 
(6.11-10) 

T is typically good to 1%. The contribution of the first term 
p 

seldom exceeded 1 MeV in the kinematic region covered. Most of 

the uncertainty came from the second term. With 6Q ~ 0.30 due 
p 

to the multiple scattering between the H2 target and the first 

front chambe~ 6k ranged from 8 to 11 MeV. 

The shape of the recontructed k distribution was determined 

mainly by a combination of reo 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 reo 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 Criteria 

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 ~o photoproduction • 

. The efficiency for seeing protons scattered to the left or 

to the right might be a 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 g* = 63 degrees, no events were observed leaving the 
~ 

range chamber. At g* = 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 protons (or 

less bent protons) stayed in one side and the lower energy protons 

stayed on the other side (see Figure 6.l2-A). Therefore, more high 
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l~lIel'gy Pl'otC'll1.l would be rerlJoved for c);:l.ting tilt") ro.llge ebHllilll:!.l' n.t'L(~l' 

lJ-C scattering than the low energy ones whone scattered truclw seldom 

had enough energy to escape the range charnller. The cancellation there­

J\)re w::lS not expected to be perfect. However, the residual aElynunetry 

tlttW intl'oduced ,was estimutetl to be only a small fraction of th(:;) Lotlll 

~~ percent events. Their. presence was at worst not expected to intro­

duce errors anywhere near to the quoted errors of the polarizations 

(typically 10%). other possible problems, such as the dependence of 

~;parking efficiency, were found to be negligible. A misalignment of 

of the wire chamlleru might 0.1130 cause a certain b:I.as. An entimate 

wus lIlu(k displacing each wire chamber randomly "by 0.02" (which was the 

accuracy of the wire chamber location). To carry out the estimate, 

It few points were picked up along a straight line, and then displaced 

randomly, perpendicular to the original line. A least-squares fU 

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 

nurprisingly small effect is the combined effect on the apparent spark 

lucat.:ion of the wj.re 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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datil PJ'ocC'Gc:i.ng proh.ibi.ted us from tlc[mn:ing overy event twJe'~. 'J'hc'rc-

l'o1'C :twc.Ll tested und well :tnstruetcd scanning program wau (J I' ·the 

greatest importance. Several means of testing and checking were 

utiliz.ed to ma1~e certain that the scanning program was doing what it 

should do. The philosophy of the scanning scheme was to aecept every 

event which Hat:Lsf'ied the scanning criteria, at the L:ame time trying 

t.o 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 valu.es of 

~~)H., g~ V; the p-C scattering angle (g~) projected on the horizontal 

or the vertical view in the laboratory. The limits allowed .lere 4 to 

45 degrees in nt least one view. In order to be included in the final 

polarization determination, an event had to have g' between 4 and 30 
p 

degrees. The only loss of events came from those with 

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

when an event has 

() -1 (.J 0) 4 < g' < tan 2 tan 4 , 
P 

its being picked up or not depended on the azimuthal angle <1>' for p 

g,H = tan-l (tan g' cos <1>') 
p p p 

g'V = tan-l (tan g' sin <l>') • 
P p P 
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Our criteria would reject completely the events with g' < 40 

p-

and accept completely events with 

-1 J 0 g' > tan ( 2 tan 4 ) • 
p 

Figure 6.18 shows a plot of events as a function of g~ the sharp rise 

between 4 and 6 degrees is due to the fact that events with g' in 
p 

that range were only partially accepted. Fortunately, the effective 

analyzing power for g' less than 5 degrees is too small to be useful 
p 

at all energies. Since the weight of each event in determining the 

final polarization is proportional to its analyzing power, the events 

with 

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 fitte4 trajectories should be less than 1 em. 

3. If the scattered track stopped inside the range chamber, 

the inelasticity (boT = T (mag) - T (range» was required p p p 

to be between - 60 and 190 MeV. This requirement was allned 

to discriminate against the highly inelastic events like 

the double-scattered events and two prong events (v tY1?e 

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

1. We rejected events with the scattered trac:k l.eaving through 

the s ides of' the range chamber, but keep events "W:i:Lh t;he 

ncnttered track l.eaving the back of the rnnge chaml)er. At 

g.)(. :::: 9:') degree~l und synchrotron end point energy L.i75 MeV, 
:rr 

the l'eeoil proton of this setting could have u kinetic energy 

of as mueh us 500 MeV. The range chaml)er can only stop protons 

up to ~')10 M.eV. For events with 'II > 310 MeV on.ly the l' , 

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 6.14. 

