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Abstract of Dissertation
veasurement of the Polarizatlon Parameter in Proton-Froton
Elastic Scattering for Beam Momenta Ranging
From 20 GeV/c to 200 GeV/c ;
by
Marjorle Blasius Corcoran

Doctor of Philosophy in Physics

Indiana University, 1977

The polarization parameter in proton-proton elastic scattering
ras teen measured for fixed t (the square of the four-momentum transfer)
ss a function of s (the square of the total center of mass energy) for

t e -3, -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

seasurements above a beam momentum of 17.5 GeV/c and represent the first
systematic study of the fixed-t s-dependence of the polarization at
high energies,

The formalism used to describe protqn-jrotdn scattering is
2iscussed, and the polariiation and other spln parameters are presented
in terms of hellcity amplitudes., Theoretical ideas about polarizations
are dlscussed in terms of both Regge modelé and Aptical models, |

The experiment was done at the Internal Target Area of the Fermi
Xatioral Accelerator Laboratory. Hydrogen from a gas jet taiget was |
s7rayed into the accelerator's main ring, where interactions occuired.

-6 zomentum and production angle of the recoil proton were measured by

ite

irternal Target Spectrometer, The spin of the proton was analyéed

1,
-

& carbon re-scattering polarimeter.v
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At t = =.3 (Gev /t::)2 the polarization was found to fall from a
=211 positive value at s = 40 (GeV/c)2 to near zero around s = 210.
1+ -t;ner energles the polarization appears to be rising again. At both
"4 w -t and t = -.5 the polarization was found to be a few percent
;ostiive at s = 4o and to become a few percent negati’ve-’by s = 86. The
;,c;,_-;'.z,ation elther remains a few percent negative or r;eturns to zero
rer nigher energles. At 1 = -1.0 the polaiization was measured to be
==all énd positive at s = 40, then was found to be fairly large and

~cattive 2t s = 86, At higher s values, up to s = 210, the polarization

vaa ceasured to be fairly large and negative,
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INTRODUCTION

ATter many years of experimental and theoretical work, much
42411 resains to be learned about the nature of‘strongiinteractions.

“we proton-proton (pp) system provides one of natures most basic
opportunities for studying the strong interactions, and one cannot

expect to understand more complicated many particle systems withéux first
=derstanding this two particle}system. pp scatitering can be fully |
segeribed in terms of five complex amplitudes which are functions of

s axt t. (The Mandelstam variable s is the square of the total four-
xomectim, s = (py + p2)2, and t is the square of the four-momentum
traasfer, t = (pl - p3)2.) The polarization arises from the interference
telween the "helicity-flip" emplitudes and the "helicity non-flip"
arplitudes, and is therefore a sensitive tool for determining their
FLroctire.

Until recently, many investigators believed that high energy
polarization measurements would be uninteresting since standard Regge
3eCTy predicts that for s = a5lfiked-t polaiizatidns should fall to
tars a3 some negative power of s. The low energy polarizatibn data
seced to support this view.l-h .Within the past few years, however;
3o2e nev measurements have been made which suggest a more intére#tingv
tavior of the polarization at high energies. In a polarized target
sImrinent at Serpukhov, Gaidot et. al.s measured pp polarizations which
I negative for |t} > .5 (GeV/c)z.and seemed to become more negative

¥+® increasing {t]. This result wes quite surprising, since the low

viil
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rargy results had shown positive polarizations. The estimated errors in
serpuknov data were large, however, so the situation remained unclesar. |
Also, in an experiment at Fermilab, Bunée et. a.l.6 meas;ured véry large
{sp to .28) polarizations ih /\o particles inclusively ;'oduced by protons
on s berillium target. This sparkéd increased interes1; in the pdlérizék
24on of inclusive processes. | |
wew theoretical results have also indicated that polarizations may
=t de zero at high energies. A model proposed by Pumplin and Kane7
=redicted that pp polarizations would remain non-zero up to asymptotic

«argies and would change sign at high energies. An optical model Gue

urand and Halzen8 related the polarization to the derivative of the

Y

sifrferential cross section; such a relationship would give very
interesting structure to pp polarizations"in the region of the dip in
sa/av, (At s = 500 .(GeV/c)z the dip occurs at about t = -1.h4 (GeV/c)z.)
411 of these factors have led to increased interest in polax_'ization
ssasurenents at high energies.

The experiment reported upon here measured the polb.rizati.oﬁ para=
weler in pp elastic scatterihg for fixed t as a fun&tion of s, The |
Srasurenents were mede at the Internal Target Area of the Fermi National
Lxcelerator Laboratory. Interactions occurred between protons from a
£23 et target and the circulatiﬁg proton beam in the e.ccelera.to:_-'s_

#4.2 ring. The momentum of the recoil proton was measured by thé Internal

"A7#e% Area's Large Angle Recoil Spectrometer. .The spin of the proton

"3 analyzed in a carbon re-scattering polarimeter. In the kinematic
Teelon st

udied, a fixed laboratory angle of the recoil proton corresponded

——~—




sery accurately to fixed-t. So the fixed-t s-dependence could be

eastly studied by setting the spectrometer at the proper laboratory

w=sle and pulsing the gas jet target during the a.ccele:g‘ation of the

resa. Data was teken at t values of -.3, =.6, -.8, and ~1.0 (Ge‘\f/c)2

sar bean pomenta ranging from 20 GeV/c to 200 _GeV/c. This data'is among
v Tirst proton-proton polarization data above a beam momentum of |
17.5 GeV/e, and is the first systematic study of fixed-t s-dependence

a2 nigh energies.

The first chapter discusses the formalism used to describe pp
acsstering and some of the theoretical ideas concerning polarizations.
Setatls of the experimental spparatus and data acquisition are describved
ts e second chapter. The third chapter discusses the method of data

«alysis, and the resulis are presented in the fourth chapter.
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CHAPTER I
FORMALISM AND THEORY

-15 chapter summarizes the formalism used to describe proton-
) scattering and discusses some of the the‘oretical'; ideas about
yalarizations. In the first. secti‘on, the helicity a:r:plzi’c.udés of
*aecd and Wick are described, and their relation to experimental
Aeeoreables is given., The (older and non-relativistic) formalism
« ¥alfenstein is also given, The density ma.tﬁx a.nq its use in.
-alsiating experimental observables is discussed, Then this experiment!'s
;areisldar nethod of measuring the polarization is described, The
weeal section deals with theoretical models of pp interactions, The
s.xgle Regge nmodel is treated, and then a Regge model with absorption
erections, due primarily to Kane, is discussed, qu optical models,
e 3 to Chu, Hendry, and Abshire, and the second to Db.rand and
mliten, are also discussed,

Formalism

¥roton-proton scattering can be completely described in terms of
Pre zacplex arplitudes which are functions of the Mandelstam va,riables -
v o 2.® If these arplitudes were known for all values of s and t, one
#7352 calculate any desired qua.htity invqlving pp scattering. A muber
17 LifTerent ways of defining these amplitudes have been used by various |
sETe,  In 1952-54 Wolfenstein and Ashldnl’ 2 expressed ;bhé sca:bteripg

PRLFIL for the pp system in terms of five complex parameters and showed

'—.‘.u * 2% ne - . . .
Te-ationship of these parameters to experimentally measurable
‘:W'ﬁ.'.'.t,‘:;.

Wolfenstein's development was not relativistically correct,

;ﬂ.-q.,u.. ——.

(e 3 R R )
2-&pp~ and Bilenkii, Lapidus, and Rym‘linl{L have given the.

T —— s

s “he pp system is pure I=1, only the five I=l amplitudes are .
e :g;ﬁ?**ere are also five I=0 amplitudes which must be known

5e pn scatiering.




relativistic generalization of Wolfenstein's. formalism, A paramé‘teriiation
more cormoenly used today involves the relativistically correct helicity
arplitudes imtroduced by Jacob and Wick’ in 1959. The helicity | c |
amplitudes are discussed first. |
1. Helicity Amplitudes

Let the wave ﬁmctién of a single particle, at rest and with helicity
A> bé representeq by *ok' Here the zfaxis is chosen as the a.x:.s of
gquantization of the spin, and ) is the sj_ﬁin component along that mds. ' b
To obtain a plane wave state with momentum P along the z-axis and still
with helicity )\, apply a Lorentz transformation without rotation ‘
glong the z-axis:

iy = L (@)Y, .

The helicity is not changed by this transformation. To obtain a state

with momentum p in the direction specified by the angles g and 0, the

state ? can be rotated
D

Ipe®sn) = Rl e-eo)\bm

T
R e

where R(P30) = e 9% ¢ 1JyP e™97% is the rotation operator, and J,,J,

are the angular momentum operators for the particle. The helicity of

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

velocity trensformation along the direction of p.

RT3 et i )
s s ey
. coniar P ooy

Two particle states can be constructed as direct products of

S e e

single particle states:

R(‘pl’ﬁ""l)’*plxl R<°°2’92"‘°2)“'152;Q . B ‘ i




For sitates of zero linear momentum (i.e. two particle states in the
center of mass), where Do =Py B =n~06 and @) = CPl %+ %, the
wave function can be written in a form involving only one pair of

i

angles a, $. TFollowing Jacob and Wick, define

8~y =inJ
= (-1 y
% (-1) © oy

which is a state with momentum p in the negative z~direction with
nelicity % (s is the particle's spin, and the factor (-1)°"M is a
convenient phase factor following the convention of Jacob and Wick).

Then the two-particle center of mass state is

X 20) = T TV
This represents a state with one particle having momentum P in the
positive z direction and one having momentum P in the negative z |
direction, A sta‘be with momentm' in an arbitrary direction can be

obtained by a rotation involving J = Jl + J,:

lpemsigdp) = RBePDE,, %y, -
Plane wave hel::.cn."y states can be expanded in terms of states
of definite angular nomentum, \pJ'M, )\112)

ey = = ("Wl

=z ) Dm(‘? 8-9) [PIM3 0 3, )

where 3 = MM and DMl(ffg—?) is the matrix corresponding to the rotation

operator R(gpn-gp) in the irreducible represexrta:blon of order J o This

is analogous to the partial wave expans:.on in non-relativistic scattering.

A state of definite J can also be expanded as a superposition of plane
5

wave states:

T g TR AN T )

w‘.‘.«. ]

RS SRR

ok -

Eapeererae e Sl A G2

Pyt A

Eare—




21w L % :
L |
o5 %) = c[)' f (%—1-) D;,TI)\ (we-0)] peees ) A,) sinadedyp .
O

Helicity amplitudes are elements of the scattering matrix 8
vetween two particle plane wave helicity states. The initial beam
direction is taken as the z axis, and 9,9 give the direc%ion of the
scattered beam in the center 6f mass., VA helicity'ampliﬁude, then, is

(pow; Ay % 1S1P00s A A 5 : !
which can be written more simply as

Ogx sy n) -
renenbering that the amplitudes are functions of s and b, | S pl

Since each proton has two possible values of ),43, there are 16
possible amplitudes for pp scattering. However, invariance principles
can be used to reduce the number of independent amplitudes to five.

Parity conservaiion requires7

IR O RS

G 1) = (DN 00 191 g)
where ) = ) =), snd Vo= xi-xé. This reduces the mumber of independent
amplitudes by a factor of two. Likewise, time reversal invariance
requires

O 5 18h%) = (XN (g 18 15

MA 218NN 1ho BiMd)
vhich reduces the number of amplitudes from eight to six., For two R

nucleons in a definite isospin state, the reqnirements of Fermi

statistics give

G318 Dn3,) = (VY 0434 I8 laghy) o

which reduces the mumber of independenﬁ amplitudes to five. The

T
conventional amplitudes are those defined by Goldberger et.al.




i S . de L 2

| i

B, = (+lshy

p, = ¢(+181--)

by = (=18 1+
B, = ¢+ |-+ o
g5 = (B,

+here + means helicity +3 and - means helicity —3. (Fof elastic -
scattering, S is usually replaced by T = -i(S-1), so that the
unscatiered wave is subtracted out.) These amplitudes have the
expansion5
OB 1) = 55 8 (@) g 187 1ol (3)
J

where S° is the part or the S matrix vhich acts on the JUR partial wave.
In section I-4, the armlitudes are related to experimental qua.ntifies ,
which are bi_'l.inea.z; combinations of the amplitudes of the form Re ﬂ)a fbg 7'
ad o §_#%. The scattering matrix, vhich transforns en inftiel "

state into its final state is given by

’61 {,5 _¢5 ¢2 YIS YIS {-+)(+#\s \'-..>
s ¢, b, -4 (418 |44y (4= [8 [F=) (4= 18 |4y (4= |5 |~y
5=\ 85 B, By 8o | | (I I 1)
4, 65 4. & (== 18 [ (== 18 [y (mm 8 | Cmm 8 |-

2, Wolfenstein Parameters

In the early 1950's Wolfensteinl’2 derived an expression for the
scattering matrix for two spin —12— particles initerms of their- spin
operators and momenta. Following Wolfenstein, the 16 independent

corbinations of the spin operators which are available to construct |

T S T S e e
- \
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4

5 are
3; scalar
a:92 -1 scalar
oA 1”%2 axial vector
-5 . axial vector
;-Xg axial wvector

P~

t .=0c *+ o0 o symmetric tensor .

The subscripts 1 and 2 refer to particles 1 and 2, The operators of
parsicle 1 do not operate on those of particle 2, and vice versa.
These ierms are to be combined with the following functions of the

rnonenta to obtain scalars:

1 ‘scalar KoKgs Nolgs P Po
Kok, =K. vector chPB+ Kﬁ.Por

B - . symmetric
kxk. =3 azxial + K. '
~ A~ vector KO'NB Ba . tensors
NxK=P vector Pt Pall, ' .

Here k_ and Ea are the final and initiel momenta of particle 1 in the
cemer of mass. The possible cambinations are restricted by invariance
considerations. S must be invariant under both the parity transformation

and tinme reversal, Under pafrity, g = g y N +N K -+ -K, and P - -P,
~ ~

and, for example, the term (gl %)-K changes sign and must be excluded.

~

Under tize reversal, ¢ + -, X »K, P -+ -P, and N -+ ~N. The terms
z z ~e o~ ~ ~ ~ ~

Cf( QPQ*:(B ce) and (.Qix 9-2) .N are excluded by time reversal invariance.

The terms +hat survive are

———
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was non-relativistic, . Stapp3 and Bilenkii, Lapidus, and Ryndinl_‘
have given the relativistic generalization of this formalism. The

Wolfenstein parameters can be written in terms of the helicity
amplitudes defined earlier,tt ' , !

3. Density Matrices

The probiem of relating the helicity amplitudes or thé Wolfenstein
parameters to experimental observables is most easily doné by means of.
spin density mabtrices., A thlorough discuséion of density mat?ices has
been given by Fano.a/

Suppose a system is in a "pure" state. Then its wave function can

be expressed as a coherent sum over a complete set of states:
= z a
mey X,
The expectation value of an cpera.tor Q is given by

Q = mqm R a;;a 0, 121%,)

=% a';)IS.""'ann

m,n

~2 P O = z(oQ) -Tr(nQ)

where o 2 2 a* and an (xleJX Yo If (m:) Trd 1s not normalized

to 1, then
CGlalyy (e Q)

GTyy ~ T Txf

A real system is generally an incoherent superposition of two or more

pure states, each with weight wl. Then

. AC Tt nl St ik SALh g T

L ew




@ =%l @)

J
_ j J 3%
_g;w‘]gnanam an

W ad o3
-2z oo,
=%

Pom % = T7(p Q)

m R
where now o = 3 Wi ag ag*. It is easy to find an expression for the
f’ina.l state densgty matrix 0p in terms .of the initial density matrix,
, and the scattering matrix, If the opera.tor S,Q transforms the initia;

states X . into the final states X _, then
ni nf

Grplepd D = (plQlaed = 3 a¥a (8 Xp.1ql8 X )

i

* %
x%n %n %n <Xmi ‘Sz ) Sx|xni>

]

rx(s,8%0 8) - Tx(s8,50)
Tr(2,Q)

where 0. =8 0. ST is the final state density matrix. Final state

expectation values are given by
Tr( g,fg)

Qe =5 -

Fote that the density matrix is hermitian, since
3 ¥*, *
oX ¥ W (a'n a’m)

nm f
J

]

*
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For a single particle of spin 3, pis a2 x2 matrix, since there .
are two possible spin states. Any 2 x 2 matrix can be expressed as a

sum over the matrices 12 gx, gy’ and gz, where the_g's a%'e the Pauli -
. o
matrices, So, :

P =
~ Po]z'+anx+Pygy+Pzgz
=P LtEg. wereg=(g,d,9)
Then
{g.> =Tr(p g,)
=T¢(P_ 0 +P §2+p g 0 +P o O}
o X =X vy ¥ Z XL
=P, |
using the familiar properties of the o's. Similarly, : Q
(g, =B, and () =P, Bt

The vector P = () is called the polarization vector of the particle..

