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MEASUREMENT OF THE SPIN-CORRELATION PARAMETER CNN
IN PROTON-PROTON SCATTERING AT 680 MeV

Helmut Ernst Dost

Lawrence Radiation Laboratory
University of California
Berkeley, California

February 5, 1965

ABSTRACT
" Using a polarized beam and polarized target we have measured

the spin—correlatiOn parameter C in proton—prcton scattering

NN

“for aniincident-proton laboratory-system kinetic energy of 680 MeV.

The polarized beam was made by scattering unpolarized protons from

the 184%-in. cyclotron in‘an external first target of liquid hydrogen

'resulting in a pclarization of O.4k, To reverse the beam polarization,

the incideﬁt—proton scattering angle‘was reversed. The target protons

were polarizedlby a solid-state technique called "dynamic polarization"

to O.Mé on the average. The eiastic proton—proton interactions
involving the'polaiized protons weré kinematically separated from
other interactiohs by counting'both protons-in coincidence. The
angular reglon covered byvthe 1% date points exfends from 51;2 to .

88.7 deg in the center-of-mass system. The results show that Coy

"rises in this regioh from about 0.5 to 0.9 with a typical. standard

devistion of O.l.
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I. TINTRODUCTION

One of the principal aims of work in high-energy physics is a -

{\vcohérent.description of particle inferactions. - According to.theory;‘
L in any of iﬁs,present-day alternatives, various scattering experiments
" should be related to one another. Qualitativé relations have been

"~ shown to be‘valid; but quantitative reiations between.different

scattering processes are restricted, as yet, to trivial cases,

While high-epergy physics dealsbwith a great variety of particles,
it seems reasonable to expect thaﬁ scattering processes invblving onLy
pions and nucleons should constitut; a separable pfoblem;.almost independ~-
ent Qf'processes.involving'particlés of non~zero strangeness such as

K mesons and A paiticles. The validity of this point of view rests in

-part oﬁ the fact that in high~energy collisions K-particle‘production'

s materiélly lbwer than one would expect from a statistical model,

relative to pion production.

Taking'the.pointvof view'thatiécattering processes involving piohs '
and nucleons do constitute a sejarable domain, it éeems feasonabie.to
hope that these processes can be quantitatively interfelated. ~IT this
is to occur, the thébry shouid be tested forjits ability correctly to

predict the detailed scattering amplitudes. Conversely, the detailed

vamplitudes may perhaps be used to suggest the form of terms that a

correct theory_muét include. It is with this general purpose that we

 seek to_make experimental determinations of the scattering amplitudes

1 in complete detail, particularly for systems of pions and‘nucleons.

The experiment described in thisvpaper constitutes one of many experi-

s

ments that will be required.
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In this chépter we remind the reader of the need for nucleon-
- nucleon elastic-scattering data that will eliminate existing ambiguities.
_ in nucleon-nucleon phase shiftts. We also relate the various‘experiments
that canlbe undertaken and the parameters thus méasured. Also we try to
demonstrate the usefulness of the recently developed polarized proton
vtarget as a tool to measure thése parameters. % = |
A. Motivation

Moravesik has reviewed the three gehéral approaches to the hucléon;
nucleon interaction: phenomenological, meson theories of the static
potential, and dispersion theoretié.l In all cases one arrives at a
_ formalism baséd on'model-depéndent éssumptions and su@plied generously
- with parameters foi the sake of‘fléxibilityf The-éxamples_that réadily
- come to mind.are the parameters iﬁ%olved in phenomeﬁological potential
models, such as‘radius of haxrd cofe; well depth and radius,-wall thick-
‘ness, etc. Ultimately the tﬁéoretical parameters'must be evaluated
| accordihg'to experimental fesults,' These are most conveniently éxpreséed

in terms of phase shifts. However, unless one discriminates in selecting

'appfopriate experiments, one ends up with data ylelding several poséible v'

sets of phase shifts,'each a candidate that fits the inappropriate
experimental data more or less well. It 1s convenient fo discuss the
relation between phase shifts andvexperiment in terms of the scattering
matrix of Wolfenstein and Ashkin;2.or-of,Sﬁapp-infdiffergnﬁ form,? The

' correct phase shifts at one energy éan be obtained from the complete
scattering matrix at that energy.  An appropriate complete set of experi-
ments yields suitabie parameters in’ terus offwﬁiéﬁ-one;éxpreéses the

scattering matrixe.

e

W
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What constitutes such a complete set:of experimental parameters

is discussed by Schumacher'and'Betheu.and others. Here we state only

.- that for nucleon-nucleon scattering one must measure eleven carefully
‘chosen parsmeters at one energy'and angle in each of the two isotopic-

- spin states, to determine the various amplitudes of the scattering

matrix unambiguouSly.. If measured at all angles the total number- of

| parameters is reduced from eleven to five in each isotoplc-spin state,
1f one is constructing the scattering'matrix at an energy below the

- inelastic threshold. ﬁhitarity of the scattering matrix then expresses

the imaginary parts of scattering-matrix amplitudes at one angle in

terms of integrals over all angles of products of the five measured

- parameters.

To date there is no energy fqr which a: complete set.of proton- .
proton data exists, much less proton-neufron data, since some of the
parameters are quife difficult to measure for various réasons mentioned
iater. (Perhaps unusual circﬁmstanées are involved in the case.of the
sizable set of proton—protén parameters at 310 MeV. Tt is incomplete
because the Berkeiey lSﬁ*in. cyclotron was modified and came back into
opergtion with more tﬁan twice the original energy.) Thus the phase-
shiff hunter must use data at several different energies in.conjunction
with sufficient model-dependent assuﬁptions about the behavior of the
phase shifts in the intérmediate energy regions to &ield an "unambiguous"

set of phase shifts. With these he then ho%es to test the model. .The

.situation seems to represent a mandate to the experimenter to develop

- new techniques to measure those less accessible parameters.
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It is a step in the right direction to‘simply accunulate experimenal |
| data even if they are uncorrelated in energy. Any additional data -

.. reduces the deg:ee to which one needs to bridge the energy gapé.with
poorly tested assumptione, vThis.represents in part the motivation
fof the present experiment, For quite clearly the beam energy wasr
not picked to complement existing data but.rather becauee it was -
easily available.v Since the experimental accuracy was limited only
. by counting statisties, it was thought desirable to work with.the ’

highest flux possible. Further motivation was simply to test the

ease with which the recently developed polarized-proton target ﬁeasures

one of the more difficult polarization parameters.

'B. Nucleon-Nucleon Sdattering Experiments

A brief review of different polarization experimehts one can
conduct with a palr of nucleons and of the associated. experlmental
" parameters will best help to 1dent1fy the parameter C (9), measured
in this experiment,in the proper perspective. The discussion is
esummarized,in'Table I. - Whether the incoming particles are pblarized.
or not, the outgoing parﬁiclesfare considerably polarized at almost -
all scattering angles.‘ | |

(a) The 51mplest possible experiment would be a differential

cross ~-section measurement with unpolarlzed beam and unpolarlzed target.

- The parameter'measured is simply IO(G)
(o) - The first step of sophisﬁication is the classical double-
scattering experiment. Here one adds the measurement of the component

of polarization perpendicular to the plane of scattering of one of the
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Table I. Swmary of polariéation experiﬁents.and associated.
parameters in elastic proﬁon—proton sca$tering.. A few more
parameters appear'for proton—néﬁtron scaftering‘where.one'needs
to subscript the (X) in some cases.

X: one particlefé polarization measured

related by time reversal:

.Initial State o Final State . Parameter MEasured

NN KP

[ . . . O
IR o o o | (*)
- . x
x X D,R,A,R', or A
XX - | - _ CNN o1 'CKP ;
) - | (%)
- - ‘XX C. or C

|
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four particles involved in the maiﬁ‘inferaction. (Clearly only two
particles are involved, but referring to them as four particles helps.
to distinguish betWeen incoming and outgoing states connected by time
reversal, particulérly since the two particles may themselvés be
indistinguishable in elther the inéoming or outgoing states.) There
are‘two ﬁays of'conductiﬁg theée doublemscattering experiments related
by time inversion. /One may either‘polafize an initial-state particle
by some means such és a first-(polafizing) scattering of the beam prior
'to the wain interaétion and measure-the differential cross section

for each of two different incident-pérticle polarizations (typically

- equal in magnitude but opposite in sign), or,dne may obtain.the polari-
zation of one final-state particle by following the main scattering Wiﬁh
‘a second (analyzing)-scattering_at‘each of twd‘angles opﬁosite to each
other, Either‘way; ohe'obfains s pair of differential:cross sections
whose sum is proporfional 10 Io(e) and difference to P(8) , the
Mpolarizatiod parameter. . Note that the term "polarization parameter"
‘is used intefchangeably'for-all of the spin~associated parameters |
described here,as well as more specifically fbr thisv P(8) .f:‘If‘one
postuﬂafes time~reversal invariance of the stfong interaction, one
.expects ldentically the same value for the parameter measured in each
of these two ways. - With sufficient acguracy'these double~scattering
experiments may therefore furnish information about the magnitude of
the coefficients of the sca?terihgmmatrix:amplitudes ﬁhat'violapg4 _i
vime-reversal invariance. | o |

Next we describe the experiments classically referred to as "triple

J
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time reversal invariance.

7

scattering”", in which one obtains the differential cross secticn as

well as information about the nolarization of two of the four particles

involved. They naturally divide into two distinct cateéories~ |
(c) If the polarization is measured for an incoming and an out-

g01ng partlcle, one obtalns, dependlng on thelcomponents of polarlzatlon

1nvolved,,the 'depolarization” parameter D(G) , or the "rotation" para-

- meters R(G),_R'(B),-A(G);.A‘(e) s not a1l independent. Since the experi-

- ment is its own time inverse, these parameters furnish no information. about

~

(d) If, on the other hand, the polarlzatlon is measured for both

.1ncom1ng or both outg01ng partlcles 31multaneously, one measures, dependlng
~again on the components of polarlzatlon involved, the ' correlatlon

i parameters C (9) , (Q) 5 etc. In principle we' would.again be
_,testlng time reversal invariance if we could compare the correlation

vparameters obtalned separately from 1n1t1al—and final-state polarlzatlons.

Schumacher and Bethe4 refer to the parameters of (c)vas the components

of the "depolarization" and the "polarization-transfer" tensors, while those -

~ in (d) make up the "polarization-correlation” tensor.

Thefe are more categories-than these with progressively';ess'well-
known parameters which are'correspcndingly'ncre difficult to measure. We
may, however, stcp here, since we have clarified how Cp. . fits iiito the 
scheme of §OSSible experiments and that it may be measured in two differ-

ent ways connected by time_reversai. Unfortunately . CNN is a parameter

~that is not suitable'for checking time-reversal invariance° In Appendlx B

"we show that the tlme-reversal-lnvarlance—v1olat1ng amplltudes of. the
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Table IL. Other measurements of C.. in elastic proton-proton scattering

NN
Beam Energy C.M. Angle 6 CNN(G) ' ' Reference _ ?
ey e | .
S o o
20 . .9 . . -091%0.05 _ 5a
y ST | . £0.10 .
0o sk To
0 90 +0.75 £ 0,11 - Sc¢
8 ©40.416% 0,084  5d
k0O . 60 40.82 % 0.47 5e
| . o 9 . +0.60 ¥ 0.09 .
Clso 90 L 40,70 £°0.15 . Se
6b0 . sk . 40.57 0.4 - 5f
’ T2 © 40.65 £0.15 o
90 ©40.93 % 0.21
. . _ o
This is the only previous experiment done with a polarized beam and a
polarized target. '
g
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scattering matrix appear in identically the same way in the anaLytic
expressions of Cor

Table‘II'liSts other measurements of (

corresponding to the two ways of measuring it.
NN- *

Lo 'Polarization.Experiments'without and with a Polarized Target

._Before polarized targetS'were available, one&Was'restricted to experie
ments'involving'the measurement of the polarization of the final-etate
: particles (one or both) only, by measuring the "left-right"‘scattering
._'asymmetry. - This statementjis of course etrictly true only for the
correlation eXperiments llsted under (d) in the last sectlon ¥ although
~ 1t seems to apply to measurements of the polarlzatlon (b) as well, while
it is patently false for the parameters under (c).