The ncanning program further provided a pre-selection of 

('vento based on the energy in the p-C scatter as roughly determined 

by the number of carbon modules after the scatter. The cutoff was 

Fl.aced :It 90 MeV, 'because the carbon analyzing power drops sharply to 

:;ero at all 9' 'below this energy. 
p 

The computer output of the preliminary data reduction was a 

single list of supposedly good events, each accompanied with pertinent 

tnforrnation, Itke the location of the scattering vertex, the module of 

track stop, inelasticity, pion production angle, p-C scattering angles 

9 1 ~I etc. However, to be certain that the criteria were being 
p' p' 

conststentlyapplied, a data tape would regularly be selected to be 

Gcanned visuaLly by playing it back on the computer scope. The event 

11l1mllCr oj' the :;ecnd ngly r;ood events were recorded independent of the 
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computer output. This list was then checked against that of computer 
, 

output. Any inconsistencies 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 data handling appears to be 

consistent with zero, and certainly is much smaller than the purely 

statistical errors of the measurement. 

'6.13 Maximum Likelihood Theorem 

The ma.xil!lum likelihood theorem can be stated as follows: (20) 

Let f(~~ x 2' x3 ••• xm' a) be a normalized probability distribution 

of knp'Wri ana.l.ytical form of random events that can be described by m 

random variables and an unknown parameter a. Let successive samples 

sk(k = 1, 2, 3, ••• ) be taken, each sample containing n events de­

scribed by (Xl' x2' x3' ••• ~) j where j = 1, 2, ••• n. If there " 

* exists any estimate a of the parameter a from the data sample sk such 

that the likelihood function defined as 

n 
L(n,k,a) = II f(~:, x 2' x 3' ••• xm' a) j 

j=l 

satisfies the ma.xil!lum condition 

o 
[de:' .en L(n,k,a)]a = a* = 0, 

(6.13-1) 

(6.13-2) 

Then the estimate a* is unique and is the most probabJe value that 

can be obtained from a measured sample, (Xl' x2' x3' ••• Xm)j , 

j = 1, ••• n. 
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For n __ >,00 the likelihood function approaches a gaussian, 

as can be shown using the central limit theorem. In that case, its 

variance is estimated using 

f::,a= { 
d2 1 

- -2 (.en L(n,k,a) * }-2" 
da a = a 

(6.13-3) 

In our experiment, the gaussian approximation was always a 

good one. Cramer, in proving the maximum likelihood theorem (21) 

shows that in the limit of large n, a* approaches the true physical 

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

accurate. 

6.14 Analyzing Power of Carbon 

As 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, T , between 90 and 300 
p 

MeV, of the scattering angle 9' between 3 and 30 degrees, and in­
p 

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 Q* = 930
, 

1'( 

Tp could be as high as 500 MeV. To make 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 



ponsihJ.y· be ('vl.l.lunteli. '.f1hcret'ore MeNc(;!.1 y':: scheme uf anu.l.y:/,Jne: 1'fYWe1' 

eannot be applied to these events. 

Considerable efforts were made to find a scheme which coul.d 

cover tbe events in the range interested. Kinematically they are 

elassif'ied into three categories. 

A. 90 < 'r < 300 MeV 4 < Q' < 30 degrees with inelasticity p 'p 

less than 50 MeV. 

B. 90 < T < 250 MeV, 4 < Q' < 30 degrees without inelasticity. p p 

250 <T < 440 MeV, 4 < Q' < 20 degrees without inelasticity. p p 

C. 440 < T < 640 MeV, 4 < Q' < 27 degrees without inelasticity. p p 

For the events belonging to category A, which consisted of 

nll events in Q* = 63 ± 8 degrees and about 65% of the events in 
1t' 

g* = 93 ± 8 degrees, McNeely's scheme was used. A brief summary will 
1t' 

be presented in the following. 

The scheme takes into account the contributions from the 

clastic ncattering and the first 4 levels of inelastic scattering. 

The first 4 excitation energies of C12 are 4.43, 9.63, 15, and 19 MeV 

respectively. The effective analyzing power of an event is defined as 

the statistical mean of the individual analyzing power A (T ,g ) over 
n p p 

all excitation levels (n == 0, being the elastic channel, n :::: 1 first 

excitation level, etc.). The resolution 1", our experiment obtained 

for T ,IVas on the order of 15 MeV (see Figure 6.16). It was folded p 

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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2 

{ 
(b.T -E)' 

cun(b.Tp' '1')= exp p 2'1'2 n L J (6.14-1) 

where En is the excitation energy of the nth level i,n C12• Therefore, 

the effeetive a.nalyzing power was defined for each event by 

Aeff(T ,g' boT, '1') p p' p 

dO" 

4 dO" 

= n ~ 0 crif wn (b.Tp ' 
4 dO" 
L: 0 ..:31"\ n W (boT , n= uu n p 

'T)A (T , Q') 
n p p 

'1') + EXTRA 

, (6.14-2) 

where dnn 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 

00 d2 
EX'rRA =J ~ e 22 dndE 

::: (~~) ,J1.!.. '1' 
2 

E= 22 

dE 

\ 

(
boT -22') \ P , 

>J 2'1' ) 

