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K+ - Feoton Elastic Scattering at 910 MeV/c,

-~ Polarization of the Recoil Protons
Warner Hirsch and George Gidal
Lawrence Radiation Laborafory

University of California
Berkeley, California

s

August 5, 1963-

 ABSTRACT

The Berkeley 30-iﬁ. propane bubble chamber was-used to study the
elastic K+-proton interé.ction‘at 910 MeV/c This is the z;egion of transition
from the 1sotropy in angular d1str1butzon found below 810 MeV/c to the
rapxdly mcreasmg amsotropy above 1 BeV/c Results based on 1154 events"
_show that the series (1 + a cos GK ) can fit the a.ngular distribution with |
" a=0.18% 0, 05 Polarlzatwn was mea.sured on the secondary proto—x bf J.Sl"lg
p1 oton-—proton and proton-carbon recoils in the l1qu1d of the chamber |

A llkehhood functlon usmg 53 proton-proton and 41 proton-carbon

'-interacuons,‘gave these values for the polarlzatmn:
- (P(40<0,5™< 70 deg) = - 0.80 £ 0.80

B( 70 £6,°™ < 100 deg) = - 0.74 + 0.45

c
K B B
K_°m< 140 deg) = +0.55 = 0,93

€™M < 160 deg) =~.:+ 0.70 + 0.93

1 P(100 X

TPl <o

The results of a phase-shxft a.na.lysm 1ncor'oora.x.1ng these polarization

: .data. are presented
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K+ - Proton Elastic Scattering at 91410 MeV/d;

Polarization of the Rccoil Protons™
Warner Hirsch' and George Gidal
Lawrence Radiation Labkoratory
University of California

Berkeley, California

August 5-, 1963

‘ I. INTRODUCTION
The work of Goldhaber eté.l.1 indicates that the very—-low~énerg'§r gt P
interaction is characterized bS)' an iso-tropic angular dis.tribution, by
" constructive interference between nuclear and Coulomb interactions {therefore
by a repulsive nucleaf ‘fozv'ce), and by a negative S-wave phase shif’c the
.ﬁ-a.gni*cﬁde of wh.ich_‘increa.ses linearly with momentum at 1eaét as far as the

1/2

_interaction, or a mixture of Pi/2 and P3-/2 states, which can also reproduce

isotropy, is ruled out by.Goldhaber et al, cn the basis of the low-energy

g

~-MeV/c region. cription o e gcattering in terms of a
640-MeV A descript fih tt gint ) £

a %7

behavior ané.the constant character of the angular distribution over this whole
momenmm,regiqn. These results are not in disagreement with the earlier
“work onycia, Kerth, andeaender.Z At 810 MeV’/c, isotropy is stﬂl‘a

| possible descfiption'of the observed angular distributian.:)’

%5 2t 970, 1170, and 1970 MeV/c show that

The results of Cook et al.
- _somé anisotropy appears at around 1 BeV/é a;nd increases rapidly in
impoitance. _Theif 1970-MeV/c data is interpreted withv an optical -model
approach because most of the angular distribution here appéérs’ to be
predominantly diffraction scattering. | | |

Our présent exéeriment is to measure the _arig;alar distribution Ain the

region of transition, at 940 MeV/c, in order to try to determine, with the aid

- of polarization measurements on the recoil proton, the nature of the
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- i'_angular-momentum states mvolved in the mteractxon.: If cood polarlzauon ‘

da.ta are a.vanable, 1t 1s, in pr1nc1ple, posszble e.o dlotmgu:.sh among tha,

-,Smce proton-carbon scatiers ha.ve high’ anaf.yaln power, -t is advantageous
""-"_'*"'to conduct the expenment m propane (C 8) S
The Berke‘ey 30—1n propane bubble cbamberé was eyposed to a 014")—

MeV/c Beparated K beam7 at the Bevatron, 42,500 plcmreg were tagcvn A | RS

L j'scan of 19, 750 plctures for two-orong scatter° ylelded 4982 candldate mu«=nts

o ‘I'he e were measured o*x digltxzed zmcro.:cop 5 and constramed in enefgy
and momentum, usmg the FOG CLOUDY FAIR computer programs8 to be |
| elas’ac K “Proton 1nteract10ns ‘ ) §
Of the 4982 events, 1905 had reamly 1dent1f1able scactered Dronw . a,sv
'mdlca.ted by (a) the proton covmnﬂ to rest in ihe hqmd of the bubble chambor,
or (b) the K decaylnfr after scat*ermg, or (c} Lhe ‘{ movmﬂ ina

-backward dxreotmn w1th respect to the mcommg beam parucle For ot her

K events, _a scan-table comparlson of p1 edicted and observed ioniz zation \.ens_ifa;

it and 5 ray fo;ma’uon da.ve the correct 1dent1e.y Q.L the ccattered p*onrs

_"1These 1dent1£1catlons were made a.fter momentum apd 1p an 'fes o‘ thc
inrelevant tracks ha.d been mea.sured
1154 events were mcluded in. the anrrulav dlstrxbuuon after const; aint to e -

‘ :'-jv"-',;'_elashc K -proton scatterlng | o -

| | For measurement of ther polanzatxon of tbe recoll proton allvéz 000

i ‘p1ctures were scanned for good K P elasbc scatters that were mllowed by -
""_’"interactzons o*‘ the recoﬂ protons e1ther on hydrogen or on carbon. | I“zg 1 is
""-’.-an e:.afnple of an e}.asuc K p scattermg followed by an elastm p carbon

: :._».:_' BCattenng Good p-hydrogen events had to be coplanar and have the proper

- opemng angle between the scattered protons Good p-carbon ‘events had to.
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lie in the acceptable region of a modified Birge«_Eowlerq plot and'to show no
_> evidénce for an'energy‘ loss greater than 50 MeV. Out of 4757 candidate
events, 94 met all these criteria (441 p~carbon and 53 p-hydrogen events).
The polé,rization information was used, with the measured angular
distribution, io obtain the best sets of phase shifts to describe K+-protoni

elastic scattering,

II. SCANNING
Scanning instructions specify.
| (a) that an event have two and only two outgoing prongs;i
b {(b) that the incident K+- enter the bubble chamber within .10" of the
~average beam direction, o.nd that it have no other interaction prior to the
two-prong scatter; | “

{c) that both scattered prongs not lie to one side of the incident track
in both views; fhat both scattered prongs not go baék@afd with respect io the
incident track; - -

{d} that the scattered pi'ongs be not obviously ooncoplanar.