The limitations under'which.one must work in this experimental
arrangement are‘worthyaof enumeration. The'chief'problems center7around
: guarding*against false asymmetriea of all kinds and fighting low counting
rates due to an eitra écattering'and,,at,low energies, low anaiyzing ‘

;power, -The false asymmetrles may arise from these sources: asymmetrical :

o beam intensity pattern across the second-scatterlng target, asymmetrlcal

' background counting rate, asymmetrlcal counter sensitivity due to presence
of asymmetrical magnetic fields or to.misallignment. None of these serioua
- problems remain when a polarized target is used. |

In addition to vanlshlng at low energy, the analy21ng power 1s trouble=~
- some in its often unpredictable energy‘dependence at high energies.‘ Inr
the laboratory system the particles scattering at tne main target come.

off at various energie-s , depending' on the scattering 'angl'e. - One there=
fore needs to know the analy21ng power of the second-scatterlng target

material as a function of energy, which means in most cases that- one
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'noedS'to measure it independently.~
~Another consideration.is,the second-scatfering‘detector arrangement.

It 1s necessarily bﬁlky and. makes careful scattering-angle reversals diffif
'.lcult, Far more serious however is the great. difficulty with which more '
lthan one second scattering can be handled at one time. In practice one v
mounts tha counter telescoPea that serve to count particlesvscatteréd by :,
. the second target on’pivotsncentered on the second target. To Jockey
several of these telescopes assoclated with several second fargets past'
._each.other in a reversal is clearly‘ﬁroublasome. One therefore_finds
oneself restricted fo analyzing at one angle or possibly two angles of
'oppOSitevsién, eapecially in analyzingfthevcomponent of polarization
”_.perpendlcular to the plane of scatterlng as in the case of CNN . Moré-.
Vover, this problem is Closely coupled to one mentioned prev1ously, since
shifting obJects such as other counters near the scattering centers most
_certa:nly affects the (cave) background somewhat. (Recently carbon-

l sandwich spark chambers have been used with great suoceas to cover-wider
"1ahgular'regions in second scatterings.6 'However thls method suffers from
analyzingnpowér variations to which we alluded above.) .Further not~so- |
 obvious limitations will 5e brought out in comnection with the advantages
of the polarized target as used in'this experiment, which we discuss next.

The target we used was develoéed several years ago by Chamberlain,

Jeffries, Schultz, and Sh_apiro7 based on a much smaller model built by v

._Jéffries,8 The polarizing process is called "dynamic polarization". It v
-produces high polarizations of the free protons in the waters of hydration _ =
1h2 '

“of W& ~doped lanthanum magne31um nltrate crystals by exc1t1ng certain

forbidden magnetlc~dlpole tran51tlons 1nvolﬂlng both the paramagnetlc
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‘neodymiuwm ions and the water'protons; The necessary enviromment consists .

of an extremely uniform high magnetic field,.a temperature of the order -

of lOK, and a flood of microwave radiation of considerable power. The
' equipment which produces this enviromment is obviously much bulkier than
.a counter-telescope'(the magnet alone weighs 9 tons), but it doesn't have

 to be shifted during the asymmetry meésurements.

The moré'obvious advéntages of using the polarized target are:

a The number of scatters required to measure a given polarization
g

" parameter is reduced by one, TFor example triple-scattering experiments -

become double-scattering experiments, since the method of polarizing does

not depend on the strong interaction. Thereby one obviously gains in

- overall flux, although perhaps not-as much as might be hoped because of

the small counters with:which one must work for reasons to be discussed
later,

(b) The polafization is high, limited by\exPerimental technique and

vmoney rather than a constant of nature, and completely independent of

energy.
(¢) The polarization is reversed without a geometry change. One

simply tunes the microwave generator to a slightly different frequency,

- thus exciting a differént set of forbidden transitions in the crystals.

(d) One may experiment at any huMber;of angles at once, limited only

by target structure and the momentum of the slow outgoing particles, as

discussed later,

(e) One can measure the polarization and correlation parameters

- in two different ways distinguished by time reversal.
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Clearly theASimplest protdn-proton scatteriﬁg experimént with a
‘polarized target is fo measure the differential cross section with an
- unpolarized beam for each of twoioﬁpOSite target polarizations, In this

' case, one measures P(8) . . A pair‘of'such.experimeﬁﬁs haé récently been
completed using our fafget,9 |
. The first step of éophiétication'consists of enhancing s or the
~other component of beam polarizatibh by some means.. such as a first
;scattering, Thus by polariZing the beam, and without any other changés,A '
one measurésrthe correlation parameters. | | | | | |
| Indeed usiﬁg the experimental arrangement and associated electronics
:E'from-theVlast‘ P(Q)' run and adding.only the featuréé that polarize the
| " beam in>a direction parallél to the target polarization (pefpendicular to’
- thé plane of scgttering) we were afle té make the measuremeﬁts which
. yielded valpes of‘the'parameter cﬁﬁ(e) . It will become ¢lear later
:_y;whyfone actually obtains three other'quantities aﬁiﬁhe same time,»namely'ﬂ
.;~P(6) ,YIO(G).;(a useless quaﬁtity,.unless one takes considerable pai#s”ffv7.

%o normalize_it), as well as the average.beam‘polarization.’

in_summary,;thefonly safe‘way‘to remove all ambiguities ffom the

| nuclgoh-nucleon'phasevshifts is to determine the complete scattering
‘matrix experimentslly at. a numbervof energies. We'have reminded the
Treader of the parameters that are the building blocks of the scattering
matrix and of the'experiments that1detefmine them, and we have enumerated'

the adfantageéﬁof using'thevpdiarized‘proton'ﬁarget in perfofming-fhe
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experiments. In th¢ next chapter we use fhe popﬁlar spin‘formalism to
iarrivg at the felatibn between the parameter CNN(G) and the measured

- cross sections. In the third chapter we describe the experimental

apparatus and in the fourth chapter the énaiysis of the data and the

results.
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| II. THE SPIN FORMALISM
In this chapter we sketch out thé formalism which clearly presents
- the connection bgtWeen ﬁﬁé scattering matrix and experiment._ We assuﬁe
a familiarity with the\basic concepts of quantum mechanics. It is our
: :inteptiqn,to presént only those steps in the develoPment.without which
the continuity to the final:résultS“would be in question. Mbre,exhaustivq'
treatment.ghould be sought in'Reference (1) and elsewhere. Our develop-
ment will be nonrelativistic. Stapp® has shown that the nonvelstivistic
treatment of spin components normal to the scattering plané is permissible
;-since they are‘unaffected by the Lorentz transformation.

A. The Scattering Matrix

ﬁmtmiﬁm@thsm%amgmwm.Inﬂ%ﬂéw%%ﬂ%
- of spinlesg particles we write the final ("outgoing™) étate wave function
‘U'O in ferﬁs'of»the initial-state wave.funétion U:.L and the scattered
: partiin the familiar'asymptotic form | |
| P =t 2(0) % (zpe) @
Here f£(6) is the scattering amplitude,le is the center-of-mass-system
scattering angle, and (r.p.) is defined by |

iker
e

xr

~(r.p.) = (radial part) =

o

wﬁere k is the center—ofémass;moﬁentum divided by K .
The wave functions are nofmalizéd so ‘that the differential cross:,
. section IO is given by | ’
L) = fz@® . (2)
The symbol I, 1s reserved for "differential cross section, initial

state unpolarized".
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To introduce spin we transform Eq. (1) explicitly into a relation

between spin-wave-function components by factoring the spin parts out of

. : i .
- the wave functions. Let X -represent the spin part of the initial state

and X° that of the final state.. In the case of nucleon-nucleon scattering

these spih functions of the combined spin space are 4 component spinors.
We may then express ad and 'U:L as

Weu®, rvedx .

 The definitions of u? and u- are obvious. Equation (1) becomes

wOx° = WX (o) + x?(9,¢)_x’(r.p.)
.where'.Xf if the scattered-(final-)part spin wave function which. one

exprésses in terms of‘thevinitialfstate spin‘function through the scattering

£ N o '
X (6,9) =m(o,0)x (¢) | N &)
and ¢ dis the azimuthal angle about the incident-particle momentum.
- For pion-nucleon scattering in a given total-isotopic-spin state

the M matrix is'a.2x2 operator in spin space that has the familiar

- form

u(0,%) = g(6) + h(6)d-T . T (ka)

- in terms of the Pauli spiln matrices Gx’dy’ cand S, and the‘unit normal

A ] )
. to the scattering plane N . For nucleon-nucleon scattéring in a given

ilsotopic=-spin state the parity-conserving, time-reversal-invariant M

matrix has in Wolfenstein's "single-particle" representation2 the SOme- 

what more complicated form
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1(030) = B(6)S + C(8) (oyytopy) + 'N(G)cm02N+2G(e)( 02P+%02K) ()

)T

-5 H(e)(“w op~%1x%2K

Here S, and T are singlet and tfiplet projection operators respec-

- tively; ‘B, ‘C s N, G, and H are the thete-dependenti Wolfen-.
‘stein amplitudes, and the rest of the objects are 4 X & matrices
 composed of the fauli spin matrices and tﬁe<configuration-space vectors -

. ) A
.. one agsociates with the interaction, e.g. %N ='3i-NIE » in which 12

. is the identity operatof for the spin state of particle 2.

These vectors are defined in terms of the center-of-mass momentum

-—

o . o
of the }beamﬁzparticle before and.after the interaction, ‘kl and k3 B

: A i - . o -
" . respectively. One has N as the1direction‘normal to the scattering
plane together with three convenient directions in the scattering plane

~as follows -

a k% 1:5 R I/E 5 - ks o
Pepiiegl I =)
Tl o gmi\}x'ﬁl
= . T ————
[kl + k3| ““xki'

. A | ‘ _ o
: ]P‘ and‘ K»‘nonrelativistically point in the directions of the scattered

| ~and recoil particles, respectively,_inﬁheﬂeboratory-system while s
is also in the scattering plane, but perpendiculaf to.the beam on the
side of the scattered beam particle. |

“ Tegetherawith these vectors in configuration‘space we need to define

: *stmeﬁ%><%;spin-metrieee_such‘es 1N'2N whlch are perhaps best 1n¢roduced

,
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 by analogy to the éqﬁivalent 2 x_2 matrices of the pion-nucleon system.
Any operafor‘in that system's spin space cén>be composed of three linearly
, independent, traceless, Hermitian 2”x?2 matrices together with:the it |
métrix in linear superpbsitidn.‘ The three matrices are the Pauli sﬁin
matrices. For example the scéttering matrix M is an operator in this
- spin space and is_éxpressed.initefms'of the basic matriceé aé shown for
pion-nucleon scattering in Eq, (4%a). (The symbol for the wnit matrix
should. appear next to g (é).) | |
It isbin fact ?ossible-téiassbciate the same set:of foﬁr'basic matrices
with each of the two particles of spin 1/2 invoived.in nuéleon—nucleon .
 scattering-in order to make up the i6 basic matrices needed for the |
"'proaucf spi space ofithat sysfem.: We subscriptvthem with 1 and 2>
remembering that set 1 operaﬁés only on particle 1 spinors'and vice
 versa, This explains the notatioﬂ rather wéli whileione in practice
often does eom@utationé}with product sﬁace aléebra to avolid confusion.
‘Thevl6 matrices are signified by o
I, 03 (3), 93,(3); 63395,(9) - (5)
One obtains the pumber éf'matrices of a givenvtype shown in parenthesés
as one lets 1. and ' fange o&ex X, Y, and 2 ; ;{Note that the
symbol I is used for unit matrix as well as cross seétion Vith initial
state polarization. Moreover ﬁe~have avoided wriﬁing'as well as subscrip-
w_oom

ting the unit matrix as is customary, realizing that "o

really means
1 IY.