Using the normalization IT& =1,

_ L . ,
g =3[} +Bg]

for a spin } particle. If the partilce is wnpolarized, (g) = P = O,

-

For a two particle state, the composite density matrix is a b x b

=

and 0 =
=

matrix with elements8

pa.b,a,’b'

vhere a,a’ refer to particle 1 and b,b’ refer to particle 2, If the two

systems are uncorrelated (as im the case of an initially polarized’l.
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g

beam and target), the composite density matrix element can be writte(rbSJ
_al 2
pab a’t’ ~° aa’ P b
An operator Q which acts only on particle 1 can be considered to be
an operator of the entire system if it is mult:.plled by the wit
operator of particle 2, (]‘\:) Then
1\ _ 1.2
@ = (g )
| 1
| =a;_', Qe Spbr °a.b,a.’b'
. b’
1
_a.;.:'Q a’a 'ab,a’d
b
=y Q gla.a.'
aa’ s
1 1
7@ ) |
vhere ol g P = Tr (p) The density matrix for particle 1- pl
"aa’ ab,a’b *

can be obtaa.ned by ta.k::.ng the tra.ce with respect to particle 2, tha.t is,
sumiing over elements with the same index for particle 2,

A notation which is p_erhé.ps more transparent involves direct
products of matrices. The composite matrix for a two parblcle system
can be written (a.ssumng +the systems are uncorrela.ted)

p-o ey
vhere ® denotes the dlrec’b product. An operator which a.cts on pa.rblcle 1
can be considered to be an operator of the system if its direct product
with the unit operator of particle 2 is taken:

1 2
9-g oL -
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For example, if

ol= (1 %o
9 % :
then ’
L= i 9 10 41 © %Hp O
® =f
%y Lo 01 O 94 O 9,
%y © % O©
O 9 0 9%/,
Note that the order is important. That is, if @ = &1‘ e g;?, then
Q-9 »Y

If an operator acts only on particle 2, then % = ]él R %2 # %2 ® ];Es .

k., Experimental Observables

The most general spin experiinent fixes the spins of the iﬁitia.l
varticles and measures 'Ehe 'ex;'pecta.tion velue of spin operators for the
final state pa.rl;icies. To find these expectation values e need to
kaow P, , the initial density matrix, and S, the ’scattgring matrix
which transforms P into P the final state density matrix. For
two spin } particles, the most general form of the density metrix for
the incident particles is

M@ R oW B

where P _is the polarization of the beam and P, is the polé.riza.tion of

Db pe
the target. In the helicity formalism, let S be the operator which

transforms an initial state into its final state. Then for a single

SRy e
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particle, the scattering matrix is

Clsl+y  (+Is]-y

. . |
TN Ist-y S
For a two-particle sté.te, S = 21 ® s2:
(FH|S1HY  (HIS|+=)  (HHIS|—FY (M]S|~
G[S1H)  (+elS14my  (o[S|4y (=I5 ]-m)
(<HISTHY  (+[S1+=)  (=+]|S|=+) (~t[S]-=)

(=[S1H+) (-=I8l+=) (=[S]=) (=-I8]--

g, b 4 94,
) R | b #5 9

g, o 4 8/ .

using the definitions of the ¢'s from Goldberger, and the rela.tions»

between the amplitudes due to pa.fity, time reversal, and Fermi staﬁistics._

The density matrix for the final state is given by
. t |
e % >
the expecta;tion value of any final state operator is given by

(&) = Tr(p o) /Tr o, ,

and the differentiél cross sect.ion is given by

I=Trgi./1‘rgi .
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In the helicity formalism, expectation values of spin operators‘aré
referred to the helicity rest frames of each particle, which are shbwn
in Fig. I-1. The z-axis for each p%rticle is along itf direction of
motion in the center of mass frame; thé y-aiia is takeh as the normal
to the scattering plane,

9=ﬁ=(§_fx§i)/]kixkf| .

(For the target and recoil particles, some authors choose § as antiparellel
to £.) For all particles, % = y x 2.
As an exsmple, suppose the beam is intially polarized the +y
direction in its heliclty rest frame. Then the density matrix for
the single particle is
gi = L(:lsl By 941,)

The composite density matrix for the beam-target system is

1, 2
0= Rg =L R G AL

J‘('1 -iPa (1 o)
Ty X
S 01

n

b
o 1 0 -iP
-t b
iP.b 0 1 0
0 ip 0 1

Toe final density matrix is

+ : .
253 = §& 2 E, ,» or explicitly,




L D

g, b #5 B\ /1 o -p o\ /g
Po=| B B3 B, B |0 L 0o -pl g
s #, 83 ¢5 |lij, 0 1 o4
g, 85 B 4/ \0 im, O 1/ \g,

Then the differential cross section is given by

do '
] =Tr P Trgl

9. 4,

B3 -95

5, 8

Carrying out the matrix multiplication and taking the trace, we have

Tr(p,)

w5 -~ 32 1817+ 218,17 v 2181 + 219, 1" + 81

+ 21py 6L(¢,46,49,-8))

U812+ 16,17 + 1851% + 18,17 + 1B, 12 +

=%
=2

= Io + P PIO

where I = %[‘-9’1‘2*””2'2"‘753‘2”9’1;‘2*“‘555'23’ the cross seetion for an

initially unpolarized state, and
= Im ¢5(¢1 + ¢2 + ¢3 = ¢l;.)*
defines the pola.rizat:.on parameter P. ’

- 2:_1Pb ¢5(¢1+¢2+¢3'¢1‘)*]

Pb | Im ¢5(¢l+¢2+¢3_¢’+)*]
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Suppose instead the initial state is unpolarized and the expectat:.on

value of gy is measured for the recoil particle along its y-a.xis in

the helicity rest frame.
experiment).
particle is pa.rbicle L,

G >f—Tr(1 ® %

gf)/'i‘r

(This is just the quantity measured in this

If the scattered particle is particle 3, and the recoil




The

Since the initial state is uwmpolarized, gﬂ = 1.) and &f = SMSJ.

Lo . . .
operator for O - in the composite spin space is

1 0 0 -i
1?% =1 ® 4 o

0 -1 -0 O

i 0 0O o0
i 0 0 0 -i
0 0 i | 0 .
Then 0

X i 0 0 ¢1 ¢5
Trfe{gH=Tr (1 0 00 -¢5 ¢3
0 0 O -i ¢5 &),
0 0 i 0o/ \¢g, ¢5

Carrying out the multiplication, we have

Io<§hy> - - Tm Ués@i + @, + P - $,)%1 ;
= -PIL .

Here P is the same expression obtained in the séat’cering from a pbla:rized
beam, 1In fact, Wolfensteinl showed that time reversal invariance requires
them o be the seme. The minus sign arises because we are measuring
the spin of the recoil particle rather than the scattered pa.rticle_.

There is a standard notation for the various observebles in
micleon-micleon scattering ‘emeriments. Any expectation value of
operators in the final staté will involve scalar qua.ntities;‘ of the form

Tr(g, 9. 5% 9 g) = 1(sr;bt)

~
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vhere s,r refer to one axi_s of the’heLicity rest frame of the scé.ttered
(s) or recoil (r) particle, and b,t refer to the helicity rest frame |
of the beam (b) or target (t) particle. If an initial Intarticle is
unpolarized, ‘or the Sp:i.n of one of the final state particles is
unobserved, the cbrrespénding' operator becomes g=1, the» uxﬁt ope:é,tor. B
For example, a polarized target experiment with the polarization normal |
to the séa.t‘bering plane mea.suies I(00;0y). There are 256 quantities
I(sr;b‘t), but at a given enefgy and scattering angle only nine can. |
be independent, since the five helicity amplitudes are determined to
within an overall phase by nine scalar quantities. Thomas'™ has worked
out the relations than must exist between the %(sr; bt)'s.

The following are conventional nsmes for the varicus quar,rtitiAeSI _

measured in spin e:cpeﬁ.ments:9

(a) No spins determined: 1(00 ;00)=Io, the differential cross section, - —--

(b) One spin determined: I(y0;00)=PT , the polarization parameter,
Parity conservation requires I(x03;00)=I(z0;00)=0. |
Time reversal invariance gives I(y0,00)~I(00,y0).

(¢) Two spins de‘bemned I(OO 1,])-1 C.,s the correlation tensor.,
I!Na.r::.ance requ:.rements give C :qr=cyx czy—cyz—o and sz-czx
Also, I(00;i )=(-l) X I(:L;J ;00), where n  is the mmber of
indices which are x. C is measured when both the beam and

" target are polarized, or when the initial state is unpolarized
a.ﬁd the spins of both final state particles é.fe observed

() Two spins observed: I(jO; 10)_1 D, 52 the depola.riza.tion tensor.
Invariance requirements give D =D =D =0 and D .

Oy Dyz Dy Dyx
Also, I(i03;jO0)=I(0i3;0j). D is measured when the beam is -
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polarized and the scattered particle's spin is measured,
or (as is experimentally more feasible) the target is
polariied aﬁd the recoil particle's spin ig,analysed.
(e) Two spins mggsured: I(Oj;iO)=IoKij, the pSlarization
transfer tensor. Invariance requirements give ny=K&x=
Kyz=xzy=o'and K ,=~Kyu Also, I(jO;Oi):I(dj;io). K is
measuréd by analysing the spin of the recoil particle
when the beam is polarized, or by.measur;ng,the spin of
the scattered particlg when the target is polarized.

Tensors have been defined for the case when three and four spins
are measured, but we will not discuss these. Io’ P, and the independent
elements of C, D, and K are given in table I-1 in terms of the helicity
amplitudes. rThis table is taken from Fox9. Fox also discusses the
three and four spin tensors.

In the 1950's Wolfenstein defined éqme of the possible’bbservabiesv
in spinrexperiments_and,related them'to a.convenient coordinate system.r
His terminology is still often used, so we will discuss it briefly.

Wolfenstein related the experimental observables to a coordinate system

in the center of mass with unit vectors K, P, and N (see Fig. I-2)

where , .
K= (el )/ Mok |
B = (et )/ ety |
N=Px K

Here, kf is the scattered particle’s momentum in the center of mass, and

Ei is the incident particle's momentum. From Fig. I-2, it is eaéy to
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see that, non-relativistically,

(a) f’ is parallel to the momentum of the scattered particle in
the lab, .
(v) P is perpendicular to the direction of the ziecoil' particle
.in the 1ab, - A '
(c) f( is perpendicular to the direction of the ;cattered particle
’ in the lab, and
(a) f( is antiparallel to the direction of the recoii particle in
the 1ab.
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. 1In practical (relativistic) experiments, ’

a coordinate system is often defined in the 1lab for each particle with

~

¢ along the particle's direction of motion, 5 perpendicular to the
scattering plane, and § = & x 2. (see Fig. I—3).- The system for the
target pérticle can be chosen to be the same as the beam. In fhg hor;- |
relativistic limit, this éoordinate systém is the same as the one

defined by Wolfenstein if the following correspondences are made:
2 »~ : ' ' ‘

kk *h,
N 4n . For the beam and target

1,2




)
3

k 4 ;3 For the scattered particle

N =+ n |
3 |

f( -» '-‘ ¥
b

P - Qu . For the recoil particle

R By

Quantities referred to the laboratory system are often givén the nbtation,

e.g., I(OO5SS)=CSS (or in the nqn-relaﬁivistic case, I(CO;K P)=CKP)? |
while the corresponding quantitiés_referred to the helicity.rest frameé
are i(OO;xx)sCxx. Table I-2 gives Wblfenstein's namés for experimental._
quantifies and what they dorrespond to in the}laboratory systems A

just described. Tﬁe parameters D, R, A, R', end A' are related to the ,
depolarization tensor defined earlier. Also, Cnn and CSs are related |

to the correlation tensor C. Note that, e.g., Css =% C_. in the non-

KP
relativistic 1limit, but Cnn = CNN always, since the normal to the

scattering plane is not changed by a lLorentz transformation. Wolfenétein's .

experimental qpantitigs»hawe been exéressed in terms of the Wolfenstein
parameters.by se#eral'authors.lo

Eiperimental'quantities measured in the laboratory sys#em.can easily
be related to quantities ih the helicity rest frames of the particles.
To do this, the components of 2, §, and A in the héliciﬁy reét ffame :

of each particle are needed. ' The relationships are’ (see Fig. I-k)
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h=% L, = =%

Ql =% for the beam §2 = =X, for the target
3 ’ - ’ E'

n, =9 ‘ R h,=9 |

13 sin a3 i3 cos o 23 for. the spatf:ered
§3 = cos oy £3 + sin a3 23 particle

fiy = 93

114 = sin o, ih + cos ¢, Zh for the recoll

§h = cos o ﬁl& - sin oy, il; particle

By =9,

The angles o and oy, are defined in Fig. I-4. When the masses of all -
particles are equa.‘l. (as‘ in pp scatter#pg), 03 = 931a.h and ah = “l&lab'
As an example, suppose,‘ for the case of pp scattering, the spin of the

scattered particle is analysed Along its direction §3 in the lab, and

= il direction. Then the

the beam is initially polarized in the §1

quantity measured is

D, = I(so;so)
= £ + 2 o
I(cos “31ab 3 sin a31ab 25 0;£0)
= cos 83 .p I(x0;x0) + sig 831ab I(zO;xO)
IoDss = Iocos 93lab Dxx + ]_:0 sin 93la'b sz.

>- Spin Analysis by Rescattering Vin> Carbon
The quantity measured in E313 was P = -I(On;OO)/IQ for pp elastic
scattering. The incident beam and target were umpolarized, and 't'he

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




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

1

v )
used to describe pp scattering (spin = on spin 2) The scattering matrix

for the scattering of a spin % particle by a spin O particle 1310

where R iS»the normal to the scattering pléne of the protonAcarbon
scatter. If the incoming proton has polarization P its density

matrix is P = %(% P-g). Then the cross-section is

Tep
do _ —___f_'. e L +
Rl ThA Tp(S p;87)

[
Nj~

TR+ 2o

s

=3 n(gg;) +3 Te(§ PoQ §,*) .
Define the recoil protén's direction of motion as the z axis and the
normal to the origiﬁal scattering plane as the y axis. Then if the.
second scatter has angles § and ¥, the normal to the second scattering

plane is ﬁ = (sin®, ~ cos @, Q). “The cross section is given by

I(s)

Tr (ggh) + Tr (2 L +BgN) (B (ax ¥ X gm)

]a]z + ]b]z + ab* P cos © + ba¥* P cos.w

L}

[a]z + |'b‘-2 + 2 Re(ab* P cos ®) ,
~using the fact that parity conservation requires £»= P& (polarization_from

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

Then
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I(8) = I + 2 Re(ab*) P cos o, where I_ = |a‘2 + |b‘2 is the
cross section for scattering from an unpolarized beam. Qur experimental
-1 X ’
method was to sum all scatters from o= < 3 and to call those

scatters "eft". The scatters from @ =
nf2

L= ’[ fr, +2 Re(ab*)Pcos oW = I %+ 2 Re(ab*)P
- 2

nls

b4 ‘ .
- % were called "right".

3%/2
r I, +2 Re(ab*)Pcos old® = I, ®-2 Re(ab* )P

nf2

=
i

Then

[
1
=
1t

I°ﬂ+2Reab*P-Io“+2Reab*P

4 Re ab*P and

L+R='ZI°"‘

The asymmetry € is defined by

_ LR _ , 4 Re ab* P _
*TImTT Taorax C A

where A is the analyzing power of carbon. This expression is valid for
a given polar angie 8. OQur apparatﬁs included a range of @, S0 we
effectively integrated this expression over A The working form:.la.,,
then, for measuring P is |

€= Precoil/ A=- Pscatt/ A

P is normally defined as (qy)f for the scattered particle. 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 particuler geometry. It was determined




for our apparatus in a calibration run using the polerized beam at the

Argonne ZGS]'2 .