(6.14-3) 

(6.14-4) 

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 

summation 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 differential cross section d2cr 
dndE 

stayed constant 
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(lmb/str) at all angles and at all energies (from 22 to 00). This 

assumption tends to make EXTRA slightly larger than it should be, or 

the effective analyzing pmrer smaller than it should be. 'rhe dH'fi-

('1I1ty nl'.I:H'lEl from the J'o.ct 'that the boat available experill1entu..l 
" d'-o 

(up 'to dute) jnuico.tes that; ~lE (Lt 2;? MeV of' :Inelo.a1;idty 
\,J.,ul ., 

(!ouvergelJ to the value of 1mb /str at all angles and at all energlas. 

No detailed information beyond that is available. However, the law 

of conservation of energy does impose an upper limit on the inelas-

ticity; i.e., the double differential cross section should be Zero 

beyond that upper limit. Since in a p-C scattering, the carbon nucleus 

only takes a small amount of recoil energy, it is therefore reasonable 

to approximate the upper limit of inelasticity to be the proton kinetic 

energy just before the scattering, namely M :;; T • max p 

A Simpleminded model of double differential cross section 

\ffiG dcv.i.ncd to meet the need in thQ region of inelastlc:i ty of 22 MeV, 

to L\'E • max 
d~~a 

The model assumed that <IDdE decrea.ses uniformly from 

-.,­
dt.. 
lnOm = 1 mb/str at an inelasticity of 22 MeV to zero at maximum in-

'-1.H( , 

elastidty 6.E according to an expression max' 

/ \ 

11 _ E -22 )1 

i\ b.E -22 max 
(6.14-5) 

With the above two apprOXimations, the expression EXTRA is now 



EXTRA = J6Emax 

22 

T 
d

2
cr J p E-22 

(dndE) (1 - T -22 ) 
22 P 
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r 6T _E)2 
- p 
\ .J 2-r e dE 

( 22-6T )2 

\ .J 2-r --re 
. P } 

(6.14-6) 

The slight modification of EXTRA from McNeely's version only increased 

the overall effective analyzing power by about 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 g* = 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 T = 95, 135, 155, 180, 220, 289, 313, and 424 
p 

MeV as a function of polar scattering angle g' in a range from 3.5 to 
p 

30 degrees. In Figure 6.19 each curve is assigned a value of energy 
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acceptance (6E). The curve with 6E = 0 represents the elastic analyz-

ing power. The curve with 6E = 30 MeV represents the mean analyzing 

power, averaged over a region of inelasticity up to 30 MeV, etc. To 

be consistent with the events in category A, we chose the 6E = 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 

could not decide 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 T and polar p 

scattering angle g'. 
p 

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 T ), p 

there were still sufficient events to give us the percentage of events 

in a given (T , g') bin whose inelasticities were less than 50 HeV. 
p p 

T was divided into 30 MeV bins and g' into 3 degree bins. This per-
p p 

centage (or weight factor) tended to decrease inversely with respect 
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'['1\131.11] G.:':; CARBON ANALYZJNG POWEH WITH 1'.'NEHGY ACCE:PTANCN 61': ;;, 50 MeV • .)( 

T 
~t (de- l? 
p 

grees) 95 135 155 180 220 289 313 424 

4 0.100 0.270 0.335 0.345 0.107 0.OB5 0.255 0.2:-;0 

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 0.467 0.280 

7 0.225 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 0.5613 0.380 

11 0.212 0.4:92 0.520 0.530 0.620 0.550 0.560 0.354 

12 0.21.5 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 0.232 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 0.641 0.632 0.260 0.260 0.007 

19 0.322 0.637 0.718 0.629 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 

2l 0.360 0.650 0.685 0.532 0.520 
1")1-) 
(.: .: 0.371 O. i.:i.if!5 0.655 0.462 0.476 
(.\'.' o. 3ll~.~ O.63!l O.gOO 0.400 0.436 .:.:. ,) 

24· 0.3135 0.610 0.538 0.342 0.395 

25 0.376 0.565 0.475 0.280 0.357 

26 0.358 0.513 0.420 0.220 0.360 

27 O. 3~,)0 0.460 0.370 0.150 0.267 

20 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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Incident ~roton K.E. = 115 t 15 MeV. 
Percentage of events with inelasticity 
less than 50 MeV = 96.41~ 

Percerttage of events with inelasticity less than 50 MeV. 
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to T and g'. It was with this property that the percentage was extra-p p 

polated to the region of T and g' where a direct estimate was im-
p p 

possible for lack of inelasticity information. Figure 6.20 shows the 

extrapolation curves. Table 6.4 shows the weight factors used for 

events j.n category B. The method of' interpolation and extrapolation 

was again used to Q.Ssj.gn a weight factor for an event at any given 

combination of Tp and g~. 

