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NUCILEON-NUCLEON TRIPLE-SCATTERING PARAMETERS 510f670 MeV
| Pamela Hansen Surko |
Lawrénée Radiation Laboratory
University of California
Berkeley, California
January iS, 1970_'H
»ABSTRACT

fThe values of the Wolfenstein depolarization parametef D are reported
at 670, 600, and 520 MeV for the pp interaction, over the CM angular
iange-3QOe1200° The transfer depolarization parameter Dt has been
measured at 600 and 525 MeV in the.free np system, over the range
65°-180° CM. |

.~ Five points are measured at each energy, wiﬁhvstatistical accuracy

averaging about I .1 for Dpp and ¥ .3 for sz, PP is between 1/2 and 1
at fofward scattefing angles and drops toward zero at angles greater thaﬁ
90? CM. - It remains positive. sz is small and positive at measured
angles less than 90O and also at lBOof ‘There is an indication of a
possible negativé value between 90O and 1800°

Predictions of various phase-shift solutions are compared to the data.

A polarized neutron/proton beam was produced by elastically scattering
the beam of the Berkeley 184" Cyciotron.off deuteriﬁm/hydrogen° The’
polarized beam was elastically scattered off hydrogen and the polarizatioﬁ

of.the recoil proton analyzed in a carbon-slab and magnetostrictive-wire-

chamber array.
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I. INTRODUCTION
The "medium—energy" region of nucleon-nucleon interactions between
pion production threshold and higher energies handled by Regge theory .

seems to be a most difficult one for theoreticians and parameterizers

‘alike,

At iow energies, phase shift analysis is practical and informative.
A phase.shift apalysis makes good use of the smooth variation of parameters
with angie and energyn Unitarity is built in; Thefe seem to be reasonable
ways (OPE) tb guess the behavior of the high £ phase shifts. vHowevef,
the number of pa?ameters in;reases with energy, doﬁbling as the first
inelastic channel opens up. In the energy regionvof this work, SQO MeV -
670 MeV, phase shift analyses require over fif_‘tyvparamete‘rs° Going to
higher and higher £ for parameterization of higher energy data does not
look practicél at thé present time.

Puzikqv, Ryhdin and Smorodinskii(7) propoééd.in-l957 that for these
higher energies, parameterization directly in terms of the scalar ampli-

tudés of the elastic scattering matrix element would be preferable. As

“ higher :energies are studied, the number of parameters would not increase,

- . and with appropriate selections of experiments, the matrix element could

be determined uniquely. With this technique, experiments measuring two

spins are essential, Schumacher and Bethe(B) showed that for each isospin
state, all five complex amplitudes, relative to a common phase, could be
detefmined for a given angle and enefgy by measufing the differential cross-
section.and ten second ordef polérization tensors. This type of investi-

gation has become possible with the advent of good polarized targets and

. pelarized beams.

The state of our knowledge of the nuclecn-nucleon interaction is
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(9)

improving.' MacGregor, Arndt, and Wright have been able to make an
energy dependent phase shift analysis from O - 450 MeV, with the I = 1
scattering matrix uniquely and accurately determined over the range. The

I = O phases are well détermined'near 142, 210 and 425 MeV, where triple

scattering'data was available. They are ambiguous at other energies, even &

.

though energy-independent phase shifts seemed good fits to the data.
The state of our understanding does not seem'to have kept pace with
the state of our knowledge, however. In 1960, Maurice Goldhaber commented,

"There are few problems in modern theoretical physics
-which have attracted more attention than that of trying
to determine the fundamental interaction between two

. nucleons. It is also true that scarcely ever has the
world of physics owed so little to so many. In general,
in surveying the field, one is oppressed by the un-
believable confusion and conflict that exists. It 1s
hard to believe that many of the authors are talking
about the same problem or, in fact, that they know

~what the problem is.” ' ‘

Advances in meson field theory in recent years make the outlock
considerably less bleak, but probably no one would claim any startling
improvement. Most‘theories require the exchange of the n meson to dominate
the long range attractive interaction, with various combinations of ®, £, T,
and a J = 0, I = 0 meson of a two-pion s wave exchange to take care of the
short range repulsion and the intermediate range interactions. Theories

require from two to fifteen parameters, and many fit the phase shifts

reasonably well.

-
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TI. THEORY

A. Constituents of the Elastic Scatteéring Amplitude

’ Although the two-nucleon problem has been with_ds for nearly 40 years
discﬁssions of the possible constituenté~of the matrix element as restricted
by invariance principles come from the 1950's, for'eXample, Wolfenstein

. : 2 S
and Ashkin (1952)" and Dalitz (1952).
Physical guantities available for construction of matrix element terms
Al' /\2‘ A~ ~ A /\l /\2 i
are 0, 0, K, P, and N, where 0 and 0 are the spins of the nucleons,
and K, P, and N are momentum vectors related to center of mass momentum

vectors. If k is the incoming momentum vector, and k' that for the out-

going particle,

- o~ S
K =k' -k _ (1.1)
N = k% k'

For nonrelativistic energies, P is the outgoing momentum in the laboratory .
system°
The matrix element must be rotationally invariant, therefore scalar

or pseudoscalar. It must be invariant under parity transformation .