" 1 v
lelIE ete.:

- As shown in Appendix A the components of the composite state spinor

"X in Wolfenstein's "singlevparticle" representation are related to the
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components of the single'particie spinors . r and s through the relation

o * 5 = Xa(au1)4p

| Thélsubscripts a and b range over 1 and 2 while the subscript of X
runs from 1 to 4 Slmllarly the prescrlptlon for wrltlng down components

of the product space matrlces in terms of the Paull spin matrlces' compd -

o nents=1s

(Gil)a,b"("j ) (“11 32)2(a-1) +c, 2(b-1) + 4 .
As an example we give the expression for the composite state spinor
. of 2 nucleons both spinning parallel to the z axis in the representation

where. dz. is diagonal.

Here r'=(éJ’,,si= {l] , and therefore X =

OO OH

If the spln of particle 2 were reversed, we would find X = l
S

OO HO

The matrices listed in (5) are still not quite in the form shown in

(kb). To arrive at the latter we have to introduce certain direction

_ cosines designed to relate the arbitrary representation of the Pauli spin

- matrices (by which one for instance declares 02‘ diagonal) to the labora-

A
tory. One therefore writes in a manner similar to T-N of Eq. (La)

- A o A ,
0 5% = (cl-N) x(cg-N) » ete.

B. The Density Matrix
So far we havé gone from scattering amplitude f£(6) to scattering'

matrix M(6,%) andipfeSénted the form M takes‘for'pion-nucleon”and

e
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nucleon~-nucleon scettering in Wolfenstein's single-particle representation.
Now it remains to relate the scattering matrix to observables in a wmanner
‘similar to Eg. (2). -Howeverrin dbing this we are faced with considerable
complieations,‘sinee'the states we are describing, such as beam and target,
represent an incoherent mixture of pure spin states, although each particle
by itself may beconsidered to be.inla pure spin state. To properly combine
the various aﬁplitﬁdes of the scattering;mafri# inte expressions for observ-
ables such as poiafization, one resorts to the density-matrix formalism.
Quite generally let the set of spln states Xiv reéresenf a basis
systengormallzed states for the n dlmen51onal spiﬁ space of interest,
[i,‘= 1,2,.;7n . Each Y, bas n components (Y, ), F =1 2yeeen
B ,Similarly‘let X‘ represent a pure?spin.state. By the pr1n01ple of

.superp051tlon we may expand X 1n ‘terms of the Y

n
=§z a.yY
i=1

~where a; - are complex coefficients. Any operater Q has expectation

. ve,lue {Q) in the state X glven by

<@ =alalsy=) o Z A T ety @

i,d
where qij ;=<Yi]Q{Yj> is the appropriate matrix element of “Q in -
terms of the basls representation. |
i . The most arbitrary:state would be an incoherent mixture_of éure
stetes like X., each celled Xk"k = 1,2,.,.n’7.‘.Any operatorv'Q has

st

‘expec’ca’cion value < Q,> in this arbitra.xy""-s’ca’ce given by
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(=) o W
k=1

Where‘the‘ W, are the weight factors of the various pure states and
each <), is of the form shown in Eq. (6) with the coefficients

subscripted with k.- Interchahging summation we finally arrive at

<Q>“"'g Z<ak> o) @, }:qj_a. mk<ak> ey - @
, ’ l,J o : l;J v

We now define the density matrix pk for»the-pﬁre state X, by -

~ the component equation

() ji.

(a); (a5
or equivalently by _ S _
. + |
o, = XX o 9
- where ‘ng is the row matrix adjoint to the column matrix X
Furthermoré the density matrix p for the arbitrary incohereht;mixture :

.. -of the pure states is

o) Ay o o

where Tr is the familiaf-contraction of "trace".
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We are now ready to relate the final-state density matrix to the
initial~state density matrix through the scattering matrix. As aiready
pointed out at the beginning.it is convenient to normalize the wave
functions for the>case of spinless_particles'so thét the differential
cross Sectioﬁ is given by Eq. (2)0 In a like manner we'normglize the

spinor Xi in the case of the incident pure spin state so that

AR
for then the differential cross section I(6,¢) is given by

I = XfTXf ‘ ’ (12)
where Xiv is the final-state spinor.

The density matrix for the initial state is

'pk = Xk X§1—

while the final-state spinor 'Xi is given according to Eg. (3) by

and its density matrix is

o et ool
i'Mf

=Mpk

f
Pr
- This expression applies to a mixed as well as to a pure spin state.

We can see that when we use Eq. (10) and note that the scattering
matrix is independent of k . For then we have -

Z mkp mk Mpk T:M(Zwkpi M.f-=M.p:.L M. (13)
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Using the relation
EUTESSYy

" we find from Egs. (12) and (13) that
I(6,%) = Trpt = M pl MT e (1k)
- In practice one often ignores the normalization of the initial-
state density‘matrix.. But then it is necessary to divide the‘obserVel'
~ ables by Tr o~ . As an example Eg. (14) becomes
' s it ;
1(6,9) = Ir Pi -Ir M pi M, o (1ka)
Tr o S Trop”

We would like %o introduée énother form of the density matrix
which is pafticularly suitedvfor eipressing fhe»initial state. Since’
" the density matrix is an operator in the composite spin.sface it can
vbe expanded in terms of the set of basic Hermitian matrices lisped in

(5)'which we now collectively call QH'. The property these watrices
have in common which haé'not jet been mentioned is, for two particles -
~of spin 2/2,- | |
TrQ, Q, =,4 8y

The proposed eipansion is
| P =j€: A,Q, -
v
To evaluate the coefficients A we: 0p§i"ate on each side of this
expresSigﬁfgith vgﬁ', take tﬁe trace, and get .
TrQ, "=Z AT e,
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But using Eq. (10) for arbitrary normalization of p + we also have

T Q ={e ) Tro

. Whence"

LR P

and therefore, ' épecifically for the initial state,

pi-=%&-l>:<%>i%' @)

C. - Application to ()

We now ajg;piy this formalism tb calcujate a number of average

~ values all related to our final express:.on 1nvolv1ng CNN . First of
all we compute d:.fferent:.al cross sectlon IO and a few( other A\()'bsérv-
ables for unpola.rlzed beam and unpolarized target using .Eq.. ‘ (15_).. The.
- only nonvanishing < Q,u)i is ¢ I>i , giving us for pi |

i _

Then Eq. (13) gives the final state density matrix as

. i
of =m ot wf = gI'IQ-<I>1 ey

- and IO(G) is

il

£ : -
I, —Tf_ﬁl, = % O e uul, (16)
rop _ _ _ ‘

(We keep track of the {I)  to show that they cancel in the final
'evxpression.) For the same initial state the final-state polarization
of partlcle 3is P (9) —<01N> ‘while that of particle L is

.'P (6) —<02N> ) glven by
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£
_ Tr o o)
P =—— -7 Trp <I>1Trc unl
Tr p Tr p :
P, = = <D Tr-c} U ".(17)‘
17 w e
Pe“_‘.EL{l topr .MMT - (18) |
I, I Tr oy . . |

The correlation parameter Cp. -is defined by e (6) ~'<?1N62ﬁ>

’for this case of the unpolarlzed partlcles in. the 1n1tlal state. It

is given by’
o e e o mut. )
' NN IO' . NNURS=I\ A * o . o

Now let us consider another experiment, one in which both_initial '

state particles are polarized in a direction normal to the scattering

.. plane. *Let_the‘respective polarizations be P, for the beﬁm particles

B

and - PT for the target partlcles. Then the non-vanishing: <:Q‘>

are the four quantltles <I> <GZLN> =P <I> <G¢N> = P é:>l

and {(g 2N> =P PT \I/ B whlch lead to the den81ty matrix

: i : o
i _Tr
oo = - E 1 + Py + Bylpy + PBPTGlNGEI\J { I>
For this experimental arrangemént the differentlal cross section 1s given “:

by

£
o
(9) —,
" i |
Tt
[TrMM + P Tr Mo M +PTT;M02NM+

+ PP Tr Mo O ﬂ(x)l

B iN-2N
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This expression becomes . R
'fl.(e) = IO(Q)[J. + PBPl(G) + PTP2(9) + PgPn, cNN(e):l

 provided we cah.show that the following’rélations‘hold

t_ t ¢
Tr o MM' =Tr Mo M - _‘(21)
. tomewo -
Troogy MM —TquENMV : (22)
Tro o MM =T Moo M. (23)
1N 2N 1N 2N :

If furthermore we recognize that Pl(e) = P2(9) = P(0) _in the case
of protbn—proton scattering, where we are dealing with two identical .
particles; we'fihally have
I(6) = IO(»e) [1 +(.PB+PT)P(9). + PBPTCNN(G)] . - (2%)
This is the equation we shall?use in the ahalysis of our data in
Chapter IV. Regarding Eqs. (21—25') we" note that Betz C has verified
expresSionS'(2l) ahd'(22) provided the time-feversal invariaﬁce'violating
 terms of the'3cattering matrix vanish. He uses only thé commutation
relations of the Pauli spin matrices and the properties of their traces.
| - Using the same techniques as Betz we show in Appendix B that Eq. (23)
:vholds whether the time-reversal invariance violating émplitudes vanish_'.

or not.
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IIT. EXPERIMENTAL AFPPARATUS

- A. Polarized-Proton Beam

1. Physical Description

The geometry of the polarized farget used in this experiment is
such that the orlentatlon of the scatterlng plane is vertlcal."The
target is polarlzed horlzontally and perpendlcular to the scatterlng
~plane. To measure CNN “we have polarized the beam horlzontally by
:.a first scaﬁtering'in.the vertical plane. Unpolarized protons
extracted from the'l8h5in. cyclotron at fixed energy (nominslly
740 MeV) are collimated by a set of l-in. brass jaws of the pre-magnet
collimator; bent into thé proton cave direchion by the steering'magnet;
and passed through an 8—1n.-bore quadrupole doublet focu31ng magnet |
that focuses the protons at the first scattering target in the proton'

" cave. From here on the system is shown in Flg. 1.

Thé.protonsvemerge from the evaouated beam tube and enter the
proton cave. Heré the beam is deflected by a pair of bending magnets
to cross over:its’original trajectory at an anéle of 12 dsg at the
position where the first scattering targetvis iocsted. At this point
the beam spot measures about.1.5 in. horizontally by 0.5 in;'verticaily.
The beaqfs path through 6_in. of liéuid hydrogen, viewed at sn angle
of iE,deg from the heam, then sppears as_a'particle source about l.5¥in.-
square. Before it bﬁries'itself in a beamstopper of 10 ft. of concrete,
theﬁbeam passes through.a,split ion chamber to provide a signal for the
:éxperimenter'as a check on the course of the besm.

Particles_scattering-elastically~in the first target in the same
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‘Fige 1. Polarized-proton beam system. _Protons'frOm_the 184=in.