Theoretical Models for pp Interactions

No complete theory of mcleon-nucleon interactionéiexistsi at this
time--in fa&t s we are far ﬁ-dm a theory which can caléulate experimental.
quantities from first principles, V‘I'he models that we do have provide
forms to be used in fitting the data, There seem to be two major clésseé
of models=--optical~type mode;s and Regge models., Optical models give
predictions for the t-dependence of the polarization, but in general
say nothing.about the s-dependence., Regge mbdels do give a definite
form for the s-dependence,
6. Simple Reggé Model

Regge theory is based on twob main ideas; the éeneralization of the
angular momentum ¢ to a complex variable, and the analyticity of the
scattering amplitude as a function of s and t. The origins of Regge
theory date back o the work of Watson'> in 1918 and Sommerfeldlh in
1949, They showed that it is possible to generalize the éngular momernrtum
to a complex variable. Then the partial wave expansion of the sca.tterihg
amplitude can be expressed as -a.n integral in the complex #-plane (the

Sommerfeld-Watson transformation). In 1959 Reggel5

showed that, in
non-relativistic scattering thgory and for a large class of potentials,
the only singularities in the scattering amplitudes are simple poles.
Then the amplitude can be expressed, using the Cauchy residue theo:em,

as a sum over the residues of the poles. These poles are called Régge

poles; their position in the complex g-plane moves with energy and traces
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out the Regge tranj ectories. Regge theory is rigorous only in the
non-relativistic theory, but for the simple Regge theory, the cofxclgsions
are assuped to be true in the relativistic case as well. Many excellent
discussions of Regge theory are given in the literature.; See, fc;r |
example, ref. 16. For éompletene’ss, 8 brief d}.e:velopmente of the

theory is given here, |

Consider the reaction ab - cd. Define the invariant scatiering

amplitude A (ignoring spin for the moment):

A
A is a function of the Mandelstam variables s=(pa + Pb)2 and t:(pa - ps)z,
and is assumed to be analytic except for isola:bed'polés. The possible
values of s and t for the physicall process ab 4 cd are (a.ssuminé, fof :

simplicity, that all masses are equal)

s 5 h_m2 A : -

o ‘ Region T

ap? ot = - 20°(2 - cosp) <0
vhere p=(vs/1+-m2)% is the momentum of one bf the pgrticles in the center
of mass. However, if A is an enalytic function of s and t, it can be
continued for values of s and + which do not cor:espoxid to the physical
Process ab 4 cd. In particular, it can be continued to the regié:n where

t > hmz |

—1+p2 <8 = -2p2(1-cosgb) < 0, vwhere now | Region II

p2 = t/h~m2 . »
These values of s and t correspond to the physical region.of the reac_tion

ac 4 bd, the crossed-channel or t-channel reaction. It is a.ssxmed.that




the same amplitude, A(s,t), describes both reactions, 8.1;1(1 thé.t A cen
be a.na.lytically continued from one region to the other,

Now a standard partial wave decomposition of A can bg done in
region II: |

A(s,t) = éo (2¢H1) Az(t) Pz(cos{ et)'.

The Sommerfeld~-Watson Lransformation can be applied to the partisl
wave series to express A as an integral over a ((¢t is used to denote

complex g).

1 _\'. dx (2a+l) A(o,t) By (cos gt)

A(s,t) = - 55

sin
CA

where the contour C is shown in Fig. I-5. The contour can be deformed -
as shown in Fig. I-6, and, if the only singularities are simple poles,

the Cauchy residue theorem can be applied, and A can be e_xpre‘sSed as:

Aot = % g Ei_(t) (20,+1) Paj(cos a,) .t de(2041) Af@,t) By (cos et)»
3 sin ¢

j C-'., e sin no
where s.j (t) is the residue of the jth pole, and oy (t) is the value of the
angular momentum for which it occurs. The contours C' and ¢" are shown
in Fig. I-6. If can be shown that the integral over the semicifcle c" ,.
vaniéhes as the radius 4 e, |
Now the assumption of analyticity can be applied. Th:?.s form of
A(s,t), although derived in the t-channel, is assumed to hold for the
s-channel, where s = lm® and -h'p_z <t < 0, We can now obtain an
approximation for A(s,t) in the limit & 4 . The generalized L;zgendre
polynomials, Pa(z), have the behavior Pa(z) 2 2% for Re a> -5 and z 4 o

1 ! Ao
Consequently, the integral along C' goes as (cos qt)-’?s = {Zs/(t-ll-mz)] CH




which vanishes for s 4 w and |t|<s. Then only the residue term

contributes to A(s,t):

B,(t) (20,+1) P (cos o,) :
A(s,t) = n 5 i J o t
) J sin ey
J
. “J
. 5 El(t) (ZGJ**l) (cos gt)
J | sin “OJ
B,(t) a »
r v~ (-§--)j for s - o
J sin naj so

The conventional scale factor, s> has been introduced, and the (203+1) |

has been absorbed into B 5 (t). Each term in the sum corresponds to a pole

or resonance in the t-channel. Fig. I-7 shows a Feynmen diagram of
the pfocess believed to be occurring. The interaction ab = cd at high
energy takes place through the exchange of a particle (Reggeon) in
the t-chennel. Stated simply, poles in the t-channel determine the
high energy behavior of a reaction in the s=channel. | .

Regge theory makes no prédic’cions about the forms of the residues,
B(t), or the trajectories, a{t). These parameters é.re adjusted to fit
the data, and, 'hopef’ully, .the same values wi].l give good fits to
seveial sets of data. One restriction on allltrajectories, however,
is that a{t = 0) < 1 -~ otherwise total cross sections would diirerge for
S 4 & The trajectory with o(t=0) = 1v is called the Pomeron envd’is
assumed to have the quantum numbers of the vacuum. B(t) is generally

taken to be real, and at) is believed to be real for t < O.
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One assumption usually made about the résidue p(t) 1s factorization.
It is believed that, for the reaction ab 4 cd, the residue can be
written as B = Be.rc Bb rd vhere r is the exchanged particle. Each
factor corresponds to one vertex and is independent of the other
vertex, (See Fig. I-7.) For example, if the reaction a.g + ch were

considered, the residue would be B g

arc Pgrh’ where Ba.rc is the same

as before, even though Brn £ BLra

In the discussion so far, the trajectories have been considered
for the region + <0. If a plot (called & Chew-Frautschi plot) of
Re ¢ vs. t is extended to t >0, an interesting observation can be

zr.a.de.rr

For every other integral value of a(or half-integral for the
case of baryoms), the value of t corresponds to the squzire of the ‘
mass of a real pa.rticle whose spin is equal to Re . All particles ly:mg
on & trajectory have the same quantum numbers except for spin.
Trajectories are named for the lowest mass particle lying on them

end are taken to have the same quantum numbers as that particle.

They appear to be approximately linear with slope ~ 1 (Gev) 2, Fora
given reaction only certain trajectories can be excha.ngéd , since quantum
mumbers must be éonserved at each vertex,

The fact that particles occur only when O changes by two units
rather than one leads tc the idea of signature., To accommodate th:Ls
experimental fect, a factor is introduced into the amplitude' to cancel
every other pole. For mesons the factor is (1 + (-l)a) = (1L & é;i#a),
and the amplitude for a single pole becomes _

inct

a(t) -
Als,t) =B(8) (D) 5
(o]

. (1)
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The factor (1 & e_iﬂo’) /sin m is called the signature factor; the

(+) sign corresponds to positive signature and the (-) sign to negative
signature. In non-relativistic scattering, if an exchange potential.

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

1f the same propérty is assumed to be true in the relativistic case,

A(s,t) would be written as

5]
gin s

A(s,t) [Py(cos g,) # B (- cos g.)1

£ & a
= T <—§=;) s (-1

s & lte-im
PG T Sme)
(8]

i

which also leads to the signature factor,

Spin is usually taken into account by assuming a form for each
helicity amplitude like (1). The residues are factored, with the
factor at each vertex being either flip of ndn-ﬂip. For pp scattering

the amplitudes for the exchange of a simple pole could be written:

s & _1xe ™
¢1=¢3= (;;') [ sin 1o ']'ﬂ
a k.04

B, = ¢, - 7 rEte g
(o]

vhere 7(t) is the—residue for non-flip coupling, and g(t) is the
. - sy’
residue for flip coupling at the vertex. Sometimes a factor (-t)_h\'}“ |

is included, where y=h,-), and )’ =)\ -)\;. This factor builds in the
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correct angular momentum dependence as t -+ 0.18

Regge theory has been used extensively to fit cross-section and
polarization data for pp and other reactions, Sée for example, refs.
19,20, The simple Regge theory, using several trajectori;es, has had
considerable succesé in fitting the data, but certainly nqt wniversal
success. '

Regge theory makes definite predictions for the s-dependence of
the polarization, P, First of all, to obtain a non-zeroc polarization,

it is necessary to exchange at least two Regge poles., Recall that
*
I, P =-In(f + 8, + 95 -0)8
Consider just the term ¢l¢*, and assume that a single Reggeon with -

positive signature is exchanged. Then, using the forms for ¢l and ¢5

given above,

X

.. 20 -inc ~int %
s l+e 1l +e
ﬂ3§(§0) f sin X AR ~ sin O ]

]

]

20
Te) 2l tcos M),
o) sin n

vhich has no imaginary part! The seme is true for all the obther terms in
P, so the polarization vanishes if' only one Regge pole cdntribu:bes to fhe
process. |

Now assume that two Regge poles- contribute. Then ¢l can be written

as

% ~im0y % ~inty
=) [l;iznal]“i‘L@) [l:igm"]“g’
o) o) g 2 )

and likewise ¢5 can be written
A ~im % im0ty
s 1+ e L 8 1+e
¢5 =) =% oy 1hE * (50) L ™% o, 1% -

o]
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Now interference can occur between the two Reggeons and P can be non-zero:

ZQL 2 + 2 cos X
1) sin ﬂal S
o A : _
RPN S I 1+ g1, AT, it(o-0p)
* (<) e, T 1
so 272 sin ﬂal sin Jtaa
o+ A
PR E men g, €22 02 s Tk )
%o 27171  sin no  sin o,
20,
P 2 + 2 cos 0O
+ () e, T 24 .
So Té,z sin2 ﬂaz

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

terms: +or, "1*“
s 2 2 s 2 2
(¢, 8s) = (G T, K+ (5) M K

s
O

vhere X and X are factors involving o-l(t) and az(t) and are independent .
of s. We are interested in the s-dependence'of P for s & ». Again

considering only the first term in P,

(g, ¢7) ' '
P —gt wmere I = 115+ 10+ Wy 1P+ 19,17+ bigr%.
Then
, jl(%o_)oi% |
K, (G + £ (72 + g, (LT %
(o] o] o

~

vwhere 2gain the K's are factors that depend on t only. The pote with the

largest value of a will determine the behavior of the denominator. This
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«ill be the Pomeron, with @(t=0) = 1. The other terms in the denominator i

can be neglected at high energy. Then

0, -2 i
s KN *
P~ (-S~ ) {
413

a [ f
, @ |

~ () i

° i

Yow, (az-ol) < O, since all other trajectories lie beleow the Pomeron.

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

. "é
Regge theory makes a definite (and discouraging) prediction for the - i'
polarization: P 40 as 8 4 o, . i'%i

7. Modified Regge Theory: the Absorption Corrected Regge Model ) ‘ i

abscrption correction to Regge amplitudes. A great deal of work has

When the simple Regge theory failed to fit certain data (such as : 53

- i :

polarizetion in x=p = n°n), a number of modifications were tried with . i
varying degrees of success, One of the most successful was the BRI
‘ £t

I

been dore on this model by Kene and others at the University of Michigan.a'l’zz’ 23 ‘ |

Ref, 22 is zn excellent and detailed discussion of the Michigan version

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

prescription for calculating pp polarizations, as well as many other : '1}5 ;
experimental quantities, The basic ideas of the model are briefly _ i
presented here. ’ i

Consider the reaction ab + cd. If the Reggeon, ' r, being exchanged .
has non-vacuum quantum numbers, the form for each helicity amplitude is

similer to that given by the simple Regge theory:
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. -~ (-t) o (t) .
R(s,8) = (-8)" ™ B, B T[T &) T expp T (8)-0),

% + x = - - i is the s -

where n + x hc ka.""hd )‘b\, j is the spin of the loweert lying particle
on the trajectory, and the B's are the factorized residues., The goxma,
function gives the amplitude poles at every other integral value of «,

as required, The amplitudes can be expressed in impact perameter space

by the transformation

R(s2) = = /6 4/-6 R(s,8) 7, (b/4)
P O

where n is the net helicity flip. The inverse tra.nsfoma.tiori is

2

R(s,t) = 2p ? bdbv R(s,b) Jn(bf-t) . p

(o]
The model makes extensive use of the impact parameter representaﬁign .and
the transformations between b and t. | |
For vacuum quantum number exchange (the Pomeron), the amplitude is
quite different. It is not an exchanged Regge pole. Rather, .it is the
complete amplitude corresponding to diffractive ‘ela.stic scattei'ing, and
the arguments used to determine its form are very similar to those of
optical models to be discussed later. Basically, hadrons are assumed
to interact in terms of two components, a "central" camponent, and an
"edge" orperipheral piece. Suppose the central portion is a black disk
of radius R, Then the amplitude in impact parameter space would be
M, (b) = g(Rc-b), vhere g(x) is the step function [ |
8(x)
8(x) =0 forx <O

1 for x >0




The distribution in t is given by

i

2p° F bab M(b) J_(b/~t)
[0]

M_(t)

2 2 ‘
= 2p" R Jl(Rcf-t)./Rcf-ﬁr .
If <he edge is a §-function in impact parameter space at the radius

R, Me(b) = R, 6(Re-b), then the amplitude Me(t) would be

M_(t) = 20" R ] e To(R/E)

Of course, the central disk cannot really have a sharp bcmnda:cy, a.nd
the edge piece is not a 5-ﬁmct10n. The boundaries are spread out by
miltiplying the Bessel ﬁ_mctions by exponentials.

The energy dependence of the Pomeron is determined by allowing the
radius of both the central part and the peripheral part:to increas;e w:.th
s. The radius of the edge is given the dependence Re2 ~ 1n(s), although
no rigorous argument has been given for that choice, The central part

is believed to increase more slowly with energy, so i_

2 2 2
RC ~ROC + rc In S,

where Roc > rc.

To guarantee that the Pomeran has even signa.ture22 R the phasé and

energy are related by s - se—lm. That is, (se-ma) is treated es a

single variable,

A1l of these considerations together give a Pomeron of the form

P(s,t) = -is[A eBet Rc2 Jl(Rcf-’c)/Rc/-t]

. B.t _ .2
-isfA, €© " R" J (R/-B]
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2 2 . 2 2 :
where R.© =R "~ + rc(ln s - in/2) and R~ =R, (1n s -ixn/2).

In the absorption model, vacuum quantum number, diffractive
processes can also flip helicities or change mass, (A specific mechanism
by which this can occur is discussed later.) For this p:rocess only the.
peripheral part of the diffractive amplitude is used: ;

. Bet . 2 2
Dn(s,t) = -isfa, e e R, Jn(Re [—t)],

vhere n is the net helicity flip. _

An important aspect of the Mich_iga.n‘model is the absorption correc%:ion
to Reggeon exchange. The idea is, simply, that the initial and final - o
state particles rescatter elastically off each other. Then the Reggeon
amplitudes should be corrected for this elastic rescattering. 'i'h.e
absorption prescription used is the method proposed by Sopkovj.ch in 1962 .21"
Each Regge arplitude in impact parameter space is modified by an effective
S mabrix:

M(s,b) = R(s,b) Seff(s,b)

where Seff is given by

n 2
Seff(s,b) =1 - i2p Meff(s,b)/lms.