"~ ”~ ~ ~ A A

(0 » o, E’—a—zg)-and time reversal (o — -0, ﬁ - ~N, P ~>—;, % —>§)° The
extended Pauli principle requires invarilance under the intefchange of
labels 1 and 2 for identical partiéles° The most‘genérgl éoésiﬁié matrix
element with these restrictions is | |

M.=a + ic [(o +U2).N] + m(N,cl GZ,N) + glP.o0".P + Koo 0™ K]

AN AL A
1

. ., +h [qulogop - K.OlvgnK] (1.2)
in the notation of Moravcsik°3 The complex scalar amplitudes a,. c, m, g,

and h are functions of scattering angle and energy, and have isoscalar and

isotriplet parts. Below ﬁhe inelastic threshold, imaginary and real parts
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of each amplitude are related through uni‘éarity° Abdve the threshold for

pioﬁ production there are 20 indepehdenf‘functiqne of angle>and energy
with one‘phaée arbitfaryo',Therefore, nineteen experiments performed at
all angles and energies wouid;seem to be the minihum’requirement for
determinaﬁio# of the matrix eleﬁent° However, experimental observables
arebbilineer functions of the scalar amplitudes, ehd additional measufe—

ments are required for a unique determination.

B. Symmetry Properties of the Amplitudes
The‘extended'Pauli_principle requires well defined symmetry under

interchange of fermions in a given isospin state. We may write

| | | (1.3)

M (07, p) = (<1)T B (1, 2) My (-p' , ) = (-1)"M (0, -p) B (1, 2).
ﬁere p and~p’ are the CM momenta of the incident and scattered particles
P (1, 2) = 1/2 (1 + 0102) is the operator which perﬁutes spins, and I
indicetes the isospin state; From the‘above and from equation (1.2) we
6, 3

May obtain

I+1
)

?I(‘9)=_<(—_l c (ﬂ—e)

>hI<e>:<f1>I+lnI<née>,
aI(9)+mI(9)=(-1)I[aI(nf9)+mI(ﬂ—Q)] N (1.4)

1/2 La(0)-a (G)jz(—l)IgI(n-G)

Thus, if all the scalar amplltudes were known in the CM angular region

0 < 6 < n/2 the scattering amplitude would be determined

C. Experimental Observables

Experimentally,’the initial and final states are mixtures of various

(25)

spin states., It is convenient to use the density matrix formulation.'

[ Y]
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The density matrix is defined as

N ' L
o o a * '
2: wi | wj w(a) =1pij
a=1

where the ¥'s are the M—component spin wave functions of the two nucleon
system)a denotes the varlous states and the w(a)'s are weight functions,

Rememberingh that for an operator O

< 0> = Tr(0p)

Trp

Trpf

| Tre”

polarized differential cross-section, we may write
1f 2F, ali 21 1f cng g 11 qilM*)‘

1< UP o, 0 Gyt > = 1/k Tr(o n % .

: e x . o
and Df = Mo~ M > and IO = =1/h4 Trpf‘where IO is the un-

(1.5)

where the states are now labeled by the measured components of the spins

of the individual nucleons. The left hand side is the expectation value

q
€

of the ?i Gi final state when the initial density matrix o qi is giVenn

T

. . . 1f _2f,

For convenience the abbreviation < pVv; T®> will be used for Io <Ou 9, 3

L3 2- : . N .
Gli o ; > Greek indices run over 0, 1, 2, 3 where zero indicates the

subscripted spin is unmeasured, and 1, 2, 3 label the measured components

~ ~ ~

P, K and N respectively. Of the 256 possible megéurements, most are either.
zero or related to others through the invariance broperties of the scat-
tering amplitude., ”

| The notatioﬁ of Wolfenstein(5) seems to be univeféally éccepted amohg 
expe;imentersu Wolfenstein defined five experimenéally cggvenient para-
meters in the laboratory system which describe how various gbmpongn&siof
the'SPié change when a scatter occuré. The b, Ry R}, A and A"experiment;v
are shown in Fig.vl° Each involves the_measuremen% of one'spinvcompénent':
in thé initial state and a sﬁin component of the same nucleon in the finalf_.
state. Five other "transfer" Wolfenstein parameters are similarly defined;

for the cases where the relevant spin component of the recoil particle is
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measured. This parameterization 1s especially convenient because each
spin compenent is parallel or perpendicular to the laboratory momentum
vector of the nucleon.

As pictured in Flg. 1, in the nonreiativistic limit the five para-

meters are related to the previously discussed expectation values as follows:

ID = (N, O3 N, O) |

‘IR = (K, 03 X, 0) cos 68/2 + (K, 03 P, O) sin 6/2

IdA =‘(K, O; K, 0) cos 6/2 - (K, O3 P, 0)‘Sin 8/2 o (1.6)
IOR' = (P, 03 K, 0) cos 6/2 +F(P, 0; P, O) sin g/2

IOA'15 (P, 03 P, 0) cos 6/2 = (P, 03 K, O) sin 6/2

The relationship of the expectation values to the various amplitudes may

be calculated.

i

: - 2 | 2 2 2 2
(0, 05 0, 0) = [a]"+2]c| ™+ [n["+2|g]|"+2n]" .

]

, - 2 2 2 2 e
(¥, 03 W 0) = [a]™R]c|™+m]|"-2]g]"-2n]"

i

(% 05K, 0) = faflmfh re an® BERNER

(K, 03 P, 0) = - (P, O3 K, O) = -2 Relc(a-m)" ]

i

la )= Jm|°+ Re gn”

n

(P, 05 P, 0)
In addition, the amplitudes making up the transfer Wolfenstein parameters

are

it

(0, M3 W, 0) = 42lre a'm + [c[Prlgf*-nl"]

]

(0, K3 K, 0) = 2 Rel(avm)g - (a-m)p™) (1.8

(0y X3 P, 0)

_ _ «
- (0, P3y K, 0) = =4 Re cg

2‘Re[(a+m)g*'+'(a~m)h*]

I

(0, P; P, 0)
We may calculate from equations (1.6), (1.7), and (1.8)

1(10) = 4( g [P+ ]nf?)