{e) that a track coming to .resf; in the liguid of the chamber, wi‘c’hcmt
dccaymg, be labelled "proton" |

(f) that a track whose ionization becomos less dense abrapﬂy,

‘ é,ccompanled by a scatter at thzs point, be labeliec_i et decay" unless the
kinematics violate this hypothesis; |

(g)‘ that a track scattered backward with re sPecﬁ to the incident track be
labelled "K' and, finally, |
(h) thatall & ra.yé on any érong be vnoted.‘ |
Inotructmn {a) is intended to eliminate a portlon of the inelastic

interactions on hydrogon or carbon. Item {b) requzres that the beam
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'momentu'm be up to the average, since tracks scattered on the beam-transport =~

SR _".equlpme"zt or in the prooane 1tself will have a reduced momentum, Items (c)

'and (d) are rough ela.st1c1ty and coplc.nanty tests. Items (c), (f), a.nd {g) take s *

e -advantacfe of the known character1st1cs of K 's and protons to help identify

the scattevr-ed prongs, i’cem (h) is used for subsequ‘ent identification of prongs., -

© Using the measired momentum value one can differentiate frequently between

K+ and proton on the basis of S-ray' formatio_n. This is _aleo 2 method of
i fem'dving ~r+ COntaz;ninati.on’ since fhe K.+ cannot ma.'ke;é rays of greéter
. eneray than 5 MeV Scattered tracks less than 3 mm in length were re;ectcd
"~ For the second portion of thlS experzment ‘which mvolved the
measur ement of the recozl —proton Dola,rn.za.tzon an mstructxon wa.s givén to -
E.v':note a.ll interactions on scattered prongs Another -22,750 p1ctures Were
.'.vscanned only for such second gcatters, ’I‘he __};.i;ﬁole‘ film yielaed 1757 of these
events. “ . | 7‘ | | o
» The fmal angular dzstrlbutlon conta.ms events on.y from the funy
}if\',scaﬁned 19, 750 p1cture sample, whereas the polarlzatzon measuremems use

.f'?v-.all the avazlable f11m. J.he fully sca.rmed rolls of fﬂm are inter spe1 sed

B '-:g.;:w;Lt}nn ‘Lhe tota.l foota.oe to ensure proper samplm

Of the 4982 cand1dai:e events for the angular dxs«.nbutzon ’190‘*‘;‘ fell
'f:.f'\.mder scanmng mstructxons (e), {£), and (g) and thus had their scattered nrengs—r:' :

'-identzfled The remalmng 3077 events had i:o be const*alned to two elasucﬁ:y ;
-rhypotheSes corre3pondmg to the possxble Idem.ri:y permutatlon of the ucattered
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III. SELECTION CRITERIA

A, Elasticity Criteria

Elastic séati;ei'ing é:%periments on hydrogen in a propane chamber are
characterize‘d by high baékground since only one third of the possibl.e»
interactions take place on free protons. We have t.hree momenta and one
energy-conservatlon condx’uons on nine measured variables (one momentum
~ and two angles define each track). By using the method of Lagrange

undetermiﬁed fnultipliers, a best fit to the elasticity hypothesis and a XZ
Ag’oodness-of-fit estimate are obtained. |

We chose a XZ

cutoff 10 of ten,
To test that this cutoff was appropriate, we plotted the distribution ‘of
"“'quasi-elastic" events, defined as-those which had 10 <‘XZ < 40 and which
a.lso fulfilled the conservation cquatxons after coustraint. These are
mtera.cuons with periphe.ral protens in carbon. Compamson with the elastic
distribution.shows that, within statistics, both have the same angular
distribution. Thus, choosing our cutoff at XZ = 40 does not introduce a bias
in the angular distribution. |

Having chosen our XZ cutoff, we then went back to the scan table and
1ooked at those events with xz < 40 where scattered prongs h;?.d not
previously been 1dent1f>.ed Usmg the measured mo*nentum f*om curvature,
and compensa.txng for the dlp angles of the trac;cs, we compared the predict
‘and observed 1omza.t10n denextles_to dxfferentla.te between the 'sgautereu 1:{~I

- and proto‘n.‘

Whenever prdssiblg we uséd tﬁe_ & rays to aid us., The b-ray formation

.is a function o_f\velocity»; ierefore, a K" of given momentum will form -

‘more § rays than a proton of the same momentum. The maximum energy of

a & ray also is velocity dej)'ende'm:.j At momenta below 630 MeV/c, for
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" j"vexample. a proton w111 not create 6 I'aYS of suffzcxent energy to be visible in
i1

i ,propane. At 9'10 MeV/c protons can glve o ;.ays of 0 97 MeV, whereas &i

a ‘can produce 6 ra.ys of up to 3 5 MeV

‘ - In some vca‘ses it was posszble to use range curvature to pick out the.
+_»' . o ‘ . . S o ) i

"K', The « -proton background interactions can also frequently be detected
by using these. me’chods. L