A careful check was made to make 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 g* = 63 degrees, the agreement was good (see Table 
1t 

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. 

'rhey 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 ~ = 50 MeV. 

Events in category C, which constituted only about 10% of the 

events at g* = 93 degrees, were too energetic to be dealt with by using 
1t . 

either method A or method B. A recent paper by Eandi, etc. (24) 

listed the carbon analyzing power in the region 440 < T < 640 MeV and 
p 

5.6 < g' < 24 degrees. The inelasticity was not required in that 
p 

measurement. Table 6.6 shows the analyzing power at all measured 

pOints. The analyzing power at different values of T and gr was cal-
p p 

eulllted 'by means of interpolation and extrapolation. 
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TABLE G.5: POLAHIZATION AT G3° CALCULNrED 

BY TWO METHODS 

k(MeV) 
-)(-

Weight Fador Method McNeely's Method 

~125 0.22 t 0.24 0.15 ± 0.24 

~175 0.0/3 I- 0.17 -0.01 + O.Hi 

Jl);:\~) 0.01 l- 0.12 0.00 + 0.11 

.lUnj 0.15 t 0.11 0.07 + 0.10 

1125 O. ;~6 + 0.11 O.lf> ± 0.11 

1175 0.55 ± 0.13 0.37 ± 0.12 

1225 0.12 + 0.22 0.10 + 0.20 - -
1275 0.58 + 0.25 0.56 + 0.25 - -
1325 0.69 + 0.30 0.54 + 0.29 - -

)( At. ~-)(- '"' G3 -~ HO mOGt of the scattered tracks utopped juside the 
rc 

range: eh:uubcr, Le., cnJculatlon of ine.la::::tic:lty 'WtU1 posf3:ible, 

there fore McNeely's method weighed heavier than the weight factor 

method in the final calculation. The chi-square value of' the tvro 

nts [;hows that 

,..., 9 
X"- = l: 

i=l 
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A high percentage of events was lost because of the large 

scattering angle at high T. The remaining events were further reduced p 

by the presence of the weight factors (see Figure 6.12). By the time 
, 

the polarization was calculated, not too many events survived the double 

biasing, which in turn made the polarization points above k = 1150 MeV 

at Q* = 93 ! 8 degrees 
It ' 

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 T > 400 MeV are scarce and inadequate. On the other hand, when p 

Tp > 400 MeV, 'Which is much larger than the C12 binding energy (93 MeV), 

it is doubtful 'Whether the carbon nucleus would still retain its 

identity 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 ot 

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 [Ingle (,1' in a p 

region from 4 to 45 degrees. As explained in Appendix 6.12, not all 



u 0 ~ :,
-

t 0 
o 

-
g 

II
 

~
 

~ !i
 ... 

0L
 w 

° 
a! 

~
 
~
 

(
f)

 

0 0 ~
 

N
 

0 311
:-

r~
 

N
 .

' 
'.
! 

t-3
' 

'0
 

,O
~
 

-
' 

',
0

 
~

' 
-~
 

: 
CD

 
N

 
':::

'i f 
•. 

_
_

_
_

_
 J 

0 0 <D
 : I 0 0 ~
 g <D
 

o g 

x 

, ( ! 
A

ll
 s

c
a
tt

e
re

d
 e

v
en

ts
 

in
 s

e
tt

in
g

 4
 

""r>(
~-·

--~
·-~
~~

·"~~
~,

" g
*

 O
K

 
6

3
 ~ 

so
) 

o 
1

(
' 

L 
..

..
..

.
...

..
.

.
..

..
.
.
.
 _

_
 -
-
-

-
.. 

( 
E

ff
e
c
t 

o
f 

th
e 

fi
n

it
e
 

th
ic

k
n

es
s 

o
f 

ca
rb

on
 m

od
ul

es
 

sh
ow

s 
in

 t
h

e 
p

lo
t;

 
th

e
 e

v
en

ts
 

in
 t

h
e 

b
o

tt
o

m
 l

a
y

e
r 

co
rr

es
p

o
n

d
 t

o
 ~
SO
 M

eV
 s

c
a
tt

e
re

d
 t

ra
ck

s 
w

hi
ch

 a
re

 a
ll

 m
ad

e 
o

f 
th

re
e
 s

p
ar

k
s.

! 

x 

X
 X
x

 
,. 

x 
x 

;&
 x

 
*x

x 
x 

x 
.. 

x
*

 
x>
<~
 ~
x
~
~
 .... 

x 
X

X
 

X
 

X
 

X
 
~ 

X
x
 

x
x
~
 

x 
X

 
x

x
x

 
x 

x 
)0

( 
X

x 
x 

x 
.. 

x 
x 

x x 
x x x 

x x 

.;
c~
 

x 
x 

x
: 

xx
 

'" 
x 

if
 

X
x 

x 
x 

lE 
x 

x 
t 

x 
x 

x 
x 

x 
x 

x 
>?<

 
x 

x 

x 
. ..