MUB-4825
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direction as the protons entering'ﬁhe cave from the cyclotron make up

~ the pélarized beam. They are focussed‘onto the polarized.target crystals - -
by an 8-in.4bofe Symmetric gquadrupole tripleﬁ'focussing magnet buried in

‘ﬁhe wall Qf‘shielding neaxr the center of thé cave. The Eeam stoppers |

are part of'the‘same shielding wall., The‘magnification of'this focusing

4 ‘maénet iﬁ both'vérﬁical and hqfizontél planes is gbout -1, giving a beam

épot approximately l.5—in;—square at the polarized target. ‘A 2-in.-thick E 1v
- brass éollimator-wifh-h-iﬁ. by 6~in. oval opening, located in the first |

section of the focussing magnet, limits the solid angle of acceptance

L

i

ﬁo about 6 X 10" sr. The range of sca&tefing'angles thus accepted froﬁ
the first target is 12.1 * 0.6 deg. | |
There is a 5 Mevlénergy Yariatipn across'the second target invthe
plane of scattering afising from ajsmail'wariation;in the average angle
_of'scattering'across the source from ll.é’to 12.3 deg. The ﬁariatibn
‘reverses wWith the 5eam polarization and is potenﬁial;y g cguse of a
small false asymmetry.‘ Its effect is to vary the width of the elastic-
'scattering distribution, but only in the plane of scattering. This -
'elastic peak of the'polarized target will be discussed in Section (B-3)
of this chapter. ' Here we only mention that there is no cause for
 alarm as'long‘aS'the whole peak region is included ih'the,analysis of
"the data. |
To  reduce multiflé‘scatterihg-of the polarized;beam,protons an
+ 8~in,-diameter heliwm bag at 1 atm of pressure is used in the section o 2

"of beam between the first-tafget vacuum Jjacket and the ionization . v

" chamber at the second target.
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"Range curve measurements of the'polarized beam indicate a beam
energy of 683 MeV.

2. Composition |
Not all of the particles in ﬁhe polarized beam interacting:in

The pélarized target originate from‘glastic collisiqns in the hydrogen

(EH) of the.first-target. There are two other principal sdurces of v : g

"pafticles: elastic and diffraction‘écattéring'in non-hydrogen material

- (NH) such as flask domes, and inelastic scattering in hydrogen (IH).A. |
Tt is necessary to consider thé possible sourcés of*beam contamina-

tion in some detail'since‘the polarized beam does not contain the usual

specﬁrometers to purify the-momentum'spectfum. Mbréo#ef, the range_éurVé

taken ‘of the polarized beam gives the energy of the most abundant comupo-

1

nent of the beam, but iﬁ is not gdod enough to give detailed informatiop
about the spectrum.

The NH protohs are of approximately the same energy'as the EH
“protons. They constitute aboutb 6% of all the particles arriﬁing at the
_taréet as shown in the  fiask-empty raté'and are not easlly separated

from the EH protoné even in a beam of greater‘complexity. That the
flask doﬁes are the ﬁrimary sources of NH protons can be seen as
follows. The first scattering target is a 6-in.;long, 6~in.-diameter
- flask of liquid hydrogenl(1.08_g/cm25,with~O.OQ5;in,-thick domes of
‘aluminum (0.07 g/cm? total). The observed flask~empty -t0 —flask-
full counting ratio of ebout 1:16 is rather similar to the ratio of .
the quoted target densities. The one other potential source of NH
scatters is the hydrogen.target vacuum Jacket. By kéeping'the

0.035~in.~thick aluminum dowes (0.5 g/cm2 total) as much-as 18 in.
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 upstream and downstream from target center, the sourgés reéreSented by
o the intersections éf the primary beam and the domes are'kept‘5.5 in.v
above apd below the polgrized—beam'axis from where they'can-not be
ﬁade to irradiate thé polarized-target cfystals bf'cross;sectional
gbarea 1~in.-square 5y a system'of'lenses of absolute magﬁification L.
;bThe 5eam line through the first target is illustrated in Fig. 2.
| IH protons are produced copiously at the first’target;'vA glance

" at the shape of-the'proton-protbn total cross sectlon shows that between

"'j~500 and 700 MeV it doubles in valuq: 300 MeV is near the threshold for

':pion production. * Since the elastic proton—?roton cross section reméins
b'.about éonstantvabove 300 MeV, the increase is due td ihelastic-eventsn
' . This means that at an incident-particle kinetic'energy*of'740 MeV for
‘ '-eVery EH event there ié.an IH event in the first target. Mbreover these_
: IHiprotons in the laboratory-system ocecur in a narroﬁ cone in the for-
‘;ﬁard direqtion ﬁiﬁh»center-ofsmass to laboratory'solid'anglé'coﬁversiohv
:faétors several times‘asjlarge as for the EH protons. _With the center-
'; of-mass distriﬁutiohs sbout constant for both EH and TH events (we ignore
:the'coulomb peak) we have several IH protons entering'our-sdlid angle .
v‘.defining collimateor for-each EH proton.
Clearly~the focusing properties of the quadrupole magnet are such
~that the IH‘protons rapidly run out of‘phasé space with lower momentum.
in’Tlee III we show how very dilute this IH component‘of the beanm is
atrthe polarized target, if we assume with Mandelstamlo ﬁhat-néar
" threshold pion'préduction is dominated by 4 (1238) formation.

To explain the entries in Table III in some detail we follow through -
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Fig, 2. Beam line thiough the first target and sources of
polarized~beam protons.




Table III. Study of polarized-beam contamination due to A (1238) production in the first-scattering target.

o _ ' Clebsch-Gordan. Relative
o p+p- I coefficients reaction

g rate (A)
TRrr 5t . s
IV n+(p+a) - % + g q%r % :

Mean kinetic energy in polarized beam {MeV)

680 282 230 107 76

Number of protons yielded (B)

- — — . — — e = — — — ——e —

Phase~space factor (C)

Solid-angle conversion factor (D)

Polarized~beam constituents

2 - - - 1
- 1 1 1 1 1T
-1 . - 1. I
. - 1 1 - v
1 121072 2.9¢1070 100  ex1077
5 17 30 13 L

Product of A, B, C, and D

10 e - - - I
- 3.4x10'2 1;5x10"2 8.7x10'6~ 1;5x10'7- IT
I T - 61070 III
- - 6.5x1072 3,9x107° - v

1 5.1%107° 8.0x10°3 M.8x10°0  ex10™C

nagu
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with the reaction called (II), namely

p+p->pl+A—>pl+p2+Jro.'
From the Clébsch—Gordén coefficients involved we seé that this reaction .
occurs l/6-of the time an IH reéétion ocecurs. (Nbﬁe that the'sumlof
the TH reaction rates by assumption equals the EH rate.) If we count
the total number  of protons this reaction ylelds and classify them by -
" their energy at‘l2 deg‘iﬁ the laboratory system we find that the pfoton-
_marked‘ P has either 282YMEV.or 76 MeV' depending on- whether it is
' going forward or backward in the center-of-mass sfstem‘while the one
marked Ps has energies centered near 250 oxr 107 MeV with'variations

that depend on the decay direétionedf the A . Taking into account the

rate for the reaction, the correct?cénter-of;mass-to-laboratory'solid o . ;
'angle QonVérsioﬁffactor‘for‘each-of‘the beam éomponenté it yields, as
well as the correct phase space of the polarized-target crystals at
the source (flrst target) for the varlous partlcle momenta., we flnd
the relative amounts of contamination at these various average momenta,
 listed in the table. |
| ' The results of Table III are interpreted to mean fhat; to first |
order, the energy spectrum of the polarized beamvcbntains a narrow |
line (%E» about * 1.5%, same as the primary cyglotron beam) of protoqé:
at 680 MeV of intensity 1, another at 282 MeV of‘intensity-5.ldtlo-5,
a broad line at 230 MeV of intensity 8.03(10-5, etc. The totaltlowe
energy-préton contamingtion is thefefére lesS‘thah 1.5%.

The positive plons of’ reactlons ITT and IV have & laboratory-

system kinetic energy of'abput 150 MeV, Even if we allow them a solid :
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angle counversion factor: similar to:the prbtons, fheir momenta are so
_low in relation that tﬁey suffer from considerably less phase space
"~ than the slowest proténs considered. The same argument applies td
'their-decay products. Moreover, the kinematic requirements of the
counter arrangements strbngly discriminatévaéainst all reactions due
"to beam particles that‘are not protoné._
- 5. Bates |

/Although no. sbsolute flux determinations were made during the
experiment, we give here the best Qgtimates availablei During the
experiment ﬁhe-érbton,flux from the 184-in. was about Zl..5)(lOl:L
partiCles/sec., é Tactor of two or.more_below maximum capable. Tt
was thqught best to clip the beam somewhat in order to keep éhe spot
" size at the first target and therefore at the polarized~target crystals
small. The motivation is to minimize scattering off parts of the |
4 equipment-surroundiﬁg the crystals. Moreover the intensity_pattefn of
“the beam spot &t the crystals has to be as uniform as possible since
only the éverage target-proton polérization caﬁ be measured reliably,
while the target polarization-is in fact not uniform, as shown by Betz.
' Clearly the polarization parametefs qannot be measured welllif one is.
dealing'with a compligated intensity distribution across a non-pniformly
‘polarized target. The clipping of the beam is necessary to achieve the
combination of intensity distribution and spot size desired.

Using an incident flux of 1.5>(lOllprotong/sec,targetLdensity'of_

'l.g/cmz, solid angle of 6><10-4 sr., and differential cross section for.

{
-elastic scattering in hydrogen of 4o mb/sr(lab) as measured by McManigal,
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one arrives at & flux of about 3 x 106 EH protoﬁq/sec in the polarized

* beam. This number islin excellent agreement with the rate registered ‘
by the ion chamber in.ihe beam neai the’polarized target.: The ion?chamber
rate is actually about three times higher, bedause:it is sensitive to

the protons from the NH  sources in fhe fifst;targeﬁ'vacuum Jacket as

_ well as a considerable fraction of the‘ IH _protons and pion decaY~prodf
ucts that never reach the target:crystals.

L, Beam Polarization

‘One of the mumbers resulting from the data aﬁalysis is the

. average 5eam polariiation. It‘ié found to‘be‘O Wb £ 0,02, This
nuber represents the average polarlzatlon of the EE and NH |
partlcles and is not strlctly speaklng the parameter P(12 deg (lab))
for proton-proton scattering.

In order to'avoid fluctﬁations of the beam polériéation,ii.eQ'
deviations from the measured average, partlcularly during reversals;
considerable care is exerclsed in reversing the first target scatter-
‘ing angle.. The reversal is ba81cally simple. One reverses the fields .
in the two bending'ﬁagnéts Just upstream of thevfirst target and
relocates the split ion—éhamber_in‘front of the other beam stopper.

The scatterinévangle'is kept cénstant in magnitude by, first of gll,r
maihtaininé the iocatidn of‘thévﬁolarized-beam séurce,fi.e.vfhe center-
of-gfavity of the;unpolarized Béam path through the first target.

Since the solid-angle—defining‘gollimator of‘the polarize@ beam remainsl
fixed in thg process, fhis‘also ieavésvthe polarized beam axis fixed.
Secondly, one needs to maintain'the‘distance’of the>ion-chamber'split

from the axis., This is done by mounting it on a pivot centered on the beam
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axis just upstream from the collimator. The only complications arise
from the hysteresis in the bending magnets, which one needs to manipu-

. late consistently.

We have reported on the'features of the'polarized beam in some
detail since it promises further applicability. As has been shown, it
1 combines constaﬁt high polarizatioﬁ with easy reversibility. Moreover, .
it has excellent momentum character;stics in spite of‘its simplicity,

- provided non-hydrogen scatberings are avoided at the first'target.

B. 'Polarized-Proton Target

The'second-scaﬁtering‘target used in this experiment has been
described by Schultz.7 We only'summariZe the salient features.

1. Dynamic Polarization

The target material consists of a stack of four single crystals -
_of ‘La.aMg3(N05)lé-2J+H20 in which a fraction of one percent of the

1h2 jons. In this material

' ILa ioﬁs have been randomly replaced by Nd
only the N4 ions are strongly paramagnetic and therefore . readily
polarized in an external magnetic field. Although they have a high

- spin quantum number, only two of théirsenergyulevels are significantly .
populated at an operating tempefature of about lqk. This behavior in
a field resenmbles the»electrdnjs magnetic moment quantizafion, whence

these paramagnetic iohs are popularly called "electrons". We call the

magnitude of their splitting in the external field H. A = gueH 3
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g Dbeing thelr spectroscopic splitting factor and He thé Bohr
_magneton., A proton Spln would similarly be quantlzed with energy
. splitting of © = gpupH 3 pp being the nuclear magneton.