By usmg these three ‘cechmques {mmzatlon 6 rays, and range-

o curva.ture) we were a.ble to 1dent1fy 95% of. the scattered tracks. Evenés

: -ji"ws.th umdemnx»d tra,cks were omlti:\.d These congzsted of {a) those bcctnr

S suxted by obServa.non to be 7'+ than x* , and {b} those events where tracks

L. were so poor in qualzty as to be unidentifiable. In the latter class were very

: fsteen trac ks where the 1omzahon density was unreadable, some kink cd tracks
: where ’che momentum or-range were v.nmeav.sl.u:a,!:ﬂge','1 and lastly, eventc

- falhng in reglons where temperature g‘adzcnts caused dlstortlor\.: in the -oil

L .between the cameras and the chamber

Outrof the 4982v_cand1da.te_events sent to the compﬁter, 4448 or 29 %

"pa.ésed the cohst?aint' te‘éts. ol

B, w Contamination

L T 4+ ’ Co e ) .
The pnmary bea.m contarmna. ion of v and u was measured by use of
- 6 rays, First a_sPec;a.l scan_wa_s made "~ of film from another experiment

' w1th known T flux in th'e' same 'én'e'rgy regibn. A count was made of beara-

track 6 rays w1th more tha.n 5 MeV and, separately, of beam-track interactions.

[N

fThese 6 rays must come from T or p, wh1le the 1nteract10qs must.come '

from « alone. —By éompa.rmg the results of this coﬁnt with results from our B

ex;aen?rient wé concluded that the combmed 7w and’ p. bacxground was -
8.9 i 0.5 %, on the basis of 307 & rays greater than 5 MeV on 6735 meters of |

beam track. "The_' 7 contamination alone is 5.9+ 1.2% on the basis of 23 &

.o



-7~ _ _ UCRL-10950,

rays greater than 5 MeV found on tracks that subsequently inte‘racted.

To ascertain the ma.ximurh possible contamination of the data .sampie
- finany selected, we "plottec} theoretical curves of GK (the laboratory
 scattering anglé of the K*) versus Gp, and of 6,“ versus Bp (Fig.. 2). Good
elaétic K.+ -p scattering eventé were placed (Sefore constraint) on this
scatter diagram. Their displacements.from &e SK-vs Bpi' curve and from the
617 vs Gp curve were each plotted in histograms shown in Figs. 3a and 3b.
Experimental measufemént errors in angles are less than 1,0°.

The displaced péak indicates indeed that these events are .be’cter fitted
to KF . p than ‘1r+ - p scattering. Yet'there is a r.egion, for small BK or éﬁ,
- where the theoretical curves approach each other to an angular separatioh
that is of the ofder of magnitude of the errors. vIn this region, some overlap
is found, and this gives the upper limit to the actual =" contamination of our
final data, - .<

We have divided the events into those which lie in the region of possible
onerlva.p and fhose which ldo not. The latter invariably lie at least 4° farther
from the =, p curve than ‘the K,p curve, In other words, .j+ contamination
is rejected in scanning and by the constraint program; therefore, where 10
overlap should exist, _w‘c.e‘ have found none. Thus, the backg;odnd of 7' - P
 events must exist solely within the overlap region. |
if we say that é.ay" event lying in the ovérlap region and within 41° of
~ the Bwvvs 9 curve could 53 a w - P sca.ttering eﬁent, and if we further say
~ that the maximum = contamination of any given set of scattering events is
given by the 5.9+ 4.2 % determined above, then we find 2 maximum =

contamination of our finally selected data of 0.5 %. 14 This is well within the

errors due to statistics,
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- C. Beam Momentum '

-4

A plot of reeasured beam momentum fztted with a Geusman curve ga.ve
> the va.lue 9‘10t 70 MeV/c A study. of 7 decays 15 gave a result (a.lso‘-
‘ a.veraaed over the length of fﬁe chazﬁber) of é’-O-’-BO MeV/c' The momentum :
loss of the K' over the length of the bubble chamber nges 2 minimum
| _'moment:um spread of £50 MeV/ec. | | |
| The K- P angular dxstrxbutlon is I\nown to’ va.ry only slowly' with -
" mo*nentum in th:.s regxon. _ Nevertheless, some cutoff limits are necesse,ry.'

" We chose 910& 100 MeV/c which is about 1.5 ecandard devmuons

- D, vGeo'metrichriteri'a 7 .

The KF- p inte ractiori,' assuming a ephericaliyv symmetric po-tcﬂni:ia.l
'.._"5 must be mvanant under the rotatlon of coordinate axes about \.he 1ncorm’1g

o ,_’bea,m dxrectzon To test th1s the azimuthal angle ¢, was plotted it shqwe |

-v-'a. generally 1sotr0p1c dlstrlbutlon except for reglons at O e '180 and ‘360 deg.

o _V . These are.the angles of partlcles hea.dma almost stralcht up or down in the

_chambez These tracks are hard to see and hard to. measure, and we ar e

o .b1ased agamst them.. To correct for thzs, we 1mpose the £ollowmo accer)table o
reglons(as deterrmned from the expenmental ¢ dlstrlbutwn) on the '
. az1mutha1 angle ¢ _ _
v iO deg ¢ < 165 deg, S
and : v
‘190 deg <q> < 340 deg
There’ was, 1n a.dd1t1on a fxducza}. -regzon cruenon so that all evems
would lie. in easily’ v131b1e, eg:.ons of the bubble chambe T. Tms ensured ﬂ1at '

: '.scanmng e£f1c1ency would not va.ry too raplcﬂy w1th the posxhon oF the

' 1nte ractlon vertex

.
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'

A last criterion specified that the error (after consaralnt) in 6.5 m,

K

- center-of-mass scattenng angle of the K be small enough to minimize the

the

. chance of events overlapping into adjoining angular distribution boxes. This
required an error of less than 6 deg in Gg’m: Only four events were .