Io(l—Dt) = ulh[2+a2+m2-2 Reg*m _ ) (1.9)
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Measurements of D and p* are not enough to determine single scalar

amplitudes, but if CNN((N, N3 0, 0) or (0, O3 N,VN))iis also measured ,

we may determine

Y opoc )

: |
lg|"= 1/8 1, (3 + D -

t

In|°= 1/8 I (1-D" -D+c (1.10)

)
2 Lt oy
[a+m] =1/21 (1-D +D=-Cp)

. _
+ D+ CNN)_

' 2
1/4 la-m | -lcl2 =1/8 1 (1+D
These combinations of measurements glve only the squares of scalar
amplitudes, so the measurements of the rotation parameters R, R', A and A',
which are functions of interference terms are very valuable. The other
way to get terms linear in the various amplitudes is to perform experi-

ments at small angles.where_interferencevbetween nuclear and Coulomb

amplitudes ié apprecisble,



-8 = o  UCRL-19451
III. EXPERIMENTAL METHOD AND APPARATUS

A. Introduction

To measure a Wolfenstein parameter, a polarizétion must be known in
“both the initial.and final states, In the initial;state, a polarized
beam may be made by scattering an unpolarized beam at an angle and energy .
where previous knowledge shows the polarization ié high, or if experiments
are limifed to those with only polarized profons in the initial state, a
polarized_térget may be used. -

In the triple-scattering experiments reported“hére,‘a gcattering was
used to achieve an initial-state pdlarized neutron or proton beam. .The
second écattér is the one to bé studied, and é thirdiscatter off carbon

was used to analyze the polarization of the recoil protono

B. First Scatter.

The layout of the experimental appafatus is éthn'in'Fig° 2. The
184-Tnch Cyclotron proten beam of 735 ¥ 5 MeV kihétic energy was exﬁracted
into the'pfotén cave, focused by'qﬁadrupole Ql, thén deflected by‘bending‘
magnets Bl ana B2 to achieve a laboratory'scattering angle 7;' Mégnet B2
was mounted on rails and a pivot so that bothvpositiQe and corresponding
negﬁtive angles could be used.  Scattering angleé of : 150, * 220, and

+ o ‘
= 28° were used, to make polarized proton beams of 670 MeV, 600 MeV, and

520 MeV, respectively. Polarized neutron beams of 600 MeV and 520 MeV were’

used.

| vThé firsﬁ target aséembly cbnsisted‘of twovcyliﬁdrical thin alu@inum
flasks 11 inches long, 5 inches in diameter, with walls .0055 inches thick
mounted one above the other. Their axes were alonélthe (7 = Oo) polarized_‘

beam line. They could be filled with hydrogen .and deuterium respectively.
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The»entire targét vacuﬁm jacket was raised or'lowefed.to put one fléék or
the other into the beam; vThis allowed rapid éhangés between neﬁtfon and
pfoton'pblarized beams, for_checkS‘for expérimenﬁal bias or malfunction.

‘An élaStic.scatter.was chosen by requiring a recoil proton at'roughly
thé correct angle to be-countedvin a hodoscdpe T,v<séé Fig. 3) cohsisting
of six pairs‘of scintillators 3" x 8" x 1/, viewed by 1P21 photomﬁlti—
plierhﬁubeé. A coincidence in any pair was the tag for the beam nucleon.

Removing the low-energy contamination from thé polarized beam by
‘using a hodbscope to detect the recoil proton wés.deemed necessary beéause
 the lqwer-energy nucleon-nucleon cross sections are large, _Typical enefgj.
distributions for a proton and a neutron beam with‘and without the hodoscope‘
are éhownviﬁ Fig. L. Full—width-at—half-maximu@fof{the pfoton distributiohv
is 40 MeV; that of the neutron distribution is 50 MeV. | |

The average angle 7 of the unpolarizedbbeam was determined by two
e X'6" $plit ion chamberé, mounted on the upstream and downstream ends -
of aﬁ.arﬁ pivoted aﬁout the center of .the target. Magnets Bl and BE were
tuned to centef the beam on bdth'split ion chambers.

Siﬂcé the polarized beaﬁs méde by scattering at positive énd ;égative
angles 7 are assumed to have polarizations of equél magnitudé but opposite )
orientation, the actualveqﬁality of the angles was checked both by transit
measufement, and by co@paring the energy distributiohs of the two beaﬁs
with spectrometer'Bu.éét‘in the‘polarizedbbeam at 63=Qo°_ The energy
distribﬁtions were eéual.to within 3 : 5 MeV, corresponding td a difference
in laboratofy.scattering éngle’of °2§'t ;500. For‘this angular error, thé.';
difference‘in polarization.bétweén the two beémsvwould‘have been not more

than ,OOh't <008, This uncertainty is much smaller than the statistical -

- uncertainty in the measurement of the beam polarization.
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C° Polarized Beam