The four energy levels of an electron~proton pair-in an external
field H . are shown in Fig. 3. There we see the various transitions
* corresponding to simultaneoué spin flips labeledfhlloWed" or "forbidden"
dependinglon theirlrelaxation'times. ‘When the crystals are in equlllb—
rium w1th the heat reservoir of uhe helium bauh whose boiling point
is reduced from 47K to 1.3 ho’e by means of a mechanical pump, the relatlve.
populations of the four levels are given by Boltzmanfs statiétics, as
shown‘ig thé{fiéuié, reéu;fing-in a.pratqn pqlarizatiqn- PT igiVen by

P = ;ZLTEEE = tanh 5

T o { 2kT

S w, -
L

Here W, is the rela#ive_populatioh of the ith:;evel, mii the protoqfsv
spin projection, s its spin quantum number, k is Boltzmanfs constant,
and T is the absolute temperature. In Fig. 3 M is the electron's
spin projection on the Tield direction; ‘When the crystals are flooded
with microwaves whose photons havevexactly-the energy of one or the
other forbidden transition, stimulated emission and absorption oécurs
tending to equalize fhe levels se?arated by the forbidden~transition
energy. The neﬁ ﬁopulations for one 6f fhesé.transitions are given in
Fig. 3 under the heading "...when saturatingbA - 8",¢and the resulting

polarization is
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P_ = tanh === .

T 2kT

If one instead saturates the transition A + B, P, . becomes -
. . . A
Pn = - tanh 2HT *

T

This of course is an ideal waximum, since the power absorbed from the

. microwaves in the polarizing process tends to keep the temperature of

~the crystals above that of the helium bath by an unknown amount. More-

overy there is a multitude Qf'reasons why it is practically impossible

to saturate one of the forbidden transitions without at the same time

. pumping some small amount of power into the allowed transitibn thereby'

immediately depolarizing the sample to some extent.

2.  Target Polarization Measurement
If this expression for the polarization were the only way to

determine the target polarization one would beifacéd with tremendous

wncertainty. Instead one resorts to "nuclear magnetic.resonanceﬁa(NMR).".

techniques to measure the target polarization directly. Figure.4 shows .v
the associated circuldtry. We describe it as follows. The cfystals are.
placed entirely into the sensitive volume of.a small sensing coil which-

is the inductive part of a parallel résonant circuit driven by-g

- constant~-current variable-frequency rf oscillator at the frequency>

(or rather: +through the spectrum of frequencies) of the &-type
transitions. Due'to the imaginary part of‘their-suéceptibility the
crystals add a resistive component (positive or negative) to the

sensing coil's part of the parallel resdnant circuit, absorbing or
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emitting more or lessApower'as a fraction of frequency depehding on the
relative populations of the proton spin levels. In effect the crystéls :
are changing the Q -of the resonant circuit depending on the proton.
?olarization,_giving this type of circuit the name "Q-meter”.

The proceduré‘to determine the polarization'is ‘clear. Qpe calcu-»f»
lates the polarizé:bion_ assuming the crystals in thermal equilibi«ium (TE) . -
with the temperature bath of known temperature‘(microwaves off) and
calibrates the NMR deﬁection system by ascertaining the resonance absorp-
'_-tibn curve corresponding to this reiiablé theoretical calculation. Then -
one polarizes by fiooding'the crystals with microwaﬁe power of suitdble
4frequehéy to saturate one éf the forbidden transitions. If one repegts
the NMR curve, one measurés a new aresa under the absorption curve |

(either posifive-or negative). Tﬁe ratio of the new area to'tﬁe TE area
: represents the eﬁhancement'factor'which multiplies the calcuiated TE |
polarization to’give the enhanced target polarization.

This basically simple.proceduré is in practice complicéted by a-
variety of more:or 1ess.tangible factors. Thé TE polarization depends
critically on the temperature of the helium bath which it is difficult
to measure. The détection system contains non-linearities ﬁhich need.
to be considered in the aresa computations of the absorption-éurves.
Mbreovey, although the target.pblarizations are proportional to these
areaé underﬁcértain ideal éonditions, the limitations.imposed'by feél
conditions need to be properly understood. |

. 3. Scattering, Ndn-Hydrogen Background

We have Shown how it is possible to orient dynamically proton
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spins by exciting certain forbiddéﬁ transitions involving simultaneous
spin flips with paramagnetic impurities.. The protons one polarizes in
- this way are_the.hydrogen nuclel of the waters of'hydration.. In the

LaEMQB(N05)12'24HéO crystals theée polarized»protonsvcqmprise bnly 3%
‘of the total crystal weight, or about 6% of the total crystal protons,

bound or umbound. But theyvafe the only unbound protons, and as a

.consequence one can identifyvkinemétically the events due‘to the

B polarized protouns. | -
| The typical scattering-situation is shown in Fig. 5. At the
. top of the figure we counsider a series of scattering events in a crystal
of the type we have described, but.of infinitésimal size. We place a
small proton counter at a fixed positibn and ask in which direction the
conjugate protons are goingf. Thoge conjugate particleé associgﬁed with
reactions off thevunbound (polarized) protons will come off in a unique
direqtion,-while those off the bound protons of the heavy nuciei will
- appear iﬁ a large three-dimensional bell;shaped distribution due fo
the Fermi motion of the target parﬁiclesf If we inérease the target
_ size, the delta-fﬁnction distribution of the free~proton evehtg syreads
out dué to a multitude of effects coupled to the target size, while the
. other is essentially unchanged, as shown in the middle of the figure.
The normalization of the distributions reflects the free-to-bound~ |
proton ratio. . . . |

In order to arrive at puré'free-proton counting rates one needs )
to determine the bouwd-proton background accurately. One does.this in - H

two steps.. First‘one replaces the realfcrystals by a dummy target
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Fig. 5. Conjugate particle distributions due to scattering
from hydrogen and non-hydrogen target material. o
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Table II. Composition 6f”the crystal and dummy targét.

Crystal target o T “ : f o Dummy target ‘
(26.1°g of Laghgy(N05)ip-2M0) " (3.36 g of MgFy, 6.70 g of PaCOs,
. o I and 15.65 g of CFy:CFp(Teflon))
: Atomic  Atomic  Total S - Atomic  Atomic Total
Element ~ No. = weight weight ...~ Element ~ No. weight weight
) K _ S (e) A , . . N (2)
Ia 57 138.9 b S m 56 1374 b
1 qu .12 ‘ 2)'*'03 105 . | - ) ) : NIg ) . 12 —",. 2)4.'03 ) ) 105
N 7 14,0 2.9 ' I 6 12,0 L2 ,
0 16.0 16,k - o . 8 116,00 1.6 a
F 9 19.0 140
E - 1 .10 08 ! e
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containing nearly the same materials as the'crystals'bup'no hydrogen.
Certain substitutions are inévitable, e.g. nitrates are'notoriouély

hygroscopic and must be avoided. In Table IV the compositibn of the

dumy target used in this experiment is compared to that of the crystals.

By scattering off the dumy target one gets the shape of the background'
distribution in the region‘of_ﬁhe freé-éroton distribution. Finally |
one normaliées this background distribution to compensate for differenges
©in target densities by catching a good pértioh.of the real crystal back-
ground distribution near the fﬁee—protonrevents. g | |

The necessary conjugate-particle counter arrangement is shown.in y
fhe middle of Fig. 5 with three possible distributions ofArelative
" counts shown at the bottom, for three different scattering situations:

(a) dumy target only, (b) crystals, protohs polarized one way, and

Tinally (c) crystals,<polarizatioﬁ reversed. With this type of'detector‘

' -arréngement‘oné may impose]strict requirements of coplanarity whereby
-one 1s sensitive to bnly a thin slice of the broad background diétribu—1
tion'coﬁtaining'howeverlall or most of the polarized-hydrogen events.
It has been possible to achieve hydrogen-to-background retios of 10 to 1,
€eg. by-optimizing the beam spot and counter sizes, in spite of the over-

Call l5 to 1 preponderance of the baékground events. _ |

. C. Counters and Electronics .

. The experiment 1s actually done with a pair of ten-counter arrays -
as shown in‘Fig. 6. Tke particles scattering-left are the faster ones,
-going into the forward hemisphere in the center-of-mass éystem. They

‘register in the up or ¢ arxray, while the slower-conjugate'particles
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Fig. 6. Arrangement of the scintillation counters. The counter
-dimen?ions yere: X : ) ( / )
; (2x1x1/2 in.) (ten counters Uo (22x3/2x1.2 in.
g? (3/2x3/2x1/2 in.) (ten counters)Dp (4-1/%x3/2x1/8 in.)
E}, Eo (2x1x1/2 in.) g D, (16x2x1/2 in.)
Fr,, Fg (1/8x1/8x1/8 in.) D, (22xk-1/2x1/2 in.)
The direction of the normal to the scattering plane N and
the direction of the external field H, are indicated near
the crystals. Since the proton has a positive magnetic
moment, positive target polarization is parallel to Hj .
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find %heir way into the down or B array. Eachipne of the ten counters
in thé'up array coupled with all ten couﬁters of the down array
'represehts a systeﬁ'bf counters as described in the laét section. For
each up counter ﬁhe hydrogen'peak‘félls into a different éombination_
of ddﬁn counters.

The sizes of the individual counters and the distances of the -
counters from the target are governed by cohsiderations of the hydrogen-
to-backgroﬁnd counting ratio, as well as eipected counting rates. The.
width of the counters in the- ¢ difection is fixed by’requiréments of
“coplanarity to inéiude most of the hydrégén;peak_distribution under
good peak-to~background conditiqns.’.in practice this means that the
‘width-éf the fast-particle array fs about the.width of the térget,
.while that of the slow-particle array may be somewhat greater. Thé
length'of_the counters in the theté difection allows some freedoum.

Agéin peak-to-baékgrouhd considerations enter in. If we consider what

" happens when we double'the'length of a fast-particle counter we find
that both background and peak distributibhs-bf'the conjugate particles
double in'normalizétion, buf they.both increase in width by one and‘ o
the same amount corresponding to the theta increase of<the-fast;
particle counter. Clearly this-width change is insignificant for the
background distribution while it doubles the width of the hydrogen peak.
Essentlally therefore the peak-to-background rafio has been cut'in half
by doubling the fast—partiéle counter-length.  In ﬁractice one keeps
the fast-particle cquntérviéngfhtneaf target size within a factor of 2, |
and fixes the 1engthvof the slow4particlevcounters fo allow good resolu~

tion of the hydrogen peak, i.e. two or threé counters to cover the peak
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region, The total number of counters in each array is primarily

dependent on. the capabllltxes of the data storlng logic.

One may sun up the counter size ideas by bulldlng the 1nd1v1dual
counters about the size of the target and adjusting their distances
from the target so that tbéy'sdbﬁend an éngle equal fo the rms’T

Lmultiple—scattering angle. Mbrgoﬁer the sizés ﬁay,be,sliéhtly
adjusted so that the ﬁb‘and down counters subtend about the same

“ solid angle inlfhevcenteruof-mass system; The counters are sequen-

tially numbered as shown in Fig. 6. \Ewents corresponding'to single.

' coincidencés between one'up and one down cOunter.(Q& s Bj)'are counted}.
in the appropriate element (i;j) of a 100-channel matrix_of'SCalers.
.Each of* the arrays-is also covered by overlay coﬁnters .Ué and ‘bo .
Furthermore, to increase the hydrogen-to-background ratipla small
counter DD is placed near ﬁhe_target crystéls thus eliminating

‘baquround due to‘scattering off the heavy vacuum-jagket'flanges"

- and magnet pole piecés. | '. | |

FigUreYT shows the schematic diagram of the event~processing logic.

