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Abstract of Dissertation 

~easurement of the Polarization Parameter in Proton-Proton 

Elastic Scattering for Beam Momenta Ranging 

From 20 GeV/c to 200 GeV/c 

by 

Marjorie Blasius Corcoran 

Doctor of Philosophy in Physics 

Indiana University, 1977 

The polarization parameter in proton-proton elastic scattering 

~..&ll been measured for fixed t (the square of the four-momentUIIl transfer) 

a.a a function of s (the square of the t.otal center of mass energy) for 

i:. • -.J, -.6, -.8 and -1.0 (GeV/c) 2 and for beam momenta ranging from 

20 GeV /c to 200 GeV /c. These results are among the first pp polarization 

ne.a.surements above a beam momentum of 17.5 GeV/c and represent the first 

~7ate~atic study of the fixed-t s-dependence of the polarization at 

~~n energies. 

The formalism used to describe proton-proton scattering is 

d!scussed, and the polarization and other spin parameters are presented 

!r. terms of helicity amplitudes. Theoretical ideas about polarizations 

a:e discussed in terms of both Regge models and optical models. 

The experiment was done at the Internal Target Area of the Fermi 

h.Uor.al Accelerator Laboratory. Hydrogen :from a gas jet target was 

~;:r&ye<l. into the accelerator's main ring, where interactions occurred. 

:'":-.o :oooentum and production angle of the recoil proton were measured by 

~~0 :r.ternal Target Spectrometer. The spin of the proton was analyzed 

carbon re-scattering polarimeter. 
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At t a -.3 (GeV/c) 2 the polarization was found to fall from a 

~ositivc value at s 0 4o (GeV/c) 2 to near zero around s • 210 • 

.l~ ~!~;:-.er energies the polarization appears to be rising again. At both 

! ~ -.6 a~d t = -.3 the polarization was found to be a ~ew percent 

;.;A.!~ h·c at s 40 and to become a few percent negative by s • 86. The 

;io!a:!zation either remains a few percent negative or returns to zero 

!a:- ?':~~er energies. At t = -1.0 the polarization was measured to be 

:.:.a.ll a~d positive at s = 40, then was found to be fairly large and 

j:>06!t!•e at s c 86. At higher s values, up to s = 210, the polarization 

~ r:eas·.:.red. to be fairly large and negative. 
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INTRODUCTION 

A:'ter many years of experimental and theoretical work, much 
i 

• 4 , 1 r~ins to be learned about the nature of strong interactions • ... _ .. 
~· ;>roton-proton (pp) system provides one of natures most basic 

~unities for stµdying the strong interactions, and one cannot 

.,xpKt. to understand more complicated many particle systems without first 

~~ntsnding this two particle system. pp scattering can be fully 

!lit •c-! bed in tenns of five complex amplitudes which are functions of 

I L"°X! t. (The Mandelstam variable s is the square of the total :four-

) 2 ' s "" (p1 + p2 , and t is the square of the four-momentum 
2 t "" (p1 - p3) .) The polarization arises from the interference 

~ .. ':.--~ the ''helicity-flip" amplitudes and the "helicity non-flip" 

-=;i:! -;.:ldes, and is therefore a sensitive tool for determining their. 

Until recently, many investigators believed that high energy 

;>ol...a:-1 z.ation measurements would be uninteresting since standard Regge 

~I predicts that for s ... °'' fixed-t polarizations should fa.11. to 

&.CM &.l sane negative power of s. The low energy polarization data 

·~ to support this view.1- 4 . Within the past few years, however~ 

•o:::it nev measurements have been made which suggest a more interesting 

~..-....ar .. or of the polarization at high energies. In a pol.arized target 

n;-:~ ~nt at Serpukhov, Gaidot et. a.l. 5 measured pp polarizations which 

~~ cega.tive for \t \ > • 5 (GeV/c) 2 and seemed to become more negative 

~ ~ bcreasing \t \. This result was quite surprising, since the low 

viii 



i:e•n;.)' results had shown positive polarizations. The estimated errors· in 

~ry-tahov data were large, however, so the situation remained unclear. 
6 ·. 

A.!.4o, in an experiment at Fermilab, Bunce et. al. measured very l.arge 

{:;p t.o .28) polarizations in f\o particles inclusively produced by protons 

<:J) a berillium target. This sparked increased interest in the polariza-

~1co of inclusive processes. 

:ie'W' theoretical results have also indicated that polarizations ma.;,-

:ct ~ zero at high energies. A model proposed by Pumplin and Kane 7 

~dieted that pp polarizations would remain non-zero up to asymptotic 

cccgies and would change sign at high energies. An optical. model due 

•..o ~.:re..'1d and Halzen 8 related the polarization to the derivative of the 

!ltfcrential cross section; such a relationship would give very 

1~'!..«rcsting structure to pp polarizations in the region 0£ the dip in 

~~/~t. (Ats= 500 (GeV/c) 2 the dip occurs at about t = -1.4 (qev/c)2.) 

11 l of these factors have led to increased interest in polarization 

~1J.recents at high energies. 

The experiment reported upon here measured the polarization para• 

~·t.tt 1n PP elastic scattering :for fixed t as a function of s. The 

tllO'Uurecents were made at the Internal Target Area of' the Fermi National 

'"'
11:.lua.tor Laboratory. Interactions occurred between protons :from a 

cu ~ct target and the circulating proton beam in the acceleratol," 's 

'-!!l r1n.g. The momentum of the recoil proton was measured by the Internal. 

~-.:-tto't Area's Large Angle Recoil Spectrometer. . The spin o:f the proton 

_..... L'Ull.yzed in a carbon re-scattering polarimeter. In the kinematic 

a fixed laboratory angle of the recoil proton corresponded 

1x 
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••!'"! accurately to fixed-t. So the fixed-t s-dependence could be 

...u t ly studied by setting the spectrometer at the proper laboratory 

e.nd pulsing the gas jet target during the acceleration of the 
, 2 nata was ta...lten at t values of -.3, -.6, -.8, and -1.0 (GeV/c) 

!':lr b~a::i oomenta ranging from 20 GeV/c to 200 GeV/c. 'This data is ainpng 

~ nrst proton-proton polarization data above a beam momentum of 

17. 5 ~v / c, and i~ the first systematic study of fixed-t s-dependence 

:-be first chapter discusses the f'ormalism used to describe pp 

:.ca:.~crlng and some of' the theoretical ideas concerning polarizations. 

:.tc ls of the experimental apparatus and data acquisition are described 

~= ·.t.e second chapter. The third chapter discusses the method of' data. 

~1si3, and the results are presented in the fourth chapter. 
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CHAPTER I 

FORMALISM AND TIIBORY 

::i::: chapter stmm'.a.rizes the formal.ism used to describe proton-

·--·,.,.., ;;c!lttering and discusses some of' the theoreticaJ.'. ideas a.bout 
;·'I - --·· 

r-!~~::..o.:.ions. In the f'irst section, the helicity amplitudes of' 

.... ~ci:I '.!....°1d Wick are described, and their relation to experimental. 

;~rrl\.bles is given. The (older and non-relativistic) formal.ism 

:! »c~enstein is also given. 'l'b.e density matrix a.net its use in 

1 

·~ ... -.U.nti~ experimental observables is discussed. Then this experiment's 

;i'r.:""8~! ~r r:iethod of measuring the polarization is described. The 

;..e.i:-::n.! t:cction deals with theoretical models of pp interactions. The 

• :.:.'Yl:c R%le model is treated, and then a Regge model with absorption 

;~~t:om, due primarily to Ka.ne, is discussed. Two optical. modeJ.s,_ 

-~- ~.:c to Chu, Hendry, and Abshire, and the second to Durand and 

tt\.!.:~. lL-C also discussed. 

Forma.1.ism 

?':'o~n-proton scattering can be completely described in terms of 

:-" • .,. -:cx:plex ru:ipli tudes which are f'unctions of the Mandelstam variables 

' ~ -:. · • If these a.upli tudes were known for aJ.l values of s and. t, one 

P~..:o..:! clll.culate any desired quantity involving pp scattering._ A number 

t'! !.:. !"!'~rent ways of defining these amplitudes have been used by various 
l 2 . 

lt.l.!"~-ni • In 1952 -54 Wolf'enstein and Ashkin ' expressed the scattering 

•~:--!.1: rOT' :.he Pl? system in terms of' f'ive compl.ex parameters and showed 

·-~ ~:...'l._1.onship of these parameters to experimentaJ.ly measurable 

r~·~:-.~~n. Wolfenstein's devel.opment was not relativistically correct, 
h:~"7;-. S~u~-p3 d 4 ::-_ an Bilenkii, Lapidus, and Ryndin have given the 
~,,,., ________ _ 

'.._. 
·~~ the PP system is pure I=l, only the f'ive I=l tlnrnJ.itudes a.re 
~~ . -~ 

~ "• mere a.re a.1.so five I=<> amplitudes which must be known 
~~ !~!cr~be pn scattering. 

!; 
I 
r 

I 
I 
I 
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relativistic genera1ization of WoJ.fenstein's :formalism. A parameterization 

more ccr::monJ.y used today involves the relativistically correct helicity 

ru:r;plitudes introduced by Jacob and Wick5 in 1959. The ~elicity 

amplitudes are discussed first. 

l. Helicity Amplitudes 

Let the wave f\lnction of a single particle, at rest a.nd with hcl.icity 

>.,, be represented by v • Here the z-a.xis is chosen as the a.xis of 
- . OA 

quantization of the spin, and ).. is the spin component aJ.ong that a.xis. 

To obtain a plane wave state with momentum p along the z-axis and still ,..., 
with helicity \, apply a Lorentz transformation without rotation 

a.long the z-axis: 

The hel.ici ty is not changed by this transformation. To obtain,. a state · 

with !:lOl:':entU!;). p in the direction specified by the angles e and rp, the 
~ 

state t can be rotated 
P). 

were R(~~-CI)) = e-iJ.fiJ e-iJy~ e +iJz.tD is the rotation opera.tor, and J ,J · z y 
are the a.ngu1.ar momentum operators for the particle. The helici ty of 

a plane wave state is not changed by either a rotation or a Lorentz 

velocity transformation aJ.ong the direction o~ p. ,.., 

T'wo particle states can be constructed as direct products 0£ 

singl.e particle states: 

' 

I l 
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For states of: zero linear momentum {i.e. two pa.rticle states in the 

center of r:.a.ss) , ·where ~ = ~, ~ = ;r - El_ and ~2 = tF1 % n, the 

wave i'lm.ction can be written in a form involving only one pair of 

angles o, cp. Following Jacob and Wick, define 

y_ = ( -1} S-h_ e -in:Jy ,~ , 
·pA Ph. 

Htrl.ch is a state with momentum p in the negative z-direction with -( s-x helj.city \• s is the pa.rticle's spin, and the factor (-1} is a 

corrvenient phase f'actor following the convention of Jacob and Wick). 

Then tl:e two-particle center of mass state is 

• 

This represents a state with one particle having momentum p in the -
positive z di:r-ection ~d one having momentum p in the negative z ,.., 
direction. A state with momentum in an arbitrary direction can be 

obtained by a rotation involving J = J1 + J 2 : 

Plane -wave helicity states can be expanded in terms of states 
6 

of definite angular :monentum, 1PJM; x1 >v): 
2J+l t J ' 

\P~~Ai~} = ~ (""41() Dj4,(51e-tp) \PJM;~~} 
JM I\ 

J 'Where \ = x1 -"'2 and DMx (<re..t?) is the matrix corresponding to the rotation 

operator R(q:>e-tp) in the irreducible representation of' order J. This 

is analogous to the partial. wave expansion in non-relativistic scattering. 

A state o:f definite J can aJ..so be expanded as a superposition of plane 

wave states: 5 

H 
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Helicity amplitudes are elements of the scattering matrix s 

between two particle plane wave helici ty states. The ill;i ti al beam 

direction is taken as the z a.xis, and e,~ give the direction of the 

scattered beam in the center of mass. A helicity ampli~ude, the~, is 

{T;> e'Pn .. 1 ).2 ls lPOO; Al >..2) ' 

which can be written more simply as 

remembering that the amplitudes are f'unctions of s and t. 

Since each proton has two possible vaJ.ues of A'~' there are 16 

possible amplitudes for pp scattering. However, invariance principles 

can be used to reduce the number of independent amplitudes to five. 

Parity conservation requires? 

where }.. = x1-~ and )..1 
:::: >..i-x2· This reduces the number of independent 

amplitudes by a f'actor of two. Likewise, time reversal. invariance 

requires 

'Which reduces the number of amplitudes from eight to six. For two 

nucleons in a definite isospin state, the requirements of Fermi 

statistics give 

which reduces the number o:f independent amplitudes to five. The 
7 conventional amplitudes are those defined by Goldberger et.al. 

., 
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~l = (++ 1 s \++) 

¢2 = (++\S\--) 

¢3 = (+- \S \+-) 

/J4 = (+-Is \-+) 

¢5 = (++~ \+-) ' 

'Where + means helici ty 4 and - means hel.ici ty ~. (For elastic · 

scatteri_ng, S is 1.$ua.lly replaced by T = -i(S-1), so that the 

unscattered wave is subtracted out.) These amplitudes have the 

. 5 expans:;.on 

().l "-2 \S \ '-1 "2) = ip ~ (2J+l) ().i ~ \SJ\),].~ )D~).' ( ~) 
J 

.. ~ere SJ is the :Pa.rt 01· the S matrix ·which acts on the .Jl;h partial. wave. 

In section I-4, the a.r:rplitudes are rel.ated to experimental. quantities, 

whic:i a.::-e bilinear combinations of' the amplitudes of the form Re p
0 
~ 

and ::n r/; a ¢~. T'ne scattering matrix, which transforms an initial. 

state into its final state is given by 

5 

s = 

¢1 P5 
45 ¢3 

<1>5 ¢4 

¢2 ¢5 

= 

(++\S\+f)(++\S \+-)(++\S\-+)(++\S\--) 
(+-Is \++)(+-\s \+-)(+-\s \-+)(+-\s \--) 
(-+\s\+*:)(-+\s\+-)(-+\s\-+)(-+\s\--) 
(--\s\++)(--,s\+-)(--\s\-+)(--\s\--). 

2. Wolfenstein Parameters 

In ~e ear~ l950's Wolf'e:nstein1 ' 2 derived an expression for the 

scatte~ing na.trix Ior t;.ro spin t particles in terms of' their spin 

operators and momenta. Following Wolfenstein, the 16 independent 

co~bin.ations of the spin operators which are avail.able to construct 

1. 
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s a.:ce 

l scalar 
~ 

scalar 

axial vector 

axial. vector 

~~ 
a.xiaJ. vector 

\l:f3 =a a + a a2. 
:I.a 2~ J.t3 a 

symmetric tensor 

me s•J.bscripts J. and 2 ref'er to particles 1 and 2. The opera.tors of 

particle 1 do not operate on those of particle 2, and vice versa. 

These terns a_-re to be combined with the :following functions of' the 

nooenta to obtain scalars: 

l. -scaJ:.ar Kcff3' Ncfif3' p cl f3 

k ... -k. = K vector Kif 13+ Kf'.)Po: ~ ,.,,a ,..., 

k~. = Ii axial. ~f3+ Kf3NO: 
symnetric 

,...,._....a ~ vector tensors 

NxK=P vector P die+ P ~Po: .. ,,..., ,,..., ,,..., 

Here k~ and k. are the f'inaJ. and initial momenta of pa.rticl.e l. in the 
~ ,.a 

center of mass. The possible combinations a.re restricted by invariance 

considerations. S must be imrariant under both the pa.ri ty transformation 

and tbe reversal. Under parity, a-+ cr , N .+ +N , K .+ -K, and P -+ -P, 
~:::: ,..._, ~ ~ ~ ~IV 

and, for exaople, the term ($11. - ~)·~changes sign and must be excluded. 

Under ti:::e reversal, c; -+ -a, K -+ K, p -+ -P, and N -t -N. The terms 
~ ,.,., ,... 1'-1 ,..,, rJ ,..., ,.., - -\.ce(KJ'a+Kf?,Pc) and (£i_x 22)•!! are excluded by time reversal invariance. 

,... -
The terr:-cS tha.t su..-.-..rive are 

dj 
j 

;l 

,\ 
.j 
j 
l 
·' 

:j 
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was non-relativistic. Stapp3 and Bilenkii, Lapidus, and Ryndin 4 

have given the relativistic generalization of this formalism. The 

Wolfenstein para.meters can be written in terms of the helicity 

amplitudes defined earlier.11 

3. Density Ma.trices 

The problem of relating the helicity ampl.itudes or the Wolfenstein 

parameters to experimental observa.bles is most easily done by means. of 

spin density matrices. A thorough discussion of density matrices has 

been given by Fano.8~ 

Suppose a system is in a "pure" state. Then its wave :f'unction can 

be expressed as a coherent sum aver a complete set of states: 

t ='£an~ 
n 

The expectation·value of a.n operator Q is given by 
~ 

= ~ P 0 = ~ (PQ) = Tr(P Q) mn "lnn · nm . ~~ m,n ,,,n . 

where Pmn !! an a: and~= OCmlQIXn). If (tlt) = TrO is not normalized 

to 1, then 

A reaJ. system is genera.l.ly an incoherent superposition of two or more 

pure states, each with weight wj. Then 

I 

i 
I 

'l 
:l 

l! 
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(~) = J, w.i (~3> 
j 

= ~ ~ t aj aj* ~ 
j nm n m 

= t (!: ~ aj aj*1 ~ 
nm j n m 

= ~ Pnm Q = Tr{.P., S) mn ~ ~ nm 
. . j* 

where now o = t w.1 aJ a • It is easy to find an expression for the mn j n m 
final state density matrix o in terms .of the initial density matrix, 

f 

o., and the scattering matrix. If the opera.tor S transforms the initial 
i ~ 

states Xzri. into the final states Xnf' then 

tf=J,a SX. , n~ m 
n 

(.\'fl~f) (~)f = <~r1~l''sr) = ~ a: an <~ x~ 1~1~ xni) 
- mn 

* = t a a ~ i· 1stQ s IX . ) n m m ~re~ ru mn 

= T r\fu_~t ~ gl = T ~~~t ~ 

=Tr(~~ 

where o ~ = S o. St is ·the final state density matrix. Final state 
~ ~~ ~ . 

expectation values a.re given by 
Tr(~~ 

(~):f = Tr~ • 

Note that the density matrix is hermitian, since 

o* = l. ~ {a. a*>* nm j n m 

= ')' ~ {a a*> = m n j 
omn • 

9 
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For a single particle of spin ~' ~ is a 2 x 2 matrix, since there 

are two possible spin states. Any 2 x 2 matrix can be expressed as a 

sum over the matrices ~ ~' ~' and ~' where the ~'s ~e the PauJ.i 
. I 

matrices. So, I 

P=P l+P a +po +po 
~ o~ X1'::K y~ z~ 

where a = (a , a , a ) 
~ 1'::K ~ ""2: 

Then 

(a ) = Tr(P a ) 
1'::K ~ ~ 

= T-%-(P a + p a 2 + p a a + p a a ' 
o~ x~ Y1'::Kr:¥ z~·~' 

= p x 

using the familiar properties of the 

(" ) = P and (a ) = p • 
~ y ~ z 

Similarly, · 

The vector P = (a) is ca.lled the polarization vector o"f the particle. - ~ 

Using the norma.l.ization T'ro = 1, 
~ 

i 

P = t(l + P·~} 
~ ~ ,..,, ~ 

for a spin l particle. If the partilce isunpoJ.arized, (a}= P = o, 
. . ~ ,..., 

and o = ~(!). 
~ ,..., 

For a two particl.e state, the composite density matrix is a. 4 x 4 
matrix with eJ.ements8 

p ab a'b' , 
I 

10 

where a,a' refer to particle 1 and b,b' refer to particle 2. If the two 

systems are Wlcorrela.ted (as in the case. of' an initia.11.y polarized~. 