affected,

IV. ANGULAR DISTRIBUTION
In Fig. 4 we show the angular distribution of the 1454 events that met
the selection criteria. A cosine power series was fitted to this distribution

by a least squares analysis. We find that either

do. c.m. y ,
o «1+(0.18 = 0, 09) cos (;K with x© = 1.2,
or
dO’ \ 2 ,c.m. . LA
1+ (O 20+ 0 06) cos 6.5 4 (0.18+ 0.42) cos™ @ with v =EALG,

K ' K

will satisfy the angular distribution. The former is mocre satisfactory
~ because the addxtlon of the cos® GK ‘term does not change the coefficient of
: the cos GK‘ “term appreciably. And, the coefficient of <:os2 etf:'“?' has an

‘error almost as large‘as itself,

V. POLARIZATION

From the unknown polarization P, produced in a direction 4, at the

1
first vertex, the known analyzing power P'i in di_rection ﬁz at the second
vertex, and cos &, defined as the projection of ﬁi on ﬁz, we constructed the -

iikelihood function

BV Y A
e O)m?(ijLPOPilc_o_SQi)" | {1)
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The product is over the k second scattering events used, and the ith term is
o p;oportmnal to the probabxhty tha.t the ith event scattered th"ough B <;)d at.

'-'Vertex 1, survwed undeﬂected to vertex 2, and scattered there throufrh

2""2

A set of 1nput va.lues PO’ then gives a curve with a maximum that

A defmes a most probable value PO' averaged over ﬁhe data under consmeratxon,

. a.nd a w1dth that de£1nes the uncertamty in this value.

For la.ter combmatlon \mm a phase- slnft avxaly.,ls, we have ueedoC to

c.m,
flnd a va.lue of P. m four mtervals of 9 . the center of-mass scae.terlnd

0 .

\ 'f»:;‘angle of the K",

To be u'seful‘ fer polarization measurements, second'scé.ttere must
'_felfillbtw‘o conditions: (a) they must occur on.pr.otonv reeoils from 'a'n’_ elastic
v :first scatter, and (b) they must be interactions »for whi-eh' ?olar_izatien -
me’\a.vsilzréments' ha.'vev been carried out in sorv;e previous e};peiiment |
| Condxtlon (a) is necessary for'a well- defmed polarluahon state to exist.

:'_Condltmn (b) requzres that ‘the analyzmg nower at the second scatter be’
.;cnown The ana.lyzmg power is equal to the sta‘ce of pola mauon “chat would
i be 1-1do.ced by such a scatter on a,n unpolarlzed bea.m of protons of the same B

: v_'momemum. | ThlS a,nalyzmg power has been measured over the entire ren
4":of ene?'gxes access:.ble to the rec011 proton for Hydrogen scatters |

Proton carbon scatters have been 1nvest1gated in i:he reglon from perfe

9

elastxcxty to ‘an energy loss, of 50 MeV for most of tne accessxble cne;g;es

Tne momentum of the mmdent proton at the oecond vertex wab well
E }'nown because thls proton had prevmus}.y been constramed at the fu' st
o "-_'vertex The momenta. of the scattered tracks a.t the second vertex are often e

“hard to measure becauee the_tracks are short.’ The angles of such trnc;{s

however, can still be accurately measured.
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By convention, the é.ngle of scattering referred to in p-p interactions
is the smaller of the two scattering angles, corresponding to the forward

hemisphere in'the center of mass,

A, Proton-Hydrogen Interactions

Second scatters with two visiblé outgoing prongs were tested in two
ways as being possible elastic p-p scatters.

First, all three tracks were required to be coplanar within cértain
limits, These cutoff limits were chosen after inspection of the distribution
in the value of the triple 4scalar product of the momentum vectors., This
distribution centexrs at zero With a width of #0.05. The limits chosen were
+ 0,15,

The second requirement was that the laboratory opening éngle of the two
| outgoing protons be 85‘:h 13 deg, as determined from the experimental
. distribution,

Events which met these two tests and which also were goéd x* -
elastic s::catters at the first vertex were given approplriafe analyzing power
from the graph in the Birge-Fowler paper.9 ~

Six requirements have been mentioned for inclusion of arn event in the

~angular distribution. Of these, cnly the elasticity and beam-momentum

restrictions (at the first vertex) were kept for polarization candidates.

- B. Proton-Carbon Interactiohs

The first requirement on prospective p-C scatters was that they should
‘be elastic to within 50 MeV., Only events where the proton momentum and
gcattering angle fell below the 50 MeV inelasticity line on the Birge-?owler

plot were considered. We also studied the photographs using all available

-



' Their momentum was known to 3% and their energy loss could be accurately o

‘determined, At higher momenta, curvature measurements could be made on
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L _'1nformatmn, such as momentum, dip angle, measu;ement errors, and

: mmzatmn dens1ty to estxma.te the amount of ener gy 1oss.

o There; were a few recoil protons that ca_me.to‘ rest in the‘c'hamber. L

_ the recoil proton. In most cases, hdwever, the amount of inelasticity’ceuld
g not be estabhshed Such eve‘lts were arbﬂ. auly labelled "elastic." ‘T‘hl
" ‘reasonable because of. t.he very hlgh ;elatlvo (300 mb) CYOS8s sectmn for

ela’.stic 'scattering in the acceptable Birge—Fowler region.

' If an évent fell in a region where the analyzing power had not been

_meaeur'ed; or could not be found by a short extrapolation, we did not use it.

- We' fma.lly used 41 events.