M, ﬁ,(s,t) , the rescattering amplitude, has three contributions:

M pp(s5t) = P(s,t) + M(s,8) + 5(s,t)
Here P(s,t) is the Pomeran amplitude definéd earlier--this is the dominant
contribution., The parameters in the Pomeron ampli‘bu;ie are determined
from elastic cross secfion data, and the same form is used for the
absorption. Mf(s,t) is the contribution to elastic scattering from the

exchange of the f-trajectory. %£(s,t) represents the contribution to the

A
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sbsorption due to all the inelastic intermediate states. M_,.(s,b) is |
obtained from Me ﬁ.(s,*!:) by the appropriate transformation, the Reggeon
amplitude R(s,b) is then absorbed, and the a.bsorbed smplitude is
transformed back to the rep:esentation in t, glving t};e full Regge
emplitude, M(s,t). One interesting result of absorptioh is that, bsince o

the real and imaginary parts of an amplitude are absorbed différently

their relative phase changes, and a sir;gle Regge éxchange can glve risé
to a polarization. -

Polarizations in PP scattering arise from two sources ip this model.
At low and intermediate energies, sevel;a.l Regge trajéctories (b,w,AZ) as
well as the Pomeron will contribute to elastic scattering, and interference
between them will lead to polarizations. But, as we have seen, this
polarization will dié off at higher energies. |

Pumplin and Kane have discussed a process by which diffractive

elastic scattering can flip helicities and lead to ’pola.rizations.23

The process is two?pion exchange, as shown in Fig. I-B; The % can cduple
with a flip amplitude at one vertex and non-flip at the other, leading !to
a net helicity flip. Double fiip amplitudeé could arise if both protons )
dissociated, but such effects are assﬁmed t§ be small. To calculate the
polarization, it is necéssary to know the flip/nén?flip ratio for the
process of Fig; I-8. Pumplin and Kane have calculated the ratio by

numerical integration23

and found it to be about .35. Ndw we can write
down the non-flip and flip ampiitudes for pp elastic séattering for this

process:

=
"

c - e
‘ is A R Jl(R/-t)/ft +is A r e J (rj--t_)

B
is C A, r e etAJi(rJLt), where

4
"

> ‘
R =R§ +Ri (1ns- iﬂ/Z),




2 - r(z)(ln s - in/f2)

and C is the flip/non-flip ratio. The two non-flip amplitudes have
been included together in M, The parameters A e? Be » gtc. were
determined from a fit to elastic cross section data, and the same
parameters are assumed to hold in calcula.tions of the i)éla:iéa_t_iorl.

vVelues given in ref. 23 are:
2 2
A c;u.s A e=1.9lb : Ro=8.h7 T =2.92
. _ 2_
Bc=2 .21 B e—3.93 Rl-.33

This leads to very specific formulas for the amplitudes, and the

polarization is easily calculated from

= 2 1m0, M} )/C \MH\ * \M+-\ 7.

The sign of the polarization is not determined because of ambiguity i;n '
+ /R vwhere R is complex, but it can presumably be fixed by the lqw .
energy data, Two-pion exchﬁnge will continue to be important at hlgh
energy, so polarizations in pp elastic scattering (and other diffractive
processes) should persist to very high energies. Polarizations calculated
from ref. 23 are compared with our data 1n Chepter IV.
8., oOptical Models

The general philosophy of optical models is quifbe different from -
that of Regge models. Optical models do not consider t-channel processes |
at all, but treat the interactions of hadrons as an s—chanﬁel _bmcess

similar

4

to the diffractive scattering of light from a physical object.
Hadrons are assumed to be objects of finite size with certain mass

distributions and opaqueness., When they interact, their mass distributions

ST TN % e e 0
e




overlap and absorption tskes place. A number of optical models have

been developed; we will discuss two, one due to Chu, Hendry and

25,26,27

Abshire and the second due to Durand and Halzen. 28.

The model of Chu, Hendry and Abshire has been quiet successful in
fitting cross-section and polarization data for Pp and other rea.ctions

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 expa.nsion5 (assuming ©® = 0):

A 18Iy = %p? (257 (a2 18I dl"j ) (8) s

where A = A=k, } = \-), and 87 is the part of the S-matrix which acts

on the jB partial wave. For the pp non-flip emplitudes, the expansion
is | |

§ =3 T (2m) S 830(0) -
The d function has the Bessel function a.pprogimation (for 1érge 3 afz«;

small 8)

&l (0) T 3 1(2541) sin .

The impact parameter b is related to the angular momentwm J approximately

by
j *% ~opb.
Also,
&
ng = J-t/2p .
Then

dJ (e) J (b/-t)
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The sum over J can be converted to an 1ntegral‘6ver b:

¢, =~

g |-

g pbab J_(b/~t) s, |

si + is assumed to have two parts~-a central absorptiire\ disk,

S£+=ia1 for b «R

=0 for b >R,
and a peripheral or edge part strongly peaked at R:

J o
S++ -~ a-2 a(b-R) »

Then the non~-flip amplitude is

2l

iay ;fbdb JO(R/-t) + 8, :f bdb AJo(b_/'-t)é(b-R) _

L]

ie) Jl(R/’-t)/Rf-t * a, R JO(RJ'-t).

¢3 hes essentially the same form as ¢1. '

For the single flip amplitude, ., the expansion is

5’

g = 51-5 § (25+1) a3, (o) S,i"

Now Si_ is assumed to have only the peripheral part,

Jj _
sy = 8 &(b-R)

The Bessel function approximation for dgl( 8) is

3 o~ : 8
41 (8) ¥ 3, 1(2511) sin 3 )

& Jl(b,/-t) .

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

]

-]
r 3 -
¢5 8y ! bdb J) (b/-t) 3(b R)

"

ag RJl(Rf-t) .

s



Double flip amplitudes are assumed to be much smaller than- single flip
end are ignored. The result is a polarization of the form

P ~ [ (R/~t)V/R/-t |
0f course, the actual situation will not be represented by &-functions’
and a disk with sharp edges, but this expression for P gives a general
idea of the way P will behave. If the radil of the central and edge .
parts are the same, the polarization, as' a function of t, will have
double zeroes at the zeroes of _le. If the radii are allowed to be dif-
ferent, P will have a single zero at the zerces of‘Jl(R/-t) and Jl(R'f-t)
end will probably go negative in between. This model gives no prediction
for the energy dependence of the polarization. |

The second optical modél which will be briefly discussed is that

of Durand and Ha.lizen.z8 The basic assumption of the model is that the
primary pp interaction is diffractive, and that spin effects entber only
through a weak spin-orbit interaction. The eikonal approximation (a
standard technique from optics) is used to obtain an expression for
the scattering matrix S:

s=2 r1-e7¥(P)q o183 o2,
where g is the momentum transfer, .a.nd 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 tem whiéh
gives the spin-orbit interaction: |

x(8) = % (0)-1 X g(g; *+ )+ (b x £),
where 2 is along the direction of the particle's motion. %o is assumed
to be real, Xps is real and positive for an attractive spin-orbit inter-

action, and ¥ ¢ ‘<<|XC‘ The evaluation of the integral (see ref. 28)

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




PG,..XLSG"

- dg
where © = 3t and o 1is the derivative of it with respect to t. XLS

is & parameter which is adjusted to fit the data. Thle model also

gives

c K ’és e
®*m ~ % pgn~ @

If the model is valid, structure in %% should be associated with

structure in P. So in the dip region of -gf for pp scattering, one

would expect to see a very intéresting polarization. P should go

though zero and change sign as %—g goes through the dip. -

4t
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Table I-1

Experimental Observables in pp Scattering
in Terms of Helicity Amplitudes

—

l.

Name

Helicity Amplitude Representation

Io(Uhpolarized cross
~ section)

1P (Polarization
parameter)

IC.,, (Spin correlation
parameters )

Iony

IOCZZ

IOCXZ

I D__ (Depolarization
0 XX Larsmeter)

IoDyy

1D

C 22

0 x2z

IOK (Polarization
o transfer para-

meters)

K

°Yyy

IX
O zz

IOsz

P e ,P s P 18,12+ hig P
Im ¢5(¢1 + ¢2 + ¢3=Tu¢h)*
-Re (48] + ¢u¢3*)

Ref2|f5 1% + §,9,% - 9y4."7
A A A 1

Re §.(-8; -#, + ¢3 ~B

Re(@ 6" + 89,9

refB g% - G + 2o 1

12 - W12+ B2 - 1,
Re (-9, + 4, - By - B)*
Re(B," + B,8.")

Rer,¢3¢2* = ¢)+¢1* + 2]¢5 ]*-‘

B2 - 8,12 - 12+ W, 1)

L Re $o(fy + B, + 65 + B,)"

These quantities are referred to the helicity rest frames of the
particles, as described in section I-k.
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Table I-2

Wolfenstein's Experimental Observables and their
Relativistic Generalizations.

I, = 1(00;00)

TP = I(NO;00) = I(fi0;00)

ID = I(NO;N0) = I(£0;n0)

IR = I(XO;N x _ﬂio) + 1(50;50)
I A = I(K0;,0) = 1(30; P)

IOR' = 1(PO;N x f:io) - I(10;50)
I A = I(F03k,0) = 1(0510)
IChy = I(NN;00) - T(£fi;00)
ICep = I(XP;00) - I(;;;OO)

-~ ~

The vectors IE, N, P, n, etc., are defined in section I-L.




CHAPTER 1 FICURES

-1, The heliclity rest frames are defined in the center of
rass ccordinate system for the interaction 12-=34, Each particle has
its z axis along its direction of motion in the center of mass; the

2xis is normal to the scattering plane, and x = y x z.

[

igure I-2, The coordinate system defined by Wolfenstein to describe
experimental observables. ki and kf are the incident and final
zomerta of particle 1 in the center of mass, K = (k, - ki)/tﬁf -k b
ard F = (kf + ki)/&gf +lgi"_ The normal to the scattering plane is

out ©¢f the paper.

igure I-3, The labvoratory coordinate system used in relativistic spin
exreriments, Each particle has its own system with along the
rarticle’s direction of motion, n normal to the scattering plane, and
s=nzx . ‘The target particle, which is at rest in the lab is given

the same system as the beam.

Figure I-4, The relationship of laboratory coordinate éystems to
certer of mass nelicity rest frames., In the non-relativistic limit,

or wnen the messes of all particles are egual,

3|

izure I-5. Contour for the Sommerfeld-Watson transformatlion. The
contour encloses ithe positive real axis tut excludes any poles in the
anplitude A(t).

I-6. The contour of Figure I-5 deformed to convert the integral

txf
&Jo
&
r
(¢

of trne sSommerfeld-Waison transformation into a sum over the residues

of the poles in A(t). The line C must pass to the right of ke = -3,

Figure I-7, The exchange of a Reggeon r in the t-channel of the reaction
2b cc, 4Associated with the vertex of particles a, r, and ¢ is the
factorized resicdue B _ . The resicue B. . 1s associated with the

src trd _

vertex of tarticles b, r, and d.
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i
; Tigure :-C. The two plon exchange process of reference 23. Particle
i : s .
:_ a dissociales into c plus a plon, the pion interacts with b via Fomeron
]
: exchange, and the plon is reabsorbed by particle a,
k
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CHAPTER II
DESCRIPTION OF APPARATUS ’

This experiment was done at the Internal Target Area (ITA) of the
Fermi National Accelerator Laboratory. The experimehtal apperatus used
consisted of two fairly distinct devices--the ITA Large Angle»Recoil
Spectrometer (including the gas jet target), and the E3Ll3 polarimeter.
Protons in the accelerazor'sAmain ring interacted with a spray of h&dro;
gen gas from the gas jet target. The momentum and production angle of |
the recoiling proton was measured by the spectrometer. Iocéted
directly behind thre spectrometer was the E313 polearimeter, which measured
the polarization of the recoil protoh by double scattering it in'a
carbon block. The spectrometer was a joint effort of ITA, E198A (a
collzborsetion of.thé University of Rochester, Rutgers University, and
Imperial College of lLondon), and E313 (indiana University). The polar—
imeter was constructed by Indiane University. Fig. II-1 shows the
target, the spectrometer, and the polarimeter. Fig. II-2 is a more
detailed view of the polarimeter.

This chapte: begins with a brief description of the spectrométer
and the polarimeter. Then each element of both devices is described
in detail. Finally, items common to both--the fast logic and the

method of data acquisition--are discussed.

General Description of Spectrometer and Polerimeter

Interactions occurred vhen a jet of hydrogen gas from the gas jet

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

P
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nain ring. The recoil pretons were focussed by a quadrupole doublet.
(Glard 92 in Fig. II-1) Momentum analysis was accomplished by a
dipole ragnet which bent on-momentum particles through 250. A series
of multi-wire proportional chambers (SPCL-11 in Fig. II-1) and
nodoscopes (Hl-4 in Fig. II-1) determined the trajectories of the
particles. Several scintillation counters (S1-L), as well as a fast
wire-or of one of the multiwire proportional chambers (MWPC), were
available to trigger the system. To minimize Coulemb scattering, the
protons travelled through vacuum or helium filled pipes whenever
pcssible.

The romemtum acceptance of the spectrometer was + 5%, and the
resclution in missing mass squared was about 150 (Mev/ce)zl The
spectrometer pivoted under the target from 33.5° to 80° in the lab

(25 reasured from the incident beam direction). This corresponded to

L
a3s ra

nge of -8, to -.1 (GeV/c)Z- The spectrometer could be remotely moved
aver zbout one-fourth of its angular range. An access in the main

ring wes required to move from one "region" to another. The spectro-
meter's position could be remotely read from a tape mounted'on the

floor underneath it.

The £313 polarimeter (see Fig. TI-2) was located directly behind
the spectrometer, The polarization of the recoil proton was determined
37 double scattering the protons in a carbon block (C in Fig. II-2) and

=easuring the asymmetry. (See section I-5). The particlés' trajectories

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




pefore and after the carbon block (PC1-8). Two hodoscope planes

(3£ and HY) were used to resolve ambiguities in track reconstruction

in the chambers, Two scintillation counters (Tl and T2) triggered the
system. A calorimeter consisting of three large scinéillators (r1-3),
with variable thicknesses 6f steel sandviched 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
eliminate a large fraction of the uninteresting events which scattered
less than 6° in the carbon. The entire apparatus could be rotated 1800
about the beam axis; as will be described in detail in Chapter III, this

was important in minimizing systematic asymmetries.

The Spe ctrometer
1, The Gas 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
E19EA and ITA; the nozzle was supplied Sy Los Alamos.

When the jet was pulsed, a jet of hydrogen (or possiﬁlj other) gas
at zbout 10 atmospheres pressure was sprayed through thé .003" noZzie,
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 a§ éoon as possible,
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

puzping rather than by freezing with ligquid helium. Most of the gas
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(2bout 854) passed through the beam and into an inverted mylar cone
located about 2" below the jet. The cone led to a 1 m3 buffer volumé.
The gas was then at a low enough pressure so that tworlo" oil diffusion
puxps could evacuate the area. In addition, two othef 10" pﬁmps, one
upstiream and one downstream of the jet, pumped excess gas out of ihé‘
rain riné. Té prevent more gas from seeping iﬁto the beam plipe after
the jet was over, the nozzle was pumped from behind by a mechanicalA
pelisne

Some of the .typical operating parameters are as follows. The
density of the jet was about lO-7 g/cm3 and could be varied by
changing the pressure of the hydrogen gas at the nozzle, The width
of the jet was sbout 6 mm FWHM, and the lengfh along thé beam‘direction
wes 1 cm. The length of the pulse could be varied from 20 ms up to/any
desired length. The jét's density and duration were limited in practice
by the zmount it interferredwiththe accelerator's normal opération.

For a typical beam burst of 1013

WasS a5 X 103h. t could be pulsed at any point during the bean's

protons, the luminosity of the jet

acceleration, allowing us to select any incident beam,momenfum-from
10-L00 GeV]c. Also, at least five jets per beam pulse weie possible,
2llowing us to sample five energy ranges simulatneously. Normaily, we
ren with three to five jet pulses per beam burst, each 100-200 ms long.
Tor a typical acceleration rate of 125 GéV/c per second, each jét

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




quadrypole doublet (Q1 and Q2 in Fig. II-1), For this experiment, the
quads increased the effective solid angle by about a factor of L0,

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

" first proportional chamber, that is, all particles proéuced at the

same lab angle were focussed to the same point at the first chamber
(SPC1 in Fig.II-1). Then a.measurement of position at SPCL correéponded
to a measurement of production angle at the target.