.. 
I 
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11 
'//""r 

.·· !:::. 
beam and target) , the composite density matrix element ca.n be wri tte{J3) 

p - p 1 p2 
ab,a'b' - aa' bb' 
l• 

An operator Q which acts only on particle 1 can be considered to be 
~ ; 

an operator of the entire system if it is mul:tiplied by the unit 

operator of' particle 2, (~ 2 • Then 

1 
= ~ Qa' a 6t,b' aa.' 
bb' 

Pa.b a'b' 
' 

1 
= 'E Q a' a 0ab,a'b aa' 

b 

1 
where Paa' = 1: Ob 'b = Tr2(p). b . a ,a The density matrix for· particle 1; i 1 , 

can be obtained by taking the trace with respect to parlicl.e 2, tha.t is, 

summing over eJ.ements with the sa.me index for particle 2. 

A notation . which is perhaps more transparent irxvol.ves direct 

products of' matrices. The c~osite matrix :for a two parlicl.e system 

can be written ~assuming the systems are uncorreia.ted) 

p =:pl ® 02 
~ ·~ ~ 

where ® denotes the direct product. An opera.tor which acts on particJ.e l. 

can be considered to be an operator of the system if' its direct product 

with the unit operator of particle 2 is taken: 

Q = Ql ® 12 
~ ~ ~ 

1'· 

11 
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For example, if 

~l= (~~ ~J 
then 

~ = ~ll qlJ ® (1 0) 0 ql2 0 

~l ~2 0 1 qll 0 

~l. 
0 ~2 0 

0 
~l 

0 
~2 • 

Note that the order is important. Th t · ·r i ~2 th a is , i p = p ~ "' , en 
~· ~ ~ 

' l 2 2 
If an operator acts only on particle 2, then Q = l. 0 Q f. Q ® 1 • 

~ ~ ~ ~ ~ 

4. ExperimentaJ. Observables 

The most general spin experiment :fixes the spins of the initial. 

particles and measures the.expectation value of spin operators f'or the 

final state particles. To find these expectation. vaJ.ues we need to 
' ' 

know fa> the initiaJ. density matrix, and ~ the scattering matrix 

which transforms ~ into e:c' the final state density matrix.. For 

two spin i particles, the most general form of the density matrix for 

the incident particles is 

~ .t = (1.1. + r?- • p ) ~ (1. 2 + ,; • p .... ) 
~ ~ ~ :;;.b ~ ~ ~ 

where ~is the pol.arization of the beam and~ is the polarization of 

the target. In the helicity :fonnal.ism, let S be the opera.tor which 
~ ' 

transforms an illitiaJ. state into its final. state. Then for a singl.e 

12 
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particle, the scattering matrix is 

s = f+fs !+) (+IS I-~ 

~ ~-1S\+) (·IS1-V 
For a two-particle state, S = s1 ® s2: 

~ ~ ~ 

(++JS 1++) (++IS l+-) 

• 

(++IS\-+) 

(+-1s 1++) (+-ts l+-) .. (+-lSI-+) s = 
~ (-+!Sl++) (-+lS I+-) (-+lSl-+) 

(--lSl++) (--1s1+-) (--ls I-+) 

<Ii ¢5 "165 

-1>5 ¢3 ¢4 -1>5 
= 

¢5 ¢4 ¢3 ¢5 

¢2 ¢5 -1>5 ¢i , 

(+-1s l-.:..) 

(-+fst--) 
(--Is 1.:..-} 

using the definitions of the ¢'s :from Goldberger, and the rel.a.tions 

.13 

between the amplitudes due to parity, time reversaJ., and Fermi statistics. 

The density matrix for the final. state is given by 

t p,,.. = S o_ S , 
~ ~~ ~ 

the expectation va.1ue of any fina.1. state opera.tor is given by 

and the differential cross section is given by 

I= Tr ~/Tr~ • 

I 
i 
I 
l 
I 
I 
i 
I 
I - . I 
I 

· 1 

I ; 
I 
i 
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In the helici ty formalism, expectation values of spin operators are 

referred. to the helici ty rest frames of each particle, which are shown 

in Fig. I-1. The z-axis for each particle is along its direction of 
l 
I 

rot ion in the center· of mass f'rame; the y-axis is taken as the normal 

to the scattering plane, 

(For the target and recoil particles, some authors choose y as antiparal.lel 
... 

to n.) For all particles, x = y x !. 

As an example, suppose the beam is intially polarized the +y 

direction in its h elici ty rest :frame. Then the density matrix :for 

the single particle is 

i = ic11 + p i> 
~ 2 ~ b ~ 

The co~posite density matrix for the beam-target system is 
1 2 = -Cll + P a ) ISi> 11 P. = 0 ~ p 

~ ~ ~ ~ b~ ~ 

= tl1 -iP' ipb 1 x (~ ~) 

1 0 -iP b 0 

0 1 0 -iP. 
=k b 

iPb 0 1 0 

0 iPb 0 1 

The final density matrix is 
+ 

~ = ~~ ~ , or explicitly, 



' I 
' l 

L 

¢1 ¢5 -¢5 ¢2 1 0 -iP b 0 ~l -¢5 ~5 ¢2 

~= -¢5 ¢3 ¢4 -¢5 
, 

¢5 ¢3 ~4 ¢5 0 l 0 -iPb 

~5 ¢4 ¢3 ¢5 iP b 0 l 0 -¢5 ;4 ¢3-¢5 
i 

<P2 ¢5 -'1>5 ¢1 0 iPb 0 

Then.the differential. cross section is given by 

~=Tr P ITr P. dO ~ ~ 

l. ¢2 -1>5 ¢5 s\ 

Carrying out the matrix mu.1.tipllcation and taking the trace, we have 

+ 21Pb ¢5(¢1-t¢2 -t¢3-¢4) - 21pb ¢5(¢1 ~2~3-¢4)*1 

= ~[1¢11 2 + 1¢21 2 
+ 1¢31 2 

+ 1¢41 2 
+ 41¢51 2 + 

Pb T.m ¢~¢1 +¢2~3~4)*1 

=I +Pb PI 0 0 

where I
0 

= ~[1¢1 1 2+1¢2 1 2+t¢3 J 2+t~4 1 2+41¢5 l 2 ], the cross section for an 

ini tiaJJ..y unpolarized state, and 

PIO = Im ¢5(¢1 + ¢2 + ¢3 - 914)* 
defines the,pol.a.rization parameter P. 
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* 

Suppose instead the initial state is unpolarized and the expectation 

value of a is measured for the recoil particle a.long its y-axis in r:q 

the hel.icity_rest f'ra.me. (This is just the q~ity measured in this 

experiment). If the scattered. pa.rticl.e is particle 3, and the recoil. 

Particle is particle 4, 
4 ( 3 4 ')/ (C! }f' = Tr l. ~ CJ D.:.. Tr ~,p • 

-;.:ff ~ ~ ~ . =-



... 

Since the initiaJ. state is unpolarized, P. = ~ and ~ = SSt. 
~ ~ ~ 

... ~ a4 . th . -t • . ouera ... or ror in e composi e spin space is - ~ y 

l~o = (~ ~) 6') ~ -~) 
~ ~ 

0 -i 0 0 

i 0 0 0 

= 
0 0 0 -i 

0 0 i 0 • 

Then 0 -i 0 0 ¢1 ¢5 -'/J5 ¢2 
4 

Tr o.f (<:J ) = Tr i 0 0 0 -¢5 ¢3 ¢4 -¢5 s:::: ~Y 

0 0 0 -i ¢5 ¢4 ¢3 ¢5 
0 0 i 0 ¢2 ¢5 45 ¢ 

cari-.r:_ng out the multiplication, we ha.ve 

1 c <'f~
4
y} = - rm l165C¢1 + ¢2 + ¢3 - ¢4)*] 

= - PI • 0 
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The 

-'/15 '/15 ¢2 
¢3 ¢4 ¢5 
¢4 ¢3 -¢5 

-¢5 ¢5 ¢1 

Rere P is the sa.z::ie expression obtained in the scattering :from a. polarized 

bea::!l. In fact, Wolienstein1 showed that time reversa1 invariance requires 

thE!!:l to be the same. The minus sign arises because we are measuring 

the spin of the recoil particle rather than the scattered pa.rticl.e. 

There is a standard notation :ror the various observa.bl.es in 

nucleon-nucleon scattering experiments. Any expectation va.l.ue of' 

operators in the fina.J_ state will involve scalar quantities of the form 

Tr(cr <J S ~:1... ~. st) :!! I(sr;bt) 
i::::S~~~,...,.,,~ 

* 

• 



where s,r refer to one axis of' the helicity rest frame of' the scattered 

(s) or recoil (r) particle, and b,t refer to the hel.icity rest f'rame 

of the beam (b) or target (t) pa.rticl.e. If' an 'initial pa.rticl.e is 
. . . . ! 

unpol.a.rized, or the spin of one of the fina.l state particl.es is 

17 

llllobsel;"V'ed, the corresponding operator becomes ~= ~ the unit operator. 

For example, a pol.a.rized target experiment with the polarization normal. 

to the scattering pl.ane measures I(OO;Oy). There are 256 quantities 

I(sr;bt), but at a given energy and scattering a.ngl.e only nine can 

be independent, since the f'ive helicity amplitudes are determined to 

within a.n overrui phase by nine scalar quantities. Thomasll has worked 

out the rel.ations than must exist between the t(sr; bt)ts. 

The following are conventional. names for the various. quantities 

measured in spin experiments:9 

(a.) No spins determined: :t(oo;OO)=I , the differential.. cross section •. 
. 0 

(b) One spin determined: I(y0;00)~PI0 , the pol.ariza.tion parameter. 

Parity conservation requires I(xO;OO)=I(zO;OO)::O. 

Time reversal. invariance gives I(yO;OO)=I(OO;yO). 

{c) Two spins determined: I(OO;ij)=I0 Cij' the correlation tensor. 

(d) 

Invariance requirements give C =C =C =C =O and C =C • . . . . x:y yx zy yz xz zx 
Also, I(OO;ij)=(-l)nx I(ij ;00), ~re nx is the number of · 

indices which are x. C is measured when both the beam and 

target are polarized, or when the initial. state is unpolarized 

and the spins of both fina.l state particles a.re observed. 

Two spins observed: I(jO;iO}=I D •• , the depolarization tensor. 
0 l.J 

Invariance requirements give D =D =D =D
1 

=-0 and D =-D • x:y yx yz zy · xz zx 
Al.so, I{iO;jO)=I(Oi;Oj). D is measured when the beam is · 

I 
I 
I 

I 



polarized and the scattered particle's spin is measured, 

or (as is experimentally more feasible) the target is 

polarized and the recoil particle's spin is. analysed. 
i 

(e) Two spins measured: I(Oj;iO}=I K .. , the polarization 
0 l.J 

transfer tensor. Invariance requirements give K =K = xy yx 

K =K =O and K =-Kzx· Also, I(jO;Oi)=I(Oj;iO}. K is yz zy xz 
measured by analysing the spin of the recoil particle 

when the beam is polarized, or by measuring the spin of 

the scattered particle when the target is polarized. 

Tensors have been defined for tl'l.e case when three and four spins 

18 

are measured, but we will not discuss these. I , P > and the independent 
0 

elements of C, D, and K are given in table I-1 in terms of the helicity 

amplitudes. This table is taken from Fox9. Fox also discusses the 

three and four spin tensors. 

In the 1950' s Wolfenstein defined some of the possible observables 

in spin experiments and related them to a convenient coordinate system. 

His terminology is still often used, so we wi:µ. discuss it briefly. 

Wolf enstein related the experimental observables to a coordinate system 

in the center of mass with unit vectors K, i» and N (see Fig. I-2} 

where 

N=PxK 

Here, !;r is the scattered particle's momentum in the center of mass, and 

k. is the incident particle's momentum. From Fig. I-2, it is easy to 
-1. . 
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see that, non-relativistically, 
A 

(a) P is parallel to the momentum of the scattered particle in 

the lab, ~· 

(b) 
A 1 
P is perpendicular to the direction of the recoil particle 

in the lab, 
A 

(c) K is perpendicular to the direction of the scattered particle 

in the lab, and 
... 

{d) K is antiparallel to the direction of the recoil particle in 

the lab. 

In actual experiments, it is easiest to measure spins in the directions 

perpendicular to a particle's motion in the lab, so, in the non-

relativistic limit, Wolfenstein's coordinate system is convenient for 

measurements in the lab. In practical (relativistic) experiments, 

a coordinate system is often defined in the lab for each particle with 

"" .t along the particle's direction of motion, n perpendicular to the 

scattering plane, and s = n x }. (see Fig. I-3). The system for the 

target particle can be chosen to be the same as the beam. In the non-

relativistic limit, this coordinate system is the same as the one 
. . 

defined by Wolf enstein if the following correspondences are made: 
~ 

k . 
. 1. .. 

N For the beam and target 

1 
~ 
I 
! 
i 
' 
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.. .. 
p ... ''3 
.. 
K ... s3 For the scattered particle 

,. 
N ... n3 ! 

i 
I 

.. .. 
K ... -t4 

p ... s4 . For the recoil particle 

.. .. 
N ... n4 

Quantities referred to the laboratory system .are often given the notation, 

e.g., I(OO;ss)=Css (or in the non-relativistic case, I(OO;K P)=CKP), 

while the corresponding quantities referred to the helicity rest frames 

are I(OO;xx)=C • Table I-2 gives Wolfenstein's names :for experimental xx 
quantities and what they correspond to in the laboratory systems 

just described. The parameters D, R, A, R', and A' are related to tbe 

depolarization tensor defined earlier. Also, C and C are related nn ss · · 

to the correlation tensor c. Note that, e.g., C -+ CKP in the non-ss . 

relativistic limit, but C -+CNN always, since the normal to· the nn . 
scattering pl.ane is not changed by a Lorentz transformation. Wallenstein's 

experimental. quantities have been expressed in terms of the Wol.fenstein 
. . 10 

parameters by several authors. 

Experimental. quantities measured in the laboratory system can easily 

be related to quantities in the helicity rest frames of the partic1es. 

To do this, the components of 1, s, and n in the helicity rest frame 

of each particle are needed. ·The relationships a:re9 (see Fig. I-4) 

,, 

:; 

·'I 
.:I 
'I 
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;1 =: 21 
,. 
'2 s:: -~ 2 

~1 = xi for the beam § = -x 2 2 for the target 

iii "" Y1 n.2 = '92 
1· 

l 

• 13 = - sin 03 x3 + cos a3 23 :for the scattered 

s3 = cos o3 R3 
+ sin o3 23 particle 

... 
i 4 = sin C\ ~4 + cos et4 ~4 for the recoil 

particle 

The angles °J and o4 are defined in Fig. r-4. Whe~ tlie masses of' all 

particles are equal (as_· in pp scattering) , o3 = e3lab and °4 = '\.lab• 

As an example, suppose, for the case o:f pp scattering, the spin of the · 

scattered particle is analysed along its directi~n s3 in the lab, and 

the beam is initially polarized in the sl = :.21 direction. Then .the 

quantity measured is 

I D = I(sO;sO) 
0 SS 

= cos e31ab I(xO ;xO) + si_n e3lab I(zO ;xO} 

IODSS = locos e3lab Dxx + Io sin e3lab Dxz· 

5. Spin Analysis by Rescattering in Carbon 

The quantity measured in E313 was P = .. I(On;OO)/I far pp elastic . 0 
.. 

scattering. 'lhe incident beam and target were UDpOlerized, an4, the 

spin of· the recoil proton was analyzed along the normal to the scattering 

I . 

i 
I 
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plane by rescattering it in a carbon block. The scattering of a proton 

on carbon (spin! on spin 0) can be described using the same formalism 
I - . 

used to describe pp scattering (spin -k on spin !) • The scattering matrix 

for the scattering of a spin -i particle by a spin 0: particle is10 

where :ft is the normal to the scattering plane of the proton-carbon 

scatter. If the incoming proton has polarization P, its density 
- -

matrix is p. = -iC1 + P·a'. Then the cross-section is 
1 ~ -~ 

Define the recoil proton's direction of motion as the z axis and the 

normal to the original scattering plane as the y axis. Then if the 

second scatter has angles e and Ct>, the normal to the second scattering 

plane is N = (sin~' ~ cos~' 0). _The cross section is given by 

I(P) = T:r (sst) +Tl" (a 1 + ba.N) (P·a' (a*+ b* a.N) 
~ ~ 111:1- -~ - ~-

tb 12 + ab* P cos cP + ba* P cos q> 

'b 12 + 2 Re(a.b* P cos Cl') 

. using the fact that parity conservation requires P = P (polari_zation :from - ...,. y 

the original scatter can only be normal to the original scattering plane). 

Then 

-------------------- ---

! 

I 



> 

2) 

) . I 2 2 · I( e = I
0 

+ 2 Re(ab*) P cos '°' where I
0 

= al + lb 1 is the 

cross section for scattering from an unpolarized beam. OUr experimental 

method was to sum all scatters from -Jt :n 
q> = 2 _. 2 and t~ call those 

scatters ''lef't". The scatters from Jt <:n ' 
cp = - _.~were called "right''. 2 2 

Then 

n/2 
L = r (I + 2 Re(ab*)Pcos (%)~ = I

0 
Jt + 2 Re(ab*)P 

-fc/2 ° 
3n/2 

R = J [I
0 

+ 2 Re(ab*)Pcos f!>1<Ho = I
0 

Jf - 2 Re(ab*)P 
n/2 

L - R = I
0 

n + 2 Re ab* P - I
0 

n + 2 Re ab*P 

= 4 Re ab*P and 

L + R =· 2 I :n 
0 

The asymmetry e is de:fined by 

L-R 
f: =·-= + L+R 

4 Re ab* P =AP 
2 I n 

0 

where A is the analy'Zi.ng power of carbon. This expression is valid for 

a given polar angle a. Our apparatus included a range of' e, so we 

effectively integrated this expression over !"!. The working formula, 

then, for measuring P is 

e = P /A = - P /A recoil scatt 

P is normally defined as (cy )f for the scattered particl.e. An extra. 

minus sign arises in our expression for P because we observed the recoil 

proton rather than the scattered proton. The analyzing power A is a 

property of' the carbon and of our particular geometry. It was determined 

:1 I: 
I 
i 
I 
I 

I 
I 



for our apparatus in a caJ.ibration run using the polarized beam at the 

Argonne zas12 • 

Theoretical. Models for pp Interactions 

No complete theory of nucleon-nucleon interactions,exists.at this 

time--in fa.ct, we a.re far f'rom a theory 'Which can calcul.ate experimental.. 

quantities f'rom. :first principles. The models that we do ha.ve provide 

forms to be used in fitting the data. There seem to be two major classes 

of models--optical-type models and Regge models. Optical. models give 

predictions for the t-dependence of the polarization, but in genera.1. 

say nothing about the s-dependence. Hegge models do give a definite 

form for the s-dependence. 