A bxas is *ntroduced by the fact that some cf Lhe D—carbon scatters at

"small angles are really p»hydrogen scatters with urotvn recoils too short to

e be seen in propa,ne. The maximum P-p analyzing po‘wer of 45% is only kalf - l

the mammum p-C analyz1ng power

To resolve this bxas we *alotted the laboratory angular d;str;buc&on of

'p c and p-p scatters as shown in Fzg 5. The p—p, angular d1s;rmut10n is

16

L '1sotrop1c at our energxes We found tha.t portlon of our dx strlbut}_on which

R .could be n—n _ sa.nce some conflguratlons would have produced v1smlc ;(‘COllu. -

. is 1ndeed a strmght lme and extended it to 9 deg, to esu.mate tne number of

",,',;-"rms.,lnd P- p scatters. :

- Not. all the p—C scatte*s in the angula.r rcgmn o$ the extranoxatca line

» We estxmated tha.t there were 9.8 h1dden p-p events in 54 elagtic n.nd

-'inela.shc P- C scatuers. Therefore, each p-C eVent 1f:used for the

~.p01amze.tlon. was asmgned a mxxed analyzmg power [82% (p-—C) + 480" {p p)}
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C. DPclarization Analysis

We selected 94 events: 41 p-carbon and 53 p-hydrogen scatters. They
are shown plotted in'Fig. 6. The ordinate is to be interpreted as the
"equivalent number of e_ven%s of unit analyzing power'"; it is the sum

Z(P, cos ®.) for all events falling into the same interval of Glg'm: This
i 4

i ‘ : :
corresponds to counting up the total effective analyzing power in that interval.
it might also be thought of as the number of events that an equivalent counter

experiment (of such geometr;y that cos @, =4 and Pi = 1,00) might have
' i

v

‘recorded.

In Fig.' 6 we have separated the two classes of second scatters,
p-carbon and p-hydrogen, It will be noted that the p-carbon events tend to
cluster in the regior; GKc,'m'< 90 deg, while the p-hydrogen events tend to lie
in the other center of mass hemisphere, This means that, in the laboratory.
isystem, p;hydrogen scatters tend to occur with the faster protons, w%;zereas
p-carbon scatters tend to be found with the slower protons,

Though the pr cfoss séction is nearly constant throughout this energy.
regicn (70. to 500 MeV), the p-p scatters tend to occur on the faster prdtbns
'bec:ause these lie forward in the chamber and have much longer path ieﬁg’;ths
with grea;ter likelihood of inte réction. The p-C elastic scattering cross
.section is greatest at thé lower energies. The maximum angle of. scattering
- of elastic events of higher energy shrinks to 40°. Unless the plane of such a
~small scatter is nearly horizontal, it may not be visible. - Also, there is §/3
as much hydrogen as carbon in propane.’ These circums‘tances combine to
give us fewer p;C events than p-p events although the p-C cross section is
larger.

Equation (1) éaﬁnot be used {or Bubble cha.fnbgr events wi’choﬁt iﬁc‘iuéing

-
47

a geometric correction factor. Since the measurement of polarization is
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based on .avn aoivmotha‘l aéymmetry at the second sca‘tterixig vertex, we must be -_
",'a‘olve £o detect', for a giveﬁ ;s‘catterizilg angle, all aéimu,‘thai directions. In other
" words, protonsv,v scattering in a cono of half angle ‘. a about the direction of the -
_.’in.cid.ent proton, ' n’iﬁst al.l' be visible. If-the second scatter occuis near the top
or bottom of the buoble chamber, for some azimuthal directions the protons
: ma" leave nrogected track lengths too short to be seen in the 3hotog: phs 4
» This forms a bla.s in polarwahon measurement. v_.a.ch 'event must be corrected
: Emnmdua.lly Twelve percen‘c of ouz' cvents were aff ec;ed Eq. (1) then

' becomes ,

u

Of(Po)o:H[(i+P P‘cos¢)/f (’-rPOP'coso)dq;] : .(.2).
1 1 .
(P‘l ) '

where _<'p£ and ¢7 are the lzm*ts of v131b111‘y on the ith event
o i i ' :
- The ana.ly 1ng power ass1gned in the p eccdmg sectmas must be
'mu.u:lnnea by tne cosine of the angle between the novmais to the first and

_-second scatterlng pla.nes. These normis are defm_ed by the croess prooucts

X P P XP

B .
o =Ky TPy, o TPg, TPy : Tl
~ i S “ . 2 o ] A ~ ;=
-n, = , -— i oD, B e 3 -cos@—nirn?. {3)
1 P, X P N YR P TR 2
~in »“‘Poi_ L “‘“Pozr.#f“Psc':_ R L y

This assumes that'neither the proton's veloci’iy’noi- spin has been disturbed
' between scatters, The normals ﬁi-'and fiz are ciefmed in terms of the

mc:vmerz_f:':a.~ of the incident K7, {?K -], of the -r@cjoile'd proton at the first

P

scatter : PP , of the incident proton at the second scatter ‘ Pp. , and of
. 04 : S ~g v !
the scattered proton at the second scatter B, . The terms'ﬁf and ﬁz are -
a sc o g

the or1entat10ns along whlch pola.rzzmg and analymng of the px. oton spin can

occur. Cosine @ gives the pro_]ectmn of f -'xi on ﬁz.

"
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Gcnerally -p0 is set equal to B oy, since both quantities refer _m the
same particle, but we must consider the hefi:ects of the magnetic fzcid and of
the medium (propane} on the spin ormntauon of thg proton before we can do
this,

The magnetic fieid B causes spin precession separately about the
direction of E and about the velocity direction, v. The vector v itself
changes orientation at the cyclotron frequency é.é the prdton moves in the
field, |

The medium: slows down the proton and ais§ may cause some depolari-
zation. The slowing down affects 'both the spin precession and the rotation of
the {relocity vector. It also affects 'the.-a,nalyzing power since thie is
momentum dependent, -

‘ 4
The spin precession formula used is due to G, W. Ford, 18

O

e B i ‘ | , - e«-’\\ v \\)
wo = == {4 F £ 1\*\: (v 1)<g’ if [:—4?
-0 myc 2 } l 1 myc/ ‘\IV“;

- We have neglected the second term, the precession component about the
velocity. We estimate the error caused by neglecting the second term to be
>‘10 % and so.comparable to the error due to the variation of magnitude of B
over the chambe'r. |
Neglectiﬁg the effect of the protén-ener”gy loss on the spin precéssion

causes an underestimation Qf precession angle by at most 12% . All these
effects give less than an 8-deg unce ﬁainﬁ; in ¢, which ié weil witﬁin
statistical uncertainties.