.-...
. · .. ···

 .... ·-
··-l 

[6T
p 

(~e
v) 

I 
=':

 I 
I 

*X
>f

I<
 

IX
 x

" 
I 

I 
I 

I 
I 

° 
X

 
-0

.8
00

 
-0

.6
00

xx
 

-0
.4

0
0

 
-0

.2
00

 
0

.0
 

0.
20

0 
0.

40
0 

0
.6

00
 

0
.8

00
 

1.
00

0 
1

.2
00

 
1

.4
00

 
1.

G
O

O
 

1.
80

0 
2,

 

F
ig

u
re

 6
.2

2
 

In
e
la

st
ic

it
y

 v
er

su
sl

i~
CO

~i
ng

 p
ro

to
n

 k
in

e
ti

c
 e

ne
rg

y_
 

.
. 

" 
...

..
...

..
 ,_

 
...

....
 

_ 
.

.
• 

,
_

" .
.

...
..

. ,
_

 ..
..

 _
 ..

. 
_ 

.•
 -

...
 _

-_
_ .
..

 ,.
1 

..
.

. 
.

.. 
. .
.
.
.
.

. _
 

.,
 .

..
.

.
. .

. 

r-
' 

O
l 

I\
) 



.---
.. 

'.-
.'

 •..
 _.

 

0 0 ~
 

:2
' 

0 l 
o 

-
'~
 

" 
.:;;.

 
~
 

.....
 
~
 .... 

0
L

 U
J 

o 
ri

 
~
 
~
 

<
')

 

0 0 q <
')

 

0 0 ::1
' 

N
 

0 '0
 ~
 

0 0 C"!
 

0 0 C
D

 

0 o o 

([
) 

~
 .....
.... 

O
J 

(l
) 

O
tl Ii
 

(l
) 

(l
) 

00
 

-..
.-

x 

x 

x 

x 
x 

x 
x 

x 
x 

x x 
Xx

 
x 

x 
x 

x 
x 

x x
x

 
,~
 

~
 

x 
X

 
x 

: 
>l'

 
x 

x 
x 

X
 

x 
X

 )I
I(

 

A
ll

 s
c
a
tt

e
re

d
 e

v
en

ts
 

in
 s

e
tt

in
g

 4
 

,-
--

..
 ' 

x 

x 

x x 
x 

x 

I 

(E
 

=
 12

25
 M

eV
, 

Q
* 
~ 

63
 ~
 S

o
).

 
° 

1
( 

)(
 

x 
x 

-6
0

 M
eV

 <
 M

 
~
'
-
­

'
/
 

<
 1

9
0

 M
eV

. 
p 

{ , 
4

° 
<

 Q
 

<
 4

5
° 

pC
 

x 
x 

x 
x 

x 
x 

x 
x 

x 
)( 

x 
..x

 
X

x 
~
 

~
 

x 
x 
~
 

x 
xX

 
x 

x 
x 

x 
x 

x
x
x
 

~
x
l
l
e
:
X
x
 

X
 

X
 

X
x

x
x

x
 

x 
xx

 
x 

ix
 x 

x 

x X
x 

x 
x 

x 
xx

 
XX

< 
x 

x 
x 

x 
Xx

X 
xX

 x
 

X
x 

x
x
 

x 
xx

 
x 

x
x

 
x 

x 
X

X
 
~
 

X
 

)( 
~
~
 
x~

 

X
 

xv
. 

x 
x

x
 

lL
tX

 
."

 
x

x
x

 
X

 
>I

< 
X

 
X

 
X

 
x 

lie
: 

X
 

lie
: 

" 
X

 
'

.f
e

'X
 
~
 

X
 

X
 

x~
 ~
 
~ 
* 

x
:
\
 

~.
 x

 
x 

x 
x 

'So
: 

1<
x 

x 
~
x
x
 

x 
x 

x 
~
 

x 
x 

x 
'S.,

~ *
 ~
~ 

~x
 XX

 
x

>
&

: 
)( 

x 
~ 

x 
xx

x 
x 

x 
x 
~
 

x
A
"
"
'
~
 ~
 

x 
~
 x

 
XX

 
x 

x 
x 

x 
x 

x 
xf
t.
~~
~m

x#
~ 
~ 
x
X
~
~
x
 

lS
:~
 

x 
X

X
x
 

)
II

(
)
(
"
"
 