A superconducting dipole magnet provided momentum analysis. On-
nomentun particles were bent through 250. During constrﬁction of the
spectrometer, the dipole was mapped using a Hall probe.' The field was
found to vary no more than * 3% 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}propgrties
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.
Scme parameters for both the quads and the dipole can be found in
Table II-1.

3. Spectrometer Chaxbers, Hodoscopes, and Trigger Counters

A series of MWPC's, hodoscdpes, and trigger counters wﬁs used to
detect the recoiling protons and measu;e’their monentum and production
angle, (see Fig.IT-1). Details of their dimensions and positions can
be found in Table II-2. All chambers had wire spacings of 1.3 mm,.

The gas used was the standard "megic gas" mixture, 20% isobutane,

about .44 freon, and the balance argon.




The first set of chambers (SPCL-3 in Fig. II-1) was located about
760 cm from the target. It contained three wire planes, two measuring

the horizontal coordinate (x), and one measuring the vertical (y). 1In
|

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

resolution. The "parallel-to-point" focus of the guads occurred at
this set of chambers, so that a position measurement iﬁ X here
corresponded to a measurement of the production angle., A similar

set of chambers (SpCh-6) was located about 75 em 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 setsvof chambers were two trigger counters, Sl
and S2. Another proportional wire plane SPCT7 was located immediatelyA
in front of the dipole. A fast wire-or of all the wires in this plane
was available as part of the triggér. However, timing problemé
limited its usefulness. Two more wire planes (sPc8-9) were located
irmediately after the dipole. About 250 cm further downstream,were
located two "crossed wire" chambers (SPC10-11) with the wires tilted

* 150 from the vertical, All of the MWPC's were used in the momentum
reconstruction. One more hodoscope plane (HL) and one more trigger

counter (Sh) were located behind the last set of chambers, Our_norhal

trigger for the spectrometer (which we called TR) was S1.82 or S1-82.8k.

Under normal running conditions, there was almost no difference between

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

an AND of the specirometer trigger (TR) and the polarimeter trigger (TP).

s s ettt i 4 e
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Chamber Readout

Both E19CA and E313 read out the spectrometer chambers. fhe
amplifier circuit for the E198A readout is shown in Fig. II-4. The
negative signal from the chamber wire triggered the 7hﬂbh pre-amplifier.
(The 7404 is actually a TTL inverter which was made to operaté as a
low gain amplifier with the use of negative feedback.) The positive
signal from the 74Ok then went into the negatiﬁe input of the 72810L,
a high-gain TTL amplifier. The amplified negative signal was then
converted to ECL levels,iand the signai was fed into a MC1035, an
ECL line driver. The output of the line driver went to the E198A
trailer. E313 teed off the signal from the MCL0O35 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
amplifier was triggered. The quiescent input to the 710 from the
¥C1035 was -.8 V. When a signal appeared on a wire, the input
switched to -1.6 V, which crossed the threshold and triggered the
arplifier. 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 shift register. The integrated circuit used for the
shift register was a L4012, a four fit TTL shift register. The pin
configuration of this chip and a section of a larger shift register is

shown in Fig. II-7. When a spectrometer event (TR) occurred, the state
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of each wire at that time was loaded in parallel into the shift registér.

[
-1y

£ the event was acceptable (that is, a polarimeter trigger.was also
present), the information was shifted out serially into a SAC system.
Wnen the readout began, a series of scalars in the SAé systen begén-
counting at a rate set by a 20 MHz clock. The chamber information
was shifted.oﬁt synchronously by the same clock at a fate eight times
slower. FEach "hit" in a chamber stopped a scalar; the scalat‘reading
then indiéated which wire had been hit. These scalar readings were
recorded for each event. There were four scalars for eachrchamber;
if more wires were hit, the additional ones were lost and a sﬁark
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 small fraction of the total, however (about 1%).
L, Minimization of Coulomb Scattering

At low |t| 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 effect, ihe protons
travelled through vacuum or helium filled pipes wherever possible. The
rain ring vacuum was extended uﬁ to the first quadrupole_magnet; after
the second Quad, the partiéles travelled through a helium filled pipe o . i
wi the first set of proportiomal chambers, After the second set of ’
chambers, the protons again travelledbthrough a helium filled pipe
which extended up to the dipole megnet. Another helium.pipe was located’
between the chambers directly behind the dipole and the crossed wire

chambers.




5. Beam Conditions and Monitor
A typical beam pulse in the main ring varied in intensity from

about 5 x 1012 to 2 x 1013

protons. Beam was injected into the main
ring from the booster at 8,89 Gev / c. The rate of acceleration after
injection was typically 125 Gev/c per second. The flz;.t top, which was
norrally at LOO Gev/ ¢, lasted about two seconds. The accelerator's
cycle time varied from about iO-lS seconds. We had one running period
with unusual beam parameters--a 100 GeV'/c "front proch”, which lasted
two seconds, and a 200 GeV/c flat top, which also lasted two seconds.
The cycle time was nine seconds for this mode of operation.

The beam intensity was monitored by a solid state silicon detector
located near the target at 85.50 in the lab, as measured from the beam
direction. The thic}:ness of the detector was 1500 microﬁs, and the

2

area was 25 rm . The monitor was located in such a way that essentially

all the protons it saw were elastic.

The Polarimeter

6. Carbon Block A ,

A carbon block (C in Fig. II-2) served as the spin analyser for tﬁe
protons. For |t] values greater than .3 (GeV/c)z, a two inch thick '
block was used. For |t} values less than .3, a one-half inch block
was used. The thickei block gave a larger percentage of useful
double scatters‘ at the higher energies, but & lower energies ‘it absorbed
too many of the protons. The analysing power of the bvlocks'wa.s measm'e-a
L

using the polarized proton beém at Argonne National Laboratory's ZGS.

(This calibration will be discussed in Chapter III.) The carbon could be »
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rerotely moved in and out of the apparatus to allow for “straight
through” runs as well as regular data runs. The straight thrbugh"

information was used to check the aligmment 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 angie of the protons in both
the horizontal and vertical planes. Four more chambers (PC5-8) were
behind the carbon to measure the angle of the scattered protons.
All of the chambers had 2 rm wire spacing. The gas usedwas the
standard "magic gas" mixture--20% isobutane, .U% freon, and the
balance argon. Table II-3 has details of the dimensions ahd
positions for the chambers, trigger counters, and hodoscopes.

Two scintillation countér hodoscope planes (HX and HY in Fig. II;Z)
were located alter tﬁé last proportional chamber., They measured
both the horizontal and vertical coordinateé and were useful in
resolving ambiguities in track reconstruction in the chambers.
There were two trigger counteré—-the first (Tl), was located before
the first chamber, and the second (T2), was located between PC2 and PC3.
A polarimeter trigger (which we called TP) consisted of TL.T2,
Chamber Readout

The amplifier circuit for a single wire of the polarimeter chambers
is shown in Fig. II-8. The input bias current of the 710 coﬁparator
was about 10 pa. The negative input of the amplifier in the quiescent
state was -10 mV, and the positive input was at a constent -15 mV. The

difference in these two (-5 mV) set the threshold. A negative signal

et ety
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from the chamber wire of 5 mV or greatervwould cross the threshold
and trigger the amplifier. (A typical pulse from é chamber wire was -
gbout 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 eﬁch
wire was latched into the shift register. If tﬁe 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 scatteréd in the carbon intp an angulg: -
region of &° -22O 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
ebout 1-2% of all protons passing through'the carbon doublé scattered
into this region. A unique feature of the E313 polariheter was ghe
"polarimeter computer", a hardware preprocessor which was designed
to eliminate at least some'qf the uninteresting sﬁraight-through eveﬁts, ,
The polarimeter computer could be used in the trigger, or the statﬁs
of the tests could be used only to'tag events. The_poiarimeter computérv
proved essential to our data taking-—it increased the fraction of useful
double scattgrs by about a factor of 20. .

The polarimeter computer used information from thé proportional
chambers.to meke tests on the events. The outputs of the chamber
shift registers were OR'd together in pairs and fed into separaﬁe

ghift registers used only by the polarimeter computer. .When an evept
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occurred, these shift registers were latched into the same statg as
the chamber shift registers. Then three separate tests were made oﬁ
the event through a series of hard-wired logic gateg. If any one of
the tests falled, the processing was stoﬁped and a reset signal was
sent to the fast logic. All three tests were completedvin about -
2 4 sec. The horizontal and vertical plenes were treated identically
in all tests.
Upstream Test

All of the chambers upstream of the carbon block weré rednired'to,
have at least one "hit", and the particle was required to.enter_the
polarimeter reasonably parallel to the nominal beam direction in both
the horizontal and vertical planes. The allowed deviation from the
nominal beam direction could be chosen to be # 13 mr, + 26 mr, or
4+ 39 mr. Once acceptable upstream fracks were found, prediétions-were
mede in both planes for the position of an unscattered barticle in
the rear chambers.
Straight-Through Test

Using the predicted positions of straight-throughs from the upstream
test, tﬁe polarimeter computer searched for a track in the dﬁwnstréam
chambers which agreed with them. Each prediction corresponded tq}a
certain bit of the shift register of each downstream chamber. The
polarimeter computer'looked for a "hit" within a certain (adjuétable)
tolerance on either side of that bit. The tolerapce wés chosenvéo
that scatters of 6° or less would be identified as straight-throﬁghg.
If a straight-through track was found in both planes, therevent failedf

If a straight through was seen in only one plane, the event passed.
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Scatter Test

If the event passed the first two tests, a third test was made to
determine if a good double scatter had occurred. The;polarimeter
computer looked for tracks in the rear chambers which’corresponded
to a scatter of 6° - 22° away froﬁ the predicted stréight—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 ﬁhe trigger. Thé
tests were sequential, that is, it would not méke sense to require the
second test without the first, or the third test without the first two.
I7 the polarimeter ccrputer was in the trigger, when the required tests
nad been passed, a polarimeter cdmputer EVENT signal was generated which
went to the computer and the SAC system and initiated the data reaé§ut.
If the polarimeter ;omputer was in the trigger and one of the reqnirea’
tests failed, a reset signal was sent to fhe fast log;c and another event
covld be accepted. If the polarimeter computer was not in the trigger, 
all of the tests were still madé, but a PC EVENT signal was genérated
regardless of the status of the tests., The status of each fest was
tagged for each event, whether or not the polarimeter conputer was in
the trigger. |
9. Range Counter

Some fraction of the protons scattered inelasticall& in the carbon.
In fact, sometines more'than one particle could be observed emerging from

the carbon block. Such inelastic events were not useful in measuring the
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asyrmeetry, since the analysing powef of carbon is small for such é&ents.
The range counter provided a method of determining which double scatters were
exvremely inelastic, Three large scintillators (Rl,_R2 and R3 in TFig.

i
11-2) were locatedvbehind the hodoscope planes. The ﬁimensions 6f the
scintillators were 76 cm x 76 cm x 1.05 cm. Sandwiched between them
w2s varying amounts of steel, Thé correct amount of steel was placed
between Rl and R2 so that a proton which elastically scattered in the
carbon would pass through, but those that had lost more than about »
30-40 Mev would be ranged out. Additional steel between R2 and R3 ranged
out the elastic protons., An elastic signal,‘then, would be R1.R2.R3.
Tor each event, analog signals from the range counters were analysed
by ADC's, and a tag-bit was set. This provided information about a
varticle's energy, as well as which counters it reached, R3 and R?
were available forithévtrigger, although in practice including them |
created problems, Such large scintillators could easily have variations'
in efficiency in different regions duvue to, fbr example, variations
in the scintillator itself, placement of the phototubes, or differences
in timing across the scintillator because of its large size. Including
them in the trigger could create an instrumental asymmetry. Su@h,an
asyrmetry should "rotate out", (see sectioﬁ 10 of this chapter), but
we avoided any instrumental biases whenever possible, For most of our
dzte taking, the range comnter information was recorded for each event,

but was not included in the triggerQ




10. Polarimeter Rotation
Since the polarization we were measuring was expected to be small

(2t least according to some predictions), it was important to guard
against instrumental asymmetries, A number of effecés could lead to

such asymmetries. For example,.a slight difference in the efficiency
petween left and right in the chambers or hodoscopes couid give a
ifference between the nuiber of observed left and right scatters. It
w25 also found through a Monte Carlo study that "phasing"” of the wires

in the chambers (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
ecqual amounts of data were taken at each orientation. Then the
instrumental asymmebries would average out, and only the true asymmebry
due to the proton's peolarization would be measured. The polarimeter
Was remotely rotated from our trailer. A TV camera monitored £he progress
o7 the rotation and viewed precision levels which indicated when the
polarimeter had reached the correct poéition.‘ A remotely controlled
relay then locked the polarimeter into place. ~Orientations were chanéed
abcut every 30K-60K triggers, or aboﬁt every one or two hours,

11. TFast Logic |

The fast logic for the experiment was located in four places--on the

polarimeter, on the spectrometer, on a relay rack beside the polarimeter,
and in ocur trailer. Diagrams of the fast logic are shown in Figs. iI-9
through II-12, Each figure corresponds to one of the four locations.
A1) logic units used standard NIM signals: -.75 v for TRUE, and ground

or TATSR
or TAISE.,
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Tozic on the Polarimeter

Tnree units were located on the polarimeter and rotated with it,
1 521 31, quad discriminator was used to discriminate pulses from the
trigger counters (Tl and T2). One output went through a éoincidence
unit (622), also on the polarimeter, to form the STROBE. The STROBE
siznal went through a fanout (F3LL) to all of the polarimeter chambers.
This 3ignal was used to latch the chamher shift registers before the
final decision was made whether or not to keep the event. Other
outputs froz the Tl and T2 discriminators went to the relay rack
veside the polarimeter to form the polarimeter trigger (TP), and to
the trailer to be scaled,
Logic on the Spectrometer

The logic on the spectrometer was similar to that on the polarimeter,
The trigger counters Sl and $2 were discriminated there and formed the
STROBE for the spectrometer chambers. The STROBE was then fanned out to
the chanbers, Other outputs of the SL and 52 discriminators were used
to form the spectrometer trigger (TR) on the relay rack beside the
polarimeter.
Logic Beside the Polarimeter

The third location of the fast logic was a relay rack besidé the
volarimeter. TP, TR and EVENT were formed here, using 365ALP remote
coincidence units. The 365ALP's could be remotely controlled tb be
1, 2, 3 or k-fold coincidences., Also, any of the four inpubs could
be switched in or out of the coincidences at any time. The polarimeter
trigger, TP, was usually T1l-T2, although signals from the range counters

could be included. The spectrometer trigger, TR, was formed by S1-S2.-
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TR then went through a remote delay box into the EVENT coincidence.
pifferent spectrometer angles corresponded to different proton mémenta,
and therefore different timing between TR and TP. The remote delay
vox allowed us to adjust the delay whenever necessary. ﬁVENT was
normally TR.TP, although Sk, the last spectrometer trigger counter,

and a fast wire-or from one of the spectrometer MWPC's could be
included.

EVENT set the HOLD flip-flop @.36LALP), vwhich was used in several
places, HOLD was used to inhibit TP, TR and the STROBE coincidences
until the current event could be processed. It was fed into all the
champer 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 signai for processing
to begin, The flip-flop was reset either by the polarimeter computer,
if the event did rov pass the required tests, or by the compubter, after
the data had been read in.