~ Depolarization of przoﬁons does occur to some extent‘.,16 but no complete
information covering a wide range of energies and angles is available (triple

scattering experiments are needed to give this information). We have not
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-+ included this correction, and have therefore underestimated the polarization
by some unknown factor,

~The analyzing power has been adjusted to the calculated momentum T

We now state the results of the application of Eq. 2 to the four intervals

of BKC‘ e _ chosen on the basis of the distribution shown in Fig. 6:
Py(40<0,°™ < 70 deg) = -0.80 = 0.80 ,
P 70 6,5 <400 deg) = -0.74 = 0.45 ,
B, (100 < 8,°™ <140 deg) = +0.55 % 0.93 ,
and - : c.m _
Py (140 € 6,77 <160 deg) = +6.70 £ 0.93 .

The corresponding curves, with the logarithm ot (P plotied ves P

O) T e
o .are. shown in 'Figs. 72, b, and d. The sign lconventions have beenvchcsen to
_ coz;form to the convenﬁons’us’ed in the sﬁﬁsequeizt phase-shift analysis and can
_ Be summarized as follows: .‘

Positive analyzing power means thai; protons with spin up!’ will scatter

- to the ‘iéft in the second'scatter ‘The sign of uhe polaxr 17atxon is defined to be

- _.:ﬂv'nosztlve when the m.a.jorlty of the proton"' ‘w"cmln:).fT to the left of um incident

%" meson had thelr vspm vectors _“up.” Thus, pos1txve pola*‘za*mu

corresponds to a majority of the events having cos &, = 1 in Eq. (1),

V'i PHASE S HIFT ANALYSES

The analysis of our angular distribution into phase-shift solutions

L

: incorporating the polarization data was perfbrmé& by a computer program

called KAPA'NAL," er.ittén by Dr. J. H. Foote é.nd_thoroughly devscribed in -
.hirsrthesis.zi_ o |
| This program was a least-squa;res grid-search system tc find a set of

phase shifts that would give 2 minimum value of ¥~ for the experimental data,
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s;carting from a set of random nuﬁqbers. One can start the minimization |
_ pi‘ocedure over and over aAgain with new sets of random numbers, thus
eventually co{rering most of the XZ gurface. The program has been adanted
B}r Dr. Victor Cook, as is described in his thesis.4 and in the work of
Cook et al.S
In the input data, other than thev random numbers that form the stazlting
point of the calculation, tf.he following must ‘be included: the ten differential
cross-section points from i_:he angular distribution (Fig. 4), the four
measured values of the differential polarization, O(6) Com. , a total
cross-section estimate, and a total elastié crosg-section no.rmalizai;io»n
estima.f:e.
The last two items were obtained from other expe.rimeni:s in neighboring
energy regioms3’4 by interpolation., WNo exhaustive attempt was made to
_ measure cross sections, | though a means was adopted to see that our data
" corroborated the vcoﬁclus‘sions 6£ the other experirments, This invdlvea a
tau-decay scz_m'15 which gave the K bearﬁ flux an& showed th;’&t our total
elastic cross séctioiz was within one standard deviation of the extr 2po olated
 value used in the prbgram. |

The cross sections used were:

= 14,7 £ 1.3 mb, and = 44.8 % 4.9 mb,

¢ (fo’cal

v (t tal)
- elastic)

From the cosine-series {it to the aagular distribution, we se ¢ that the
c.m. .
term of highest degree is cos GKC e or, Dosslbly, cosZ GK ™M . Thus, one
 would expect the p-wave to be the hlghest angular-momentum state needed to

describe the 1nteract;on.
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Yet, following the reasoning of Cookse_t al.,s we also allowed for a D?/Z

-

‘.- . . . . ) . N N . . * . . N
interaction since this corresponds to a possible N formation channel:
.+ : ) '- . ' * . >-‘ ®
K +p->HE+N ~K+N+ax,-

(Threshold momeéntum is 880 MeV/c.) if one assumes the N production to
take place in an orbital (K=+, N*) S state, the -;— + spin-pariéy assigms-ehﬁ of
the N requires the K+, p system to have been in a D3/2 - state,

- Recently Kehoe *” has éhb;v'v:i that the inelastic procéss

"_E‘{?L-.Lp-'»K“ tpta

at 910 MéV/c ca.ﬁ Le completely. described if we zssume the = and proton 2re
-'_ﬁ‘,‘he decay produets of the J =3/2, 1=3/2 N¥ that was produced by the
'.'exch.ange ofa p mesoh.zz The 2,1 = 0. Z-mb cross be‘ction repofr%ed for this
‘process représents a major part of the inelast_ic cross section at this energy.
Wé made s’eireral attempts to include the absorption in all moﬁ'xen’cum_
v v,.channels and found in each case, 'howevei', thé,t the _éiusi’:ering of solutions {on
.wh*ch we depend to dascern the snape of the X surface) is smea?ed im‘:o a

Droad : 7enera.1 backaround - The same pheuomenon, thoush less severe,

o occurred upon m.ch.smn of the absorptxon 1n only two cnanrels

It was 'decided therefore,‘ to limit absorptioq to one channel, though
glvmg each channel: the same nu*hber of random tnaio.i ‘Stﬁbbs et al, 3 had
: " made the same decmmn and had found the result° 1‘15ens;twe as to wmc‘x