~
~
 

x 
x 

x 
x 

x 
x 

If<
'''S

i 
~
~
,
"
,
 

~
,
,
~
 x

 x
X

xX
 >f

 
~ 

x 
x 

».
., 

)I
I(

 
x 

x 
X

)O
( 

Xx
 
1x

 )0
( 

x 
x 

x 
x 

x 
X

X
 

l<I
< 

x 

x 
X

x
 x 

x x 
x 

x 

x 
f 

X
X

 

x<
 

x 
x 

lO
( 

x
)
(
 

x
~
x
x
 

,
~
l
 

X<
 

x 
x 

x 
X

X
 

:os:
 , 

X
X

 
X

x 
xX

 
)I

I(
 

x< 
~
 

~ 
xc.

 
x~

x 
x 

x 
* 

xx
lS:

><
x'S

c 
x 

x 
)( 

~
 

X<
xx

 
X

 
)I

X
 

x 
)(f

< 
x 

* 
xX

 
~
 
~
 

x 
x 

x 
~
~
 

x 
xc.

X
 

x 
X

 
l<I

< 
x 

lie
: 

xc. 
x 

~
x
 

»:
 

x 
x 

x 
lI

<.
 
~
 
~
 

X
 X

x
 

x
X

 
-x

 
x 

x 
xx

 
x 

x 
lJI?

< 
If<

 
>1

' x
 
~x
xx
 x

 

--
-I

 

M
 

(M
eV

) 
p 

x 
x 

x lS:
xX

 
x x 

x 

x x x 
x x 

x 
x 

x 
x 

x 
x 

x 
x 

x 
-x

 

o o CD
 

! 
ci

l 
I 

~
 

I' 
'-

0
.8

0
0

 
-0

.6
0

0
 

-O
.l!

O
O

 
-0

.2
0

0
 

0
.0

 
0

.2
0

0
 

se
R

LE
 

FR
C

TI
'IR

 
=

 1
0 

2 
L

-
_

_
_

_
 -
L

 _
_

_
_

_
_

 J
-
_

_
_

_
 ~
L
_
 _

_
_

 ~
_
 

__
'~

I 
_

_
_

_
_

_
 ~
 

I 
F

ig
u

re
 

6
.2

3
 

! I 

0
.4

0
0

 
0

.0
0o

 __
_ ,

 
_ O

.B
O

O
 

1
.0

0
0

 
1

.2
0

0
 

1
.4

0
0

 

In
e
la

st
ic

it
y

 v
e
rs

u
sp

-C
 p

o
la

r 
sc

a
tt

e
ri

n
g

 a
n

g
le

. 
~ .. 

1
.6

0
0

 
1

.8
0

0
 

2
.0

0
0

 

r-
' 

O
l 

(J
l 



0 0 Q
) 

::
I'

 

>g
 

N
 

::
I'

 

0 0 (D
 

(f
) 

-.,
 0 

~
 " ~ .....
 

~
 ... ~
 

a:
 

~
 

Xl-

x 

x 
x 

x 

x 
x 

x 
x x 

x 
x 

x 

X
X

 
X

x
 

x X
x
 

x 
I 

~ 
x 

x 
x 

X
X

 
x
X

 

x 
x X
 

x 

x 
x

x
x

x
x

 
X

 
x 

x 
><

 
x 

~
 

"
~
x
x
 

x 

x 

lC
 

X
 

x 
X

 
x x 

~.e
 -x

 

x 

x x 

A
ll

 s
c
a
tt

e
re

d
 e

v
en

ts
 
in

 s
e
tt

in
g

 4
 

y
._

--
--

-_
._

 ..
 _

._
-

. 
-_

._
-

_ ..
...

.. _
-.

..
..

 -
._

 ..
 _. _

_ .
_

-
_.

-
._

-.
. 

'--
i (

E 
-

1
2

2
5

 M
eV

, 
Q

*
 
=

 
6

3
 t

 
8

°
).

 
i 

° 
1

f 

x 

x 

x 

L
. _

_ ._
 ..

..
. 

x 

x 

4
0

 <
 9

 
<

 4
5

° 
pC

 

.--..
.,g

 
x 

x 
x 

x 
x 

~
 

x 

x 
x 

x
~
 

If
<x

~~
 

x
~
x
 

X
 

J
«

X
 

X
J
«

 
X

 
'If

' 
x 

x
i

x
X

x
X

X
 

X
X

 
l'S

< 
x 

't
jv

 

0 "'"
' 

p
, 

(1
) 

~
 

Ii
 

(1
) 

(1
) 

01
 - ._',.. x 

x 
x 

(f
) 

0 0 :;
j'
 

C
\I

 

x 

0 0 a:;
 

x lib
 

0 ('
~ 

x
J
«

l<
X

 