The spins of the secondary beam nuéléons could be precessed I 90ov

by a superconducting solenoid. 'It was necessary to_undertake the design
and fabriéationvof a‘superconducting magnet, sincé a conventional copper
soleﬁoid.would have had to ﬁave been ten feet long in order to meet tﬁe.
half-megawattipower limitation imposed’bybavailabie power sﬁpplies° Such

a length wouid have decreased the solid angle subfended by the second
target, and thus the rate, intolerably. _

The .solenoid consisted of 39,000 turns of 52%‘Nb-h8%Ti wire, wound

in three sections for convenience., It had a warm bore aperture of 4-1/k4
. inches. The’cbil_was three feet long with an inside:diameter of 5.2
inches.l3 Thesé dimensions lead to a fleld configuration which has con-
siderable variations over the entire aperture fro@.that of an infinite
vsolenoido Since radial-field end éffects do nét caﬁcel unless tﬁe spin
pfecession‘is 2nn (n an integer), additional windings were placed on the
ends of the coils to'decrease the ratioJ.deZ/J'BZQZ through each end region?
and thus to lessen.the ?oiariZatioq sfructure in the direction.of the
moﬂentum’vector<of the beam. - Line inteéralsjézdz were measured as functions

of cﬁrrent.and radius to .i% accuracy. |

Inductance of the.COil was @easured to.be 35 Henrys. Changing the

polarity éf‘the field typically toﬁk 30 minutes. vBringing the magnet to
full currént moré quickly might have been possibie° .Hoﬁever; increasing-
dB/dt iﬁcfeases the ch&nce of dri&igé ‘the coil normal, Recooling and
fetransfering helium reéuired several hours, and the probability of a
winding slippage during transition was unknown. éince the magnet was buried

in an 18-foot-thick shielding wall, conservatism prevailed.
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A 9" x 12" C magnet, B3, was placedldownstréaMQéf the solenoid to
sweep charged particles below the beam line whén.a poiafized neutron beam-
was desired. When the neutrqn beam polarization was vertical as for D
measurements; the sweeping magnet B3 precéssed the spin bylabOut 200 into
the direction of the momentum vector.. |

Thus thebpolarized beam which impinged .on the sééond target couid
have its spin aligned in four diréctiéns, ("up", "down", gleft”, "right")
with two combinations of angle 7 and solenoid current possible for the |
"left" and "right" orientations, Table 1 shows pélarizations aﬁd in-

tensitles of all beams used.

D. Second Scatter

The experimental apparatus for selecting events scattered from the

polarized beam and analyzing the polafization of'the outgoing proton is

shown in Fig. 5.

The second target was a.thin—walied mylar cylindrical flask filled
with liquid hydrogen. The axis was along the polarized—beam line. It
had length 12" and diameter 6". | |

In the study of proton-proten interactions, éne_protén is counted in -
SCinﬁillafor Rec wiﬁh its scattering angle Gu meésurea by magnetostrictive
spark.chambers 1 and 2. A count in this scintillatér.is not reguired when
neutron-proton interactions are studied, or when.63'; OOn

Thevpréton momentum and scattering angle 63 ére measured by the

spectrometer magnet Bk,

Magnetostrictive chambers 3-5 upstream of B4 determine the entrance

angle to B4 and the front two or more chambers in the downstream array -

determine the exit angle. Magnet B4 was on a circular track and a pivot,
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3

N . . + A. .
Aperture was - 50 in the laboratory scattering angle. The momentum

so various 6, ranging from OO to 550'in the laboratory could be selected.,
resolution'was‘typically_ZvOr 3%. The magnet'was-iun at low field to

minimiZe_dispersion, so that most of the:particlés entered the analyzing
array of carbpn slabs and spark chambers nearly nozfm_al° High resolution

was not needed to distinguish elastic from inelastic events.

E. Third Scatter ’

. The third scatter, which determines the polarization of the final
state proﬁoq;.takes place in an array of seven maénetostrictive spark
chambefs addjfoﬁr carbon slabs. The pairs of chambers on the upstreanm
and downstreém ends of the package had no carbon slabs between them, to
'measure'thé Bl spectrometer magnet exit angle, and to facilitate on-line

 monitofing of the scattering angle distribution in. the carbon.

Tﬂélmagﬁetostrictive chamberslu were single-gab chambers, consisting
of two crossed planés of ﬁarallel 007 inch copper wires° Wire spacing
was 1 mm. éap width was 3/8". Sheets of aluminized mylar were placed on
the outsides‘of the wire plénes of_the'iarger chambers té help carry
grbuﬁd current and decrease inductance. Whén a trigger occured, a ,005 uf,
capacitor.chargéd to 6.5 kV was discharged into each chamber.

| A lS%_Hélium - 85% Neon gas mixture ﬁixed with approximately 1% ethanol
Va8por was recirculated through the.chambérs,,

The chambers and carbon slabs increased in size from 14" x 18" activé
area,_oﬂifhe upstream éide; to 28" x 32”.on the downstream side, so that
any proton $cattered by 250 or less would not escdpe the trigger. Due to
tﬁe relétively»large spread in slopes of incomingvparticles, an anti-
coincidence agéinst small-angle scatters was not judged possiblen' Approxi-

mately 3% of the events recorded made a scatter within the angular
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region 60 %'9; <‘220o .The third—s;after array was designed for this
éngular acceptance on the bésis of known carbon anaijzing powergll)

No energy determinatiqn of the proton after the éarbbn scatter was
attempted. instead, all events, with elasticity ‘undetermined;‘we're'used°
Effective ana;yzing power for this selection of events was determined by
placing the analyzing array in a beam of known polarization. Inelastic
events are known to have lower analyzing pOWera(lg);:However, in this
experimeht, severely lnelastic e&ents were partiailyﬁsuppreséed because
the multiple scattering of the outgoing particle_pfoduced a poor fiﬁ to
a single scatter hypothesis, or beéause more than one outgoing track came
from the vertex. The observed effective analyzing pbwer'ranged between
.26 and OMB; as shown in Fig. 6. |

The rate of triply-scattered events ranged from 1 per secdnd for 93

small, to 1 per 25 seconds for 6, large.