All CQ-counter signals are added to make ‘SUM§ , all B counters SUMB .

| A coincidence of 'DD , SUMB , ahd D, is called DOWN. A possible

event is then signified by a coincidence of ;DOWN, SUMa,.and Ub ’

which generates a storége trigger, STOT .  If only one & .and one

B counter have fired,; the appropriate memory address is generated and

checked and, if correct, one count is stored in the corresponding matrix -

element. Otherwise the event is rejected.‘.

D, is a counter of the size of D ,- Located behind it but separated
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by a l-in. slab'of copper designed to keep the'@rotons from events
involving the free target protons from reaching DA .

_. A ﬁumber»of mohifofs are.incofporatéd to normalize the many data
‘runs following numerous polarization reversals. The schemafic diagrams
of these and of a -variety of data quality contrbl devices are shown in =
Figs. 8 and 9. Of ali the monitors fhe‘ionization chamber proves by
| far the most useful.

There are three quality control devices éf significance.‘ One is
the beam-spill visual display_of theinfegrated_ Ub singles rgte.
Another is a coincidéncevof DD', DO , -and DA with one of ﬁhe signals:-‘
'_ purposely delayed by 5% ns, the time between cyclotron xrf pulses,'which~

lregisters the accldental rate in the undelayed coincidence of thése'
_signals; Both-of‘these devices allow a countinuous check on the crew’s
tuning' of the eyclotron. The»third 1s the split ion chamber. Tt is
an ordinary ionizafion chamber with a split signal foil. In.the way

-1t 1s used it gives a very sensitive indication of shifts of the center .
‘--of'intensity'of the primary proton beam by driving the pen of a zero-
‘reading chart recorder, The Ppen motion may_magnify beam motion several
times. As a conseguence one hés‘a continuous indication of the current
regulation in the twb bending magnets Jjust upstream from the first
target whicﬁ, if poor, would shift the location of the polarized-~beam
source. Moreover the split ion chamber is very useful in beam-pplari-
zation reversais. Instead of having to set two magnet currents‘with
~gréat,care to reproduce the deflected beam line, one has 'to set one -

current carefully while the other is set to center the beaﬁ on the
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“split ion chamber.

The data are accumulated as follows. For each of the four possible
combinations of beam and target polarizations (+ +, + =, = +, - -) data
is taken in two or more 20-min periods gauged by 20-V sweeps of the

ionization-chamber integrating~electrometer recorder using a O.11l puf

. “capacitor. These runs are interspersed with occasional shorter first-

target~flask~empty runs to maintain a check on the purity of the beam, as -

well as runs with dummy target used in place of the crystals. Duriné

_}each<20-min run the digitizéd MR signal of the polarized-target crystals

is recorded on punched papér tape'for future processing by-computer. At

the end of each data run the information stored in the 100-channel
matrik of scalers is recorded on thé same punched paper tape along with
-the contents of the various monitois. The processing of the data is

- described. in the next chapter.

The correspondenée‘betwéen the countér positions_and center-of-
mass angles of the interactions is computed by a kinematics program
which takes into accbunt the bending of the particle trajectories in
the magnetic field,of't£e polarized-~target magnet,-és well as the
average'energy loss in fhe‘target crystals ofveach of the particles
involved in the interaction. Given'appropriétebkinematié parameters
the program names.the counter into which the particle conjugate to
a specified ray would go. in_this'way Onevcan prediét the location of

the hydrogen events in the 100-channel matrix of rey combinations. IT

‘the reconstructed events do not coincide exactly with the observed

peaks one may want to remeasure some input parameter such as beam
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energy, couhterpositibn, ete. Ultimately when agreement is reached

between the computed and observed particle trajectories, the program .

- furnishes all the center-of-mass parameters of the specified inter--

action off the polarized.protonS"in the crystals.’

Figure 10 is a diagram of a few trajectories computed by this

| ray-tracing kinematics program. They demonstrate fhe angular limitaf;:
tions of the expéfiﬁentél érrangement withlwhich7we are working. We
~ see that the 100 deg c.m. ray passes through the trapezoidal section
~of the magnet yoke. In the case of‘the 4o deg‘c.m.‘interactions, the
élow particles have such a range of energy loss ih;the target ecrystals
. that due to this effect alone the hydrogen peak broadens by the amount
| indicated with dotted rays. ‘Broadeniﬁg for other reasons is also

: enhanced,vcauSihg-an unknown fraction of hydrogen pesk to miss the |

.~ down airay or spread over what might be considered flat region,

The fraction counted in the down array is then a sensitive funetion of

“such geometry éhanges as slight shifts in the target illumination. As
a reéult the hydrogen-to-background ratio becomes sﬁsceptible to false
asymuetries. The useful angular.interval for this experiment is‘there-
fore 50 deg to 90 deg c.m. and could be increased.below 50 deg by the
use of thinner crystals. ternatively one may identify the events |
', involving'the polarized protons by some means other than conjugatél

particle coincidences, namely fast-particle range or momentum. 3

e
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- Fig. 10, Limitations in scattering angle for thé apparatus
used in this experiment.
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IV. DATA ANALYSIS

A. Computabion of the Target Polarization o . o

Schultz7 has shown that for moderately large enhancements the
expression for the target polarization is proportional to the area
undef the NMR absorption curve. Since the MR detection system actually
furnlshes a signal proportlonal to the derlvatlve of the absorption
curve, the target polarlzatlon is a number proportlonal to the double
integral of the recorded signal, suitably corrected. Each‘differentiaL.'
.curve 1s digitized at about 150 points, 100 of which fall into the
region of integration. The computation of the double integral takes
place by computer. In Fig. 11 we see some plotted conputeerutput
corresponding to a TE (thermal-equilibriUm) signal and.a signal of
‘each p051t1ve and negative enhancement On tne lef£ are the differen~
) tla; NMR curves as obtained durlng the ekperlment shown only in the.
" region of integration. On the right are the corresponding first‘
integrais for which the computer obtains the areas.

The areas thus obtained for each run furnish an enhancement |
_factor fon that run when compared to currently appropriate TE_
~ signal areas. ForAthese TE signals one computes the polarization
directly from knowledge of the magnetic field intensity and the
temperature of the helium-batn. This temperature is measured indirect- -
‘ ly by measuring the vapor_preséure‘of“thelmlium atmosphere with an oil 7 fi
' manometer. The overall accuracy of the manometer is:believed to
account for about 5% syetematic uncertainty in the target polarization, : -
while the inaccuracies in the readings account for most of the estimated

9b

5% target-polarization random error. Betz” describes improvements in
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Fig. 11. Nuclear magnetic resonance signals, shown at (a) thermal
' equilibrium, (b) positive enhancement, and (c) negative enhance-
ment. On the feft are the recorded differential signals, on:the
right the corresponding computer integrations. '
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target~-polarization analysis since Schultz's work.

B. Computation of the Polarization Parameters B ; K

le. General .Considerations

' The analysis of the data will proceed as follows. Daéa exist® ' j

for two counter positioﬁs, labeled 1 and 3, where the.arrays are

covering different angular regions. Position 3 ipcludes‘the points

more forward in the center-of-mass system. The cryétal—target data

for a given counter position are divided into subéroups of runs. These
. subgroups ére likely to be mutually inconsistenﬁ because of'such unavoid-
able geometry changes aé’shifts in the target location following dummy-

- target substitutions. The daté within the subgroups are believed% to
| be free from false asymmetries. The dummy-target data are subtracted
with different normaiization for each subgroup. Then the hydrogen-

peak asymuetries are computed one row at a time (one*rpw corresponding
;to.one angle-defining counter) to give the polarization parameters for
~that center—of—mass.angle for each:subgroup of data. Finally the reSults 

from the various subgroups of one counter position are combined, suitably

- weighted.

Although one obtains values of P(9) , Py 5 and CNN(G§' for each

. counter, one may further combine the results of P_. for all o -

B
counters into a grand average since PB’ is not a function of second-
scattering angle. The value of P. +thus obtained may then be used in K

B -
a subsequent computation of CNN from the same data. This procedure )

of feeding back the computed beam polarization is particularly useful -

for the counter position near 90 degree center-of-mass. There the
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analyzing power of the second target gets small. This results in
lérge statistical errors of the internally computed beam polarizatioq,
correspondingly the errofs in ‘CNN derived from this internally

computed PB may be large. Here one therefore profits from using‘

‘ P§ derived from~dataifrom counter position 3 in the form of'externalv

Jinput.

The polarization parameters are computed from the data using
(24) for the differential cross section I(6) when beam and

target are polarized:
1(6) = To(6) [1 + (e )P(e> + PP (O] @
We henceforth regard the symbol PB 'to represent the absolute

value of the beam polarlzatlon and essume that only the target polari-

!

zation is fluctuatlng from run to run while PB is constant.v.Mbre-

over we adopt the symbol Ti for the target‘polarization of the'ith

run.(to avoid double subscripts). Then Eq. (24) may be rewrltten,

- depending on the direction of the bean polarlzatlon,

I, =1 O[ (1 £ PP) +T1(P»‘~'PBCNN)] T 2
using the upper or lower sign consistently. .

We now find it convenient to introduce four new quantltles A,

B, C, D defined by

A=1I.(1L%+pP). - B=I.(P+ PC..)
-0 B /.7 ) B NIV (26)

Q
I

D

i

10(1 - PBP).’

IO(Psf PECNN) -

In terms of these quantities the polafizatioh parameters are given by
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Eqpations (25) then get to look like parametric-equations for straight- ‘__ -
lines, e.g.

‘= . ' 8
| I; . A+ B o A (28)

'  In reality'theyiare equatioﬁs for S£raight‘lines only if we allow 1 to.
‘have two values and_ho more, forotherwise Wé wbuld be overdetermining -
| the parameters A , B, etc; To avoid confusion we refer‘to the data‘j

és”Ii(fi) and to the line, parametrized by A and ‘B , for ;nstance,r

g A o |

.Li(Ti)‘é A+ T;B.

We shall therefore compute C and the other parameters by finding

NN
“the straight:line‘for each of the two beam polarizations that best fits
the'data by thé well-known ‘technique of minimizing the sum of the squares.

~of the deviations of the actual data points from the J.‘:'Lne.l:L

2, Straight-Tine Fitting

We define the deviation of the ith data point from the line
parametrized by A and B by

Minimizing the sum of the squares of these deviations means solving a £

pair of equations for each pair of parameters (we treat only one pair,

A and B ), namely
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%7.\ Z -[Ii - .Li(A,B)J 2
3— Z ; - Iy (A,B)}

If the various runs are not for the same number ofvmonitors m, , we

. N : . ‘ ) . I .
account for the different lengths by normalizing the data Ii *-Ei
: : i

|
.O

I
o

‘and furthermore weighting the squaréd deviations by the'monitors.
_ This latter procedure is equiValent‘to considering'a run of twice
* ordinary iength‘eqpivaleﬁt to~twb runs of ordinary length, ylelding
two data points; éach contributing:one ferm to the sum of sqpared.

deviations. We finally write.

L

%K‘Zmi[ajf’ -1, (w,B)| =0
1 J

| (30)
g-z [-——L(A,B) =0 .
It is easy to solve these equations. One obtains
A =T~ BT gL oIt (1)
2 - 72 |
where we have defined 5,;_ ' . >.
. i = . T = .
vEZHL E:m
i i
(32)-

m,.T.
i1

z_ Yo
Z"?i" Zml
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%3, Dummy-Target Subtractions .