6. Simple Regge Model 

Regge theory is based on two main ideas: the generalization of the 

angular momentum t to a compl.ex variabl.e, and the anaJ.ytici ty of the 

scattering amplitude as a f'unction of' s ~nd t. The origins of Regge 
. 13 14 theory date back to the work of Watson in 1918 and Sommerfeld in 

1949. They showed that it is possible to generalize the angular momentum 

to a complex. variable. Then the partial wave expa.ns.ion o:f the scattering 

amplitude can be expressed as an integral. in the complex .t-pla.ne (the 

Sommerfeld-Watson transfonna.tion). In 1959 Regge15 showed that, in 

non-relativistic scattering theory and for a iarge class of potEntiaJ.s, 

the only singul.arities in the scattering amplitudes are simple poles. 

Then the 'amplitude ca.n be expressed, using the Cauchy residue theorem, 

as a sum over the residues of the poles. These poles are call.ed Regge 

poles; their position in the complex t-plane moves with energy and traces 

i I 
J ~ 

Ji 
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out the Regge tranj ectories. Regge theory is rigorous only in the 

non-relativistic theory, but for the simpl.e Regge theory, the conclusions 

are assumed to be true in the relativistic case as well. Ma.ny exceller_it 
i 

.. I discussions of R~gge theory are given in the literature. See, for 

example, re:f. 16. For completeness, a brief devel.opmen~ of the 

theory is given here. 

Consider the reaction ab ... ed. Define the invariant scattering 

a.m:plitude A (ignoring spin for the moment): 

2 . 2 
A is a function of the Mandel.sta.m variables s=(p + pb) and t=(p - pb) , a a . 
and is assumed to be analytic except for isol.ated.poles. The possibl.e 

values of s and t for the physical. process ab -+ cd are (assuming, for 

simplicity, that all masses are equal) 

s ~ 4m2 
Region I 

-4p2 ~ t = - 2p2 (l - cos~) s 0 
2 .!. where p=(s/4-m ) 2 is the momentum of one of the particles in the center 

of mass. However, if A is an analytic function of s and t, it can be 

continued for values of s and t which do not correspond to the physical. 

process ab -+ed. In particular, it can be continued to the region where 

t ~ 4m2 
2 2 -4p s s :::: -2p (1.-cos~) ~ o, where now Region II 

p 2 = t/4-m2 

These values of s and t correspond to the physical region of the reaction 

ac .. bd, the crossed-channel or t-channel reaction. It is assumed that 

'' '. 
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the same amplitude, A(s,t), describes both reactions, and that A can 

be analytically continued f'ran one region to the other. 

Now a standard partial wave decomposition of A can be done in 

region II: 
ee 

A(s,t) = T. (2,t+l) Ai<t) Pi<cos et). 
J,=O 

The Sommerfeld-Watson transformation can be applied to the partial. 

wave series to express A as a.n integral. over a (a is used to denote 

complex .1,). 

A(s,t) 1 
= - 21 

r da (2o:+l) A(o:,t) Pa (cos llt) 
sin na 

C· 
where the contour C is shown in Fig. I-5. The contour can be deformed 

as shown in Fig. r-6, and, if the on1y singularities are simpie poles, 

the Cauchy residue theorem can be applied, and A can be expressed as: 

~j(t) (2aj+l) Paj(cos 9t,) 
A(s,t)=-1(~ - +r da(2a+l) A(a, t) Pa{cos 9t;) 

j sin naj e• ,c" sin na 

where f3 • ( t) is the residue of the jth pole, and a. ( t) is the value of' the 
J J 

angular momentum for which it occurs. The contours C' and en are shown 

in Fig. r-6. It can be shown that the integraJ. over the semicircle c" 
vanishes as the radius ,.. a. 

Now the assumption of analyticity can be appl.ied. This f'orm of 

A(s,t), aJ.though derived in the t-channel, is assumed to hold for the 
. 2 2 

s-channe1, where s '2: 4m and -4p ~ t ~ o. We can now obtain an 

approximation for A(s,t) in the limit s -+ m. The generalized Legendre 

polynomial.s, Pa ( z), have the behavior Pa ( z) 

Consequently, the integral. al.ong C' goes as 

a i ,.. z for Re a> "2 and z -+ OJ. 

-k+e : 2 -4c 
{cos ~) 2 = f2s/(t.J.im )l 2 



'Which vanishes for s ... • and lt ks . Then only the residue term 

contributes to A(s,t): 

sin naj 

a 
'it! 'E f3j(t) (2oj+l) (cos et) j 

j 

:for s -+ •· 
~ ~ f3j(t) 

j sin naj 

The conventional sea.le factor, s
0

, has been introduced, and the (2aj+1) 

has been absorbed into f3 j ( t). Each term in the sum corresponds to a pole 

or resonance in the t-channel. Fig. I-7 shows a Feynman diagram of. 

the process believed to be occurring. The interaction ab -+ cd at high 

energy takes place through the exchange of a particle (Reggeon) in 

the t-channel. Stated simply, poles in the t-channel determine the 

high energy behavior o:f a reaction in the s-channel. 

Regge theory makes no predictions about the forms of the residues, 

f3(t), or the trajectories, a(t). These parameters are adjusted to fit 

the data, and, hopefully, the same values will give good fits to 

several sets o:f data. One restriction on all trajectories, however, 

is that a(t = 0) ~ 1 -- otherwise total cross sections woul.d diverge :for 

s -+ •· The trajectory with a( t=O) == 1 is called the Po:aterQn and is 

assumed to have the quantum numbers of the vacuum. f3(t) is generally 

taken to be real, and a(t) is believed to be real for t < O. 

,. 
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One assumption usu.aJJ.y made about the residue f3(t) is factorization. 

It is believed that, for the reaction ab -+ cd, the residue can be 

wTi tten as f3 = ~a.re 13brd 'Where r is the exchanged partic:le. Ea.ch 

factor corresponds to one vertex and is independent of the other 

vertex. (See Fig. I-7 .) For example, if the reaction ag -+ch were 

considered, the residue woul.d be f3arc f3grh' 'Where t3a.rc is the same 

as before, even though e grh f. 1'3brd. 

In the discussion so far, the trajectories have been considered 

for the region t < 0. If a. plot (called a Chew-Frautschi pl.ot) of' 

Re a vs. t is extended to t > O, an interesting observation can be 

r.a.de.17 For every other integral value of' a(or hal.f-integraJ. -ror the 

case of baryons) , the vaJ.ue of t corresponds to the square o:f the 

mass of a. real particle whose spin is equal to Re a. All particles lying 

on a traj ectoey have the same quantum numbers except for spin. 

Trajectories are named for the l.owest ma.ss particle lying on them 

and are taken to ha.ve the s.ame quantum numbers a.s that particl.e. 

'lhey appear to be approximately l.inear with slope -1 (Gev)-2 • For a 

given reaction only certain trajectories can be exchanged, since quantum 

numbers must be conserved at ea.ch vertex. 

The fact that particles occur onl.y when a changes by two units 

rather than one leads to the idea of' signature. TO accommodate this 

experimental. f'a.ct, a f'actor is introduced into the a.m:pJ..i tude to cancel. 

every other pole. 
a ·.;.ina 

For mesons the f'actor is (1 ± (-1) ) = (1 ± e ), 

and the amplitude for a. singl.e po1e becomes 

a(t) 
A(s,t) ~ ~(t) (~) s 

0 
• (l.) 

' " I <! 
:i 
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The factor (1 :!: e -i~/sin na is called the signature f'actor; the 

(+) sign corresponds to positive signature and the (-) sign to negative 

signature. In non-relativistic scattering, if an exchange potential. 
I 

is present, a Regge pole contributes only to odd or even partial. waves. 

If the same property is asstuned to be true in the relativistic case, 

A(s,t) would be written as 

= 

which also leads to the signature factor. 

Spin is usua.lly taken into account by assuming a form for each 

helicity amplitude like (1). The residues are f'actored, with the 

factor at each vertex being either flip of non-fiip. For pp scattering 

the a.mpli tudes for the exchange of a. simple pole could be written: 

d d s a l :!: e-i:na 2 
1"1 = 1'3 = Cs-) [ sin rta 1 Tl 

0 
a -i:na 

¢2 = r/>4. = (SS ) [ J_ :!: e J ~2 sin rta :, 
0 

where ~(t) is the residue for non-flip coupling, and ;(t) is the 

residue for flip .cou;pling at the vertex. Sometimes a factor (-t) l>i."!X"'\ 
is included, where \.=A.a,-~ and >..' =>-c-\i· This :factor builds in the 
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correct angular momentum dependence as t ~o.18 

Regge theory has been used extensively to·fit cross-section and 

polarization data for pp and other reactions. See for exa.mpl.e, refs. 
' 19, 20. T'ne simple Regge theory, using several trajectories, has had 

considerable success in :fitting the data, but certainly not universa.:L 

success. 

Regge theory makes definite predictions :for the a-dependence of 

the pol.arization, P. First of a.11, to obtain a. non-zero polarization, 

it is necessary to exchange at least two Regge poles. Recall. that 

Consider just the term ¢1.~;, and assume that a single Reggeon with. 

positive signature is exchanged. Then, using the forms for ¢1 a.nd ¢5 
given above, 

3 (s )2a [ 2(1 +
2
cos na)) 

='fl~s - - -
o sin na 

which h.a.s no imagina._7 part ! The same is true for a.11 the other terms in 

P, so the polarization vanishes if onl.y one Regge pole contributes to the 

process. 

now assume that two Regge poles contribute. Then ~l can be written 

as 

a.nd likew1se ¢5 can be written 

°1. 1 + -ina1 
¢5 = (~o) [ si: 1tC\ 1 'Tl:J.S1 + 

l + -i~ 
( si~ na 1 ~~ • 

2 

~' 
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Now interference can occur between the two Reggeons and P can be non-zero: 

2a2 ...3 2 + 2 cos flc2 
+ ( L) ''2 ~2 ( 2 1 

so sin "0!
2 

This expression does have an imaginary part in the school and third 

terms: 

were K and K' are factors involving C\ (t) and ~(t) and are independent 

of s. We are interested in the s-dependence of' P t'or s -+ ce. Again 

considering only the :first term in P, 

P-

Tb.en 

where again the K's are :factors that depend on t only. The pale with the 

largest value o:f a will determine the behavior of' the denominator. This 



)2 

·.,-DJ. be the Pomeron, with a(t=O) = l. The other terms in the denominator 

ca.~ be neglected at high energy. Then 

~low, (a2-<)_) <0, since a.ll other trajectories lie belc:rw the Pomeron. 

So the polarization dies off as some negative power of s. Thus standard 

Regge theory makes a definite (and discouraging) prediction for the 

polarization: P -+ 0 as s -+ co. 

7. Modified Regge Theory: the Absorption Corrected Regge Model 

When the simple Regge theory failed to fit certain data (such as 

polarization in ~1'-+ ~0n), a number of modifications were tried with 

va._.-rying degrees of success. One of the most success:ru:L was the 

absorption correction to Regge amplitudes. A great deal of work ha.S 

been done on this :tlodel by Kane and others at the University of Michiga.n..2-1,22
>
23 

Ref. 22 is a.n excellent and detailed discussion of the Michigan version 

of the absorption-corrected Regge theory. The model gives a. definite 

prescription for calculating pp polarizations, as weJJ.. as many other 

experimental quantities. The basic ideas of the model are brief'1y 

presented. here. 

Consider the reaction ab -+ ed. If' the Reggeon, r, being exchanged 

has non-vacuum quantum numbers, the form for each helicity amplitude is 

simil.e.r to that given by the simple Regge theory: 



l 

""" 

)) 

j - o: (t) ar(t) 
(-t)n+x ~arc ~rd r [ 2 r 1 (~ ) exp[ -i7C(o:r{t)-j) 1 

0 2 

where n + x = \Ac:-Aa_' +1\i->q, \ j is the spin of' the lowest-1ying particl.e 
' 

on the trajectory, and the t3 's are the factorized residues. The gamma 

runction gives the amplitude po1es at f!Nery other integral. value .of a, 

as required. The amplitudes can be expressed in impact parameter space 

by the transformation 
co 

R(s,b} ~ ~ f J-t dJ-t R(s,t) J (bJ-t) , 
2p 6 n 

where n is the net helicity flip. The inverse tra.nsfonnation is 

2 CD 

R(s, t) = 2p l bdb R(s ,b) Jn (bJ-t) • 
0 

The model makes extensive use of the impact parameter representation and 

the transformations between b a.nd t. 

For vacuum quantum number exchange (the Pomero.n),. the. amplitude is 

quite different. It is not an exchanged Regge pole. Ra.ther, it is the - . 

complete amplitude corresponding to diffractive elastic scattering, and 

the arguments used to determine its :ro:rm are vezy similar.to those of 

optical. models to be discussed later. Basical.ly, hadrons are a.ssUilled 

to interact in terms o:r two components, a. "central" component, and an 
"edge" or}lertpheraJ. piece. Suppose the centraJ. portion is a bl.a.ck disk 

of rad.i us R • Then the amplitude in impact parameter space would be c 
M (b) = c e(Rc -b), where e(x) is the step f'unction 

a(x) = l for x >O 

e(x) = 0 :for x ~ 0 

i' 



The distribution in t is given by 

CD 

Mc (t) == 2p
2 r bdb M(b) J

0
(b/ ... t) 

0 

• 

If-the edge is a 5 ... :f\mction in impact parameter space a.t the radius 

Of course, the central. disk cannot really have a sharp boundary, and 

the edge piece is not a o-i'unction. The boundaries are spread out by 

multiplying the Bessel !'unctions by exponentials. 

The energy dependence of the PomerQn is determined by a.J..1ow:i.ng the 

radius of both the central part and the peripheral pa.rt· to increase with 

s. The radius of the edge is given the dependence Re2 
r-1 ln(s), although 

no rigorous argument has been given for that choice. The central. part 

is believed to increase more SJ.owly w.i th energy, so 

R 
2 2 

,.., oc + r c ln s' 

where R >> r • oc c 
To guarantee that the Pomeran has even signa.ture22 , the phase and 

-ina ( -ina) energy are rel.a.ted by s -+ se • That is, se is treated as a. 

singJ..e variable. 

Al.1. of these considerations together give a Pomeron of the form 

P{s,t) = -is(Ac eBct Rc
2 
J1(Rc/-~/Rc/-t] 

., 
.I 
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where R 2 
= R 2 + r (ln s - i~/2) and R 2 ~ R 2 (ln s -i~/2). c oc c e oe 

In the absorption model, vacuum quantum number, diffractive 

processes can also fiip helicities or change mass. (A specific mechanism 

by which this ca.n occur is discussed later.) For this process only the 

peripheral part of the diffractive ampl.itude is used: 

• B t 2 2 D (s,t) = -isrA e e R J (R J-t)], n L:e e n e. 

were n is the net helicity flip. 

An important aspect of the Michigan model. is the absorption correc~ion 

to Reggeon exchange. The idea is, simply, that the initial. and final. 

state particles rescatter el.astica.1..1.y off each other. Then the Reggeon 

ampli tud.es should be corrected for this elastic rescattering. The 

absorption prescription used is the method proposed by Sopkovich in i.962.24 

Ea.ch Regge amplitude in inq;>act parameter space is modified by an effective 

S na.trix: 

'Where S eff is given by 

Sef:f'(s,b) = l. - i2p
2 
Meff(s,b}/4~s. 

Meff ( s, t) , the re scattering a.mpli tude, has three contributions: 

Mef:f'(s,t) = P(s,t) + Mf(s,t) + b(s,t) 

Here P(s,t) is the Pom.ernn amplitude defined ea.rlier--this is the dominant 

contribution. The para.meters in the Pomeron ampl.itude a.re determined 

from elastic cross section data, and the same form is used for the 

absorption. Mf{s,t) is the contributi"on to el.astic scattering from the 

exchange of the :f-trajectory. '£(s,t) represents the contribution to the 

,--, 
I: l 
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absorption due to all the inelastic intermediate states. Me:f:f(s,b) is 

obtained f'rom Meff(s, t) by the appropriate transformation, the Reggeon 

amplitude R(s,b) is then absorbed, and the absorbed amplitude is 
; 

transformed back to the representation in t, giving the full Regge 

amplitude, M( s, t) • One interesting result of absorption is that, since 

the real. and imaginary parts of an amplitude are absorbed differently 

their relative phase changes, and a single Regge &change can give rise 

to a polarization. 

Polarizations in pp scattering arise :from two sources in this model.. 

At low and intermediate energies, several Regge trajectories {1',w,A2) as 

we11 as the Pome?OJl will contribute to elastic scattering, and interference 

between them will lead to polarizations. But, as we have seen, this 

polarization will die off at higher energies. 

Pumplin and Kane have discussed a process by which di:ffractive 

elastic scattering can flip helicities and lead to'polarizations.23 

The process is two-pion exchange, as shown in Fig. I-8. The n can couple 

with a. flip amplitude at one vertex and non-flip at the other, leading to 
I 

a net helici ty flip. Double flip amplitudes could arise if both protons 

dissociated, but such effects are assumed to be small. To calculate the 

polarization, it is necessary to know the flip/noo-flip ratio for the 

process of Fig. r-8. Pumplin and Kane have calculated the ratio by 

numerical. integration23 and f'ound it to be about .35. Now we can write 

down the non-flip and flip amplitudes for pp elastic scattering for this 

process: 

M++ = is Ac RBct J1 (RJ-t)//-t + is Ae r 2 eBet J
0

(rJ-t) 

2 Bet { ) M+- = is C Ae r e . J1 rf-t , where 

2 
R = R~ +Rt (ln s - i~/2), 

'I'' '' :-: \ 
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r 2 = r 2 (J..n s - i~/2) 
0 

and C is the flip/non-flip ratio. The two non-flip a.mpl.itudes have 

been incl.uded together in M++. The parameters A , B , etc. were e e . . 
determined from a fit to el.astic cross section data, and the same 

parameters are assumed to hol.d in caJ.cu1ations of the polarization. 

Values given in re:f. 23 a.re: 

B =2.21 c 

2 R =8.47 
0 

2 Ri=-33 

2 r =2.92 
0 

Tb.is leads to very specific formulas for the amplitudes, and the 

polarization is easily calcul.ated from 

P = 2 Im(M++ M:_)/[. \Mi+ \2 
+ \M+_\2 

'] • 

The sign of the polarization.is not determined because of ambiguity in 

:!: JR where R is complex, but it can presumably be fixed by the low 

energy data. Two-pion exchange will continue to be iJr:!portant at high 

energy, so pol.arizations in pp el.astic scattering (and other dif'fractive 

processes) should persist to very high energies. Polarizations caJ.culated 

f:ro:r:i re:f. 23 are compared with our data in Chapter r:v. 