3

F, Fast Electronics

Four scintillation counters monitored the polarized beam: ML, the
passive sum of signals from two scintillators L1 and R1 counting the left
and right halves of the beam; respectively; M2, a éirculér scintillator.
directly in .front of the target counting only thosevparticles passing into
the target; and M3, a scintillator with a circular hole the size of the
desiréd aperture, in anticoinecidence. A1l M scintillation counters were
viewgd'by Amperex 56AVP‘phototubes with additional current supplied to the

last few dynodes to handle the several-megacycle counting rate.

For a polarized proton beam, the coincidence M = Ml M, Mé was required.

~ When a pblarized neutron beam was run,; the requirement was that no beam -
i ' ‘ '
scintillator count: M = ZMi°
i=1
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The proton scattered from the second target was detected by coincidence

S =8, 8.8 Su; Sl was in front of the momentum-analyzing magnet as was

pole~tip anti 3 5., and Su were passive sums of signals from pairs of

2 3

scintillaters upstream and downstream of the carbon target. The S counters
were viewed by RCA 6810A phototubes, They were carefully tested for
uniform efficiency.

At small lab angle 6_ numerous deuterons are produced from the reaction

3
pp—nd, and it was possible to reject these from the trigger by their

longer time of flight along the path between S, and Suo

1
The tagging hodoséope T detected ﬁhe recoil proton from.the_elastic

scatter at the first target. A coincidencé in any palr of hodoscope

scinfillatoré was réquired_for a trigger. The MS signal was also fed into

these coincidence circuits to keep the fate'of output pulses lower. For

a polarized proton béam, the Rec scintillator was also put iato coinéidence

to tag the éonjugate proton° Careful clipping of all counter signals and’

coincidence outputs was done to minimize accidentals.

. G. Data Acquisition
After vdltage.was apﬁlied to thevspgrk chambers éhd'sparks bccured,
the wand signals were digitized by the magnetostrictive scalers and were
strobed into a_déta buffer in a‘PDP—B computer., When the buffer wés filléd
with 23 events, 1t was written on magnetic tape. On-line monitoring of
all chambef»efficiencies and displays of reconstructed events were done.

Various numbers'of interest were typed out after each run was completed.
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IV, DATA ANALYSIS

A, Pattern Recognition

Straight-through tracks in the analyzing-array spark chambers were
identified from the tablé of 1k spark coordinates by counting the number
of sparks within a small corridor along a line connecting the spark in
the first chamber to the spark in the last. If 13 6r_lh spark coordi-
'nates lay along the line,yfhe event ﬁas discérded as a straight-through.
Scatters of less than three degrees were neariy always 1ldentified as
straight-through. About 90% of the events on magnetic tape had such
small—adgle scattering in the carbon. Straight-through events were used
to-check relative alignmént of thé éhambers at frequent'inter&als during
fhe running. Programs were designed to handle recé?dsbwith two tracksvin
the back chambers, but few were observed.

vaaﬁ event was not ldentified as a straight#through, the straight
segments of the track were identified by a similar method to.that de-
scribed above, and the approximatevvertex.position found by determining
the interseétion of the seghents. Then a least—équares fit was perférmed,
- with the x (horizontal and y (vertical) incoming éﬁd outgoing slopes, as
well as the z coordinate of the vertek as variables° Since the efficiency -
" of the cﬁambers had to be high in order not to introduce possible geo-
metrical biés, there were usually 14 data points for'é 5 parameter fit.
The scattering angle GC and the polar angle ¥ were calculated.

Althéugh the chambers rarely had missing sparks, the probability‘of
properly reconstructing a scatter was not 100%. A compromisehad tobe made
in setting the search corridor width. A narrow Width is necessary to
avold assigning sparks near the vertex to the wrong segment when the
scéftering angle is small. A larger search‘corridor insures that large-

angle scatters are observed, since sparks. tend to drift away from the
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particlevtfajectory when.the angie of incidence én the chamber.gap is
large.

There are more small?anglebséatters_than large, therefore the search
corridor.was set small.

Reéolution of the scattering anglé QC was apbroximately proportional
to>6C due to the uricertainty in z.coordinate bf the vertex, and was .30

for 6 = 6°, and 1° for o, = 22°,

B. Kinematic Reconstruction

If an évent made a carbon'scatter of 6° < Gd < 220, the momentum of
the proton was'ﬁhen determined from the behd angle in thé spectrometefa
The missing masé was calculated ‘and was required to be < (mp + mﬂ)° With‘
the neutroﬁ beam, additicnal more stringent éuts were made on the recon-
structed kinetié energy of the pdlarized beam particle, calculated from
the resolution of scattering anglé 93, outgoing proton momentum and
measured polarized—beam energy distribution. This was necessary since
part of the halo of the beam grazed é.portion of the_target support
structure, and scattered off heavy atoms . o

| When both final.state particles were chargedé the vertex position
was required to be inside the target volume, and the opening angle to be
correct for elastic scattering. With one neutron and one proton‘in the
flnal state, the protonvray was required to have crossed the geometric

center line of the beam within the target.