: channel was. chosen | 7_.
B Four qundred sets of solutzons were obtazned. Lhere were 300 trials in
 the "S and P category (100 for each of the three wc.ys of including the

: a_b‘sorptmn) and 100 trla.ls' of the "S-P-»Ds/z"_ ca;egory. The first 50 trials

" in each category gave us nearly all the solutions; the last 50 broughkt these out
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again plus only two new '_ones,- which were the sign-changed solutions of some
'véhat ihad ai)peéred previously; We coﬁcluded, ﬁﬁerefore, that nearly all
solutions had 5een found‘. |
| We obtained a XZ distribution whose shape fitted a theoretical curve
very well. We chose a cutoff at P(x ) = 0.04.
To test the validity of this cutoff, we went back to ﬁhe likelihood
function given by Eq. (2)'. In detefmining the polarization we maxi;*nized

;{(PO) as a function of P We now changed this procedure in the following

0.
way., We first identified 21l the clusters of similar solutions from the
phase-shift fitting program, regardlees of their XZ probability. Every

0( QKC'm'). We theii

inserted for each of the 94 events {i = 1,2,... 94) its value of [P, (GK ‘n;)},
J

. solution premcts a dlfferentia.l pol anzatmn fu.ncho*m P

as prcmcbed by the jth ‘solution {(j=1,2,...52). Tnen & became the

rela’cwe probability for the jth' solution: S e

i L ( ' T ] C.m.\ N _] 1 .
o . [1 + Poj <GK / Pii cos 551“
P RN SO - ¥ QR ).
ER T [ com) |
T f . E+PO‘ KGK 'm',-Pi“ cos@]dcﬁa

Likelil'lé);od“rc‘e.jecz'tion ?afviosvcan -be set up. ‘We consideréd that a ratio of
- 250:4 :wa..?; s.ufﬁci.ient:: to dismiss a particular é'olution

| Thls procedure is not 1ndependent of the KAPANAL pro"ra‘n since uhé
same polanzatmn ‘nformation is used in botn, yet there is a dlfferencc.

'. KAPANAL uses a _"lumped?" polanza».on '1—50 over an angular region. The

. likelihood méthéd, on the other hégd, uséé er;'ic'h ..event individualiy. The
sénsitivity of ‘ti'xese x(nethdd's.'is dlfferent We ﬁhei‘efore used t};‘e one as a

check on the other.
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' .All of the ,solutAions..x"ejectec:i by XZ _v__considez"vati.ons were also rejected
: ,'-uoder our 25 0:1. likoli-hood rejec?tion rati'o ' Th1s is an mdzcai:mn that our XZ
: cutoff did not allow sPunous solutions to enter. On the other hand two or
. three solut:.ons well within our lxkehhood tolerance were re;ected by XZ.. Inv':
“lﬁt.ch cases we let x decxsions preva.11 L o
There were 37 soluuons left after the XZ test. 'Ne#i:, ‘eiror estimetes
Cwere eought to detect overlap of solutxons. o B l- | |
As explamed m Foote's the'*ls.u an error matn;;: mvoivmg ‘the real
:',.-oa_rts of the pha.se shlfts can be calcelated by the KA'DANAL pro~ram Thxs
"fvi_z.s ‘oased on an expansion of the XZ equauon ina 'T‘a.y;or series at a m*mmu*n

porqt wne*e the fxret derwatxveo Wlth respec? to the parameters are zexo,

Another procedure us;.d in KAPANA m oenoted as AU}, by Foote, It

Lo is an a.u:mhary method of dete&mlmng the variances a:'xd serves as a check

" on the error-matnx calcul-atmn. Only one phase ehif’t i varzed at tlme |
n ‘u_"f‘he other phase slufts then a.djusf: to obtam a new *m'nmum of vz;- The value . :
"’of thxs method is that xt fnves a geometmcal mtm pretatxon to the XZ

_. ;vrmmmxzauon process as’ motmn msxde 2 quaurauc well This al

":'.‘_-'however makea the method much more sonsxtlve to tne qu -adratic hyoome .,m.'

In addxtlon to these two methods. ‘we employed a tlurd a.s a check since

| both of chese depended on quadra.txc behgvmr W ought-tbe c}.\ieters of'

L ',_-solutlons we had found premously and dete rmmed the va.r:.a.t;on c.,mong the .

"same pha.se shzfts in a glven cluster Thxs rehes on thc real mea:xmg of

deviation ,as’:hnked to t_he repetition of the sa.rvne} experzmen_t a large numbe

of timles.--
All three medlods corroborated each other 5 resalts. We adopted the

values of devzatxons ngen by the error matrix.
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Having found the rms errbrs_ in the phase shifts, we then eliminated
the large amount of over:lap in our 37 soiutions. Two solutions were
con'si_dered to be éverlapping if they fell within 2 standard deviations of each
other,
| Another phehomenon had to be elimiﬁated; .Severa.l strings ofA linked

solutions, each about 4 standard deviation away from its neighbors, were
2

found. They generally tended to some 'best" solution at a low value of y“.

In such cases, only the "best™ solutidn.‘ toward which all the others tended,
' was chosen. The linked chain was taken to describe a deep, but ro;igh well,
on the walls of which many spurious relative minima might aﬁpear.
Our final resalts congist of ten S- and P-wave solutions and six -
S, P, D3/2 wave.soluti‘ons. These are presented in Tables I .and 11,
e . , c.m, ' c.m, 5
The curve of predicted polarization P(SK ) vs QK for each of

-these solutions, along with the location of the four PO measurements, is

shown in Figs, 8a to e,
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| VIL, DL»C‘US SION

o The angular dtetnbutxon shows, as might be cxpected a behavi

rrﬁdway between«the near isotropy given by Stubbs et al. ,3 at 840 MeV/c::,' and .
ihe more 'pr'pn.our‘xce'd forward peaking given by Cook et al. ,é' 5 at 970 MeV/c.
* In this Senéé, the three’ experiments, combined witix the wor‘i of Cook et al.™”
at 1170 and 1970 MeV/c, form a contmuous series with increasing mom\,ntum.