Equations‘(Bl)‘would lead to the elastic proton-proton polari- | : o
. zation parameters only if Ii were events invoiving pure second-target-.
 polarized pfotons. Forvthe purposé bf.data handling it is convenient .
to think of th¢ Ii as thé hydrogen-peak-region crysﬁal-target data of _'
‘a glven row of the 10 Xflo data matrix including events involving the
unpolarized background. We must then describe how tb subtraét the back-
"_ grpund by means of the dummy -target déta. |
For a given counter position we define those elements of the

lOd-channel crystal-targét data matrix thaf_contain any poftion of the
hydrogen peak as peak region,.and éil»the‘rest as‘flai region., This B
' designation is maintained for the dummy-target dataﬁ The sum of all
the elements in the flat region o: the ith crystal=data run wevcall
FCi’ while the correspdnding dumy-target quantify?summed over all rums
is FD . F?r the :ow under analysis we call the sum of the cryStaleata
, :peak-region-elementsv Ii and theVcorresponding’dummy-target'guantity A
- sumied over all runs J . _ |

A Iﬁ terms of these quantities, pure hydrogen (polarized targef_
proton) events are then given by | |

- d
I, -F, . —
i Ci FD

. We may retain the definitions stated in expressioﬁ (32) and modify

_only the equation for ‘A in Egs. (31)
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Table V: Results for P(6) and CNN(G) of proton-proton elastic
scattering at:éa@;MeV.; t is'the’invariént‘four—momehtum transfer squared;.
- in addition to the random errors quoted, there are systematic fractional

errors of 5% on P and 10% on C.__.

NI
cm -t .
(deg) lOS(MEV/c)2 2(6) CNN<6> |
- 5L.2 o238 0.k72 £ ,05% . 0.449 £ 122
sh.3 0 2,66 0.564% £ .0k1 0.570 % .097
57.%  2.9% 0.528 £ 039 ©0:543 £ .092
- 60.5 5.2k 0.kok = 0b1 0.545 + .097
63.7° . . 3,54 0,386 % ,0L2 - 0.708 % .100
66.7 3.86 0.375 t .03 . 0.665 t .10k
708 L.27 0.38h + .032 . - 0.5Th T ,079
3.7 1,58 0.317 % _.027 B 0.603 * ,069
76,7 4,90 0.252 * .028 0.752 = ,075
- 79.6 5,02 10.189 £ .029 1 0.806 % 078
82.6  5.55 0.175 £ .030 0.TBL £ .0T79
85.6 5.8 1 0.129 £ .039 0.909 % .101
887 . 6.22 0 t 128

.00k % .053 ' 0.835
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Fig. 12. Results of this experiment: CNN(G) in elastic proton-
proton scattering at 680 MeV. (The open. circles are the _ ' D
results of Ref. (5f) at 640 MeV.) A 10% fractional error :
due to a systematic uncertainty in the target polarization
should . be added in quadrature to the errors shown.
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0.8 r _' — ,

0.4 |-

P "'(6)

0.2

ol 1 |
40 50 60 70 80 20
Cen?er of-mass scuﬁermg aﬂgﬁe (deg)

MU-35186

Fig. 13. Results of this experiment: P(8) in elastlc proton-
~proton scattering at 680 MeV. . A 5% fractional error due
to a systematic uncertainty in the target polarization
should be added in quadrature to the errors shown. The
solid straight line represents a good fit to the data
of BetzIP at this energy while the dashed line corresponds

to data of Ref. (12) at 660 MevV.



A=T-F, % - 5% , -
¢ g |
- S - (33)
 JRE L
2 _ =2

Here we have defined
U S I R

It is easy to verify that_the backgfoﬁnd does not appear explicitly in
thé expression for B . o . ..

If Eqs; (33).anq the corresponding equations for C  and D are
' ﬁsed'to compute.the results one obtains the valueé bublished-in Table V

and Figs. 12 and 13. Among the restults is also the quantiﬁy PB

which-
has the value

= +
PB \0.44 0.02 .

<¥: Classification of Errors

The independent quantities that lead to the polarization parameters
are.readily identified to be I, Fy FD,'J;, T; » and;if external, 'PB,
They all contribute to errors in the results. We consider the monitors
ms known with negligible error. The expressions for the errors are
‘developed in Appendik c.

When it comes to combining results, as for instance averaging
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P(6) for oneA @ counter over a number of subgroups, wevneed to use
weight factors composedrof errors thau are uncorrelated within each
. subgroup. That requirenent would include errors due to only ii‘,-Fb ’
end T, (random).inhthe weighting of the individual P(6) 'abOVe; It
- 1s therefore 1mportant to class1fy the sources of exrror accordlng to
the extent of thelr correlatlon in- a given result, as shown in Table VI. -
The errors that-are uncorrelated for all the quantities to be averaged
'.and‘therefore suitable for_ueighting, gef diminished in the cowmbining
'process,fwhile nhose correleted get averaged. |

We explaln the procedure in some detall w1th an example; Let
" us assume we have computed P(G) » Py s and C (9) (1nternal P )

1
of mutuslly compatible crystal—terget runs, thelr target polarization

'us1ng the peak~region data (Ii) oflcounter Q. ~ of a certain subgroup

(Ti) , the flatvregion count (FC) for ail the runs in the subgroup,
the peak~region data of this counter summed over all the dumy ~target
runs available at this counter position (J) , and the total dummy-
'target—flat—region count of the ‘same runs (F ) o All of the quantities
computed have errors due to the varlous sources enumerated., We compute ‘f'
these errorS-and combine those belonging to the same class of errors - |
in.quadrature. If we go through a similar computation for the same
counter using a different subgroup of crystal-target data rums, we

- arrive at different results of p(e) , P

5 and C (9) and their

errors in the four dlfferent classes.

To, average the results of these two computations from different
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Table VI. Classification of the errors according to correlation

Error correlated for

A Class - Source
of -error of error each @ counter -each data .v .

. ' ' subgroup:
-lt, L | no no

2 Fe» 1, (random). yes ~ no

. i :

3 J 1o ‘yes

4  yes

Fp» Ti(syst.),'?B(if ext.)

yes

¥

e e =
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‘subgroups of runs We-need to consult Table VI forvthe correct weight
factors. . We'seeuthat the~errofs in classes 1 and 2 are.uncorrelafed
for ‘each subgroup. WE'therefore‘proceed to .combine the errors inv
classes 1 and'2 in'quadréture for gach quanfify to be averaged and

use as'weight factor the inverse squares of thé combined error, thus

E:w.P.
iti

B = ' | (35)
-
i
Here P is the result of averaging the 'Pi , the computed value of
"P(6) for the ith subgroup. The weight factors w, are defined in
terms of the errors in classes 1 and 2, .81' and 82 ,'by

1 B

oW = ertrr————
i 2.2
(5l»+a2 )s

The errors in P of these two classes reduce according to the rule

1 1 -
<51,2)2 Ej (81,2)12

- while those of classes 3 and % average in the manner of Eq. (35).
Ultimately we may combine the errors thus obtained in classes 1 and
3 in quadrature into the final errors in class 3 and those of classes

2 and 4 into final class 4 errors.



5. Sample Calculation -

This calculation using the data of a ;mall number of runs is?in-
tended'to COﬂNé& é feeling'for the rate of data accumulation when one
uses a polarizéd tafget. We have chosen a set of‘runs at random. To _
simplify the computation we shall sﬁbstitute uniform values'fér the |
i:‘target polarizafion‘and'the monitors. Otherwise the calculation is

: standard. Wé shall compute the asymmetries for only one angie-defining
1& counter, élthough at this counter position we have énélyzable hydro-
, " gen peaks for éix o counters.' We use the full flat regién to normalize -
the dummy-target:data.

The crystal-targe£ data were accumulated in a.single period of 16 '
hours, including-one hour at the beginning ana:at.the end for tﬁermal-
eqpilibrium NMR signals. The data.runs cyele through the four coubina-
tioﬁs of;the beam and £arget pdlarizations twice;'with~ﬁw§1ruhs7takenxat
each combingtion separated by a first-target-flask-empty run of‘half
ﬁormél duration. We do not use the flask-empty runs in the analysis.
 The data, thereforé consist of a total of 16 runs (actually 17, since
bthey‘include two runs of half normal duration) labeled intermittently
between Nos. 500 and 506. |

- The dummy;target data used in this semple calculation consist of
three runs at each beam polarization. They are labeled Nos. 629 to 634 -
and were taken during a period of about three hours. =~ o 1_“
. ‘We assume uniform target polarization of #0.50, beam polarization
.of 40,50, and monitors m, Of 1.00 (or 0.50 for the two short runs): -

Typical STOT count was 3000, of which about 1 percent was .rejected
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due to multiple coincidences in one of the counter arrays. The monitor
circults had about 5 percent4éccidental rate. Typical Ii is 100 to 300,
'depending-on the initial-state polarization.

The quantities composing A, B, C, and D are shown in Table VII.

They give
A = 186.4% S B.= 76.0
¢ = 120.0 | - D = 18.5.
Using Eqs. (27) we finally. have
A - C:
P = = 0,70
B B+ D 7 ?
B+ D »
; ple) = Lic = 0.308
' 2 2
' 1 B-D B -D
c._(8) = = = = 0.267.
v P, A+ C 2.2
If we assume P, = 0.50, externally given, e get

B

C(8) = 0.375

We calculate the errors for this externaléPB CNN uéing.the expressions.

of Appendix C. If we assume 5 percent random error in (Am/T)e and an error
in the beam polarization of (AEE/PB)M = 0.025,‘we find the errors listed
in Table VIIZI. In the table they are compared to the errors obtained with

all the correct experimental quantities, i.e. the real monitors and

target polarizétions, for both external and internal beam polarizetions.



..72..

Table VII. Intermediate steps in the samplé calculation.

Pp Positive =~ Positive Negative ~ Negative
Tafget o 'Crystal' bummy Crystal Dy
Zm; B 8.0 . 3.0 v- | 8.0 | 3.0
I Fays Z FD:L o 7286 - 2740 o T119 - 2500
Fe Fp o 91075 913.33 889.9 - 833.33
£I,% :i 2148 o o7 156k 212
LY 2685 8233 195.5 - T0.67
= I '152.0 N | 370 .
It ‘ 19.0 - . k625 -
T 0;25‘ ) S - | i 0.25 - -

e ¥
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Table VII%. Comparison.df the errors in C__ for sample-calculation

. . NN
- and real-data values.of the target polarization.

Error Sample Real data . Real data

class calculation internal Pp-  external Py
T £.099 t,15% +.1%5
2 i chO i 0019 i eol)‘l‘ |
3 £ ,005 £ .000 £ ,00L
b £.019 +,002 £ ,027
o 375 Lo .50k

& These are the values of the parameters in the respective columns

and not corresponding errors.
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The differences in the'errors:arise primarily from finite T of the
real data, that is, from the fact that the average pésitive polari-

~;za£ion was slightly different in:magnitude than the average negative : ,:
© .- .polarizstion. Wévndtevthat the main contribution to.the random error
i ~1ls the‘statisticallflucﬁuaiioﬁ of the hydrogen-peak data.

C. Discussion of Results

The results for 'P(G)v and CNN(G)' are listed in Table V
thgether‘with their random érrors} They aréfalso §hown piotted in - .
Figs. 12 and 13. We ascribe a éystematic-fraétiénal error of 5% to
the valﬁes of the enhanced_targef polarization obtained from the
NMR signals and the computed TE poiarization. “Accordingly there is
ffacfional systematié-uncerﬁainﬁy 6f-5%_in:ail the values of P(0)  '
and of'lo%:in CNN(Q) . |

’It should be noted how rgmarkable the agreemént-is Between‘our*
~results for CNﬁ and.those of Refov(Sf). On the other hand while our

9b

results for ‘P . agree well with Betz” they deviate'éonsiderably from
those of Ref. (12). The results of Refs. (5f) end (12) were recently

used in searches for proton-ﬁroton phase shifts at 660 MEV013 
Stépp has péinted”éut that at 90 deg center—of-maés the value
of :CNN contains information about the singlet~triplet content of
the-ih.teraction.5 "A value of +1 répresents pu¥e triplet scattering
 while ;l would be pure.singlet. :Evidently at this energy theitriplet
amplitudes predominafe; |
| . It is clear that the poiarized target offerS'an advantageous

‘scheme for measuring the.polarization correlation,' c

o ._<Good_



=75

accuracy of measurement can be combined»with the feature of counting
‘at several scattering angles at the same time. A comparison of

- Tables IT and V brings out the value of using a polarized target.