8. OpticaJ. Models 

The general. philosophy of optical models is quite different "t:rom 

that of Regge model.s. Optical model.s do not consider t-cha.nnel processes 

at a.l.l, but treat the interactions of' hadrons as an s-channel. process 

similar to the diff'ra.ctive scattering of 1.ight from a physical. object. 

Hadrons a.re assumed to be objects of finite size with certain mass 

distributions and opaqueness. When they interact, their mass distributions 
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overlap and absorption takes place. A number of optical. models have 

been developed; we will discuss two, one due to Chu, Hendry and 
25 26 27 26 Abshire ' ' and the second due to Durand and Halz.en. • 

The model of Chu, Hendry and Abshire has been quiet successf'u.l.. in· 

fitting cross-section and polarization data for pp and other reactions 

below about 20 GeV/c. 26 In this model, the helicity amplitudes are 

expressed as fUnctions of the impact parameter b. Recall that helicity 

amplitudes have the expansion5 (assuming '° = 0): 

<>-c;.d 's 1>-a,~ \ = -;h> ~ (2j+l)().c)..d 1sj \),a).b\ di1' (A) ' 
j 

where ). = ~->,,, ;.' = ~ -')..d and Sj is the part o:f the s-matrix which acts· 

on the jth partial wave. For the pp non-flip amplitudes, the expansion 

is 

The d function has the Bessel function approximation (for large j and 

small ~) 

dj ( 9) ~ J f'(2j+l) sin 2
91 . 00 o- . 

The impact parameter b is related to the angular momentum j approximately 

by 

Also, 

Then 

j + t - pb. 

sin.! = J-t/2p 2 

dj ( e) -;: J (bf-t) 
00 0 

i't 
::\. 11 
I j~ 
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The sum aver j can be converted to an integral over b: 
1:9 

¢1 ~ ~ r pbdb Jo(b/-t) si+ • 

j S++ is assumed to have two parts--a central absorptive, disk, 

:for b < R 

= 0 :for b > R , 

and a peripheral or edge part strongly peaked at R: 

s~+ = a2 ~(b-R) • 

'lllen the non-:flip amplitude is 
~ ~ 

¢1 = i~ J bdb J
0

{R,f-t) + a2 ,f bdb J
0

(b.f-t)6(b-R) 
0 0 

= i81_ J 1 (R./-t)/RJ-t + a2 R J
0 

(Rf-t). 

¢3 has essentially the same form as rp1 • 

For the single flip amplitude, ¢5, the expansion is 

rp5 = fp- r (2j+l) dg1 ( e) st_ 
j 

Now sL is assumed to have only the peripheral part, 

sj = a 6(b-R) 
+- 3 

The Bessel function approximation f'or dgl ( e) is 

dgl. ( e) '=:! Jl. ((2j+l) sin ~ 1 

The sum over j can again be converted into an integral, and we have 
• 

~5 == a.
3 

t bdb J 1 (b,/-t) ~(b-R) 
0 

39 
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D:>uble flip amplitudes are assumed to be much smaller than single fiip 

a.nd are ignored. The result is a polarization of the :form 

p,..., [J1(Rf-t)12/RJ-t 

Of course, the actual situation will not ·be represented by 6-f'unctions 

and a disk with sharp edges, but this expression for P gives a general. 

idea of' the way P will behave. If the radii of the central and edge 

parts are the same, the polarization, as a function of t, will have 

double zeroes at the zeroes of' . J1 • If the radii are allowed to be di:f-

feren.t, P will have a single zero at the zeroes of J1 (R/'-t} and J1 (R' f-t) 

and will probably go negative in between. This model gives no prediction 

for the energy dependence of' the polarization. 

The second optical model which will be briefly discussed is. that. 
28 of Durand and Halzen. The basic assumption of the model is that the 

primary pp interaction is dif:fracti ve, and that spin effects eniier only 

through a weak spin-orbit interaction. The eikonal approximation (a 

standard technique fran optics) is used to obtain an expression for 

the scattering matrix S: 

s = 11? r fl-e -~(b) 1 e -i,g,-A d~, 
21t , -

where q is the zoomentum transfer, and b is the impact parameter. The ,..., . -
eikonal function x(b), has two parts-a central, spin-independent term 

which gives the diffraction part of the interaction,, and a term which 

gives the spin-orbit interaction: 

where z is along the direction of the particle's motion. ~ is assumed 

t.o be real, Xr.s is real end positive for an attractive spin-orbit inter-

action, and \XLS \<<\Xe\. The evaluation of the integral (see ref. 28) 

leads to an expression for P in terms of the cross-section: 



dO' I ~ • were a = dt and o is the derivative of dt with respect to t. Xr.s 
I 

is a parameter which is adjusted to :fit the data. The model also 

gives 

· do If the model is valid, structure in dt' should be associated with 

. ~ structure in P. So in the dip region of dt for pp scattering, one 
' 

would expect to see a very interesting polarization. P should go 
do though zero and change sign as dt goes throug}l the dip. 
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Table I-1 

Experimenta.1 Observables in pp Scattering 
in Terms of Helicity Amplitudes 

Helicity Am.plitude Representation 

42 

I (Unpo1a.rized cross 
0 section} 

I P (Polarization 
0 parameter) 

"!rl¢1 12 
+ 1¢212 

+ 1¢3 \2 
+ 1¢4 12 

+ 41¢5121 

Im ¢5<¢1 + ¢2 + ¢3 ~ --~4)* 

I C ( S'Din correlation 
0 xx -parameters) 

I D (Depolarization 
0 xx parameter) · 

I D 
I 0 XZ 
! 
I 

;I K (Polarization 
0 xx transfer para-

meters) 

I K 
0 yy 

I K 
0 zz 

II K I o xz 

-Re (¢2¢i: + ¢4¢3*} 

Re(2 l¢512 + r/J2r/J1 * - ¢4¢3*1 . 

~rt¢1\2 + \¢212 - l¢3t2 - 1¢4121 

Re ¢5(-¢1 ·¢2 + ¢3 -¢4)* 

Re(¢3¢1* + ¢4¢2*) 

Ref¢3¢t - ¢4¢~ + 21¢5121 

~r1¢112 - 1¢212 + \¢312 - \¢412 1 

Re ¢5(-¢1 + ¢2 - ¢3 - ¢4)* 
-Re(¢3¢2* + ¢4¢1*} 

Rer¢3¢2* - ¢4¢1* + 21¢5 l*l 

~r\¢1 ,2 - \¢212 - 1¢3 \2 + \¢4121 

Re ¢5(-¢1 + ¢2 • ¢3 + ¢4}* 

These ~uantities are referred to the helicity rest frames of the 
particles, as described in section I-4. 



b 

Table I-2 

Wolrenstein's Experimental Observables and their 
Relativistic Generaliz_ations. 

I = 1(00;00) 
0 

I P = I(No;OO) .. I(nO;OO) 0 

I D = I(No;No) ~ I(nO;nO) 0 

IoR' = I(Po;N x k10) .. I(fo;sO) 

IoA' = I(Po;k10} .. r(ic>;io) 

I c = I(NN·OO) .. I(nn;OO) o NN ' 

#If. ,,,. A ,._ 

The vectors K, N, P, n, etc., are defined in section I-4. 
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Cr!APIEH I FIGUS8S 

?i~;~e :-1. ~he helicity rest frames are defined in the center of 
c.ass coordinate system for the interaction 12-~34. Each particle has 
its z a.xis along its direction of motion in the center of mass; the 
y axis is normal to the scattering plane, and x = y x z. 

?i5~re I-2. The coordinate system defined by Wolfenstein to describe 
exper:L'Tlental observables. k 1 and kf a.re the incident and final 
::o:i.e::ta of particle 1 in the center of mass, K "" (kf - k 1 )/1,!;r - ];1 I• 
ar.c F = (kf + ki)/\,!;f + ,!;i \ .. The normal to the scattering plane is 
out of the paper. 

44 

?igt.:.re I-J. '!be laboratory coordinate_ system used in relativistic spin 
ex;erinents. .Each particle has its own system with along the 
particle's direction of motion, n normal to the scattering plane, and 
s = n x The target particle, which is at rest in the lab is given 
t~e same system as the beam. 

Figure I-4. The relatior.ship of laboratory coordinate systems to 
ce~ter of mass helicity rest frames. In the non-relativistic limit, 
or ~~en the masses of all particles are equal, 

?igure I-5. Contour for the Sommerfeld-Watson transformation. The 
co~to~~ encloses the positive real axis but excludes any poles in the 
ar::.J;l.itude A(t). 

Figure I-6. 'Ihe contour of Figure I-5 deformed to convert the integral 
of the ~o:nmerfeld-Watson transformation into a sum over the residues 
of the poles in A(t). The line C must pass to the right of Re 1 

= -"2• 

~igu=e I-7. The exchange of a Reggeon r in the t-channel of the reaction 
ab cC., Associated h'"i th the vertex of particles a, r, and c is the 
factorizeC. resiC.t:.e f3 • ~he resicfoe f). . is associated \.."1th the arc oru 
ve~tex of ;articles b, r, and d. 

; ! 

; i 
: ; 
'I . I 
'. i 
: I 
: ; 
; I 

I 
! i . I 
! I 
i 
' 

' l 

i 
I 

·1 
! ; 

I 
.! ,, 
'.I 
'· i 
. ' i; 
l 



4.5 

?igure :-e. ~~e t~o pion exchange process of reference 2). Particle 
a dissocia~es into c plus a pion, the pion interacts with b via Pomeron 
exc~a~ge, a~d the pion is ~eabsorbed by particle a. ·:1 
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Figure I-2 
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Figure I-3 
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Figure I-4 
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Figure I-8 
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CHAPTER II 

DESCRIPTION OF APPARATUS 

This experiment was done at the Internal Target Area. (I'l'A) of the 

Fermi National Accelerator Laboratory. The experimental apparatus used 

consisted of two fairly distinct devices--the ITA Large Angle Recoil 

Spectrometer (inc.lll ding the gas jet target), and the E.313 polarimeter. 

Protons in the accelerator's main ring interacted wi. th a spray of hydro-

gen gas from the gas jet target. The momentum and production angle of' 

the recoiling proton was measured by the spectrometer. Located 

directly behind the spectrometer was the E313 polarimeter, which measured 

the po1arization of the recoil proton by double scattering it in a 

carbon block. The spectrometer was a joint effort of ITA, El98A (a 

collaboration of the University of Rochester, Rutgers University, and 

Imperial College of London), and E313 (Indiana University). The polar-

imeter was constructed by Indiana University. Fig. II-1 shows the 

target, the spectrometer, and the polarimeter. Fig. II•2 is a more 

detailed view of the polarimeter. 

Tb.is chapter begins with a brief description of the spectrometer 

and the polarimeter. Then ea.ch element of both devices is described 

in detail. Finally, items cozmnon to both--the fast logic and the 

method of data acquisition--are discussed. 

General Description of Spectrometer and Polarimeter . 

L'ltera.ctions occurred when a jet of hydrogen gas from the gas jet 

target was sprayed into the circulating proton beam in the accelerator's 



nain ring. The recoil protons were focussed by a quadrupole doublet. 

(G,larrl Q,2 in Fig. II-1) Momentum analysis was accomplished by a 
0 dipole rr.agnet which bent on-momentum particles through 25 • A series 

of multi-wire proportional chambers (SPCl-11 in Fig. II-1) and 

hodoscopes (Hl-4 in Fig. II-1) determined the trajectories of the 

particles. Se"reral scintillation counters (Sl-4), as well as a fast 

;tire-or of one of the multimre proportional chambers (MWPC), were 

e:railable to trigger the system. To minimize Coulomb scattering, the 

nrotons travelled through vacuum or helium filled pipes whenever 

pcssible. 

The nomentum acceptance of the spect.roraeter was * 5%, and the 

I 2 2· resolution in rrdssing mass squared was about 150 (Mey c ) • The 

spectrometer pivoted under the target from 33.5° to 80° in the lab 

(as Deasured from the incident beam direction). This corresponded to 
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at range of -8. to -.1 (GeV/c)2• The spectrometer could be remotely moved 

·:ner about one-fourth of its angular range. An access in the main 

ring was required to move from one "region" to another. The spectre-

net.er' s position could be remotely read from .a tape mounted on the 

floor underneath it. 

?he E313 polarimeter (see Fig. II-2) was located directly behind 

the spectro~eter. The polarization of the recoil proton was determined 

oy double scattering the protons in a carbon block (c in Fig. II-2) and 

~easuring the asymmetry. (See section I-5). The particles' trajectories 

in both the horizontal and vertical planes were measured by MWPC's 



befoye and after the carbon block (PCl-8). Two hodoscope planes 

(:iX and HY) were used to resolve ambiguities in track reconstriiction 

in the chambers. Two scintillation counters (Tl and T2) triggered the 

systen. A calorimeter consisting of three large scintillators (Rl-3), 

·,;i th variable thicknesses of steel sandwiched between them as absorbers, 

gave a rough energy measurement of the double scattered particles 

and could be included in the trigger to increase the relative number 

of elastics in the sample. A hardware preprossessor was used to 

eli:nina.te a large fraction of the uninteresting events which scattered 

less than 6° in the carbon. The entire apparatus could be rotated 18o0 

about the beam axis; as will be described in detail in Chapter III, this 

was important in minir:lizing systematic asymmetries. 

The Spectrometer 

1. The Ga.s Jet Target 

The gas jet target used in this experiment was one of three located 

at the ITA. Fig. II-3 shows a schematic of the target. It was built by 

El98A and ITA; the nozzle lla.S supplied by Los Alamos. 

When the jet was pulsed, a jet of hydrogen (or possibly other) gas 

at about 10 atmospheres pressure was sprayed through the .003" nozzl.e 

directly into the circulating beam. The expansion of the gas cooled it 

to about 100°K when it entered the beam. Ater interactions had occurred, 

it was important to remove the gas from the main ring as soon as possib1e, 

so as not to interfere with the operation of the accelerator. This jet 

was a non-cryogenic, or "warm" jet, that is, the gas was removed. by 

pumping rather than by freezing with liquid helium. Most of the gas 
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(about 85~) passed through the beam and into an inverted mylar cone 
3 . 

located about 211 below the jet. The cone led to a l m buffer volume. 

'i'he gas was then at a low enough pressure so that two 10" oil diffusion 

purr;ps could evacuate the area. In addition, two other 10" pumps, one 

upstream a.nd one downstream of the jet, pumped excess•gas out of the 

r:ain ring. To prevent more gas from seeping into the beam pipe after 

the jet was Cf'ler, the nozzle was pumped from behind by a mechanical. 

Some of the.typical operating parameters are as follows. The 

density of the jet was about l0-7 g/cm3 and could be varied by 

changing the pressure of the hydrogen gas at the nozzle. The width 

of the jet was about 6 mm FWHM, and the length along the beam direction 

wc.s 1 cm. The length of the pulse could be varied from 20 ms up to' any 
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desired length. The jet's density and duration were limited in practice 

by the amount it interferredw.i:ththe accelerator's normal operation. 

a typical beam burst of io13 protons, the luminosity of the jet 
34 

~ .• 5 x 10 • It could be pulsed at any point during the beam's 

?or 

acceleration, allowing us to select any incident beam momentum from 

10-4oo GeV/c. Also, at least five jets per beam pulse were possibl.e, 

allowing us to sample five energy ranges simulatneous1y. Normall.y, we 

ran with three to five jet pulses per beam burst, each 1.00-200 ms l.ong. 

?or a typical acceleration rate of 125 GeV/c per second, each jet 

pulse would then cover a range of' beam momenta 12-25 Gev/c wide. 

2. Magnets 

The beam of recoiling protons was focussed by a superconducting 



quadrupole doublet (Ql and Q2 in Fig. II-l). For this experiment, the 

quads increased the effective solid angle by about a factor of 4o. 

Tne magnets were designed to provide a parallel-to-point focus at the 

first proportional chamber, that is, all particles pro4uced at the 

same lab angle were focussed to the same point at the first chamber 

(SPCl in Fig. U-1). Then a measurement of position at SPCl corresponded 

to a measurement of production angle at the target. 

A superconducting dipole magnet provided momentum analysis~ On-

nomentUI:l particles were bent through 25°. During construction of the 

spectrometer, the dipole was mapped using a Hall probe. The field was 

found to var-y no more than ± 33 both horizontally and vertically across 

the width and heighth of the magnet. However, the dipole was found to 

have large fringe fields which produced some unusual focussing properties 

in both the horizontal. and vertical. planes. This necessitated using 

some second and third order matrix elements in the momentum analysis. 

All three magnets were on loan from the Lawrence Berkeley Laboratory. 

S0r:1e para.meters for both the quads and the dipole can be found in 

Table II-1. 

3. Spectrometer Char:;bers, Hodoscopes, and Trigger Counters 

A·series of MWPC's, hodoscopes, and trigger counters was used to 

detect the recoiling protons and measure their momentum and production 

angle, (see Fig.II-1). Details of their dimensions and positions can 

be found in Table II-2. All clJ_a.mbers had wire spacings of 1.3 min. 

The gas used was the standard "magic gas" mixture, 2r:J!/o isobutane, 

about .4% freon, and the balance argon. 
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The first set of chambers (SPCl-3 in Fig. II-1) was located about 

76o CCT from the target. It contained three wire planes, two measuring 

the horizontal coordinate (x), and one measuring the vertical (y). In 
I 

the x-planes the wires were staggered by ~ wire spacing to increase the 

resolution. The "parallel-to-point" focus of' the quads occurred at 

this set of chambers, so that a position measurement in x here 

corresponded to a measurement of the production angle. A similar 

set of chambers (SPC4-6) was located about 75 cm downstream. Three 

hodoscopes (Hl..-2 and H3) were located between the two sets of chambers 

and were used to resolve ambiguities in track reconstruction. Also, 

located between the two sets of chambers were two trigger counters, Sl 

and S2. Another proportional wire plane SPC7 was located immediately 

in front of the dipole. A fast wire-or of all the wires in this plane 

was available as part o:f the trigger. However, timing problems 

limited its usef'ulness. Two more wire planes (SPC8-9) were located 

il::Jnediately after the dipole. About 250 cm further downstream were 

located two "crossed wire" chambers (SPClO-ll) with the wires til.ted 

:: 15° from the vertical. All of the MWPC 's were used in the momentum 

reconstruction. One more hodoscope plane (H4) and one more trigger 
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counter (s4) were located behind the last set of chambers. Our normal 

trigger for the spectrometer (which we called TR) was s1.s2 or Sl•S2·S4. 

Under nonna.l running conditions, there was almost no difference between 

these two triggers, and s4 was usually omitted. An EVENT, then, was 

an AND of the spectrometer trigger (TR) and the polarimeter trigger (TP) • 

:; 



Cha.~ber Readout 

Both El98A and E313 read out the spectrometer chambers. The 

amplifier circuit for the E198A readout is shown in Fig. II-4. The 

negttive signal from the chamber wire triggered the 74L04 pre-amplifier. 