X
X

 
x 

x
x
~
 

x 
x 

x 
x 

X
x
 

x'f
< 

x 
xx

x 
"
"
 ~
 

x 
~JO

< *
 

X
 

X
 

~ 

x 
x 

x 
x 

x
X

·x
 

X
 

JO
< 

xx
<x

~x
 ~x
)(

 
~
x
 

x 
x 

x 
X

 
X

x
 

v 
>s

c:.
>«

< 
x 

x 
x

X
)(

\.
x

 x
 

x 
""
"'
~~
)\
<~
 

St 
x 

x 
x

x
x

 
x 

0
: 

x 
x 

lX
 

xx
 

x 
x 

X
X

 
)\<

 
X

 
X

 
X

 

~
x 

x<
x 

x 
~ 

?
( 

l¥
: 

x 
x 

x-
x
~
 

} 
~
 

'"
)(

'
~
 

x 
x 

~
~
i
!
t

.><v 
~.~

 ~x
l<v

 : 
x~

>X
 

x 
x 

(~
 

x 
x 

xx
lfi

)(
 

x 
.)

x
x
 

X
X

 x
 

x 
x 

x 
x 

>s
c:."

 

x 
>x 

x 

* 
x 

x 
~x1

5 X
X

 
XX
~ >

sc:
.:x 

x 
X

X
 
~
 

>x 
X

 
x 

x 
X

x
 
*, 

J
O

<
X

 

x 
x 

x 

x 

x 

o o o o cD
 

F
ig

u
re

 6
.2

4
 

p-
C

 p
o

la
r 

sc
a
tt

e
ri

n
g

 
an

g
le

 v
er

su
s 

in
co

m
in

g 
p

ro
to

n
 k

in
e
ti

c
 ~

n
e
r
g
y
.
 

T
 

(M
eV

) 
p 

~
~
 

0
1 

~
. 

I 
se

R
LE

 
f(

'lC
TO

R 
~ 

1
0

: 
L.

...
.. 

I 
I 

I 
....

...J
 

I 
'0

.5
0

0
 

0
.7

5
0

 
1

.0
00

 
1 

Z
iG

l.S
O

O
 

1
.7

50
 

2
.0

00
 

2.
25

0 
2

.5
0

0
 

2
.7

50
 

3
.0

0
0 

3.
2~

)O
 

3
.5

00
 

3
.

75
0 

I-
' 

O
'l 
~
 



IG!) 

o -11. / 0 events in the region 4 < Q' < tan \" 2 tan 4 ) were included becatH~ e p 

of the W1Y they were selected. Since the energy resolution 'Was typ:l.-

cally .J!) MeV, no att(~mpts were mude to resolve the fIne strueturc 0(' 

-[;110 differential craGO section as a function 01' :tnelust:l.city. 

From Figure 6.25 to Figure G. 27, the angular di f'i'erent JuJ. 

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 likely 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 o Geometrical Detection Efficiency of Single n Photoproduction 

To estimate the counting rate of the experiment, a Monte 

Carlo calculation was performed assuming a single nO production. The 

input information of' the calculation included the dimensions and 10-

cations of the liquid hydrogen target, shower counter, proton aperture, 

und 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 rcO 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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;nc·tl'icnl deteetion effic:Lencl.es. 'l'he numbers in the gl'upho were Hoed 

to cnlcula:te the pion d1t'1'erential cross section in Gection 4. ~_~. 

6.17 Calculation of the Contamination of Two ~o Photoproduction 

Background 

A Monte Carlo calculation was performed to estimate the 

geometrical detection efficiency for two ~o photoproduction events. 

'r'he calculation was complicated by the fact that three final-state 

particles decay into a 5-body state almost instantly. 

The calculation was made in the following steps. 

(1) Choose a photon at energy k, to initiate the reaction 

yp --> 2~op, assuming p is produced on the horizontal plane. 

(2) Use a random number generator to generate a possible inter-

action vertex inside the target cylinder. 

(3) In the CMS of yp find the momentum range of the recoil 

proton. The range is then represented by a number of equal-

ly spaced momenta each associated with a weighting factor 

(phase space factor). 

(4) 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. 

(5) Make certain that the recoil proton momentum can fit into 

(6) 

(7) 

the prescribed momentum range of the wire-orbit calibration. 

Find the motion of the C.M. of the 2~0 system in Lab. 

o 0 In the CMS of the 2~ , let 2~ decay isotropically, then 



(8) 

173 

transform each ~o back into Lab system. 

o In the rest system of the first ~ , let 2y decay isotropi-

cally, then transform them individually into Lab system; 

see if any y can trigger the biased shower counter. If not, 

o try the second ~ • 

6~ Multiply the efficiency thus found by a factor of p/2~, 

6~ being the azimuthal angular acceptance of the proton 
p 

aperture. 

The calculated detection efficiencies are presented in Figure 

6.28 and Figure 6.29. They are on the average of 4% of that of single 

o 
~ photoproduction. 