C. Asymmetry Determination

Those events sufviving the elasficity cuts and having scattéring




o

-7 - - UCRL-19451

angle 60 <-GC < 22° Qerevplaceﬁ inté-one.of 20 biné,in polar angle @,
The distribution in # was fit to | |

| ‘W(@) = N (1 +€cos g+ B Sin @) v (3.1)
with a least—squaresvfit. | |

wa othgr pafaMeters were also used in-the.fit:‘ ax and ay, the
probabiliﬁy‘of not detecting a scatter in the x or.y.view, respectively.
The introduction of these two additional variableé_imprqved the X2 of the
fit,‘butvdid notvaffect the values found'fér €-aﬁd.6; See Appeﬁdix i for
a more detailed discﬁssion. |

in ﬁhe runs where the beam was polarized vertically,'ﬁ gives a
measure of expefimental bias, and € = P3A. P3 is the.polarizatiog of the
out-going proton from the second scéttér, an@ A-ié'here the effective
analyzingipower of the carbon.

The effective analyzlng powér of the carbon'waélmeasured by placing
the carbon package in a protonvbeamvof known poiarization° The analyzing
power was determined at sevénbenergies betweenVZOO MeV and 670 MeV., For
eﬁérgies lqwer than~520jMeV,vcopper degrader.wa; piaéed in the polarized
beam directly behind the first‘target; |

Thevcalibrating-beam polarization was determined by‘séattering at

equal angles from the first and second tafgets. The beam intensity was

 lowered to keep the accidental rate below 1% for the calibration runs.

If N+ is the number of scatters per unit beam intensity with positive

' firstéscattéring angle Y and N the same for-hegative T, then

+ - . . :
- E++§ = B(E) B(R) (3.2)

- where E, and E, are the energies of the first and second scatters, re-

spectively. The relative energy dependence P(El)/P(EZ)_of the polarization.

was takén fromvthe literature,(ll)
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Da_'Depolarization Parameter Calculation
From the definition of D in Fig. 1.°
P, +DP o '
- Alt2 T :
€ = AP, = S . (3.3)

“"RL 773 | l+PlP2

where Pl is the beam polarization, P2 is the polarization observed if the
initial beam is unpolarized, and ‘A here is the effective analyzing power

of carbon.

. By takihg data at positive and negative angles Y we may calculate

el - e 1+ PP o :
5 (“hL _ re) (PP 2) S (3.4)

APl

where_superscfipts indicate the sign of the anglelr. The product P1P2
is determined for each experimental setting of 7 and'63_by comparing the
number of elastic évents going into the S channel per unit,beam intensity

for positive ¥ and negative 1.

. + - ) : : .
N -N_ - o
P.P, = - _ : (3.5)
12 .

Pl fpr'ail>proton beamé is determined iﬁ thé sémg Wayias for the analyzing-
power-calibration beam. The technique for neutronybeaﬁs must be different
however, since doing eduai ahgle scatters at the fiist and seccond targets
requireé the undesirable assumption that the neut;bn-is free within the
‘deutéfon; Inétead, the product PlP2 is measured as above, and P2 is
“determined from the carbon right-left asymmetry invthose_funs where the
pblarizatién'direetion of the incoming neutron_beah is horizontal. (The.

polarizatiqn of the béam_in the'plane of scattering does not contribute

to the left-right asymmetry. Only Pé contributes.)
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V. RESULTS

Ao’ Depolarlzatlon in the Proton- Proton System

Although at least six other bpp.experlments have now been performed
in the energy range 425-660 MeV, it was felt that:the experimental picture
was still oloudy enough‘to merit more work. Fig. 7 shows the wide scatter
in the data accumulated after 1960 and before thls work. Performing the
Dpp experlment also allowed a valuable tuneup perlod before beginning the
more.dlfflcult sz run. |

The values observed in this eXperiment are shown in Figo.8, as well
as in Table 2, ‘Data at 520 MeV, 6OO MeV, and 670 MeV were taken. Although
the ratio of inelastic to elastic scatterlng goes from 10% at h£5 to Lo,
at 650 MeV( 1) we observe little ehange in the shape or magnltude of Dpp
over:thisvehergy region. The solid line in Fig. 8 is the\calculated
value of Dpp at 500 MeV predicted by the Livermore energy-dependent phase-
shift analysisn(22) The dashed lines ihdicate thelerror corridor. This
extrapolathn is made from the analysis of 1076 pleces of proton-proton
data in the energy range 0 - hBO MeV. This prediction was not available
for CM angles greater than 90 . The dotted line is a portion of a pre-
‘lihinary prediction from a.similar Livermore analysis done'earlier on
'pp data‘from 0 - 500 MeV. The'predictions of'both‘Livermore‘efforts seem
to indicate»the essential features of the data, The decrease in Dpp at
» angles larger than 90 CM seems more pre01p1t10us than predlcted

Several energy—lndependent phase shift analyses have been done in
the neighborhood of 650 MeV. In Flg 9 the solid line shows the solution
for Dppkgenerated from the.660 MeV phase shift set.obtained by the Kyoto
group,(23) Their phase shift analysis was based on elastic differential
cross-section, polarization,depokﬁization, and CNN(9OO) and CKP(9OO)

data. Imaginary phase shifts were estimated by assuming that A (1236)
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production dominates the inelastic scattering. - ﬁxperimeﬁtal pointe which
were part.of.the input data are displayed togethér with the 670 MeV data
of.this work. Thé dashed line is from another Kyofo solution quoted by