(The 74L04 is actually a TTL inverter which was made to operate as a 

low gain amplifier with the use of negative feedback.) The positive 

signal from the 74L04 then went into the negative input of the 72810L~ 

a high-gain TTL amplifier. The amplified negative signal. was then 

converted to ECL levels, and the signal was fed. into a MC1035, an 

ECL line driver. The output of the line driver went to the El.98A 

trailer. E313 teed off the signal from the MC1035 as shown. 

The circuit following the tee is shown in Fig. II-5. A constant 

-1.3 V on the positive input of the 710 comparator set the threshold--

whenever the negative input was at a voltage lower than -1.3 v, the 

a.nplifier was triggered. The quiescent input to the 710 from the 

MC1035 was -.8 V. When a signal appeared on a wire, the input 

switched to -l.6 V, which crossed the threshold and triggered the 

anplifier. The 710 saturated at +3 V, and the signal. lasted from 

100-200 ns. The sequence of signals is shown in Fig. II-6. 

The amplified signal from each wire was fed in parallel. into 

one bit of a shi~ register. The integrated circuit used for the 

shi~ register was a 4o12, a four fit TTL shif't register. The pin 

configuration of this chip and a section of a larger shif't register is 

shown in Fig. II-7. When a spectrometer event (TR) occurred, the state 
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of each wire at that tir:ie was loaded in para:llel into the shift register. 

If the event was acceptable {that is, a polarimeter trigger was also 

present), the infor.-1ation vra.s shifted out serially in~o a SAC system. 
i 

~rnen the readout began, a series of scalars in the SAC system began 

counting at a rate set by a 20 MHz clock. The chamber in:fonnation 

was shifted out synchronously by the sa.me clock at a rate eight times 

slower. Each "hit" in a chamber stopped a scalar; the scalar reo.ding 

then indicated which vrire had been hit. These scalar readings were 

recorded for each event. There were four scalars for each chamber; 

i:' more wires were hit, the additional ones were lost and a spark 

overflow bit was set. Events which had the spark overflow bit set 

were disregarded in the analysis, since chamber information had been_ 

lost. These events were a smaJ.l fraction of the total, however (about li). 

4. Minimization of Coulomb Scattering 

At low 1t \ values, the energy of the recoil proton is quite small 

(at t = -.3, the kinetic energy is 160 MeV). Coulomb scattering can 

be a problem at these energies. To minimize this e:f:fect, the protons 

travelled through vacuum or helium filled pipes wherever possible. The 

rc.ain ring vacuum was extended up to the first quadrupole magnet; after 

the second quad, the particles travelled through a helium filled pipe 

upt:> the f'irst set of proportiom.l chambers. After the second. set of 

chambers, the protons again travelled through a helium filled pipe 

which extended u:p to the dipole magnet. Another helium pipe was located· 

between the chambers directly behind the dipole and the crossed wire 

cha.r:ibers. 

l 
! 



5. Beam Conditions and Monitor 

A typical beam pulse in the main ring varied in intensity from 

about 5 x io12 to 2 x io13 protons. Beam was injected into the main 

ring from the booster at 8.89 Ge!/c. The rate of acceleration after 

injection was typically 125 GeV/c per second. The flat top, which was 

no!'I!1al.ly at 4oo GeV / c, lasted about two seconds. The accelerator's 

cycle time varied from about 10-15 seconds. We had one rtmning period 

'With unusual beam parameters-·a 100 GeV/c "front pfbchn, which lasted 

two seconds, and a 200 Ge V / c flat top, which 8.l.so lasted two seconds. 

The cycle time was nine seconds for this mOd.e of operation. 

The beam intensity was monitored by a solid state silicon detector 

located near the target at 85.5° in the lab, as measured from the beam · 
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direction. The thiclr..ness of the detector was 1500 microns, and the 
2 area was 2 5 mm • The monitor was located in such a way that essentially 

all the protons it saw were elastic. 

The Polarimeter 

6. Carbon Block 

A carbon block (C in Fig. II-2) served as the spin analyser for the 

protons. 2 For \t 1 values greater than • 3 ( GeV/ c) , a two inch thick 

block was used. For It\ values less than .3, a one-half inch block 

was used. The thicker block gave a larger percentage of use:t'ul. 

double scatters at the higher energies, but a; lower energies it absorbed 

too many of the protons. The analysing power of the blocks was measured 

using the polarized proton beam at Argonne National Laboratory's ZGS.4 

(This caJ.ibratio:i. will be discussed in Chapter III.) The carbon could be 

I 
I 
I 
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rer:otely moved in and out of the apparatus to allow f'or "straight 

through" runs as well as regular data runs. The straight through·· 

infomation was used to check the alignment and efficiency of the 

chambers and hodoscopes. 

7. Polarimeter Chambers, Hodoscopes, and Trigger Counters. 

Four MWPC's (PCl-4 in Fig. II-2) were located in front of the 

carbon block to measure the incoming angle of the protons in both 

the horizontal and vertical planes. Four more chambers (Pt:5-8) were 

behind the carbon to measure the angle of' the scattered protons. 

All of the chambers had 2 mm wire spacing. The gas used~ the 

standard "I!".agic gas" mixture--2~ isobutane, .41i freon, and the 

balance argon. Table II-3 has details of' the dimensions and 

positions for the chambers, trigger counters, and hodoscopes. 

Two scintillation counter hodoscope planes (HX and HY in Fig. II-2) 

were located a1'ter the last proportional chamber. They measured 

both the horizontal and vertical coordinates and were usef'ul in 

resolving ambiguities in track reconstruction in the chambers. 

'.i.1here were two trigger counters--the first (Tl), was located before 

the first chamber, and the second (T2), was located between PC2 and PC3. 

A polarimeter trigger (which we cal.led TP) consisted of Tl·~2. 

Chamber Readout 

Tbe amplifier circuit for a single wire of the polarimeter chambers 

is sho-..m in Fig. II-8. The input bias current of the 710 comparator 

was about 10 p.a. The negative input of the amplifier in the quiescent 

state was -10 m V, and the positive input was at a constant -15 mV. The 

difference in these two (-5 mV) set the threshold. A negative signal 

! 
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from the chamber wire of 5 mV or greater would cross the threshold 

and trigger the amplifier. (A typical pulse from a chamber wire was · 

about 20 my.) The output of the amplifier was +3 volts and lasted 

100-200 ns. 

The outputs of the 710's·were fed in parallel into a shift 

register. When a polarimeter event (TP) occurred, the state of each 

wire was latched into the shi:f't register. If the event was acceptable, 

the shift registers were read out in series through the SAC system, 

just as for the spectrometer chambers. 

8. Polarimeter Computer 

Only protons which double scattered in the carbon into an angular 

region of 6° -22° were useful for determining the asymmetry. outside 

of this region, the analysing power of carbon becomes small, that is, 

it does not differentiate well between spin states. However, only 

about 1-~ of all protons passing through the carbon double scattered 

into this region. A unique feature of the E313 polarimeter was the 

"polarimeter computer", a hardware preprocessor which was designed 

to eliminate at least some of the uninteresting straight-through events .• 

The polarimeter computer could be used in the trigger, or the status 

of the tests could be used only to tag events. The polarimeter computer 

proved essential to our data taking--it increased the fraction of useful 

double scatters by about a factor of 20. 

The polarimeter computer used informati-on from the proportional 

chambers to make tests on the events. The outputs of the chamber 

shif't registers were OR'd together in pairs and fed into separate 

shift registers used only by the polarimeter computer. When an event 



occurred, these shift registers were latched into the same state as 

the chamber shift registers. Then three separate teSits were made on 
I the event through a series of hard-wired logic gates. If any one of 

the tests failed, the processing was stopped and a reset signal was 

sent to the fast logic. All three tests were completed in about 

2 \i sec. The horizontal and vertical planes were treated identically 

in all tests. 

Upstream Test 

All of the chambers upstream of the carbon block were required to 

have at least one '~it 11
, and the particle was required to enter the 

polarimeter reasonably parallel to the nominSl beam direction in both 

the horizontal and vertical planes. The a.llowed deviation from the 

nominal beam direction could be chosen to be -!- 13 mr, +. 26 mr, or 

+ 39 mr. Once acceptable upstream tracks were found, predictions were 

made in both planes for the position of an unscattered particle in 

the rear chambers. 

Straight-Through Test 

Using the predicted positions of straight-throughs from the upstream 

test, the polarimeter computer searched for a track in the downstream. 

chambers which agreed with them. Each prediction corresponded to a· 

certain bit of the shift register of each downstream chamber. The 

polarimeter computer looked for a "bit" within a certain (adjustable) 

tolerance on either side of that bit. The tolerance was chosen so 

that scatters of 6° or less would be identified as straight-throughs. 

If a straight-through track was found in both planes, the event failed. 

If a straight through was seen in only one plane, the event passed. 

11 
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Scatter Test 

If the event passed the first two tests, a third test was made to 

d.eter::i.ine if a good double scatter had occurred. The;polarimete!" 
! 

c<X:!puter looked for tracks in the rear chambers wbich corresponded 

to a scatter of 6° - 22° away from the predicted str~ight-through 

position. If such a track was found in either plane, the event passed. 

If no such track was found, it failed. 

Any or all of these tests could be included in the trigger. The 

tests were sequential, that is, it would not make sense to require the 

second test without the first, or the third test ~..n.thout the first two. 

If the polarimeter computer was in the trigger, when the required tests 
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had been passed, a polarimeter computer EVENT signal was generated which 

·went to the computer and the SAC system and initiated the data readout. 

If the polarimeter Corr@Uter was in the trigger and one of the required 

tests failed, a reset signal was sent to the fast logic and another event 

could be accepted. If the polarimeter computer was not in the trigger, 

all of the tests were still made, but a PC EVENT signal was generated 

:regardless of' the status of the tests. The status of each test was 

tagged f'or each event, whether or not the polarimeter computer was in 

the trigger. 

9. Range Counter 

Some fraction of the protons scattered inelastically in the carbon. 

In fact, sometimes r::ore than one particle could be observed emerging from 

the ca.::::-bon block. Such inelastic events Were not usef'ul in measuring the 
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asy::rrnetry, since the analysing power of carbon is sma.J..l for such events. 

'I'he range counter provided a method of detennining which double s~atters were 

ex:tremely inelastic. Three large scintillators (Rl, R2 and R3 in Fig. 
I 

II-2) were located behind the hodoscope planes. The dimensions of the 

scintillators were 76 cm x 76 cm x 1.05 cm. Sandwiched between them 

-.;as varying amounts of steel. The correct a.mount of steel was placed 

bet~een Rl and R2 so that a proton which elasticall.y scattered in the 

carbon would pass through, but those that had lost more than about 

30-4o Mev would be ra...'lged out. Additional steel between R2 and R3 ranged 

out the elastic protons. An elastic signal, then, would be Rl·R2·It3". 

::or each event, analog signals from the range counters were ana.J..ysed 

by ADC' s, and a tag· .. bi t was set. This provided information about a 

particle's energy, as well as which counters it reached. R3 and R:r 

were available for the trigger, although in practice including them 

created proble.~s. Such large scintillators could easily have variations 

in efficiency in di:fferent regions due to, for example, variations 

in the scintillator itself, placement of the phototubes, or differences 

in tining across the scintillator because of its large size. Including 

the.r: in the trigger could create an instrumental asymmetry. Such an 

asy::net:ry should "rotate out", (see section 10 of' this chapter), but 

we avoided any instrumental biases whenever possible. For most of our 

data taking, the ra.'1ge cou.~ter information was recorded for each event, 

but was not included in the trigger. 



10. Polarimeter Rotation 

Since the polarization we were measuring was expected to be small 

(at least according to some predictions), it was important to guard 

~ainst instrumental asymmetries. /\ number of effects cou.ld lead to 
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such asymmetries. For example,. a slight difference in the efficiency 

oet~een left and right in the chambers or hodoscopcs could give a 

d.:.fference bet·,yeen the nur;1ber of observed left and right scatters. It 

-,ras also found through a Monte Carlo study that "phasing" of the wires 

in the cha:nbers (that is, wires not being exactly lined up with respect 

to each other) could also give a small asymmetry. To avoid this problem, 

~he polarimeter was designed to rotate 180° about the beam axis, and 

equal anounts of data were taken at each orientation. Then the 

instrumental. asymmetries would average out, and only the true asymmetry 

d.'.le to the proton's polarization would be measured. The polarimeter 

-..ras remotely rotated from our trailer. A TV camera monitored the progress 

~f tne rotation and viewed precision levels which indicated when the 

polarimeter had reached the correct position. A rer:i.otely controlled 

relay then locked the polarimeter into place. -Orientations were changed 

3.bout every 30K-6oK triggers, or about every one or two hours. 

ll. Fast Logic 

The fast logic for the experiment was located in four places--on th~ 

polarimeter, on the spectrometer, on a relay rack beside the polarimeter, 

and in our trailer. Diagrams of the fast logic are shown in Figs. II-9 

th!'ough II-12. Each figure corresponds to one of the four locations. 

All logic units used standard NThl signals: -. 75 v for TRUE, and ground 



~ogic on the Polarir.1.eter 

Three units were located on the polarimeter and rotated with it. 

· 621 3L quad discriminator was used to discriminate pulses from the 

trigger counters (Tl and T2). One output went through n coincidence 

unit (622), also on the polarimeter, to form the STROBE. The STROBE 

signal went through a fanout (F344) to all of the polarimeter chambers. 

This signal was used to latch the chamber shift registers before the 

final decision was made whether or not to keep the event. Other 

outputs fre:: the Tl and T2 discriminators went to the relay rack 

beside the polarimeter to form the polarimeter trigger (TP), and to 

the trailer to be scaled. 

Logic on the Spectrometer 
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The logic on the spectrometer was similar to that on the polarimeter. 

The trigger cou..'1.ters Sl a.."ld S2 were discriminated there and formed the 

ST:rt03E for the spectrometer chambers. The STROBE was then fanned out to 

the chambers. Other outputs of the Sl and 82 discriminators were used 

to form the spectrometer trigger (TR) on the relay rack beside the 

pola..."""1.neter. 

Logic Beside the Polarimeter 

The third location of the fast logic was a relay rack beside the 

pola.r-i.....meter. TP, TR and EVENT were formed here, using 365ALP remote 

coincidence units. The 365ALP's could be remotely controlled to be 

1, 2, 3 or 4-fold coincidences. Also, any of the four inputs could 

be switched in or out of the coincidences at any time. The polarimeter 

trigger, TP, was usually Tl·T2, although signals from the range counters 

c::>uJ..d be included. The spectroneter trigger, TR, was formed by Sl•S2. 
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TR then went through a r-enote delay box into the EVENT coincidence. 

Different spectrometer angles corresponded to different proton momenta, 

and therefore different timing between TR and TP. The remote delay 

box allowed us to adjust the delay whenever necessary. EVENT was 

nom.a.1.ly TR·TP, although sl~, the last spectrometer trigi~er counter, 

and a fast wire-or from one of the spectrometer MW.PC's could be 

included. 

EVENT set the HOLD :flip-flop fa..364ALP), which was used in several. 

places. HOLD was used to inhibit TP, TR a.nd the STROBE coincidences 

until the current event could be processed. It was fed into al.l the 

cha:::iber strobe lines and overlapped the STROBE signal, so that the 

shift registers remained latched until they could be read out. HOLD 

also went to the polarimeter computer and was the signal. for processing 

to begin. The fiip-flop was reset either by the polarimeter computer, 

if the event did not pass the required tests, or by the computer, after 

the data had been read in. 
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Signals fro:o all three range counters were fanned out (428 linear 

fanout) on the relay rack and went from there to the ADC• s in the trailer 

and to d.icrim.ina.tors (621). The discriminated signals could then be 

included in the trigger. 

Logic in the Trailer 

The last location for the :fast logic was our trailer. EVENT, TP, 

and TR all came to the trailer from the spectrometer room and were 

rediscr:i.minated there. EVENT was used to gate the polarimeter hodoscopes 

and the last spectro::-:.eter hodoscope. TR, gated by EVENT, latched the 
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f:S.rst three spectrorr.eter hodoscopes. The hodoscope tagging units 

used were LRS234oA (for the polarimeter hodoscopes) and CRl.1.6 (for 

t~e spectroneter hodoscopes). EVENT was also used to gate the analog-

to-~igital converters used for the range counters. 

The time or f'light measurement was made usinr; a LHS2228 time-to-

d.i3ital converter. The time measured was the length of time for the 

:9~icle to travel fror.1 the f'irst spectrometer trigger colUlter, Sl, 

to t::ie first polarimeter trigger counter, Tl. TR, gated by EVENT, was 

'.J.Sed as the start pulse. A delayed TP was the stop pulse. For our 

nor::al trigger (except at t = -1.0) the timing difference between 

protons and pions was so great that both could not satisfy the trigger 

at -:.:ie sane time. The TOF spectrum was usually a clean, single peak. 

ht"len the trigger was adjusted so that both pions and protons were able 

to satisfy it, two distinct peaks could be seen. 

A nUDber of quantities were scaled •. EVENT, TR, TP and the monitor 

counts each had four scalars--one for ea.ch jet burst and one for the 

total. Tl and T2 were scaJ..ed separately. Polarimeter computer events 

-,.;ere scaled, as well as rejects, that is, events which did not pass the 

!"equired polarimeter computer tests. The Tl, T2 and monitor scaJ.ars 

·.re!"e inhibited by HOLD, so that they did not continue to count between 

~ea:: bursts and -while an event was being processed. The number of beam 

pulses were e.lso see.led. 

12. Data Acquisition and Moni taring 

A PDP-15 computer was used on-line to control the data taking and 

:::o~tor the experiI::ent. When an event occurred, an interrupt -was 

~e::e!"ated, the experi:r.lent was gated off, and the computer immediate).y 

'oei:;c.n reading the information for that event into the buffer. All the 

I .,, 



information except the chamber hits were read into CAMAC un~ts; the 

chamber information was read into a SAC system. The CAMAC units were 

then read out via a C.AMAC-SAC interface through the SAC system and 

L'P'J.to the computer. The time required to read in an event was about 
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500 u sec. Up to 51 events were stored in the buffer before all the 

information was written onto magnetic tape. Later on the experiment, 

more core was obtained :for the PDP-15, so that up to 201 events could be 

stored before writing them onto tape. The first word of every event 

was a "key word.,, or fixed word, to check that all the information was 

being read in correctly. The second word was the ,.B-dot tt scalar, a 

:r.achine scalar which was proportional to the current in the main ring 

magnets and indicated the incident beam momentum for each event. There 

·.•ere two other scalars, one which counted "events in this bu:f:fer", and 

one \l/hich counted total events. Other information for each event 

included the time of flight measurement, the ADC measurement from each 

ra.'"'lge counter, and tags for the polarimeter computer tests. Of' course, 

all the !-l'u'lPC and hodoscope information was read in for each event. 