To estimate the final background counts, information was also 

needed on the 2~0 cross section. Unfortunately, no such measurement 

has been made because of the experimental complexities involved. Any 

attempt to try to relate the known ~+~data to 2~0 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 ~ ~ 

data. But the OPE model could not possibly account for the 2~0 pro-

duction because of C invariance. It has been generally believed that 

0+-the 2~ cross section could not be larger than that of ~ ~. The other 

incomplete evidence from the DESY bubble chamber experiment (13) in­

dicated that the single ~o photoproduction also accounted for most of 

the photoproduction reactions below k = 1200 MeV. It was with this rath-

er incomplete information that we set an upper limit of 18 fJ.b for the 

2~0 total cross section, for 18 fJ.b was the mean 1(0 total cross cect.i.on 
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8; = 63±8° 
SHOWER COUNTER BIAS = 250 MeV 
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Figure 6.28 Geometrical detection efficiencies at Q~ = 63 ~ 8°. 
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in the energy range covered. 

Figure 6.30 presents the background counts as a funct10n of 

:incident photon energy in setting 2. The overall contamination of' n11 

2no events was on the order of 310. 

6.18 Calculation of the Contamination of Proton Compton Scattering 

Baekground 

The photon energy in this experiment was always much larger 

than the rest mass of the nO (135 MeV). Consequently the kinematics 

of proton Compton scattering was very similar to that of single nO 

photoproduction. For a comparison at k = 1000 MeV, see Table 6.7. 

The scattered photon in Compton scattering behaves very much 

o in the same manner as the forward decaying r of pion in single n pro-

duction. Our r detection system did not have a hodoscope system to 

determine the location of shower, nor did the shower counter have a 

good energy resolution ("'1510). Therefore, it was clear that the system 

o would accept a Compton event as easily as a n 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 than for the 

single nO 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 nO detection scheme: 

the rest mass of the nO was replaced by zero (m = 0); we then tested 
r 

whether this scattered r triggered the biased shower counter. 

The differential cross sections of Compton scattering at 
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g; ;: 65
0 and 900 are "Well known (see Figures 2.4 and 2.5). By folding 

the cross section "With the detection efficiency, "We "Were able to cal-

culnte the background counts in setting 2 (see Figure 6.30). The over-

all contamination was estimated to be on the order of' 410. 'rhe worst 

o possible effect of these background events, plus those from 2n , on 

polarization was discussed in Section 4.1. 



leo 

7. REFERENCES 

1. R. L. Walker, Physical Review, 1£g, 1729 (1969). 

2. D. Beder, Nuovo Cimento, ~, 94 (1964). 

3. M. Jacob and G. C. Wick, An. Physics, 7.., 404 (1959). 

1\.. .1. .T. r'akuraj., PHL, b ~~58 (1958). 

~). H. M. 'l'u.Lman, Ph.n. '.rheoil.3, Call1'ol'nla Inutltu1:n ot' 
'J'eehnology (19G:"l). 

G. E. D. Bloom, Ph.D. Thesis, California Institute of 
Technology (1967). 

7. R.Dolen, D. Horn, and C. Schmid, Physical Review, 166, 1768 
(1968) • 

8. C. Chiu and A. Kotanski, Nuclear Phys. 137, 615 (1968). 

9. In this experiment we used grade ATJ graphite plates 
(mean density 1. 75 gm/am3 ) for carbon modules. They are 
consisted presumably predominately of C

12
• 

10. L. Wolfensteln, Ann. Rev. of Nuclear Sciences, .§., 43, (1956). 

J1. Y. Nagashimu, Progress of Theorectical Physics, ~, 828 
(lm;t5) • 

12. D. R. Lust, et ~, PRL ~, 9313 (1965). 

13. DESY Report 65/11. 

14. C. Y. Prescott, S. U. Cheng, and K. T. McDonald, Nuclear 
lust. and Methods 76, 173 (1969). 

15. S. U. Cheng and G. R. Stewart, CTSL Internal Report 48 (1970). 

16. W. S. C. Williams, An Introduction to Elementary Particles, 
Chapter 8 (1961). 

17. C. Y. Prescott, Ph.D. Thesis, California Institute of 
Technology (1966). 

18. R. R. Wilson, Nuclear Instruments, !J 101 (1957). 

19. c. A. Heusch, ~ al, Nuclear lnst. and Methods, 29, 205 (1964). 



181 

:?O. .T. 0 •. Maloy, Ph.D. Thesis, Ca1ifornta Institute of 
Technology (1961). 

:21. H. Cramer, Mathematical Methods of Statistics (Princeton 
University Press, Princeton, New Jersey, 1958) seep.49B. 

22. Wm. McNeely, CTSL Internal Report 30 (1967). 

2:'5. V. Z. Peterson, UCRL - 10622 (1963). 

:.?4. H. D. J:t~andi et a1, Nuclear lnst. and Methods, 32, 213 (1965). 

25. W. G. Hauser, Ph.D. Thesis, California Institute of 
Technology (1967). 