Signals from all three range counters were fanned out (428 linear A
fanout) on the relay rack and went from there to the ADC's in the trailer
and to dicriminators (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
rediscriminated there. EVENT was used to gate the pélarimeter hodoscdpes

and the last spectrozeter hodoscope, TR, gated by EVENT, latched the
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first three spectrometer hodoscopes. The hodoscope tagging units

used were LRS23LOA (for the polarimeter hodoscopes) and CRL16 (for

the spectrometer hodoscopes). EVENT was also used to gate the analog-
to-digital converters used for the range counters. /

The time of flight measurement wos made using a LRS2228 time-to-
digital converter., The time measured was the length of time for the
varticle to travel from the first spectrometer trigger counter, S1,
<o tae Tirst polarimeter trigger counter, Tl. TR, gated by EVENT, was
ased &4s the start pulse. A delayed TP was the stdp pulse, For owr
nor=al trigger (except at t = -1.0) the timing difference between
orotons and pions was so great that both could not satisfy the trigger
2t the same time. The TOF spectrum was usually a clean, single peak.
‘wnen the trigger was adjusted so that both pions and protons were able
wo 3atisfy it, two .distinet peaks could be seen,

A number of quantities were scaled. . EVENT, TR, TP and the monitor
counts each had four scalars--one for each jet burst and oné for the
total. Tl and T2 were scaled separately. Polarimeter computer events
were scaled, as well as rejects, that is, events which did not pass the
required polarimeter computer tests. The Tl, T2 and monitor sScalars

were inhibited by HOLD, so that they did not continue to count between

oean bursts and vwhile an event was being processed. The number of beanm

rulses were also scaled,
12, Dazta Acquisition and Monitoring _

A PDP-15 computer was used on~line to control the data taking épd
nonitor the experiment. When an event occurred, an interrupt waé
cenerated, the experiment was gated off, and the computer immediately

tezen reading the information for that event into the buffer. All the

W
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Information except the chamber hits were read into CAMAC units; the
chamber information was read into a SAC system. The CAMAC units were
then read out via a CAMAC-SAC interface through the SAC system and

into the computer. The time required to read in aA event was about

X0 y 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" scalar, a
zachine scalar which was proportional to the current in the main ring
megnets and indicated the incident beam momentum for each event. There
were two other scalars, one which counted "eVenfs in this buffer”, and
one which counted total events. Other information for each event -~
included the time of flight measurement, the ADC measurement from each
range counter, and tags for the polarimeter computer tests. Of course,
all the MWPC and hodoscope information was read in for each event.

ther scalars (such as TP, TR, EVENT, etc.) were read in every buffer,
that is, about every 50 events. After tﬁe data écquisition.was complete,
a reset signal was sent to all the fast logic, and another event could
be accepted.‘ |

Between events, various calculations (such as chamber efficiencies)

¥ere made, and a number of histograms were built. Hiétograms which could
te displayed on a CRT included chamber and hodoscope distributions, the
tize of flignt distribution, the carbon double scattering distribution,

“7¢ bend angle through the magnet, and the analog signals from the range
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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 esch event. A raw;data dump
for each event Jas q.lso available,

yarious error conditions could be detected by the computer, and,
if the error was serious enough, an alarm was sounded. A very serious
error (such as the high voltage on a chamber tripping off, of running
off the end of the magnetic tape) would stop the data taking until
the error was corrected.

A second PDP-15 computer was available off-line for rapid analysis
of data tapes. This preliminary analysis was useful in monitoring

the progress of the experiment and discovering problems.
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Magnet Parameters

72

Parameter Quadrupoles Dipole
Maximum Field Strength 2.36 vkga.uss/cm | 40 kgauss
Length 176.3 em ; 135.4 cm
Magnetic Length 63.2 cm (each) i 81.9 cm
Current at Rated

Strength 664 amp 597 emp

Excitation Slope

Integral Excitation
Slope

3.56 ga.uss/ cm-an

225 gauss/amp

61.8 gauss/amp

5590 gauss-cm/amp
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Spectrometer, Proportional Chambers, Hodoscopes, and Trigger Counters

Proportional Chambers

* X is the horizontal coordinsate; Y is the vertical coordinate
** As measured from the target '

Plane | Number [Wire Coordinates Distance Vertical Horizontal
of Spacing Measured* along Dimension | Dimension
Wires (mm) Beam Line** (em) (cm)
(cm)
SFECl 80 1.3 X 749.0 15.2 10.2
SPC2 80 1.3 X 749.8 15.2 10.2
SPC3 120 1.3 Y 750.8 15.2 10.2
spchk 80 1.3 X 855.5 15.2 10.2
SPC5 8o - 1.3 X 856.2 15.2 10.2
SPch 120 1.3 Y 854.5 15.2 10.2
SEC7 80 1.3 X 1160.7 15.2 10.2
gec8 80 1.3 X 1340.4 15.2 10.2 -
SPCQ 96 1.3 Y 1339.3 15.2 10.2
SPC10 150 1.3 u(+15°) 1573.8 15.2 30.5
SPC11 150 1.3 v(-15°) 1583.4 15.2 30.5 "
Hodoscopes 7 |
Plane Number |Coordinate Vertical Horizontal Distance among
of Measured* Dimension Dimension Beam Line¥*¥*
Elements (cm) (cm) (em)
1 12 X 15.2 .85 764.8
K2 12 Y 1.0 15.2 824.3
H3 12 X 15.2 .85 824 .3
HY 20 X 20.3 3.37 1161.4
Trigger Counters
Counter Vertical Horizontal Distance among
Dimension (cm) Dimension (cm) | Beam Line (cm)
Sl 20.3 11.h T13.7
s2 15.2 10.2 829.6
S3 20.3 40.6 1617.7




Polarimeter Proport

Table

II-3

4

ional Chambers, Hodoscopes and ”rigger Counters.

Froportional Chambers

flane { Sunber | Wire Coordinate | Distance Vertical [Horizontal
of spacing |measured * |along beam |dimension |dimension
wires | (mm) line** (cm) (cm) (cm)
FC2 90 2 X 1.09 17.8 17.8
$ N )
¥C3 90 2 i Y 29.34 17.8 17.8
e | 90 |2 X 31.61 17.8 17.8
5 | 150} 2 ! Y 4, 55 30.5 30.5
Cé 150 2 X 46,89 i 30:5 30.5
{.:c'z 200 ¢ 2 % 59.52 | 45,7 45.7
. ! 2
b zce | 210 ! 2 X 62.00 | 45,7 4s.7
Hodoscopeé
Flane | Xumber of | Coordinate | Distance along | Vertical |Horizontal
elements neasured * beam line ** dimension | dimension
(cm) (cm) (em)
HX i2 X 77.5 30.5 5.1
HY 12 Y 83.2 5.1 30.5
Trigger Counters
Counter Vertical Horizontal Distance
¢imension dimension along beam
(cm) (cm) line** (cm)
T1 15.2 15.2 -706
T2 15.2 15.2 7.6
¥ X is the horizontal coordinate; Y is the vertical coordinate,
¥

~istances neasured from an arbitrary origin within the polarimeter.

The origin was chosen to be the center of the plate used to mount
tre Tirst two chambers,
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Figure II-1. The Internal Target Area Spectrometer. Hecoll protons
from pp interactions in the accelerator's main ring are focussed by

the quadrupole doublet Gl and Q2. An array of multiwire proportional
chamters (5FC1-11), hodoscopes (H1-H4), and trigger counters (S1, S2,
and 54) track the particles through the spectrometer. The dipole bends
on-momentum particles through 25?. The polarimeter, located at the end

of the spectrometer, analyzes the spin of the recoil proton.

Figure II-2. The polarimeter. The protons are rescattered in a carbon
tlock (C). FKultiwire prOportibnal chambers upstream and downstream of
the carbon (FC1l-8) measure the incoming and outgoing trajectories of
the perticles, 71 and T2 are trigger counters. The hodoscopes (HX and
nY) help resolve ambiguities ;n track reconstruction in the chambers,
Three lazrge scintillators, nl, 72, and £3, with varying amounts of

steel sandwiched in between, form the calorimeter or range counter,

Figure II-3, The gas jet target. :iydrogen gas is sprayed from the
.003" nozzle into the accelerator's main ring. Most of the gas passes
into the wuffer volume where two 10" diffusion pumps evacuate it,
Additional 10" pumps both upstream and downstream of the target also

help remove the gas.

Figure II-4, E19BA emplifier clrcuit for the spectrometer chambers.

The circult is described in the text.

Flgure 1I-5. Amplifier circuit for the spectrometer chambers following
the ¥C1035 line driver of Figure II-4,

igure II-£4, Sequence of signals generated by a particle passing-
through 2 chamber. A pulse of atout -20mV appears on the wire, -
oroducing a -1.6V signal at the output of the E198A amplifier circuit,
This triggers thne 1313 amplifier, which has an output signal of +3V,
100-20C ns long,




“lgure I1I-7. ©Section of a shift register used in chamber readout. The
integrated clircuit used is a 4012, a Tour bit shift register. Chamber
wires (W1-W12) are fed in parallel into each bit of the shift register,
wnen the IYOLE and LOAD lines are high (+5V), the state of each chamfer
wire is latched into the shift reglster and appears a£ the outputs
(32-912). Then the KCLE 1line goes low (ground), and the informatién

is shifted out serially by the SHIFT pulse, a 2.5 MEZ clock. The small

runbers indicate pin numbers on the 4012,

Figure IZ-8, Anplifier circuit for polarimeter chambers. The 710
amplifier is triggered by a signal from a chamber wire, giving an
output pulse of +37.

ure 1I-9, Fast logic located on the polarimeter, See text for

s
3
s

oo

a description of individual elements of the fast logic.

Yigure I1I-10. Fast logic located on the spectrometer,

re II-11. Fast logic located on a relay rack in the spectrometer

Figure II-12, Fast loglc located in the experimental trailer,
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CHAPTER III
AMALYSIS

Several computers were used in the data analysis. Most of the
heavy "number crunching" was done on Indians Universiﬁr's CDC 6600 and
CYBER 172 system, During the data taking, an off line PDP 15 was used
for fast preliminary analysis. The Fermilab DEC 10 and two CDC 6600's
were also used for program development and a first look at ‘some of the
data. The preliminary analysis of the first t=-.3 data was done on the
v5 computer at the physics department at Indiana University.,

Three passes were made through the data (not counting the preliminary
analysis.) The first pass wrote data sumary tapes (DST's) and printed
out interesting histograms, chamber and ﬁodoscope efficiencies,v and the
asymmetries for elasﬁic iarotons in each energy range. The second pass
read the IST's, calculated more detailed chamber and hodoscope efficiency -
distributions, and determined the asymmetries for each jet for various
cuts, This information was saved on magnetic tape for later use,
The third pass used calculations from the second pass to make corrections
for chamber inefficiency. A few other 'corréctioné vere also made in the |
third pass, and the final asymmetries were 'ée.'!.culated. For the higher
energy jets, = correction for inelastic contamination of the elastic
8ignal was also necessary.
1. Preliminary Analysis . :

An off-line PDP 15 was used to analj’;g the data tapes immediately

alter they were written. This enabled us to quickly find and correct

ot o it et
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problems with our epparatus. Chamber ‘a.nd hodoscope efficlencies, as
well as the performance of the TDC,»the ADC's, and the B-dot scalar
(which was used to determine the beem momentum) were monitored. From
the prelimina.ry analysis it was observed that the cenfér of the: ela.stic' »
peak moved across the appartus as the beam momentum incredsed. This,

of course, was not surprizing, since the dipole bent the lower momentim o

particles throi:gh larger angles. The PDP 15 analysis enable us to
determine the proper magnet settings so tﬁat the second Jjet was centered
as well as possible in the apparatus. Although the other jets were
then not centered, this seemed to be the best cohprmise.
2. Alignment

Since the chamber wires were not exactly lined up with respect to |
each other, it was nécessary to correct for the offset. At the beginning

of each data run, a few thousand straight through events were recorded, ‘.\ T

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 aligmment
parameters, particles were tracked through all four chambers. The positions

of "hits" in the two middle chambers were predicted from hits in the

front and back chambérs , and the difference between the prédicted and
measured positions was g.veraged for a few thousand events. This average
was then used to correct the i:osition measurement in the middle chambers.
The aligmnént parameters 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 aligmment correction

was %; wire spacing: the largest correction ever needed was abmrb-% wire

spacing. The calculation of the alignment correction was done primerily




on the PDP 15,
3. Writing the DST's

The DST's were written almost entirely on the CYBER 172 system at
Indiana University (which; at the time the apalysis was c;.one , Was
separate from the CDC 6600). For each raw data tape, a header record
was written which éontained the run nmumber (which was aléo the date),
certain analysis parsmeters, and the polarimeter orientation. (We
called the two orientations, somewhat arbitrarily, 0° and 186°.) pata.
was stored on the DST's _event-—by—event R bﬁt in a much more compact form
than on the raw data tapes. We were quite cautious in writing '!;.he
DST's, and only a few classes of events were eliminated. Information
retained for each event included: all of the chamber information
(stored as wire mmbers), hodoscope tags, the B-dot scalar, the Apc's B
for the range counteré, the TOF measurement, and the beam monitoi'.
Certain calculated qua.ntitiesb were also included: the missing mass
squared, the projected scattering sngle in the carbon block in both
planes, and the vertex distributions. If an event was not successfully
reconstructed, it was still written onto the DST, and default velues for
the calculated quantities were used.

In addition to writing data summary tapes, the first pass a.na.];vsis
printed out histograms for various interesting distributions. The
histograms included: the missing mass squared, the B-dot scalar, the
TOF, scattering angles in the carbon block, and vertex distributions
in the carbon, The histograms were useful in determining where various

cuts should be made, particularly in the missing mass distributions.
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Chamber and hodoscope efficiencies and the asymmetries for each energy
range were also calculated and printed out.

During the writing of the DST's, runs which had no chance of being
analyzed were eliminated (such as runs in which a vital ;hamber was not
operating). Certain other problems, such as a failure of the B-dot
scalar for several runs, were corrected. All of the data was put
in a stendaxrd fbimat, which greatly simplified further analysis, Four
or five raw data tapes could be written onto one DST. All of our data
was cqmpréssed into 76 DST's, plﬁs three DST'S of pion data,

The DST writing program consisted of two independent sections.

The first used information fr&m the spectrometer chambers and hodoscopes
to calculate the missing mass and determine if the event was eléstic.

The second calculatéd the double scattering distribution in the carbon
block and added up the total mmber of left and right scatters for each -
jet. Before aﬁy of these calculations could be done, it was necessary
to read in the information from the data tapes and convert the SAC
scalar readings and hodoscopes tags:into coordinates in space.

The spectrameter analysis :oufine calculated the momentum by
tracking thé particles through the dipole, Standard beam transport
equations were used. A éix component vector, (xl,xz,x3,xu,§5,x6), was
defined for several values of z (z was the distance along the beem
line from the target). The components Xy and x3 were the po;i’ciox_xs
in the horizontal and vertical planes respectively; X, and x), wére

the angles in those planes,
' _dx]_
R = “dz
e
dz

Xy
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X5 was a parameter which described "bunching" of the particles in

the beam and did not enter into our calculations, Xg was § p/p, the
desired quantity. Passage though the dipole was described by an

equation of the form

/= + + '
x5 Aj x'_j Bij xg x‘j Ci;jk xixdxk *oeee

vhere x; was the coordinate after the magnet, and the x 5 's were the

coordinates before the magnet. This equation, at least to second order,
can easily be solved for x6=5p/p if X, %, X3, and x) are known before

and after the magnet. The matrix elements Aj’ B. were

i3’ Jk
determined by mapping the dipole field. Although some of the third

and C,
1

order matrix elements were available, it was found that the second order
calculation was sufficient.

The momentum was actually calculated two ways--"forward" though
the magnet, and "bé,ckwa.rd". For the forward calculation, the‘ chamber
directly in front of the magnet was used. For the backward calculetion,
the clambers directly behind the magnet were used. For both éa.ses,
chambers further upstréam and downstream of the magnet were needed.
Usually it was possible to calculate the momentum both ways-~-then the
average of the two was used. Using both methods, the momentum cduld
be calculated for about 75-80% of all events.

In order to calculate the missing mass, the production angle as |
well as the momentum was needed. Recall from Chapter IT that the.tl_l_ua‘.d-
ropole magnets were designed to give a "parallel-to-point"” forus at

the first set of MAPC's. So a measurement of position there was almost
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a direct mea.su.re: of the production angle. Momentum-dependent corrections
to the angle were made after the momentum was calculated. |
The data consisted of events taken for energy ranges centered at
beam momenta of 22 GeV/c, 45 Gev/e, 75 GeV/c 110 Gev/c, and 175 GeV/c
for t=-.3, 'l?/=-.6, t=-,8, and t=-1.0. A small amount of data for _t=-.3
with a beam momentwum of 200 GeV/c was also taken. F;igs. TII-1 aLna III-2"
show & typical distribution of the B-dot scalar for data with five jets
and three jets, respectively. The different energy ranges can be
clearly seen. Figs., III-3 through .III-26 show the distribution of
(missing ma;\.ss:)2 - (proton mass)?' for each energy range and $ value,
For the lowest jet, essentisally all of the events were elastic. As
the beam momentum increased, the mumber of inelastics increased. At

the higher energ:.es, and especially for the higher |t| values, there

was considerable inelastic conta.mlna.tlon under the elastic peak. —

This 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 all. This point was not included in our
final data sample. Also shown in the figures are thé time of flight
distributions for each t value. The distributions in all cases are
very clean., A pién peak can be seen in the ’c=-1,0 data, but it was
well sepa:ca.téd from ’l;,he proton peak and could easily be excluded.
Reconstruction in the polé.rimeter was independent of the spectro_meter. :
A coordinate system was defined in space such that 2 was along the beam

direction, y was up, and x=y x z. This system was fixed in space and




did not rotate with the polarimeter. Reconstructions in the x-z plane
and the y-z plane were done independently.