Other scalars (such as TP, TR, EVENT, etc. ) were read in every buf:fer, 

t!J.at is, about every 50 events. After the data acquisition was complete, 

a reset signal was sent to all the fast logic, and another event could 

':le accepted. 

Between events, various calculations (such as chamber efficiencies) 

were made, and a number of histograms were bui}.t. Histograms which could 

be displayed on a CRT inclUded chamber and hodoscope distributions, the 

ti:::e o~ flight distribution, the carbon double scattering distribution, 

::-le bend angle through the magnet, and the analog signals from the range 



counters. The events could be monitored on the CRT with the "view 

display'' , a scale drawing of all the chambers and hodoscopes with 

their hit distributions displayed for ea.ch event. A raw data dlmlP 

for each event was also available. 

Various error conditions could be detected by the computer, and, 

::.f the error was serious enough, an alann was sounded. A very serious 

error (such as the hig.~ voltage on a chamber tripping off, or running 

off the end of the r..agnetic tape) would stop the data ta.king untiJ. 

~he error was corrected. 
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A second PDP-15 computer was available off-line for rapid anal.ysis 

of data tapes. This preli.r:linary analysis ·was useful in monitoring 

the progress of the experinent and discovering problems. 



Table II-1 

Magnet Parameters 

Parameter 

~-taximum Field Strength 

Length 

Magnetic Length 

Current at Rated 
Strength 

Excitation Slope 

Integral. Excitation 
Slope 

Qua.d.rupoles Dipole . 
2-36 kf!,auss/cm i 4o kgauss 

t 
176.3 cm I 135.4 cm 

i 

63.2 cm {each) I 81.9 cm 
I 

664 amp 597 amp 

3.56 gauss/cm-arrrJ: 61.8 gauss/amp 

225 gauss/amp 5590 gauss-cm/ amp 
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Table II-2 

s~ectrometer, Proportional Chambers, Hodoscopes, and Trigger Counters 

Proportional. Chambers 

Plane Number Wire Coordinates Distance Vertical Horizontal 
of Spacing Measured* along Dimension Dimension 

Wires (mm) Beam Line** (cm) (cm) 
(cm) 

SFCl 8o 1.3 x 749.0 15.2 10.2 

SFC2 8o 1.3 x 749.8 15.2 10.2 

SPC3 120 1.3 y 750.8 15.2 10.2 

SPC4 8o 1.3 x 855.5 15.2 10.2 

SPC5 8o 1.3 x 856.2 15.2 10.2 

SFC6 120 1.3 y 854.5 15.2 10.2 

SFC7 8o 1.3 x ll6o.7 15.2 10.2 

SPC8 8o 1.3 x 134o.4 15.2 10.2. 

SPC9 96 1.3 y 1339-3 l~ . .:2 10.2 

SPClO 150 1.3 u(+15°) 1573.8 15.2 30.5 

SPCll 150 1.3 V(-15°) 1583.4 15.2 30.5. 

Hodo scopes 
Plane :fiumber Coordinate Vertical Horizontal. Distance among 

o:f Measured* Dimension Dimension Beam Line** 
Elements (cm) (cm) (cm) 

Hl 12 x 15.2 .85 764.8 
H2 12 y 1.0 15.2 824.3 
H3 12 x 15.2 .85 824.3 
H4 20 x 20.3 3.37 1161.4 

Trigger Counters 
Counter VerticaJ. Horizontal Distance among 

Dimension (cm) Dimension (cm) Beam Line (cm) 
Sl 20.3 11.4 773.7 
S2 15.2 10.2 829.6 
s~ 20.3 40.6 1617.7 

* X is the horizontal coordinate; Y is the vertical coordinate 
** As measured from the target 



74 

Table II-3 

Polarimeter Proportional Chambers, ~odoscopes and Trigger Counters. 

Proportional Cha..~bers 
I ' 

j :::..u;i. ber I :lire ! Coordinate I rlane Distance Vertical Iiorizontal 
of J spacing I measured* along beam dimension dimension 

1 (mm) 

I 
I 
I 

I 
I 
! 
' 

wires line** (cm) (cm) (cm) 
I j 

FCl 90 l 2 

' 
y -1.20 17.8 17.8 l I 

FC2 90 2 I x 1.09 17.8 17.8 f 
I ' FCJ 90 I 2 ' y 29.34 17.8 17.8 • ! 

I i 
?C4 90 2 ! x 31.61 17.8 17.8 i 

i i 

:r:c5 150. 2 ! y I 44.55 30.5 30.5 . 
~ ; . I ... ,.../ 1.50 I 2 ' x 46.89 30~5 30.5 !'\...C ' i l I . 

?C? 210 i 2 y 59.52 ~ 45. 7 45.7 ' I ; j ?CB 210 i 2 x I 62.40 45.7 45.7 1 
i J 

Hodoscopes . 
?lane 5umber of Coordinate Distance along Vertical Horizontal 

elements neasured * beam line** dimension .dimension 
(cm) (cm) (cm) 

-
HX 12 x 77.5 30,5 5.1 
HY 12 y 83.2 5.1 30.5 

Trigger Counters 

Counter Vertical Horizontal Distance 
dimension dimension along beam 

(cm) (cm) line** (cm) 

T1 15.2 15,2 -7.6 
'I'2 15.2 15.2 7.6 

* X is the horizontal coordinate; Y is the vertical coordinate. 
** .=istances r::easured from an arbitrary origin Kithin the polarimeter. 

~he orit;in ;-;as chosen to be the center of the plate used to mount· 
t~.;e first t1-.~o cha9;',1::ers. 

I 
i 

' 
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C:!APTE~ II F'JGUnJ.~S 

r'ivire II-1. The Internal Target Area Spectrometer. P.ecoil protons 
from pp interactions in the accelerator's main ring are focussed by 

the quadrupole doublet Q.l and Q2. An array of multiwire proportional 
chambers (~FCl-11), hodoscopes (Hl-H4), and trigger counters (Sl, S2, 
and ;;;4) track the particles through the spectrometer. The dipole bends 
on-momentum pa_-rticles through 25°. The polarimeter, located at the end 
of the spectrometer, ar..aJ.yzes the spin of the recoil proton. 

Figure II-2. ?he polarimeter. The protons are rescattered in a carbon 
block (c). I<ultiwire proportional chambers upstream and downstream of 
the caroon (FCl-8) measure the incoming and outgoing trajectories of 
the particles. ~l and T2 are trigger counters. The hodoscopes (HX and 
, v) t".. ... help resolve ambiguities in track reconstruction in the chambers. 
Three large scintillators, rd, n2, and f.J, with varying amounts of 
steel sandwiched in between, form the calorimeter or range counter. 

?igure r:-3. The gas jet target. !-!ydrogen gas is sprayed f'rom the 
.OOJ" nozzle into the accelerator's main ring. Host of the gas passes 
into the euffer volume where two 10" diffusion pumps evacuate it. 
Additional 10" pumps both upstream and downstream of the target also 
help remove the gas. 

?igure :n-:4· El98A amplifier circuit for the spectrometer chambers. 
The circuit is described in the text. 

Figure II-5. Amplifier circuit for the spectrometer chambers following 
the ?~Cl035 line driver of Figure II-4. 

?igure II-6. ~equence of signals generated by a particle passing 
through a cha.il ber. A pulse of a bout -20mV appears on the wire, 
producing a -1.6'/ signal at the output of the El98A amplifier circuit. 
~his triggers the ~313 amplifier, which has an output signal of +JV, 
100-200 r:s long, 



:igu~e II-7. ~ection of a shift register used in chamber readout. The 
integrated circuit used is a 4012, a four bit shift register. Chamber 
w!res ('1n-:n2) are fed in parallel into each bit of the shift register. 
;;hen the i'.<Ol.::S and LOAI.i lines are high (+5V), the state of each chamber 
..,,.-ire is latch~ into the shift register and appears at the outputs 
{V--Q.12). '?hen the EOI;E line goes low (ground), and .the information 
is shifted out serially by the SHIFT pulse, a 2.5 MEz clock. The small 
rr..l!lbers indicate pi~ num1:ers on the 4012. 

Figu~e ~~-8. &~plifier circuit for polarimeter chambers. The ?10 
a,;'::plifier is triggered. by a signal from a chamber wire, giving an 
oi.;.tput pulse of +JI. 

Figure II-9. Fast logic located on the polarimeter. See text :for 
a description of individual elemen~s of the fast logic. 

~igJre II-10. Fast logic located on the spectrometer. 

Fi€Ure ~I-11. Fast logic located on a relay rack in the spectrometer 
rocu:.. 

?igu.~e r:-12. ?ast logic located in the experimental trailer. 
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CHAPTER III 

AMLYSIS 

Several. computers were used in the data. analysis. Most of" the 

heavy "number crunching" was done on Indiana University's CDC 6600 and 

CY.BER 1.72 system. During the de.ta. taking, an of'f' line PDP 15 was used 

for fast preliminary analysis. The Fe:rmilab DEC 10 and two CDC 66oo•s 

were a1so used :for program development and a first look at some o:f the 

data. The prelintlna.ry analysis of the first t=-.3 data was done on the 

r5 computer at the physics department at Indiana University. 
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Three passes were made through the data {not counting the preliminary 

analysis.) The first pass wrote data summary tapes (DsT's) and printed 

out interesting histograms, chamber and hodoscope efficiencies, and the 

asymr;;etries for elastic protons in each energy range. The second pass 

read the Il3T's, caJ..cul.a.ted more detailed chamber and hodoscope efficiency 

distributions, and determined the asymmetries for each jet for various 

cuts. This in.formation was saved on magnetic tape for later use. 

The third pass used caJ..cuJ.a.tions from the second pass to make corrections 

for chamber inefficiency. A few other corrections were also made in the 

third pass, and the final. asymmetries were calculated. For the higher 

energy jets, a correction for inelastic contamination of tbe el.astic 

signa.J. was al.so necessary. 

l. PreJ imina.ry Anal.ysis 

An off-line PDP 1.5 was used to analyze the data tapes immediately 

a...."ter they were written.. 'Ibis enabl.ed us to quickly find and correct 

I 
i 
4: 
l' 

!i 
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I 
l 
I 
I 

i 

I 
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problems with our apparatus. Chamber and hodoscope ef':ficiencies, as 

well as the performance of the TDC, the ADC's, and the B-dot scalar 

(which was used to detennine the beam momentum) were monitored. From 
. ' 

the preliminary analysis it was observed that the center of' the elastic 

peak moved across the appartus a.s the beam momentum increased. This, 

of course, was not surprizing, since the dipol.e bent the lower momentum 

particles through larger angles. The PDP 15 a.nalysis enable us to 
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determine the pr6per magnet settings so that the second jet was centered 

as well as possible in the apparatus. Although the other jets were 

then not centered, this seemed to be the best compromise. 

2. Alignment 

Since the chamber wires were not exactly lined up with respect to 

each other, it wa.s necessary to correct for the offset. At the beginning 

of each data run, a few thousand straight through events were recorded, 

and these were later used to align the chambers. The x chambers (which 

measured the horizontal. coordinate) and the y chambers (which measured the 

vertical. coordinate) were treated separately. To determine the alignment 

parameters, pa:rticl.es were tracked through all four chambers. The positions 

of "hits" in the two middl.e chambers. were predicted from hits in the 

front and back chambers, and the difference between the predicted and 

measured positions was averaged for a few thousand. events. Tb.is average 

was then used to correct the position measurement in the middle chambers. 

The al.ignment para.meters were very stable over periods of several months. 

In fact, the only time a change was observed was when a chamber was 

removed for repair and then replaced. A typical al.igmnent correction 

was~ wire spacing; the la;rgest correction ever needed was about·! wire 

spacing. The ca.J.culation of the alignment correction was done primarily' 



on the PDP 15. 

3. Writing the DST's 

The :OOT's were written al.most entirely on the CYBER 172 system at 

Indiana. University (which, at the time the analysis was done, was 

separate from the CDC 66oo) • For ea.ch ra.w data tape, a header record · 

was written which contained the run number (which was also the date) , 

certain analysis parameters, and the polarimeter orientation. {We 

ca.Ued the two orientations, somewhat arbitrarily, o0 and 180°.) Data. 

was stored on the :OOT's event-by-event, but in a mu.ch more compact :form 

than on the raw data tapes. We were quite cautious in writing the 

LST's, and only a few .cl.asses o'f" events were el.imina.ted. Information 

retained for each event included: all of the chamber information 

(stored as wire numbers) , hodoscope tags, the B-dot scalar, the ADC' s 

for the range counters, the TOF measurement, and the beam monitor. 

Certain calcul.ated quantities were al.so incl.uded: the missing mass 

squared, the projected scattering angle in the carbon block in both 

planes, and the vertex distributions. If an event was not. successf'ully 

reconstructed, it was still written onto the DST, and default vaJ.ues for 

the calculated quantities were used. 

In ad.di tion to writing data summa.ry tapes, the first pass analysis 

printed out histograms for various interesting distributions. The 

histograms incl.uded: the missing mass squared, the B-dot sca.lar, the 

TOF, scattering angl.es in the carbon block, a.nd vertex distributions 

in the carbon. The histograms were useful. in determining where various 

cuts shou1d be ma.de, particularly in the missing mass distribut:I,ons. 



Chamber and hodoscope efficiencies and the asymmetries for each energy 

range· were al.so calculated and printed out. 

Dllring the writing of the OOT's, runs Which had no cha.nee of being 
' 

analyzed were e1iminated (such as runs in which a vital. ~hamber was not 

operating). Certain other prob1ems, such as a failure of the B-clot 

scalar for seve?al runs, were corrected. All of the data was put. 

in a sta.nda.rd format, which greatly simpl.if'ied :f'urther a.nal.ysis. Four 

or five raw data tapes could be written onto one DST. All of our data 

was compressed into 76 OOT's, pl.us three OOT's of pion data. 

The ll3T writing program consisted of two independent sections. 
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The first used information from the spectrometer chambers and bodoscopes 

to caJ.culate the missing mass and determine if the event was el.astic. 

The second caJ.cula.ted the double scattering distribution in the carbon 

block and added up the total. mmiber of le~ and right scatters for each 

jet. Before any of these calculations could be done, it was necessary 

to read in the in:f orma.tion from the data tapes and convert the SAC 

scaJ.ar readings and hodoscopes tags ':'.into coordinates in space. 

The spectraneter a.na.lysis routine caJ.cula.ted the momentum by-

tracking the particles through the dipol.e. Standard beam transport 

equations were used. A six component vector, (~'~'~,x4,~5,x6), was 

defined for several. val.ues of z (z was the distance al.ong the beam 

line from the target) • The components XJ. and ~ were the positions 

in the horizontal and vertical. pl.a.nes respectively; ~ and x4 were 

the ang].es in those planes, 

X....=dxi 
~ -crz-



r 
i 
t ,, 

x5 was a. parameter which described "bunching" of the pa.rticl.es in 

the beam and did not enter into our caJ.cul.ations. ~ was ~ p/p, the 

desired quantity. Passage though the dipole was described by an 

equation of the form 

xi = Aj xj + Bij xi xj + cijk x1xjxk + ••• , 
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where xj_ was the coordinate a.f'ter the magnet,. and the xj's were the 

coordinates before the magnet. This equation,. at least to second order, 

can easily be sol.ved for x6=&p/p if X]_> ~' ~' and x4 are known before 

and a:rter the magnet. The matrix elements A , B.j, a.nd c.jk were . j 1 1 . 

determined by mapping the dipo].e fiel.d. Al.though some of the third 

order matrix el.ements were avail.ahl.e, it was found that the second order 

cal.culation was sufficient. 

The momentum wa.s actually cal.cu.lated two 'W'a\VS--"f'orward" though 

the magnet, and "backward". For the forward caJ.culation, the chamber 

directl.y in front of' the magnet was used. For the ba.ckwa.rd caJ.cul.a.tion,. 

the clambers directly behind the magnet were used. For both cases, 

chambers further upstream and downstream of the magnet were needed. 

Usual.ly it was possibl.e to ca.lculate the momentum both 'Wa\Y'S--then the 

average of the two was used. Using both methods, the momentum could 

be calculated for about 75-8r/fo of a.11 events. 

In order to cal.cul.ate. the missing mass, the production angle as 

well a.s the momentum was needed. RecalJ.. from Chapter II that the qua.d-

ropol.e magnets were designed to give a "pa.rall.el.-to-point" focus at 

the first set of M-lPC • s. So a measurement of position there was al.most 
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.. 
a direct measure of the production angl.e. Momentum-dependent corrections • 
to the angl.e were made af'ter the momentum was ca.lcul.a.ted. 

The data. consisted of events taken for energy ranges centered at 
I 

beam momenta of 22 GeV/c, 45 GeV/c, 75 GeV/c, ll.O GeV/c, and 175 GeV/c 

for t=-.3, t=-.6, t=-~8, and t=-1.0. A smaJ.l amount o:f data f'or t=-.3 ,,. 

with a beam momentum o:f 200 GeV/c was also taken. Figs. III-1 and III-2 · 

show a. typica.1. distribution of the B-dot scaJ.a.r for data with five jets 

a.nd three jets, respectively. '1he different energy ranges can be 

clearly seen. Figs. III-3 through III-26 show the distribution of 

(missing mass) 2 - (proton mass)2 :for each energy range and 1> value. 

For the lowest jet, essentiaJ.ly all of the events were elastic. As 

the beam momentUm. increased, the number of inelastics increased. At 

the higher energies, a.nd especia..Uy for the h:igher \t \ va.:J.ues, there 

was considerable inelastic contamination under the elastic peak. 

'I.bis necessitated a correction to the final. result, which will be 

discussed later. For t=-1.0 and a beam momentum of 175 GeV/c, no 

elastic peak was visible at al.l. This point was not incl.uded in our 

final data sample. Al.so shown in the figures are the time of night 

distributions for each t value. 'lhe distributions in a1l cases are 

very clean. A pion peak can be seen in the t=-1.0 data, but it was 

well separated from the proton peak and could easily be excluded. 

Reconstruction in the polarimeter was independent o~ the spectrometer. 
,. : 

A coordinate system was defined in space such that ~ was al.ong the beam 

directiaJ, y was up, and x=y x z. This system was fixed in space and 
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did not rotate with the polarimeter. ~econstructions in the x-z plane 

and the y-z plane were done independently. 

A fairly simple aJ.gorithm was used to sort out spurious chamber 
I 

hits and reconstruct particle tracks. Trajectories 'were caJ.cula.ted both 

upstream and downstream of the caxbon bl.ock for a11 combinations of' 

chamber hits. Then these tracks were projected a.long the z-axis to 

the center of the carbon block. The difference in the upstream and 

downstream projected x-(or y-) coordinates was required to fall. within 

a certain tol.erance for a track to be accepted. In the original. version. 

of the filtering program, that tolerance was a constant for all tracks. 