The polanzation measurements are m.—.aniy hampcred by a lack of
_‘ evénts. That propane_ is a good analyzing me;dmm was sho_wn by Fow}.er} and |

9

"Bir_ge and by Whatley,i,?‘ yet in the presen’«:_experiméﬁt we have a.tten;‘.pted_

: _Vt‘.o show in some detail all the relevant steps, including corrections and -

Az.n.ppz;oxima'tions, : that arez to be considered when polarization measurements |

_aré ﬁndert;a.ken in a prbpane btib'b'l.é:cha.mber. |
“Turning now to the phase-shift sets of Table I, we consider first the

8P qolutzons_ Set A--~, A, which is a Pi/Z - P3/2 mixture, was also

| feu*-za by Stubbs et a.l 2 a,nd by' Cook et al. R

set 8%, BT, B! | represéented ourv‘

: ':- dommant S-wave soluuons Golaha.bar et al. 1 fdund tha.t.nevg'ative é-ané

“; phase shlf‘ts descnbed their data from 140 MeV/c at least as fax as the |
.’640 MeV/c region, The 6 decrcased from -10 dea at 140 Mc'V/c hn'“arly "

"wzth momentum to -36 deg at 642 Iv'eV/c A 58 of _-47 deg was also cne of

- 'the I‘eaUltS of Stubbs et al. 3

We 'found the ~followmg sit\iatibn».with respeci to"s‘oluti.éns :wit;h large
negative .5 I ‘There were NUMEerous. solutlons of thlS type, but they all
- overlappe\éd.with a sepa_ration of 1 or, at 'most, 2 gtandard deviations. The
solution lé.bgiled A+ : a.r'xd.iricluae'd as a P’i/z‘ - PS) rhiﬁtufé v\;'as actually
- the solui:ién of low | xz toward whzch all the linked solunon.: _wn.h negative c )
tended The opposite end of the chain is typuled by solutlon B~ with its -

large errors,’ On the other hand_, B! :epresenas a solu‘cmn-thc.t lies in the

- mid-pecint of the chain,

45
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What th’is could mean is that the solutions with dominant -68 lie in a
broad deep rough depression in the XZ surface with a minimum at 58 = 0.
The conclusion might be drawn from this that the. k. p interaction is nc
longer dominated by a'repulsvive S~wave phase shifi, though we are prevented,
| probably by our large polarization errors, from seeing more positive
indication of this, ': |

+ - . - . . . s .
Sets C ', C, C' and D+, D are various dominant § solutions,

_ . pi/Z
Some of these may be Minami ambiguities of the B set, though ambiguities
do not remain‘clea'rly identifiabl.e in the preaence of absorption, It is hard to
link up these solutions with the low-energy behavior, though similar sets
were found by Stubbs et a1.3 and Cock et a,l.é' 5.

The D-wave solutions ére presented in the second portion of Table I.
No linking of chains of si.‘milar solutions' was observed,

In summéry. then, the added polarization information raises a
possibility that the domina.nt S-wave behavior of K+ - p elastic scatterihg

- might have been superseded by a pi/Z - P3/2 mix‘cgre..’ On the other hand a
D-wa.ve solution such as F offers a way of linking more eaéily to results at

lower energy and to the inelasﬁc channels at this energy. '
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FIGURE CAPTIONS

Fig, 4. An example of a K+~p elastic scatter. follo;we.d by a p—éarbon elasgtic
scatier, . - . .. | |

Fig, 2. - Laboratory scattering angles for K-p and w-p elastivc scattering at
940 MeV/c. ' | |

Fig, 3. Perpendicﬁlar distanée of events before constraint (in deg) from
{(2) thg _GK‘ as Gp theoretical curve, and {b) the 61: as Sp_theoretical
curve, A |

Fig, 4. ExPerimez{tai'angular distribution at 940 MeV/c. Fit "A"M is
14+0.18 dos, 8 while Fit "B" is 4+0.20 cos 8.+ O.,,18 cos?, {i’.. |

Fig. 5. Angular distribuﬁqn of the proton for p-C and p.-p scatiers,

Fig. 6. Center-of-mass angular distributi?on of K¥ for elastic scaﬁtcz's used
in polarization determination. The ordinate is as described in the text,

Fig. 7. {a).Logari{;hm c;f the likelihcod functicn eg(zao) in the angular
region 40 < 6,°"™"< 70 deg. |

. {b) Logarithm of the likelihcod f\mctionéf(Po} in the angular

c.m
K

{c) Logarithm of the likelihood, functionég(Po) in the angular

region 70 <0 ° <« 400 deg.

. region 100 < eKc.m. < 440 deg, and
(d) Logarithm of the likelihood functionét?(?o) in the angular:

region 140 < eKc.rn. < 460 deg..

Fig, 8. (&) Differentidlpolarizationcurves for the phase shift solutions

listed in Tables I and II. The experimental poinés-are shown on each

A

curve,
(b) Differential polarization curves [see caption for Fig. &{a)].

{c) Differential polarization curves [see caption for Fig. 8{a}].

[CY

(d) Differential polarization curves [see caption for Fig. 8{a}].

(e) Differential polarization curves [see caption for Fiﬂ'." 8(a}].
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' Solutions involving S and P waves.
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Table II. Solutions involving S, P, and 1)3/2 waves,
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This report was prepared as an account of Government
sponsored work.” Neither the United States, nor the Com-

mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
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.
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