A fairly simple algorithm was used to sort out spurious chamber
hits a.nd reconstruct particle tracks, Trajectories if:ere calculated both
upstream and downstream of the carbon block for all combinations of
chanber hits. Then these tracks were projected aloﬁg the z-axis to
the center of the carbon block. The difference in the upstream and
downstream projected x-(or y~) coordinates wes required to fall within
a certain tolerance for a track to ’be accepted. In the original version -
of the filtering program, that tolerance was a constant for all tracks.
In a later, improved version, the tolerance depended on the scattering
angle (larger angles being given a larger tolerance). If more than one
track was found which linked up in the carbon, thé event was mjectéd
as non-reconstructable » Since there was no way of knowing whicﬁ track
to choose. Once the trajectories into and out of the ca.rﬁon were known
for both planes, all pertinent quantities could be calculated. These
included the polar sca’cteringvangle (o), the azimuthal angle (9), the
projected scattering angles in both planes, ex and ey, and the vertex
distributions. For each reconstructed event, a teg bit was set which
indicated whether or not a hodoscope element had fired which agreed
with the downstrean track.

The first pass analysis yielded several pieces of information.

The asymnetﬁes were calculated for each run and were added up by
hand to give a "first pass" answer for the polarization. The histograms

were used to determine where various cuts should be placed. Also,
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the calculated efficiencies showed that a few of the polarimetea.:-
chambers and hodoscopes (the last y chamber in particular) sometimes
showed regions of inefficiency.
4. First Analysis of the DST!s. !

Chamber or hodoscope inefficiencies could be a serious problem in
a double scattering experiment, since one measures small differencesv
in the mmber of left and right scatters. Although rotation of the
polarimeter should cancel out the instrumental asymmetry, complete
cancellation would not occur for all jets because events were not
centered in the apparatus for all jets. Also, the efficiencies were
not constant in time and were not always the same for the two
orientations of the polarime'ﬁer. Even though chamber inefficiencies
wvere a problem for only a small amount of the data, and the crucial
x chenbers were unaffected, it was decided thai-, the best solution was
to correct the mumber of left and right scatiers by the chamber |
efficiencies, In the first pass through the DST's, detailed chamber -
efficiency distributions were calculated for the four downstream
polarimeter chambers. (The efficiency of the upstream chambers didn't
ma.tfer, since only the downstream chambers could give an insti'\qznental
asymmetry.) Fach downsiream chamber was divided into a 12 x 12 array,
and the efficiency for each section was calculated using the upstream
chambers, the hodoscopes, and the other downstream chanbers. These
efficiencies were saved on magnetic tape for later use,

In addition to calcula‘bing the efficiencies, the first a.na.']yéis

of the IST's calculated the asymmetry for the normal data sample and




also for a number of specialized cuts. These asymmetries were also
saved for each DST and were added up for all runs., The specialized
cuts led to some interesting observations and one correction » which
will be discussed later. Another observation made durmg this stage
of the analysis was ihe strong correlai".ion between position in the
front x chamber and the incoming angle., This cofre}l.ation was not
suprizing at all--it is Just due to the particles passing through the
dipole.
5. Probiems and Corrections

One observation made from the specialized cuts of the first DST
analysis was that fhe asymetry 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 called "vees" --events with two prongs emergingv f:"mm

the carbon block. Ordinaxrily, such events were thrown out, because two

tracks were reconstructed., But if the event occurred, say, on the left
side of chamber X1, the left arm of the vee might be lost off the edge

of the abparatus (see Fig. III~27a). Then the event would be reconstructed
as a right scatter, and the left side of the chamber would accumilate
more right scatbers. Likewise, the right side of the chamber would have
more left scatters, and the éffect would be the same for thé two' |
orientations of the polarimeter. (This was exactly the effect ob.served).v
For a well-centered beam, the effect would cancél--but our e\renté were
not well centered for all jets. The solution was to keep the smaller |
angle arm of the vees. Then, for an event on the left side of the
chamber, when the larger angle am scaﬁtered left and was lc;st off’ _

the edge of the apparatus, a right scatter was observed. When the




larger angle arm scattered right, the corresponding smaell angle track
was counted as a left scatter, and no bias was introduced. (see Fig.
III-27b). It was found, after the polarimeter reconstruction program
was modified to find vees, that the maximm percentége of vees in our
data was about 3% {at t=-1.0), and smsller for the other t values.
While the second pass analysis was in progress, several other
independent tests were made, one of which led to another correction.
For small angle scatters (less than 2-3°) , the average scattering angle
in x (g a.v) should always be zero (since carbon has zero analyzing power
for small angle scatters.) Several long tapes of straight through data
were analyzed to see of this was the case. It was found that, although
gav was zero when averaged for all incoming angles, it was not zero
when calculated for a small range of values of the incoming a.nglé
(AD) . Oy and AiN:X were found to be related approximately linearly —~ -

over the range of incaming angles the apparatus accepted (about + 30 mr).

(See Fig. III—2_8). ranged from about + .l° to -.l°. The effect

Oy
was the same for both orientations of the potarimeter--the slope of_i
the lines was the same, although the intercept was slightly different.
A Monte Carlo study of the probléxp indicated that this effect was due
to a sensitive interplay between the incoming angle, the discreteness-
of the chamber wires, the chamber aligmment, and thé spacing in z
between the chambers. The problem was corrected by forcing ea.v‘ to

be zero by shifting the observed scattering angle in x, ax,.'by an
amount which depended on the value of AINX for that event. The idea

was that, when the true scattering angle was 8, the chambers measured

o L




an angle 8 + ¢. The error could be corrected simply by subtracting

€.

me Il‘e

oy VS AINX" correction led to another embellishment of %he

analysis. An expanded histogram of 6, showed that thé distribution
was very discrete, with sharp spikes and no events in between. This
was due, of course, totie discreteness of the chamber wires, If the
value of 8, was shifted by a certain amount, even if that amount was
small, the 6° cut used for calculating the asymmetry could cross one
of the spikes and perhaps lead to a large change in the asymmebtry. |
This seemed like an undesirable occurrance, so we decided to smooth
out the 8, distribution (and in fact, all of our distributions) hy
"randomizing" the wire positions,‘ When a wire fires, all that is
really known about the particle"s position is that is passed through
a sensitive region surrounding the wire, A reasonable estimate of
that region was made (about 80% of the wire sbacing) , and, instead
of using the actual coordinate of the wire, the parbiéle was placed
randomly somewhere in the sensitive region._ The effect on some of
the distributions (particularly the incoming angle) was striking.
Figs. ITI-29 through ITI-60 show both randomized and wnrandomized
distributions of the polar and azimuthal scattering angles, the
Projected scattering angles in both planes, the reconstructed verf.ex,
and the incoming angle. The distributions are 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 of the Polarimeter Computer

0f the figures presented in the last section, the histograms of
6 0, and Qy are of particular interest. These distributions were
made with no software cuts at all--only the hardwaré cuts of the
polarimeter computer. Without the polarimeter compgter in the trigger,
almost aJJ. events would be straight throughs, and the plots of g, ax,.
and ey would be sharp spikes gt 0°. Scatters at large angles would be
a small backérmmd compared to the peak. Figs. ITI-61L and III-62
show histograms of g and ex for a run which did not have the polarimeter
computer in the trigger. i‘he difference is striking and emphasizes
the importance of eliminating the straight through events. The polar-
imeter_ computer required a scatter between (é.pproxima.tely) 6° and 22°
in either x or y. Events in the small angle region of g, had a sca;c*cer
in y greater than 6°, and vice versa, The actual hardware cuts were : -
not exactly at 6° and 22°, but a few degrees away, so that we were
certain the angular region used to calculate the asymmetry was unaffected,
The action of the polarimeter computer can perhaps best be seen in the
scatter plot of Fig. IIT-63. The cut made was very nearly & Square.
in the 8, VSe ey plane, ’.Ehé polarimeter conputer wes not completely
efficient, however,. and some events sl.ippe-d into the region whiéh,
ideally, should have no events,

The ¢, 9};, and A, histograms for t:-.3‘a.nd t=-‘.8 are similar but
not identical. The difference comes from two sources, First of all, |
there is a real difference in the shape of the‘proton-carbbn cross |
section for different proton homenta. Secondly, fhe action of the

polarimeter computer was somevwhat different in the two cases, since

L ) N
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the cuts and tolerances were different for the 2" cerbon block and
the .5" block,
T. Background

With the dipole off and the jet pulsing, our trigger rate was |
very low--only one or two events per beam p\ﬂ.sé without the polarimeter
camputer, and essentially nothing with the polarimeter computer in
the trigger. However, there were a large mmber of particles entering
the polarimeter at steep negative angles--these were particles which
were coming from the target, but arocund the dipole, Also, upstreanm
of our target was ancther gas jet target which bombarded the polar-
imeter with particles when it was pulsed, Such particles were a
potential. source of background., They could never travel completely
through the spectrometer, but they could cause confusion in recons:tz;uction
in the polarimeter. Suppose the "real" proton went through the spect-
rometer as it should, en‘beied the polarimeter, and then stoj)ped in
the carbon., (Stopping in the carbon was not uncommon, especially
at the lower t values.) If a background particle passed through the
back polarimeter chambers close enough in time to the real event, it
could be mistaken for the real proton. Almost all such "events" would
appear to be right scatters in the carbon. To eliminate them, we
required, first of all, that the upstream and downsf,ream tracks l:mk
up in the carbon to within fairly tight tolerances. We also reéuired-
a good reconstruction in both the x a.nd Y planes, and we made faii'ly
tight cuts on the vertex distribution. Requiring the hodoscopes in

the reconstruction should also help eliminate background because of
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their stricter timing requirements. It was found that requiring the
hodoscopes made no difference » which indicates that essantié.ny all
of this type of background was being eliminated. The hodoscopes were
not required in the final data sample. To eliminate ?ther possible
sources of background, a tight cut was made on the TOF distriﬁtthion,

snd every event was required to track all the way through the ‘

spectrometer and reconstruct in missing mass,

8. Third Pass Analysis

All of the corrections discussed above were incorporated into the
final analysis of the DST's. The efficiency correction was done by ]
incrementing the total number of left or right scatters _by l/EF'F | f
rather than 1 whenever a scatter was observed. Here EFF is the | |
product of all pertinent chamber efficiencies., The correction for “ ;

I

es.v

was done by shlft:u)g the calculated value of 8y for each event by an ‘
smount which depended on the value of AINX for that event. These two |
corrections never shii‘bed the asymmetries for x scatters by more than '
half of a standard deviation. However, the efficiency correction had

a three standard deviation effect on the asymmetry in y fo'x;v t=-1.0, which
was the t value most affected by chamber inefficiencies. The fact 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 carefully placed to assure that the data éample was as

clean as possible. A cut was made for AINX at & 25 ‘nir. Outside of this
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region our knowledge of the 8,, correction was not good. Cuts were
also placed in the TOF distribution and the z-vertex distribution. The
vertex cut was made slightly outside the physical dimensions of the
carbon block, since the resolution and the randomization of the wires
spread the distribution. | | | ,

The asynnnetrieé were calculated for each energy range and fo-r up
to ten bins in missing mass. The first bin corresponded to elastics.
The other bins were the same width as the first, but were progressively
higher in missing mass., This allowed us to plot the asymmetry as a
function of missing mass and make a correction for inelastic contamination
of the elastic signal. All of the asymmetries were savedfor each DST
and were added wp for all runms.

9, Consistency Checks

Seversl consisteﬁcy 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 value.
These results could then be checked with existing data, and in all
cases our results were found to be in good agreement with previoﬁs
resulﬁs. About = million pion triggers were taken, and the asymmetry
of these events was found tov be zero within the statistical. error of
.3%. Another check was the asymmetry in the y plane, the "up-down"
asynmetry.- Parity consefvatidn, of courée s requires this to be zero,
since the proton can be polarized only normal to the original scattering
Plane., After all corrections had been made, the y asymmetries for
all t values came out to be zero within the statistical errors. A
final check was the comparison of results for the two polarimeter

orientations. All the asymmetries were calculated for 0° and 180°
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separately. A large difference in the two results would indicate a
large instrumental asymmetry of some kind, For almost all the data
points theuoo and 180° results agreed within one standard deviation. No
points were more than 1} standard deviations spart. The final
asymuetry used to calculate the polarization was thg weighted average
of the 0% and 180° results.
10. Carbon Analyzing Power

The calculated asymmetries must be divided by the analyzing power
of carbon to obtain the polarization. The analyzing power (A), was
nmeasured in a calibration run using the polarized beam at the Argonne
ZGS]'. _The projected scattering angle in the horizontal plane (ex) was
neasured with a series of MWPC's, Scatters into the angular region
of 6°-22° were used to calculate the asymmetry,

e = (L-R)/(L + R}, LT
where I, is the total mmber of left scatters, and R is the number of
right scatters. Then, since the besm polarization was known, A was
easily calculated from P=e¢/A. A typical value for the beam polarization
was T0=-80%. Instrumental asymmetries were averaged out by reversing o
the beam polarization periodically. It should be noted that, since
the calibration was done for the angular region 6°-22 °, ‘ﬁhe asymnetries
calculated in the encpériment had to be over the same region.

The analyzing power was measured for five different valves of the
kinetic energy of the incident proton. Data was teken for two_ values of-

incident beam momentum: .815 Gev/c, and 1.0 Gev/c. Other values of -

Kinetic energy were obtained by passing the beam through carbon degraders
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of varying thicknesses. Table III-l gives the measured values of A '
for each value of the kinetic energy. Fig. IIT-64 is a plot of
analyzing power vs. kinetic energy. A fit was made . to the five data
points; this fit is also given in Table ITTI-1l. Resw.ézlts from this
calibration are in good agreement with previous meaismxbenbs of A.2
11. Correction for Inelastic Contamination

From the missing mass histograms, (Fig. III-3 thoough IIT-20) it
is clear that, for the higher ‘tl values and the higher energiles,
inelastic contemination under the elastic pesk was a problem. See, for
example, t = -.8 (GeV/c)2 and py . = 110 GeV/e 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 essentially all
events were elastic. -

The per cent contamination was e'stimate'dvby 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 known bosition
of the missing mass cut, the per cent of inelastics within the cut was
estimated. For t = =.6 the contamination was less than 10% in all cases;
for t = -.8 the contamination was 17-18% for the three higher energy jets.
Even though the highe: energies had gréater background, the cut in missiﬁg
mass was further into the elastic pesk, so the amount of contamination
within the cut was about the same. At t = «1.0 and pbeam = 75, the

contamination was about 17%, and the pbeam = 100 it was about 23%. At .
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t = -1.0 and Poeom = 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 elasties had
zero polarization. The polarization for the inelastics was calcﬁlabed
for bins in missing mass different 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 positivé polarizations for higher missing |
mass, but the points closest to the elastic péak were very nearly
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 pointAs e.xcept t = =1.0 and |
Poeam = 110. For that point, the result was changed by a little less
than one half of a'standard deviation, and the estimated error.was |

increased slightly to account for error in the correction.




Table I1I-1

Analyzing Fower of Carbon

Kinetic

Energy A aA A
(ceV) | it
.154 .23l .0110 L2348
.239 .2897 .0083 . 2877
.261 ' . 2750 o ,0122 .2788
345 .2236 .0110 . .2228
133 .1839 .0123 ©L.1841

Apyy = ~+77889 + 13,19184T - 56.82162T%
4 99.9525071° - 62.87229T"
T = Kinetlic Energy
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Figure III-1. Distributlon of beam momenta for a typlical sample of

events. Five energy ranges, corresPOnding to five pulses of the gas

jet target, can be clearly seen. Units are GeV/ec. .

|

Figure III-2. Distribution of beam momenta when only three jet

pulses were used.