In a 1ater, improved version, the tolerance depended on the scattering 

angle (larger angles being given a larger tolerance). If more than one 

track was found wli..ich linked up in the carbon, the event was rejected 

as non-reconstructable, since there was no way of knowing which track 

to choose. once the trajectories into and out of the carbon were. known 

for both planes, a.11 pertinent quantities could be ca.lcul.ated. These. 

included the polar scattering angle (e), the azimtlthal. angle ('9), the 

projected scattering a.ngl.es in both planes, 9x and ey., and the vertex 

distributions. For each reconstructed event, a tag bit was set which 

indicated whether or not a hodoscope element had fired which agreed 

With the downstream track. 

The first pass ~is yielded several. pieces of information. 

The ~ymmetries were ca.lcul.ated for each run and were added up by 

hand to give a "first pass" answer for the polarization. The histograms 

were used to detetmine where various cuts shoul.d be placed. Also, 



the cal.culated efficiencies showed thnt a few of the pol.a.rimeter 

chambers and hodoscopes (the l.ast y chamber in particul.ar) sometimes 

shm;ed regions of inefficiency. 

4. First AnaJ.ysis of the OOT's. 

Chamber or hodoscape inefficiencies could be a serious problem in 

a doubl.e scattering experiment, since one measures smaJ..l differences 

in the number of l.eft and right scatters. Al.though rotation of' the 

polarimeter shoul.d cancel out the instrumental. asymmetry, compl.ete 

cancellation woul.d not occur for aJ.1 jets because events were not 

centered in the apparatus for aJ.l jets. Also, the efficiencies were 

not constant in time and were not al.ways the same for the two 

orientations of the polarimeter. Even though chamber inefficiencies 

were a problem for o~v a smal1 a.mount of' the data, and the crucial. 

x chambers were unaffected, it was decided that the best solution was 

to correct the number of left and right scatters by the chamber 

efficiencies. In the first pass through the DST• s, detailed chamber 

efficiency distributions were cal.cul.ated for the four downstream 

polarimeter chambers. (The efficiency of the upstream chambers didn't 

matter, since only the downstream chambers cou1d give an instrumental. 

asymmetry.) Di.ch downstream chamber was divided into a 12 x 12 array, 

and the efficiency for ea.ch section was caJ.cula.ted. using the upstream 

chambers, the hodoscopes, and the other downstream cmmbers. These 

efficiencies were saved on magnetic tape :for l.ater use. 

In addition to calcul.a.ting the efficiencies, the :first a.na.1.ysis 

of the :OOT • s cal.cul.ated the asymmetry for the norma.1 data sampl.e a.nd 
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also for a number of speciaJ..ized cuts. These asymmetries were al.so 

saved for ea.ch DST and were added up for aJ.l runs. The special..ized 

cuts led to some interesting observations and one correction, which 

will be discussed later. Another observation ma.de Juring this. stage 

of the analysis was the strong correlation between position in the 

front x chamber and the incoming angle. 1his correlation was not 

suprizing at aJ.1--it is just due to the particles passing through the 

dipole. 

5. Problems and Corrections 

One observation ma.de from the specialized cuts of the first DST 

analysis was that the asymmetry varied as a. function of position across 

the first x chamber. This effect was believed to be due (at least in 

part) to events we caJ.led "vees"--events with two prongs emerging from 

the carbon block. Ordir.arily, such events were thrown out,. because tiro 

tracks were reconstructed. But if the event occurred, sa.y, on the left 

side of chamber Xl, the left arm of the vee might be lost off' the edge 

of the apparatus (see Fig. III-27a.). Then the event woul.d be reconstructed 

as a. right scatter, a.nd the left side of the chamber woul.d accumulate 

more right scatters. Likewise, the right side of the chamber woul.d have 

more left scatters, and the effect would be the same for the two 

orientations of the polarimeter. (This was exactly the effect observed) • 

For a well-centered beam, the ef'f'ect woul.d cancel--but our events were 

not well centered for aJ.l. jets. The so1ution was to keep the small.er 

angle arm of the vees. Then, for an event on the l.eft side of the 

chamber, when the larger angl.e a.rm scattered left and was l.ost off· 

the edge of the appara.tua' a right sca.tte-r was observed. When the 
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larger angl.e arm scattered right, the corresponding smaJJ. angle track 

was counted as a lef't scatter, and no bias was introduced. {See Fig. 

III-27b). It was found, af'ter the polarimeter reconstruction program 
i 

was modi:fied to find vees, that the maximum percentage ot vees in our 

data was about 33 (at t=-1.0), and sma.J..l.er for the other t values. 

While the second pass analysis was in progress, several. other 

independent tests were made, one of which l.ed to another correction. 
0 . 

For smaJ.l a.ngl.e scatters (less than 2-3 ), the average scattering angJ_e 

in x {ea.v> shouJ.d a.l'Wa\Y'S be zero (since carbon has zero analyzing power 

for smaJ.l angle scatters.) Several l.ong tapes of straight through data 

were a.na.J.yzed to see of this was the case. It was found that, al.though 

e was zero when averaged for au incoming angl.es, it was not zero av 
/ 

when cal.cula.ted :for a small range of values of' the incoming angle 

(AINX). e and AINX were found to be related approx:iJna.tely linearly av 
over the range of inccming angles the apparatus accepted (a.bout :!: 30 mr). 

{See Fig. III-2.8). 0 0 a ranged from about + .1 to -.1 • The effect av 
was the same for.both orientations 9f the pol.arimeter--the slope of 

the lines was the same, although the intercept was slightly different. 

A Monte C8.rl.o study of the probl.~ indicated that this effect was due 

to a sensitive interplay between the incoming angle, the discreteness· 

of the chamber wires, the chamber alignmem, a.nd the spacing in z 

between the chambers. The problem was corrected by :forcing a to av 
be zero by shif'ting the observed scattering angle in x, 0:x' by an 

amount which depended on the val.ue of AINX for that event. The idea. 

was that, when the true scattering angle was 9x> the chambers measured 



an angle 9x + c. The error could be corrected simply by subtracting 

The "aav vs. AINX" correction led to another embellishment of' the 

analysis. An expanded histogram of e showed that th~ distribution x 

was very discrete, with sharp spikes and no events in between. This 

was due, of' course, 1Dih:! discreteness of the chamber wires. If the 

value of 9x wa.s shirted by a certain amount, even if that amount was 

sma.D., the 6° cut used for cal.culating the asymmetry could cross one 

of the spikes and perhaps lead to a large change in the asyimnetry. 

This seemed like a.n undesirabl.e occurrance, so we decided to SIOOoth 

out the ex distribution (and in fact, aJ.1 of our distributions) by 

"randomizing" the wire positions, When a wire fires, aJ..l that is 

rea.lly known about the partic1e's position is that is passed thro\Jgh 

a. sensitive region surrmm.ding the wire. A reasonable estimate of 

that region was ma.de (about &1fo of the wire spacing), and,, instead 

of using the actual coordinate of the wire, the particl.e was placed 

randomly somewhere in the sensitive region. The effect on some of 

the distributions (particularly the incoming angle) was striking. 

Figs. III-29 through III-6o show both randomized and unrandomized 

distributions of the polar and azimu:thaJ. scattering angles, the 

projected scattering a.ng].es in both planes, the reconstructed vertex, 

and the incoming a.ng1e. The distributions a.re shown for t=-.8 (with 

the 2" carbon block) and t=-.3 (with the .5" carbon block). The 

other t values had distributions very similar to those of t=-.8. 



6. Effect o:f the Polarimeter Computer 

Of the figures presented in the last section, the histograms of' 

e, ax' and 9.v- are of particular interest. These distributions were 
I 

made with no software cuts at all--only the hardware cuts o:f the 

polarimeter computer. Without the polarimeter computer in the trigger, 

almost aJ.l events would be straight throughs, and the plots of e, 9x' 
and 0y would be sharp spikes at o0

• Scatters at large angles would be 

a sma.ll background compared to the peak. Figs. III-61. and III-62 
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show histograms of a and e for a run which did not have the pola.r:imeter x 
computer in the trigger. The difference is striking and emphasizes 

the importance of eliminating the straight through events. The poJ..ar-

imeter computer required a scatter between (approximately) 6° and 22° 

in either x or y. Events in the smaJ.l angle region of' 9x had a scatter 

in y greater than 6°, and vice versa. The actual. ha.rd.ware cuts were 

not exactly at 6° and 22°, but a few degrees . away, so that we were 

certain the angular region used to caJ.culate the asymmetry was unaffected. 

The action of the polarimeter computer can perhaps best be seen in the 

scatter plot of Fig. III-63. The cut made was very nearly a square 

in the 9x vs. 0y plane. The polarimeter computer was not completely 

efficient, however, and some events sl.ipped into the region which, 

ideally, should have no events. 

The e, ex' and 9y- histograms :for t=-.3 a.nd t=-.8 are similar but 

not identica.'.L. The difference comes from two sources,. First of' all., 

there is a real. difference in the shape of the proton-carbon cross 

section for different proton momenta. Secondly, the action of the 

polarimeter computer was somewhat different in the two cases, since 

~L_.. __________________ _. .............. . 
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the cuts and to1erances were different for the 2" co.rbon b1ock and 

the .5" block. 

7. Background 

With the dipole off and the jet pulsing, our trigger rate was 
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very low--only one or two events per beam pu1se without the pol.arimeter 

ccmrpu.ter, and essentially nothing with the pol.a:rimeter canputer in. 

the trigger. However, there were a large number of particles entering 

the polarimeter at· steep negative a.ngles--these were particles. which 

were coming from the target, but around the dipole. Also, upstream 

of our target was another gas jet target 'Which bombarded the pola.r-

imeter with particles when it was pulsed. Such particl.es were a 

potential source of background. ihey cou1d never travel. compl.etel.y 

through the spectrometer, but they coul.d cause conf'usion in reconstruction 

in the pola.Timeter. Suppose the "real" proton went through the spect-

rometer as it should, entered. the polarimeter, and then stopped in 

the carbon. (Stopping in the carbon was not unccmnnon, especiall.y 

at the lower t values.) If a background particle passed through the 

back pol.arimeter chambers close enough in time to the reaJ. event> it 

could be mistaken for the real. proton. Almost al.l such "events" would 

appear to be right scatters in the carbon. To eliminate them, we 

required, first of a1J., that the upstream and downstream tracks link 

up in the carbon to within fairly tight tol.era.nces. We al.so required· 

a. good reconstruction in bo'th the x and y pl.anes. and we made f'airly 

tight cuts on the vertex distribution. Requiring the hodoscopes in 

the reconstruction shou1d a.1.so help eliminate background because of' 



the:ir stricter timing requirements. It was :found that requiring the 

hodoscopes made no di~ference, which indicates that esaential.ly a:u.. 

of this type of background was being el.imina.ted. The hodoscopes were 

not required in the fina.1. data sample. To el.imina.te other possibl.e 
I 

sources of background, a tight cut was made on the TOF distribution, 

and every event was required to track all the wa:y thrcrugh the 

spectrcmeter and reconstruct in missing mass. 

8. Third Pass Ana.'.l.ysis 

All of the corrections discussed above were incorporated into the 

fina.l a.na.J.ysis of the DST's. The efficiency correction was done by 

incrementing the tota.l number of lef't or right scatters by l/EFF 

rather than 1 whenever a scatter was observed. Here EFF is the 

product of aJ.1 pertinent chamber efficiencies. The correction for 
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eav was done by shif'ting the ca1.cu1ated val.ue of 9x for ea.ch event by an 

amount which depended on the va.lue of AINX for that event. These two 

corrections never shif'ted the asymmetries for x scatters by more than 

ha.lf of a standard deviation. However, the efficiency correction had 

a three standard deviation effect on the asymmetry in y for t=-l..O, which 

was the t value most affected by chamber inefficiencies. Thef'a.ct that 

the corrected y asymmetries, even for t=-1.0, were zero within statistical 

errors gave us confidence that the efficiency correction was doing 

the right thing. 

cuts were caref'u.1.ly pl.aced to assure that the data sampl.e was as 

clean as possible. A cut was made for AINX at :t: 25 mr. outside of this 
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region our knowl.edge of the eav correction was. not good. cuts were 

aJ.so placed in the TOF distribution and the z-vertex distribution. The 

vertex cut was made sl.ightl.y outside the pb,ysical dimerusions o:f the 

carbon bl.ock, since the resolution and the randomization of the wires 

spread the distribution. 

The asymmetries were calcul.a.ted for each energy rMge and for up 

to ten bins in missing mass. The first bin corresponded to elastics. 

The other bins were the same width as the f'irst, but were progressively 

higher in missing mass. This allowed us to plot the asymmetry as a 

function of missing mass a.nd make a correction for inelastic contamination 

of the elastic signa.l. All of the as~etries were savedfor each :OOT 

and were added u;p for aJ.1 runs. 

9. Consistency Checks 

Several. consistency checks were made on the data. First of all, a 

data point was taken at a beam momentum of 22 Gev/c for each t val.ue. 

These resuJ.ts coul.d then be checked with existing data., and in aJ.l. 

cases our results were found to be in good agreement with previous 

resul.ts. About a million pion triggers were taken, and the asymmetry 

of these events was found to be zero within the statistical. error of 

.3'fo. Another check was the asymmetry in the y plane, the "up-down" 

asymmetry-. Parity conservation, of course, requires this to be zero, 

since the proton can be polarized only normal to the original. scattering 

plane. After all. corrections had been ma.de, the y asymmetries :for 

all t values came out. to be zero within the statisticaJ. errors. A 

final. check was the comparison of resu1ts for the two pola.rillleter 

orientations. All the asymmetries were ca.1.cul.ated f'or o0 and 180° 
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separately. A 1arge diff'erence in the two results would indicate a 

large instrumental asymmetry of some kind. For al.most all the data 

points the o0 and 18o0 results agreed within one standard deviation. 

points were more than ~ standard deviations a.part. The fina.l. 

asymmetry used to calculate the polarization was th~ weighted average 

of the o0 and 18o0 resu1ts. 

10. Carbon Ana.J..yzing Power 

The calculated. asymmetries mu.st be divided by the ana.lyzing power 

of carbon to obtain the polarization. The analyzing power (A), was 

measured in a ca.libration run using the polarized beam at the Argonne 

zas1 • . Th~ projected scattering angl.e in the horizontal plane ( 0 ) was x 
measured. with a series of MWPC'sl' Scatters into the angul.ar region 

of 6 ° -22° were used to caJ.cula.te the a.symmetry, 

e = (L-R)/(L + R) , 
where L is the tota.l. number of le:f't scatters, and R is the number of 

right scatters. Tb.en, since the beam polarization was known, A was , 
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easily cal.cul.a.ted f'rom P= e/ A. A typical. value for the beam polarization 

was 70..f3o1,. Instrumental. asymmetries were averaged out by reversing 

the beam polarization periodicall.y. It should be noted that, since 

the ca.l.ibra.tion was done for the a.ngUla.r region 6 ° -22 °, the asymmetries 

caJ.cul.a.ted in the experiment had to be av-er the same region. 

The anal.yzing power was measured for five different val.ues of the 

kinetic energy of the incident proton. Data was taken for two vaJ.ues of 

incident beam momentum: .815 Gev/c, and l..O GeV/c. Other values of· 

kinetic energy were obtained by passing the beam t~ough carbon degraders 
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of vci.rying thicknesses. Table III-1 gives the measured val.ues o:f A 

for each vaJ.ue of the kinetic energy. Fig. III-64 is a pl.ot of' 

~ing power vs. kinetic energy. A fit was made. to the five data 
' 

points; this fit is a.lso given in Table III-1. Resul.ts :from this 

calibration are in good agreement with previous mea'.su.rements of A.2 

11. Correction for Inelastic Contamination 

From the missing mass histograms, (Fig. III-3 ~ III-20) it 

is clear that, for the higher tt 1 values and the higher energies, 
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inelastic contamination under the elastic peak was a probl.em. See, for 

example, t :: -.8 (GeV/c) 2 and %eam = 110 GeV/c or 175 GeV/c. A 

correction was necessary for this contamination for the three highest 

energy points at all t values except t = -.3, where essentiaJ.ly all 

events were elastic. 

The per cent contamination was estimated by hand-drawn curves to 

both the elastic peaks and the background. The half of the peak lowest 

in missing mass was assumed to be free of background and to represent the 

true shape. The peak was assumed to be symmetric and was extrapolated 

into the region which contained both elastics and background. Then the 

shape of the background could be determined and, using the lmown position 

of the missing mass cut, the per cent of' inelastics within the cut was · 

estimated. For t = -.6 the contamination was less than l~ in a.'.1:-1 cases; 

for t = -.8 the contamination was 17-18i for the three higher energy jets. 

Even though the higher energies had greater background, the cut in missing 

mass was further into the elastic peak, so the amount of contamination 

within the cut was about the same. At t = -1.0 and n. = 75, the -oeam 
contamination was about l'"f!1,; and the n.. = 100 it was about 23i· At · -beam · 
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t = -1.0 and pbeam = 175, no elastic peak could be separated at all, 

and this point was not included in our final results. 

In making the correction, it was assumed that the elastics had 
I 

zero polarization. The polarization for the inelastics was calculated 
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for bins in missing mass di:f:ferent from the elastics (see section IV-3} >. 

and was found, for the most part, to be consistent with zero. There 

was a general trend toward positive polarizations for higher missing 

mass, but the points closest to the elastic peak were very nearJ.¥ 

zero in most cases and were assumed to be zero for purposes of the 

correction. 

The inelastic correction changed the results by less than one-

fourth of a standard deviation for all points except t = -1.0 and 

n. = 110. For that point, the result was changed by a little less -oeam 

than one half of a standard deviation, and the estimated error was 

increased. slightly to account for error in the correction. 

·._ --. . 



Kinetic 
Energy 

(GeV) 

.154 

.239 

.261 

.J45 

.4JJ 

L 

Table III-1 

Analyzing Power of Carbon 

A AA Afit 

.2J44 .0110 .2348 

.2897 .0083 .2877 

.274o .0122 .2788 

.2236 .0110 .2228 

.1839 .0123 .1841 

2 Afit = -.77889 + 1J.19184T - _56.82162T 
+ 99.952507T3 - 62.87229T4 

T = Kinetic Energy 
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CHAPrE::'l III FIGU.:-:E:::> 

Figure III-1. ~istri1::ution of beam momenta for a typical sample of 
events. Five energy ranges, corresponding to five pulses of the gas 
jet target, can be clearly seen. Units are GeV/c. 

1
. 

I 

Figure III-2. Distri1::ution of beam momenta when only· three jet 
pulses were used. 
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Figure III-). DistrHution of (missing ma.ss)2 - (proton mass)2 in units 
of (GeV/c2 )2 fort = -.J (GeV/c)2 and pbeam = 20 GeV/c. . 

Figure III-4. Hissing mass distribution for t = -.J and pbeam aa ·45 GeV/c. 

Figure III-5. Y:issing mass distribution for t = -.3 and pbe~ = 75 GeV/c. 

Figure III-6. Missing mass distribution for t = -.3 and pbeam = 110 GeV/c. 

Figure III-7. Missing mass distrihltion fort= -.3 and pbeam = 175 ~ev/c.· 

Figure III-8. Time of flight distri1::ution fort= -.3. Units are 
tenths of nanoseconds. 

Figure III-9. Hissing mass distribution fort= -.6 and pbeam== 22.GeV/c. 