Given resUlté for a great Variety of experimenté at one energy,'

one - would expect to determine fully all ﬁhe scattering amplitudes at

that energy. At.present this is not practicabie because many of the :

necessary experiments have not yet been performed at our enefgy.

It is possible to estimate how much inférmation is needed to
determine fully the scattering amplitude at one energy. At loﬁer
energy (310 MeV), where the protén-proton scattering could be assumed

to be purely elastic, Stapp, Ypsllantis, and Metropolis were able to

reduce the smbiguities to the point that only a few possible sets of

1k

pﬁase shifts were consistent with the experimental data.™ Théy had

available to them measurements of the differential cross section IO

the polarization P , the depolarization D , and the rotation para- :

meters A and R (D, A, and R over about half the full range of

scattering angles). We therefore estimate that at our higher energy,

. at which much inelastic scattering occurs, one would probably need

I ,'P,DJ\R;’A’;C

o s and perhaps C

N Kp measured over the fullv

range of scattering angles to reach the point of a completely

unamblguous set of phase shifts (and hence scattering amplitudes).

This set happens - to constitute one of the complete sets suggested by -

Schumacher and Bethe“.)+ - Consequently it seems premature to attempt
the proposed phaée shift analysis at the present,-when.less than half

the necessary'experiments have been performed.

J
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It is sometimes possible to carry out a comélete analysis with
fewer kinds of experiments performed at one energy if results at many.
energies are combined ﬁith the requirement that‘the phase shifts vary
slowly as functions of energy. Such a procedure haé been uséd by |
Breit et al.l5 and Stapp et al.l6. |

"It is in any case beyoﬁd the scope of the present,Work'tb1attempt
this énalysis.” Perhaps as more data ére available, some of ‘them from
further experiments'using'fhe poiarized targef;_wenma& be encouiaged"

to attempt the‘search_for the unique scattering amplitudes at this

| energy.
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V. CONCLUSION

We have presented results of a proton-proton'scattering'experi—

‘ment in which both initial state particles were polarized, Inrqpality ,

and amount the results demonstrate that the polarized target 1s an

Important tool in'the measurement of the parameter C

o Ultlmatgly'”

. the results will be valuable in the constructioh of the scattering

‘matrix.
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APPENDICES

A. Composite-Spin-Space Components

We'show.here'how one reiates the components of individual particle
:l~spinors to tne components of the combined spin space spinors'for the
:speciel case of two particles of spin 1/2

Let the 1nd1v1dual partlcle spinors be r and s each of two
components. Let the comblned ‘spinor be the four component object X .
~If A 1s an operator in the space'of r , - B 1In the space of s , -
the we define. C as the corresponding operator;in thevcomPOSite'spin
space oPerating on‘wX such that B
| CX = ArBs
" The corresponding relation between tne'component is"

. X, B.r.s (a-1)

i3 Akﬂ £ n Akﬂ mn” 4 n":.. '
For the spec1al case where A, B, and C are the 1dent1ty operators,
'thls relatlon reduces to |
| X. =r£sn .
There J ranges from i'to b while £ and n are 1.of 2. The only
two ways in which the indicest‘z and n can be combined towgive the
four different J unigquely are |

= 2(£-l).+>n and’ jv= e(n-i) + 4 .

Any other combination fails to define one or'more of the subscripts
J vin terms of’jé, and n , i.e; onelor-more of the components of X
in terms of the components, of r and s . The two. different relations.

. are equlvalent in the sense that they each give a unique set of well

defined components’ dlfferent only by an 1nterchange of” second and third
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components. However, one has to agree to use only one of them consis-

tently. We shall use the former. Equation (A-1) then becomes

A gBun¥ a0 = C2(k—l) +m, 2(4-1) +n X2(£-l)' +n °

) 3. - Proof of Equation (23)

. We want to verify Eq. (25) of Chapter II |

Tr( 2N)MM TI'M(G c )M . o (B-1)

We use the commutation relations of‘the Paﬁli spin matrices
040y = Sjk t1eqg0 (B—?)

as wellAas the identities.

g T

=0,
Cd J
Tr o, =0
where Jj , k', and £ rum over x, .y, and z and
{1 for =%
S . =4 :
J= |0 for § £k

(1 for jk& = xyz or cyclic permutation thereof

€ 5ke =¢-1 for jk# = xzy or cyclic permutation thereof

O for any two indices the same.
We also note that operators belonging to different'spin.spaces commute
(i.e., 951%0 ='ckacjl) .
- Using (B-2) we can also show that
6.0, =8, +1c
ap B 057 7

'r\"/\' A
where this time o , B , and ¥ are N , K ‘and P .
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To see this illustrated we evaluate

(o] = 2 . e 00 ° L

% %1k ( GXJ_T\TX + cley + )e( o K, + )
= NXKXGXJ.U 1t NxKycx 10 v + eee
= WK +NK(1G~)+...

4 FA
=N°K + 1 I -(NxK)
_ L= g;_.
=10 =10, -
A A A

since N , X, and P
that order.

| _ For M(G) we use Wblfensteinfs'

- ~—f<-_u\e (6519020 +014
“‘""‘ HB’ ( Sip 2? o”{

Hk <ﬁPL?

6.

K 2’*}*’% G& (
2K>““‘LE—EC¥ u”—, 2K g

ol A _
6ﬂn:“’zm) 7

make up a-right—handed coordinate system in

form

’m

-5

ik :z.?)
HHP(1 + 60650 )

Me) = B + C(ﬁ,Nf )+ i\ G S C(( ® &ty 21«)““ H( §1p%% O}k&)o
Therefore we have for _Mi
oy «?‘ i r’”'.}z/ ) b . 5
'\/E(G)} = 1’( (6- ‘"O—zw) N’ TnGnT 24 %6%p PO "'EH(,;PC;P "n'ﬁ;.)(_)
We now compute the YGQL“TeC preduct matricss.,
MM = BB + BC (s, )'rfﬁf\ SinTan T G %e Tk 2k
l \r iy iy Frwd £
;— SH (55? 22 " ik 2r> + (8 (0”\,7(5# w )+ 2CC (H"m‘)m
. A 3
; CM*(@M*‘ Oat4 ”“CH ('YsP"zk T O ZP\}_!' NB*e T1nuOan
£ NC* (o »w) NN~ LNG* (510635 7 1%k )
A & %
f\H (G-FF g Pk M\)' C‘R (JP 2"“’”’ 2k>
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5 MUT = BB 6, 0 + BC(onr e, ) + BNY
| ARG 5195, +67e 531 )5 BH (51650 =T i ).
+CB* (o +030) +2CC* 1+ JAY)]
L N* o ro, ' o)+ ’CH*(@‘,PO’zk +07 ) o‘zp) +NR*
ENC(ir 020) £ NN 6,053, +4 KGH (30505165,
~SNH (5106, -6, i ) = GB?‘-(GP St oK za)
3G %, romk) -166* (10 6,)
i ZHB*< S1p%ap~ Tk 9y, )-‘—HC*(SIP”Z;C‘“YWGZP)
=2 AN Gipp 0152 + S HH T #7,5,.0)

Mw‘%a +c*‘(m )+N* e i)

—{ ( (k - 'PCZ?)

M QYA M“ ’5'3*%% 05, 50,,) BN {66 )
- - !BH*( S1p%20 I zv )JFLB%(G’ TO'N)‘}-ZCC( o 032“) .
.'4-([\%(";*:«* N> ( IP zk+°ik 2’P>+ NB*
ENC(oy10,) + NNFoger 4 4 L NG (05555 + 0750)
?\HJ ( 7 2p Gfrfzk) 3 (76#(0”’ 27 ¥ 01k % 3\) |
3NS50 )~ L 66 (=00 ZN)
'HB*(6?P %20 " z-)-—& CK(O-’P “’67-?’}

HM%(O:P“’ 2% ofk‘)zs\) *" HH (“’OIN .m)
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As a result we find that indeed

t oyt 3) o
Tr Gy O M M -TrMc]_NceN | _ (&3 -

2 re(ar®) - 2lol® - L[l - %] -

¥

St

as was to be Shownf

_We brieflyfmention how the time-reversal-invariance Violatingl
amplitudes enter into CNN‘.-_In tefﬂs of the.tiﬁe—feversal-invériapt
scattering matrix M the time-revérsal-invariance.viblating scatte:—

ing. matrix M’ nié'given by

1 . .
M =M 4+ J O p%%x T L 01x%p *

‘We find by means demonstrated above that

]

Tr M GJ_'L\IGEN + 2Re(JL") =

'I‘rM' 01O Q_N(M )T

and

Tr o 1N2NM(M) Tr.cmcgNMMgraRe(JL),,

- whence because of Eg. (B-3)

Tr M' ©

Tr o, o M(M)" 11\121\1(\4)

ANT2N
This means that the value CNN(G) is the same-whether initial of
final state polarizations are determined, however large thevtime—
’reversal-invgyighce‘yiolating-amplitudes méy be. |

Therefore the time reversal content of our experiment is limited

' +to the time reversal content of our measurement of P(6) . vl s I
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C. ZError Expressions

| We use the well known formuls applicable in the'gase of ﬁncorrelated
errors. Let xitbe i independent nwbers, with errors Axi; that éombine

_into a resule X. Thén X, the error ian due to the errors Axi, is

e Y (B e

given by

(c-1)

We derive only the errors of C for the case of external beam

NN

'polarization and quote all the other errors without derivation. We use
~the quantities given in expressions (27), (32), (33), and (34) of

© Chapter IV and evaluate the necessary partial derivatives.
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Where we have used the following definitions .. =~
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G _'—'5* "’Bbm ~-T H
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]

Thé error in class 1is the statlstlcal error in Il,

AI%Is

l

given by

We find

VLS [ 3w YA | 3w OF YAhs
)L (R R )

= (K CY[(Z REY’* (Z R )j (c-3)

where we have defined

72::—1 L [Cﬁ '”@KPCNN)- ji]

‘and the superscripts (i) on the parentheses indicate the beam polarizatioh

for the quantities'within. The symbol & 31gn1f1es that the sign is

to be that of the beam polarization.

The errors in class 2 are due to two sources, the random error

in the target polarlzatlon for each run Aty and the error due to - Fb

These are

(4‘ Cm\,) (k ) [}; 6 ZS ) (&T) (c.l;)
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due ﬁOTTi, where Sg is defined by

St = (55)[HEes

and we “have used

& '” = s .&'«
AT ( C >z ¢

I

- since T is small.

the terms Sz»bf negative Beam polarization.

en) - (KTL(EN (R

W} By m; j?-

Clearly the factor B is replaced by D for the

The error due to FC is

)j B

The error in class 3 is due to J and is given by the expression

(ﬁ Cw (K > H §2)++ (%—Z)WJ e V (¢-6>' ‘v

In class k& there are three distinct sources of error, namely F

the systematic error in Ti3 and the error in P'

by

that ‘due to systematlc error: in Tl by

(Z.C,\,M> 2_ 1({3[5 ’

and similarly

N

(s¢u¥ = (1 ‘){ £y (/"‘ﬂ

D,

The FDverror is givén

(e-7)

(c-8)
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If we redefine the quantities Kc,‘vsg, and Rg,_ Eqs. (C-3) through
(c-8) apply directly to the other computed parameters:, namely P(6),

s and CNN(G)(internél PB),‘collectively called X: We therefore have,

- most generally, for

T e - (ofER) GRT),

- class 2;

e (kY TE S H(ESINEL

o We“.‘as(ﬁ!wl _= (K x>1{< %>++ (%)—]) |

= (] E)-(57,
T - IR (BT,

as well.as . : ' 4 ‘
.Q&Y)l X( 'L‘.’)a/°

Here we need to define the following quantities:

i

i



" For X = P(0): ~
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report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or
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used in the above, "person acting on behalf of the

Commission'" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
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of such contractor prepares, disseminates, or provides access
to, any. information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