Figure III-3., Distritution of (missing mass)2 ~ (proton mass)2 in units

242 2
of (GeV/e“)" for Vt = ~.3 (GeV/c)” and Ppeanm = 20
Figure III-4. Missing mass distribution for t =
Figure III-5, NMissing mass distritution for t =

Figure ITI-6. DMissing mass distriltution for t =

i

Figure I1I-7. Missing mass distritution for ¢

Figure III-8. Time of flight distribtution for t

tenths of nanoseconds,

Figure III-9, Missing mass distritution for t

GeV/e,

-.3 and Pbeam = L5 GeV/e.
-3and p - =75 GeV/bf
-;BAané Proam = 116.GeV/é.
-.5 and pbea# = 175 GeV/gfn

i

Figure I1II-10. Missing mass distribution for t

Figure III-11, Missing mass distribution for t
Figure IIT-12. Missing mass distribution for t
Figure III-13., FKissing mass distribution for t

Flgure III-14. Time of flight distribution for

nanoseconds,

[

]

t

-3, Units are

.6 and Prean = 22 GeV/ec.

-.6 and p, = 45 GeV/e, ;

i

-.6 and Prcan 75 GeV/c.
-.6 and Ppean = 110 GeV/ec.

-.6 and 1 175 GeV/e,

= -,6, in tenths of
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Flgure 111-15. Hissing mass distriwtion for t = ~.8-and pbeam = 22 GeV/c,
Figure 11I-16. Eissihg mass distribtution for t = -.8 and Proam = Qj GeV/c.
Figure iTI-17. lissing mess distribution for t = 5.8 and Pream = 79 Gev/e.
Figure I11I-18. tiissing mass distribution for t =:~.8 and Proay = 110 Gev/c.

Figure III-19. Kissing mass distritution for ¢ = -.8 and Prean = 175 GeV/e.

]

Figure I11-20, Time of flight distritution for t+ = -.8, in tenths of

nanoseconds,

Figure I1I-21, INissing mass distritution for t = -1.0 aﬁd Prean = 22 GeV/c.
Figure I1I-22. Missing mass distritution for } = -1.0 andrpbeam = 45 GeV/c,
Figure III-23, Hkissing ﬁass distribution for t = ~1,0 and Pbeam = 75 Gey/c.
Figure III-24, Kissing mas§ distritution for t = -1.0 and Proam = 110 GeV/e.
rigure III-25, IMissing mass distrimution for t = -1,0 and pte;m = 175 GeV/b,-

Figure III-26, Time of flight distritution for t = -1.0. Noté 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 Elock. If the
larger angle track is lost off the edge of the apparatus (27a), a xright
scatter is recorded, If the'larger anglé track scatters right, both
tracks are seen, and the ambiguilty causes the event to be rejeéted (27b).
An experimental blas is created if events occur predominatelyvdn one
side of the apparatus. The solution is to count the smallbangel arm.
whenever a vee is observed. Then in 27b, a left scatter‘is recorded

to balance the right scatter of 27a.
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Figure 111-28. The AINX vs, 8 . correction. AINX is the incoming
angle of the beam (in milliradians) in the horizontal (x) direction.
Aay is the average angle in degrees for small angle scatters (% 10)
for polarimeter computer out runs. Ideally Pav = 0, However, it was
found that gav and AINX were related almost linearly over the range of
incoming angles accepted by the apparatus. This necessitated a

correction to the measured scattering angle, as described in the text.

rigure III-29. Folar scattering angle in the .5" carbon block for

t = -.3. Units are degrees,

rigure 111-30. Same as Figure I111-29, with the wire positions "randomized"
as discussed in the text., This distribution was changed very little

by randomization,

rigure III—31; Azimuthal scattering angle in the carbon block for

t = -.3. Units are degrees,

Figure III-32. BSame as Figure III-31, tut with the wire positions
randomized. This distribution is noticably smoothed as a result of

randomization,

rigure III-33. Carbon scattering angle projected into the horizontal
(x) plane for t = ~.3. Units are degrees,

Figure IJI-34. Same as Figure I11-33, at randomized and therefore

much smoother.

rigure III-35. Carbon scattering angle in degrees projected into the
vertical (y) plane for t = -.3. ’ '

Figure III-36. Same as Figure III-35, tut randomized,

Figure I111~-37. Z-position of the vertex for the scatter in the carbon
block, as calculated in the x-plane. 2 is along ihe 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.
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rigure 111I-38. ©Same as Figure I11-37, but randomized. The vertex

¢istritution was smoothed and somewhat spread out by randomization,
~ipure 11I1-39., X~position of the carbon vertex, The edges of the

carbton tlock at ¥ 3" can be clearly seen. Units are inches from the

center of the polarimeter.

Figure I111-40, Same as Figure 1I1I-39, but randomized.

Tigure I1I-41., Incoming angle of the beam in the horizontal plane
for t = -.3, in milliradians. An angle of Oxmrcorresponds to normal

incidence, The distritution is very granular because of the discreteness

of the chamber wires.

Pigure II1I-42, Same as Figure III-41, btut randomized. The effect of
randomization was striking for this distribution--the granularity

completely disappeared,

rigure III-43, Incoming angle of the beam in the vertical plane for
t = -3, in milliradians,

Figure ITII-44, Same as Figure ITI-43, tut randomized. Again.the
randomization had a striking effect on the distribution. '

rFigure III-k5. Polar scattefing angle in the carbon for t = -.8
and the 2" block; Unlits are degrees,

Figure I1I-46. Same as Figure III-45, tut randomized.

Figure III-47. Azimuthal scattering angle in the carbon for t = -.8,
in degrees. ' '

Figure III-48. Same as Figure III-47, tut randomized.

Figure I1I1-49, Scattering angle in the carban projected into the
horizontal (x) plane for t = -.8, in degrees.

Figure II1I-50. Same as Figure III-49, tut randomized.
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Figure III-51. Scattering angle in the carbon projected into the
vertical (y) plane for t = -.8, in degrees.

Filgure I11-52. Same as Figure III-51, tut randomized.

Figure I1I1~53. Z-position of the vertex in the carbon as calculaied
in the horizontal ﬁlane. The edges of the 2" block can be clearly
seen. Units are inches from the first polarimeter chamber.

Figure III-54, Same as Flgure III-53, but 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, tut randomized.

Figure III-57. Inccming angle of the beam in the horizontal plane,

in milliradians, O mr corresponds to normal incidence. The gramlarity
of the distritution is due to the discreteness of the»chamber'wires.

Figure III-58. Same as Figure III-57, ut randomized.

Figure III-59. Incoming angle if the beam in the vertical plane in
milliradians, ’

Figure III-60, Same as Figure III-59, tut 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 II11-62. Carbon scattering angle projected into the x plane,
grain without the polarimeter computer in the trigger.
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‘Figure III-63, Scatter plot showing the effect of the polarimeter
computer, The polarimeter cbmputer required a scatter greatef than
about 4° in either the horizontal (x) or vertical (y) plane, effectively
making a square cut in the ﬂx Vs, Gy plane. This plot was made with
no software cuts, only the hardware cuts of the polarimeter computer.

Figure 11156&. Analyzing power of carbon,
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Figure III-27a

Figure III-27b
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CHAPTER IV
RESULTS
1. Discussion of the Data
The polarization of proton-proton elastic scatﬁering was measured
as a function of s for t values of -.3, -.6, ;18 and -1.0 (GeV/c)z.

Data for all t values covered & range of beam momenta from 20 to 175

GeV/c. The measured polarization results are shown in Figures IV-1
through IV-L. Shown also are several other experimental results; the
dashed line indicates the theoretical prediction of Pumplin and Kane7.
The corresponding tabulated results sre given in Table IV-1. The
estimated errors shown are statistical, except for one point qtvt = 1.0
and s = 210 (GeV/c)z; the estimated error for this point has been
increased slightly to account for error in the correction for 1nelast;¢‘
contamination. The general behavior of P vs. s is quite similer at all
t values,

At t = -.3, (Fig. IV~l) the polarization falls from large positivé
values st low energies to near zero by s & 210 (GeV/c)z. Howevér, at
higher energles it appears that the polarization begins to rise again.
More data would be needed for s » 200 (Gev/c) to confirm this. vOur |
result at s = 4O agrees well with s T 35 resultsof Borghlni et. al.3;

there is also good>agreement between our result and thet 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 of t = -.3, The polariiation starts out large and positive at
low energles and falls quickly with increasing energy. However, unlike

the t = =.3 reéult, 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 iﬁ is not clear if P remains a few
percent negative or>approaches zero. Again our résults are in good
sgreement with other experimental results bétweén 8 = 43 and s = B3.

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 value at
low energy the polarization falls to zero by about s = 47 (GeV/c)2 and -
becomes negative. P femains a few percent negative up to s = 145 and
perhaps rises again as the energy increases.v 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 betweén our ;esults

and those of other experiments.

At t = -1.0 (Fig: IV-b) the pattérn at low energies is repeated:
P is positive and fairly large at low energy and fallsrwith increasingl
energy. The situation at s = 86 (GeV/c)Z,.however, is not clear. There
is some diécrepapcy between the result of this e#periment, which is about
+.1h anduthe data of Gaidot et.al. which is about -.08. The experimental
error estimates for both points are large, however. More data would bé
needed to clear up the confusion. At both s = 145 and s = 210 the
polarization was measured to be large and negative, about ~-.15. Unfbrtu—
nately, the error estimates are élso large, but the dataAcertainiy

indicates that the polarization is'negative at these energies andlmay

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 background.
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2. Discusslion of Models

The stendard Regge theory cannot accommodate polarizations which,
for fixed t, change sign as s increases. The Regge model predicts
a |
P~A () |
o}

where A and ¢ depend only on t_ahd a <0, If the polarizatiop is positive
for low energies this form of s~dependence predicts that the polarization
should remain positive and fall to zero as 8 4 «. 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 again 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-polarizaiions
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 B
nmodel of Pumplin and Kane7. The prediction does not fit the data
pﬁrticularly well.. At £ = =.3 the predicted polarization.is toq high,
except perhaps at the higheét énergy. At the other.t values fhe prediéted
polarizations become negative but continue to increase in magnitude with
increasing energy, while the experimental results appear fo level off
end perhaps begin to rise. Also the predicted positions of the cross-overs
are not right, except for t = -.8. However, the model ggggbpredict the
observed change in sign of the polarization and the non-zero polarization
g high energies. |
The optical models discussed in Chapter I do not givé specific -

forms for the s~dependence of the polarizations, so no real coﬁparisqn can



151

be made. However, one point is worth noting. The Durand--Halzen8 moadel
predicts large and rapidly changing polarizations in the region of the
dip in do/dt, since their model predicts

Po ~ ya'. :
At higher energies, the dip moves into lower |t| values (at s = 500 (Gév/c)2
the dip occurs at t = -1.4) - perhaps the negative pﬁlarization»that |
develops at high energy is indicative-of the effects of the dip region
beginning to affect the polarization. The fact that P was largest at
t = -1.0, vwhich is closest to the dip, supports this argument. However,
P becomes negative by s = 86 at t = -.6 and t =-.8, vhich is still far

from the dip both in t and in s.

3. Pplarization as & Function of 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 of inelastic events, their
polarization was also calculated. These results are shown in Figures IV-S
through IV-16. For each t value (except t = -.3) are each energy range
(except Poeam = 20 GeV/c) the polarization is plotted as a function of
(missing ma.ss)2 - (proton mass)z. The first point corresponds to the
elastic events; the other points represent bins in (missing mass)znwhich
are the same width as the elastic peak. Since the t = -.3 data was almost
purely elastic, it was not possible to calculate inelastic polarizations .
for this t value. Also the data aﬁ Pooam = 20 GeV/c for each t value was
essentially purely elastic so no inelastic polarizations werg qalculated

for this energy range.
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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 turﬁ‘over and sﬁart to
‘become negative again. There is a sign convention which should be
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 prpton,
the results were multiplied by -1 to be consistent with.the convent-
ional definition of P. The results for the inelastic polarizations 4
presented here have also been multiplied by -1, S0 that the firsﬁ 5in»
in missing mass, which represents the elastic data, corresponds to the

conventional definition of P for elastic events.

k. Conclusions

The results are'among the first polarization measurementé above
beam momenta of 17.5 GeV/e, 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 wvalues except t = -.3.
This contradicts predictions of standard Regge theory, although modified
Regge theories seem to predict some of the gualitative featureé of fhe
data.

The general shape of the P vs. s curve seems to be the same for
all t values. The polarization starts out pasitive at lowlene:gies, falls

with increasing energy, and may start to rise again at the highest
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energies measured. For all t values except t = -.3, P was found to
become negative between abéut g8 =5 and s = 70 (Gefv)z. Except at
t =-1.0, thé magnitude of the measured polarizations was small (less
then .05). Large values of |P| were measured aﬁ t = =1.0, but the
estimated errors are also large.

Many questims remain unansweréd. Does the polarization start to '
rise above s = 200 (GeV/c)z, or does it level off? What happens at
higher energies for t = -1.0?7 Does P become even more négative for
|t | values greater than 1.0? High |t|, high energy polarization
experiments are difficult, but the situatioh is intriguing. Additional -

experiments in this area could give interesting and unexpected results.




Table IV-1

Polarization zZesults for pp klastic sScattering

{
t Diean o Polarization
(cer/c)? | (cev/c) (cev/c)? |
-3 20t € 39 .058% ,015
45t 8 86 .011 % .,016
77t 10 147 .020%,013
110t 10 209 .003%,013
1761 12 333 .035% 014
205t 15 387 026t .,056
-.6 22%6 L3 029 % .014
43110 83 -.029%.017
751 12 143 -.014% ,015
110t 10 209 -.035%,017
176t 12 333 -.003%,018
-.8 2116 41 .038t.026
st 86 -.042% ,018
76T 10 145 -.01t% 015
110t10 | 209 -.035%,017
1761 8 333 -.021% 021
-1.0 2216 : L3 .025% ,052
Lt 10 5 85 Juh T 073
| 76%12 5 145 ~.158 % ,072
% 110t 10 ; 209 -.150 £.099




155

CHAPTEL IV FIGURES

Flgure IVv-l1,
t =

Folarization results
-.3 (GeV/c)Z. The dashed line
represents the prediction for high
and Xane (Zef. 7).

Flgure IV-2. Folarization results

for pp elastic scattering at
in this and the next three figures
energy pp polarizations of Pumplin

for pp elastic scattering at t = -.6 (GeV/b)Z.

Figure IV-3, Folarization results for t = -.8 (GeV/c)z.

Flgure IV-4, FPolarization results for t = -1,0 (GeV/c)z.

Figure IV-5. Polarization as a function of (missing mass)2 - (proton mass)2
for t = -,6 (Ge'v’/c)2 and Py = 45 GeV/c, The first point represents

elastics: (missing mass)2 - (proton mass)2 = 0.

Cther points represent

inelastic events divided into missing mass bins the same width as

the elastic peak.

Figure IV-§, Polarization as a function of (missing mass)2 for

t =

Figure IV-7. FPolarization as a function of (missing mass)2 for t

be) = G \! .
and p, - = 110 ev/c

Figure IV-8. Folarization as a function of (missing mass)2 for t

and p,__ =175 Gev/c.

Figure IV-9, TFolarization as a function of (missing mass)2 for t

and Pream = 45 Gev/e.

-6 (cev/e)? and Proan = 75 GeV/e,

-6

4

= -6

-8

i

Figure IV-10. Folarization as a function of (missing mass)2 for t = -,8

and p,__ =75 Gev/e,
Fizure
ané p = 110 GeV/c,

Tteam

rre TV-11. Folarization as a function of (missing mass)z for t = -.8
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Figure IV-15., Folarizatlon
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of (missing mass)2 for 1t = -.8
2
of (missing mass)“for ¢t = -1.0

of (missing mass)2 for t = 1,0

of (missing mass)2 for t = 1.0
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of (missing mass)2 for t =
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