Figure III-10. Missing mass distribution for t = -.6. and pbeam == 45 GeV/c. 

Figure III-11. Missing mass distribution :for t = -.6 and pbea.in = 75 GeV/c. 

Figure III-12. Missing mass distribution for t = -.6 and pbeam = 110 GeV/c. 

Figure III-13. Missing mass distribution for t = -.6 and pbeam = 175 GeV/c. 

Figure III-14. Time of flight distribution for t = -.6, in tenths of 
nanosecQnds, 
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r'iv,ure I ll-15. Missing ma~s dlstri but ion for t -.8 and pbeam = 22 GeV/c. 

Figure III-16. I<issing mass distribution for t = -.8 and pbe = 45 GeV/c. am -

Figure :1n-17. ?·lissing mass distribution for t = -.8 and p beam 75 GcV/c. 

Yigure III-18. I·iissing mass distril:iution for t == -.8 and pbeam = 110 GeV/c. 

Figure III-19. Eissing mass distritution for t "" -.8 and pbeam = 175 GeV/~. 

Figure III-20. Time of flight distrirution for t = -.8, in tenths of 
nanoseconds. 

F'igure III-21. Y.:issing mass distrirution for t = -1.0 and pbeam = 22 GeV/c. 

Figure III-22. ftlissing mass distribution for t = -1.0 and pbeam = 45 GeY/c-. 

F'igure III-23. Nissing mass distribution for t = -1.0 and pbeani ::: 75 GeV/c. 

Figure III-24. I·:issing mass distribution for t = -1.0 and pbeam = 110 GeV/c. 

Figure III-25. Hissing mass distrirution for t = -1.0 and pbe- = 175 GeV/c. am -

Figure III-26. Time of flight distril:utian for t ~ -1.0. Note the 
small pion peak to the left of the proton peak. 

Figure III-27. The "vee" correction. Problems arise in the analysis 
when more than one particle emerges from the carbon block. If the 
larger angle track-is lost off the edge of the apparatus (27a), a right 
scatter ls recorded. If the larger angle track scatters right, both 
tracks a.re seen, and the ambiguity causes t~e event to be rejected (27b). 
An experimental bias is created if.events occur predominately on one 
side of the apparatus. The solution is to count the small angel arm 
~henever a vee is observed, Then in 27b, a left scatter is recorded 
to balance the right scatter of 27a. 



Figure III-28. The AINX vs. e correction. AINX is too incoming av 
angle of the beam (in milliradians) in the horizontal (x) direction. 
~ is the average angle in degrees for small angle scatters (~ i 0 ) av 

for polarimeter computer out runs. Ideally ~ = O. ~owever, it was av 
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found that ~ and AINX were related almost linearly over the range of av 
incoming angles accepted by the apparatus. 'J'his necessitated a 
correction to the measured scattering angle, as descrilied in the text. 

?igure III-29. Folar scattering angle in the .5" carbon block for 
t = -.3. Units are degrees. 

L'"igure III-JO. Same as Figure IIJ-29, with the wire positions "randomized .. 
as discussed in the text. This distribution was changed very little 
by randomization. 

Figure III-31. Azimuthal scattering angle in the carbon block for 
t = -.3. Cnits are degrees. 

Figure III-32. Sa.me as Figure III-31, l::ut with the wire positions 
randomized.. This distribution is noticably smoothed as a result of 
randomization. 

,_ ?igure III-33. Carbon scattering angle projected into the horizontal 
l;~ (x) plane for t = -. 3. Units are degrees. 
~ ·~ 

~1 ; 
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Figure III-34. Same as Figure III-33, l::ut randomized and therefore 
much smoother. 

~· Figure III-35. Carbon scattering angle in degrees projected into the 

'· 

'"·~-'-
-._.~ 

vertical (y) plane for t = -.). 

Figure III-36. Same as Figure III-35, rut randomized. 

Figure III-37. Z-position of the vertex for the scatter in the carbon 
block, as calculated in the x-plane. Z is along toe beam direction, 
and. x is the horizontal direction, The edges of the .5" block can be 

clearly seen. Units are inches from the first polarimeter chamber. 

i n p d 
\ I 
1 I 
I 
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~igure lII-J8. Same as Figure III-37, rut randomized. The vertex 
cistrihltion was smoothed and somewhat spread out by randomization. 

:igure III-39. X-position of the carbon vertex. The edges of the 
carbon clock at :!: J" can be clearly seen. Units are inches from the 
center of the polarimeter. 

Figure III-40. Same as Figure III-39, but randomized. 

?igure III-41. Incoming angle of the beam in the horizontal plane 
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for t = -. J, in milliradians. An angle of 0 mr corresponds to no:i;-mal. 
incidence. The distrib~tion is very granular because of the discreteness 
of the chamber wires. 

?igure III-42. Same as Figure III-41, b.lt randomized. The effect of 
randomization was striking for this distribution--the granularity 
completely disappeared. 

Figure III-43. Incoming angle of' the beam in the vertical plane for 
t = -.3, in milliradians. 

Figure III-44. Same as Figure III-43, b.lt randomized. Again the 
randomization had a striking effect on the distribution. 

Figure III-45. Polar scattering angle in the carbon for t ~ -.8 
and the 2" block. Units are degrees, 

Figure III-46. Same as Figure III-45, b.lt randomized. 

Figure III-47. .Azimuthal scattering angle in the carbon :for t = .-.8, 
in degrees. 

Figure III-48. Same as Figure III-47, 1::.ut randomized. 

Figure III-49. ·scattering angle in the carbon projected into toe 
horizontal (x) plane for t = -.8, in degrees. 

Figure III-50. Same as Figure III-49, blt randomized. 



Figure III-51. Scattering angle in the carbon projected into the 
vertical (y) plane for t • -.8, in degrees. 

Figure III-52. Same as Figure III-51, but randomized. 
! 

·! 

Figure III-5J. Z-position of the vertex in the carbon as calculated 
in the horizontal plane. The edges of the 2" block can be clearly 
seen. Units are inches from the first polarimeter chamber. 

Figure III-54. Same as Figure III-53, rut randomized. 

Figure III-55. X-position of the carbon vertex. The edges of the 
block can be clearly seen. Units are inches from the center of the 
polarimeter. 

Figure III-56. Same as Figure III-55, b.lt randomized. 

Figure III-57. Incoming angle of the beam in the horizontal plane, 
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in milliradians. 0 mr corresponds to normal .incidence. The granularity 
of the distribution is due to the discreteness of the chamber wires. 

Figure III-58. Same as Figure III-57, b.lt randomized. 

Figure III-59. Incoming angle if the beam in the vertical plane in 
milliradians. 

Figure III-60. Same as Figure III-59, but randomized. 

Figure III-61. Polar scattering angle in the carbon when the polarimeter 
computer was not in the trigger. Almost all events were "straight throughs", 
i. e., events which did not scatter in the carbon or scattered at 

very small angles. 

Figure III-62. Carbon scattering angle projected into the x plane, 
acain without the polarimeter computer in the trigger. 
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Figure III-63. Scatter plot showing the effect ~f the polarimeter 
computer, The polarimeter computer required a scatter greater than 

about 4° in either the horizontal (x) or vertical (y) plane, effectively 
making a square cut in the Ax vs. i:ly plane. 'I'his plot was made with 
no software cuts, only the hardware cuts of the polarimeter computer. 

Figure III~64, Analyzing powe:r of carbon. 
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CHAPI'ER IV 

RESULTS 

1. Discussion of the Data 

The polarization of proton-proton elastic scattering was measured 
, 2 

as a function of s for t values of - .3, - .6, -·.8 and -1.0 (GeV/c) • 

Data for all t values covered a range of beam momenta from_ 20 to 175 

GeV/c. The measured polarization results are shown in Figures IV-1 

through IV-4. Shown also are several other experimental results; the 

dashed line indicates the theoretical prediction of Pumplin and Kane7• 

The corresponding tabulated results are given in Table IV-1. The 

estimated. errors shown are statistical, except for one point at t == LO 

and s == 210 (GeV/c) 2 ; the estimated error for this point has been 

increased slightly to account for error in the correction for inelastJ .. c 

contamination:. The general behavior of P vs. s is quite similar at all 

t values, 

At t = -.3, (Fig. IV-1) the polarization falls from large positive 

values a.t low energies to near zero bys e- 210 (GeV/c)2• However, at 

higher energies it appears that the polarization begins to rise again. 

More data would be needed for s > 200- (GeV/c)2 to confirm this. Our 

result at s == 4o agrees well with s ~ 35 results of Borghini et. al. 3; 

there is also good agreettlent between our resul.t and that of Gaidot et al. 6 

at s = 86. 

At t = -.6, (Fig. IV-2) the shape of the P vs. s plot is very similar 

to that oft = -.3. The polarization starts out large and positive a.t 

low energies and falls qW.ckly with increasing energy. However, unlike 

the t = -.3 result, between s = 50 and s = 70 the polarization becomes 
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slightly negative and remains a few percent negative at least up to 

s ~ 210. By s = 330 the polarization appears to be rising again~ but 

because of the statistical errors it is not clear if P remains a few 

percent negative or approaches zero. Again our results are in good· 

agreement with other experimental results betw~n s : 43 and s = 83. 

At t = -.8, (Fig. IV-3) the pattern is again quite similar to the 

results at t = - .3 and t = - .6. From a fairly large positive val.ue at 

low energy the polarization falls to zero by about s :: 4 7 ( GeV / c) 2 and 

becomes negative. P remains a few percent negative up to s = 145 and 

perhaps rises again as the energy increases. As in the case of' t = -.6, 

because of statistical errors it is not clear if P remains negative or 

returns to zero. Once again there is good agreement between our results 

and those of other experiments. 

At t = -1.0 (Fig~ IV-4) the pattern at low energies is repeated: 

P is positive and fairly large at low energy and falls with increasing 

energy. The situation at s :c: 86 (GeV/c)2 , .however, is not clear. There 

is some discrepancy between the result of this experiment, which is about 

+.14 and the data of Gaidot et. al. which is about -.08. The experimental 

error estimates for both points are large, however. More data woul.d be 

needed to clear up the confusion. At both s = 145 and s = 210 the 

polarization was measured to be large and negative, about -.15. Unfortu-

nately, the error estimates are also large, but the data. certainly 

indicates that the polarization is negative at these energies an!! maY 
be quite large. There is no point at s == 330 (GeV/c)2 for t =-1.0 

because it was not possible to separate the elastic events from the 

inelastic backgro'.md. 
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2. Discussion of Models 

The standard Regge theory cannot accommodate polarizations which, 

for :fixed t, change sign as s increases. The Regge model predicts 

s a 
p,.,, A (-) 

so 

where A and a depend only on t and a< o. If' the polarization is positive 

for low energies this :form of a-dependence predicts that the polarization 

should remain positive and fall to zero as s .. CD. But for all t values 

except t = -.3, P was found to change sign with increasing s. Even at 

t = -.3, P seems to be increasing a.gain at high energies, which is also 

in disagreement with Regge theory. 

The modified Regge theory of Kane and others (see section I-7), 

however, does predict negative polarizations and non-zero polarizations 

at high energies.. The dashed line in Figures IV-1 through IV-4 indicates 

the prediction for high energy polarizations from the two-pion exchange 

model of Pumplin and Kane 1• The prediction does not fit the data 

particularly well•. At t = -.3 the predicted polarization is too high, 

except perhaps at the highest energy. At the other t values the predicted 

polarizations become negative but continue to increase in magnitude with 

increasing energy, while the experimental results appear to level off' 

and perhaps begin to rise. Also the predicted positions of the cross-overs 

are not right, except for t = -.8. However, the model ~predict the 

observed change in sign of the polarization and the non-zero polarization 

at high energies. 

The optical models discussed in Chapter I do not give specif'ic · 

forms :for the s-dependence of the polarizations, so no real comparis~n can 
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be made. However, one point is worth noting. 8 The Durand-Halzen model 

predicts large and rapidly changing polarizations in the region of the 

dip in da/dt, since their model predicts 

At higher energies, the dip moves into lower ,t, values (at s = 500 (GeV/c)2 

the dip occurs at t = -1.4) - perhaps the negative polarization that 

develops at high energy is indicative-of the effects of the dip region 

beginning to affect tre polarization. The fact that P was largest at 

t = -1.0, which is closest to the dip, supports this argument. However, 

P becomes negative by s ::: 86 at t ::: - .6 and t = -.8, which is still :far 

from the dip both in t and in s. 

3. Polarization as a Function or Missing Mass in Inelastic Events 

It is perhaps reasonable to expect that, for inelastic events, the 

polarization might be a continuous function of the missing mass.. Since 

the data contained a considerable number or inelastic events, their 

polarization was also calculated. These results are shown in Figures IV-5 

through IV-16. For ea.ch t value (except t ::: -.3) are each energy range 

(except n. ::: 20 GeV/c) the polarization is plotted as a :function of ·oeam 
(missing mass)2 - (proton mass)2 • The first point corresponds to the 

elastic events; the other points represent bins in (missing mass)2 which 

are the same width as the elastic peak. Since the t = -.3 data was almost 

purely elastic, it was not possible to ca1culate inelastic polarizations 

for this t value. Also the data at n. = 20 GeV/c :for each t value was -oeam 

essentially purely elastic so no inelastic polarizations were calculated 

for this energy range. 

I t 
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For the most part, the inelastic data was consistent with a 

polarization of zero. However, there does seem to be a general trend -

as the missing mass increases, the polarization seems to become more 

positive, and, at higher missing masses, may turn over and start to 

become negative again. There is a sign convention which should b& 

mentioned. In pp elastic scattering,· it is conventional to define the 

polarization as the expectation value of the spin for the scattered 

particle. Since this experiment measured the spin of the recoil proton, 

the results were multiplied by -1 to be consistent with.the convent-

ional definition of P. The results for the inelastic polarizations 

presented here have also been multiplied by -1, so that the first bin 

in missing mass, which represents the elastic data, corresponds to the 

conventional definition of P for elastic events. 

4. Conclusions 

The results are among the first polarization measurements above 

beam momenta of 17.5 GeV/c, and represent the first systematic study of 

fixed-t energy dependence of the polarization at high energies. The 

polarization was found to be non-zero at high energies, and, in fact, 

to change sign with increasing energy for all t values except t = -.3 .. 

This contradicts predictions of standard Regge theory, although modi:fied 

Regge theories seem to predict some of the qualitative features o:f the 

data. 

The general shape of the P vs. s curve seems to be the same for 

all t values. The polarization starts out positive at low energies, :falls 

with increasing energy, and may start to rise again a.t the highest 



energies measured. For a.11 t values except t = - • 3, P was :f'ound to 

become negative between about s "' 50 and s = 70 (Ge/v) 2 • E>ccept at 

t == -1.0, the magnitude of the measured polarizations was small (less 

than .05). Large values o:f !Pl were measured at t = -1.0, but the 

estimated errors are also large. 
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Many questicns remain unanswered. Does the polarization start to 

rise above s = 200 (GeV/c)2 , or does it level off? What happens at 

higher energies for t = -1.0? Does P become even more negative for 

It 1 values greater than 1.0? High It l, high energy polarization 

experiments are difficult, but the situation is intriguing. Additional. · 

~peri.ments in this area could give interesting and unexpected results. 



1,54 

Table n-1 
Polarization 2e$ults for pp ~lastic Jcattering 

! 

! t p, ,, Polarization ., 
i 

(r• ''/ )2 
- oeam 

(cev/c)2 ' 
I (Ge'/ /c) i ~-e, c 
I 
I 

20± 6 .0.58 t .015 i -.3 39 
45'! 8 86 .011 ± .016 
77± 10 I 147 .020 :t .013 

I 110-t 10 209 .003 ± .013 
I 

176 ! 12 333 .035"±: .014 
I 205± 15 387 .026 ± .0_56 I 

-.6 l 22'!: 6 I 43 .029± .014 l 
I I 4J± 10 83 -.029 :t .017 

75± 12 143 -.014 ± .015 I I I I i 

I 110± 10 I 209 -.035± .017 I I 
. I 176! 12 I 333 -. 00] :t .. 018 
. I 

I . i 
-.8 ' 21±6 41 .0)8 ± .026 l 

t 45'!8 I 86 -. 042 :t • 018 

I 76 "!: 10 

I 
145 -.014:!: .015 

110 ± 10 209 -.035:!: .017 I 

I I 

176± 8 l 333 -.021 t .021 I 
I I 

I 
I 
I 

-1.0 22± 6 ~ 43 .025 :!: .052 ' ' I 44± 10 ! 85 I • 144 :!: • 073 I ~ 

I 76: 12 • 145 I -.158 ± .072 I 
I : 110± 10 ' 209 -.1.50 "!: .099 I I 

I 
~ ' 
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Figure =··-1. Polarization results for pp elastic scattering at 
t = -.J (Ge'l/c) 2

• '::he dashed line in this and the next three figures 
represer:ts the preiiction for high energy pp polarizations of Pumplin 
and Kane (~ef. 7). 
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Figure IV-2. Polarization results for pp elastic scattering at t = -.6 (GeV/c)2. 

Figure IV-3. 

Figure IV-4. 

Fol.a=ization results for t = -.8 (GeV/c)_2• 

2 Polarization results for t = -1.0 (GeV/e) • 

Figl.!re rv-5. Polarization as a function of (missing mass)2 - (proton mass)2 

for t = -.6 (GeV/c) 2 and pbe = 45 GeV/c. The first point represents 
2 am 2 

elastics: (missing mass) - (proton mass) = 0. Other points represent 
inelastic events diviced into missing mass bins the same width as 
the elastic pea.~. 

Figure IV-6. Polarization as a function of (missing mass)2 for 
t = -.6 (GeV/c) 2 and pbe = 75 GeV/c. am . 

Figure IV -7. 
2 . 

Polarization as a function of (missing mass) for t = -.6 · 
and Pream = 110 Ge V / c. 

Figure rv-8. Folarization as a function of (missing mass) 2 for·t = -.6 
and p, = 175 GeV/c. oeam 

2 Figure IV-9. Polarization as a function of (missing mass) for t ~ -.8 
and p.__ = 45 GeV/c. 

i..ta.Iil 

Figure IV-10. Folarization as a function of (missing mass) 2 for-t = -.8 
and p~ = 75 GeV/c. :ea.rn 

Figure :V-11. Polarization as a function of (missing mass) 2 :for t = -.8 
anc:. -p. = 110 GeV/c. - cean: 
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~-igure IV-12. I-olarization as a function of (missing mass)2 for t ,.. -.8 
and pbe = 175 GeV/c. am 

?igure IV-13. Folarization as a function of (missing mass) 2for t = -1.0 
a::d n, = 45 GeV/c .. • oeam 

Figure IV-14. Polarization as a function of (missing mass)2 for t - -1.0 
and pbe = 75 GeV/c. am 

figure rv-15. Folarization as a function of (missing mass)2 for t = -1.0 
and pbeam = 110 GeV/c. 

Figure IV-16. Folarization as a function of (missing mass)2 for t = -1.0 

ar:d nbe = 175 GeV/c. - a."'il 
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