15)

Roth et él; The différénces between the two solﬁtions‘do not manifest
themseIVes in the Dpp values.
. 2
The phase shift analysis done by Glonti et al (Dubna 1967)( +) yields

the two calculated curves shown in Fig. 10. Also plotted are the D

pp
data which were input to the analysis; a single point done by Bourguin
et al at.CERN,(l6) two recent points from the Czechoslovakia group at

Dubna(zq)vand the 600 MeV data of the present work. It seems clear that
tﬁe more rgcént data tends to exhibit a lower value of Dpp at angles
greater than 900. The high statistics points near 60° cM éf,CERN and
Dubna are in vast disagreement. Data of the preéent work does not re-

solve the conflict.

B. Tfansfer Depolarization in the Neutron-Proton Sysﬁem
The tfansféf depolarization in the ﬁeutron—prbton system was measured
- by scattering polarized neutrons off hydrogen. Thus interpretation of
the data is ﬁét complicated by requirirg assumptioﬁs about the nature of
the deuteron binding. ' |

The sz data taken at 520 MeV and 600 MeV are éhb&n“in Figs. 11 and 12.
'The-dashed curve,vshown with its error corridors, is a prediction by ﬁhe
Livermore group.(gg) This extrapolation was done from an energy-dependent
phase shift set computed from 990 pieces of np data from O - 450 MeV. The
383 3D mixing parameter €l was‘éonstrained to be positivé at energies in
the neighborhéod of 50 MeV. The solid curve is calculated from a phase
shift set generated from the same np data with no reétriétion on the

| sign of the €., term.

1
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Ned ther prediction i overwhelmingly supported by the data s shown.
However obly one point lies more than two standard deviations away from
the prediction which was generated assuming no.réstfictions on €

1°

C. Contributions to Errors

. In measuring D, equal time was spent accumulating data with the beam
polarizétion'positivé and negative.

+ +
P_A
3

€

H

(p

I

2+’DPl)

i}

€ = p.
P_A )

W

(PE—DP
Solving for D in terms of the asymmetries,

P '
D = (€ -€ ).(1+P1P2)
2AP

1

As discussed earlier, the variables measured in a determination of

and the produect (P.P.). Since lPlP

155 is usually less

+ -
D»aré €, €‘, A, Pl 2[
than .2, the relative error on the term (1 + Png) is not a major con-

‘tributor to the tot&l error. The proton beam polarization had a relative

. statistical uncertainty of 29 - 5%, and the effective analyzing power of

the carboﬁ has 5% - 10% statistical error. The major contributions to the
errors arise from the statistical uncertainties in €' and €. Stringent
cuts on the_momentum of the proton scattered from the second target were
made to insure a cleaner but smaller sémple 6f elastic events, since it
was.noticeQ that inelastic contaminatiqn gave éh apparent'Dpp much.smaller

than the true Dpp“ In the neutron data, as maﬂy as 3/4 of the triply

‘scattered events were rejected as inelastic. Most of these events were

- not connected with pion production  in the hydrogen but with other inelastic

processes induced in the target walls, the M2 scintillation counter, and
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paft_of'the target suppofﬁ by the Halo of the neutron beam,

Checks égainstbsystematic errors were Contiﬁuohsly employea during
the funningnof the experiment. The first scatteriﬁg angle © was reversed
often; to change the orientation of the polarization. Both possible
combihatiohs of solendidvpolarity and sign of the first-scattering angle
were used to prepare the beam with spin "right" and "left". In cases
where there was no initial beam polarization in fhé plaﬁe of scattering,
the up-~down asymmetry, which is expectéd to be zero, was used as a monitor
of false asymmetry in the third scatter. |

vThe fatio of reconstructed elastic events per unit beam with target
fﬁll_fo'thbse with target émpty was approximately 1000 for the polarized
proton beam, and approximately 20.for the polarized neutron beam. Cor-
rections were done in the standard fashion. |

Besides the D and Dt'parameters reported in this work, the experi-
ment aléo‘méasured R and R' for both the np and pp‘systems. These data
will be réported'in the diésertation of XK. C, Leudga Data was taken to

allow calculation of P, and P2 for the np scattering. These values will

1
also beiréported by Leung. In the calculation of Dgp in this work the

and P, were taken from a polarization experiment by D. Cheng,

values of Pl )

which was similar in beam design to this one. This was considered a
reasonable approximation since the proton polarization measurements agreed
extremely well between this experiment and that of Cheng. Although the

author indicated errors on P. and P, of typically 5% - 8%, errors of 10%

1
were included in this analyﬁis, to indicate to the reader the size of the

error bar of the expected final result.

D. Conclusion

Although many nucleon-nucleon experiments have been done in the

(11)
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range of_this experiment, many more need to be’doqé, both to acquire
additional new information and to resolve differenéeé between existing
experimehtsﬂ | |

This experiment used a short, high field'SupérCOnducting mégnet'to
preceés the polafized—beam-nucleon spin by n/2° It is felt that a super-
conducting solenoid with“/;zdz.twice as large WQQId be.rélativelyﬂeasy
to design and build, and would be extremely’usefﬁl»in future nucleon-
nucleon studies. _It'would‘be particularly intefeéting to measure CNN

' 2 2
in the np system, so that the amplitudes lfl and'lgl could be calculated

for both I=0 and I=1.
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APPENDIX 1

Polar Angle Efficiency Correction
With the'pattern-recognition program described in Chapter IV, the
probability of missing a projected scatter Q% or G&Iié-l whenvGX or Gy
is less than 30° If the probability for missing a larger éngle scatter is
&, then in the shaded‘region of Fig., Al, the probability fpr missing the
scatter in both views is | | | “

= - a) = a '
Potss = Fx Py 1.(@) | | v _ _(Al)

In the unshaded regions, both views of the scattered event show angles

larger than 30, and so

=P P = () (@) = O o (a2

Pmiss Px y
Since @ is less than 1, the probability of missing an event is'greéter
along thé X and y axes. ThiS»detéction inefficiency would make a flat phi
distribution show dips around ¢ = 0°, T 90°, 180°,
In practice, an independent_efficiency parameter depending linearly on
the projected scattering angle, was used for each view.
"Making this type of efficiency correction impréves'the X? for a fit to
A(l + € cos? ; % sin?) but does not affect the values attained for € and &,
For example, suppose R events are in thé ¢ = O0 bin and L évents are
in the ¢ =.180O bin. _Other bins are empty._-Subpose a fraction ay are not

A

observed. Then

R(l'; ax) f_L(l-' ax)

= €trﬁé
- a = :
R(1 x)

¢
apparent =
+ L(1 - ax)
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Beam Type A Kinetic Energy Polarization - Intensity
§e) i'lSo 670 + 20 MeV .51 £ .01 - 2‘106 protons/sec
p + 22° 600 + 20 MeV .53 .0l 1-10°
P + 28° 520 + 20 MeV b3 .02 1-10°
. N ' . . * . v .
n + 229 600 + 25 MeV -.275 % .022('> h'lO5 neutrons/sec
. " : . . *
n + 28° 520 + 25 MeV - .35 02 .026_(_> 3-105
2‘.

(*)

- 28 —

TABLE 1

Polarized Beam Characteristics

UCRI~19451

Beam Cross Sectional Area:

Values taken from D. Cheng, reference l1ll.

28 in

K]

n




Table 2

(*)

Values taken from D. Cheng, reference 1l.

670 MeV 600 MeV 520 MeV
6 PP, Dop BE D PP, - D
35° & 10° .256 = 011 .61 £ .11 .305 ¢ 011 .84 .15 .228 £ .021 .55 + .29
58° + 10°  .208 £ .018 .76 % .14 175 £ .013°  .b3 ® .16 A73 % .015 .58 % .35
79° + 10°  .148.% .015 - .0k2 + .012 - .055 + ,015 .77 % .11
99° + 10° —.ok6 + .008 .70 £ .09  —.010 % .008 .55 % .08 .000 % .017 .75 * .09
109° + 10° —.150 £ .010 .36 % .Ok © —.116 + .008 .37 % .08 —.104 = .008 .33 t .11
0118° £ 10°  —.133 + .01l .29 £ .15 162 + .01 .14 + .06 —.15 + .05 .18 % .OT
P, = .51 * .01 ' P = .53 ¢ .01 P = b3 2 .02
600 MeV 520 MeV
_ _ p (%) i p (%) ot
cm 2 . np np
65° + 10° .20 + .03 .18 + .21 - -
90° + 10° | —.25 .03 .23 + .30 —.2k’x .03 . .12 £ .32
102° + 10°  —.34 £ .03 .58 .28 —.27 + .03 —.0k %+ .16
124° £ 10° .30 £ .03 f.io’: 43 —.21 + .02 —.67 *+ .29
180° + 10° .0 —~.05 + ,8k4 .0 12 % .33
P (*) _ .275 + .022 P (*) . 35 + .026
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FIGURE CAPTIONS

‘Definition of Wolfenstein parameters.

Schematic diagram of the experimental apparatus. In the

‘drawing Bi represent bending mégnets, T is a tagging hodoscope,
- M; are beam monitor scintillation counters, and Si are scin-

“tillation counters monitoring scattered particles. Spafk :

chambers are numbered from 1 to 12.

fDetail of the apparatus used to produce a polarized beam.

‘Tllustration of typical energy distributions of proton and

neutron beams, with and without tagging hodoscope T in the

. trigger.

Detail of the experimental apparatus used.to monitor the second
and third scatters.. |

Variation of effective analyzing power of the carbon target
with kinetic energy.

Data from.earlier Dpp ekperiments, plq@ted agéiqst GCM'
¢q?parison'of our Dpp at 520 MeV,'6OO MeV, and 670 MeV to the
phase shift predicfionvof'MaéGregor(zg) extrapolated to 500 MeVa:
Thé 670 MeV DpP data of this work comp@red.with the curve

(23)

from an energy independent

-D at 600 MeV compared with the calculated value from the

» PP ‘ :

Glonti phase shift set(gu) and data frbm'earlier experiméntéu
Transfer depolarizatiqniin_np scatterihg? Dﬁé’ at 520 MeV,

The solld curve is an exﬁrapolation to 500 MeV from the
M&cGregor(9) phase.shift analysis, assuming novrestriétions on
‘The‘dashed curve is from the same phase shift analysis,

€1°

18)
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with the restriction €, >0

Fig. 12,’ADzb at 600 MeV. The MacGregor predictions are also plotted.

- Fig. Al;\'Geometry_for calculation of the pdiar aﬁgle efficiencies.,
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
Includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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