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: . . Univexsity of California
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ABSTRACT
‘ Experifn'enta.l measurements of the K+~nuc1eon.to'ga‘1 Cross

section in the momentum range between 0.8 and 2,9 Bev/c, and’ K-

A’ ,protcm elastic scattering angular distubutlonsa '0.97, 1.17, ‘and 1.97

" Bev/c are reported

The K -proton and Kt —neut*‘on total cross sections were found .

' ‘Vto be nearly equal and constant at about 17.5 mb between 1.0 and 2.9

"Bev/c, At 0.77 Bev/c both Cross sectlons are szgmﬁcantly lower the

value measured for ,K —-proton was 13 mb, and for K -neutron was

about 15 mb.

’ Phase-shift analyses of the K'-proton differential cross sections

are discussed. “Several sets of solutions -found'at 0.97 and i.17 Be'v/c

_are. given. The angu;ar dlstnbutmn at 1.97 Bev/c is peaked in the for- '

ward directicn, indicating the presence of many angular momentum

states. The.results of an -opt1(:a.1-modei analysxs of these data are pre-

. . . N . : t ‘ < p M ) . ' ]
The existing information on K -proton to?'tal cyoss sections and

',,expenmental values for the real part of the forwa.rd scatterlng amplitude’

were'used in a ‘fqrwa-.a d- dxspersxon-relatxon calculékx to evaluate the
1 * Yo

dependence of the real part of the forward scettenng a.mphtude, as pre-

fli

residue of the effective pole I'(A, Z, Y ), and tof oompa,re the energy

dzcted by the forward daspersmn velat‘ons, w1th the data

; )
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I. INTRODUCTION

In the decade since the d'isc'overy of K mesons, many experi-
mental studles have been undertaken to elucidate the nature of their
interactions with nucleons (N), and to determine their intrinsic propert1es

A great body of expenmental data has been accumulmed 1 .and several
theories of the K-N 1nteract10n have been proposed 2 However7; none
of these theorles has succeeded in satxsfymg all of the er. .),-mxc 21 data.
This s1tuat1on is, of course, not. unique w1th K-N 1nteract1ons, but
rather is typical of all'..strange-pa-rt;cle rnteractlons. N

The‘dispersion-relation‘i(_S-ma_trix) theory of strong interactions
seems to be the most prornisving" at.the present tirne{3 The'strange-v”
particle dispersion relatlons have not-been completely justified;’ 4 how-”
‘ever, several authors have proceeded by analogy with the - N case
to derive and use K- N d1spers1on relations. 5,6 The approxu‘nations '
and assumptions necessary to derive these express1ons can, in. pr1nc1p1e, :
be checked by comparmg the pred1ct10ns of the theory with the experi-
mental data. ’ '

- In recent apphcatmns of the S-matrix theory to the K-N problem,
forvyard-scattvenn_‘g dispersion relations have been used in an a_tternpt

to deduce the K-N-hyperon relative parity, and the intera_ction covuplin‘g
c'onstan'ts.. '® However, it has not been pos'sible to a.r'r_ivejat a unique
solution, partly because of the lac_k of experimental data at high energies.~

Experimental i‘nformati‘on prior to the experiment reported herein

showed the K* -p total cross ‘section rising slowly from about ‘10 mb at

9 10 MeaSurements

low energies up to about 13 mb at p(lab) = 1.0-Bev/c.
.at higher momenta indicated the ‘possibility of structure in the region
between 2 and 3 Bev/c. 11 such structure would be very important to
establish. I S R L

' The objectives of this expenment were to provlde data on the
K -N total cross seCtions and the K -p d1fferent1a1 ér@tss sections at’
moderately h1gh energies, and to 1nvest1gate the possfble structure in the

K*- -p total.cross section between 2 and 3 Bev/c.-



The experlment was conducfed in. two phases Fu'st .total Cross
sectmns for the k! ~P and K -neutron 1nteract10ns were determined by

‘a. conventmnal beam- transrmssmn method by usmg a 4- ft long 6 m .-

o -diam hqmd hydrogen (deutenum) target. The same beam and target

were then used in conJunctlon with- spark chambers a‘nd sc1nt111at1on
; counters for the d1£ferent1a1 cross sectlon measurements '

In this thes*xs we. w111 descrzbe the formatlon of the K beam, 1n

Sec. II The expenmental techmque and the results of the total cross~ "" -

section measurements are descrxbed in Sec, I, In Sec IV the dlffe:ren-"

tial cross -section measurements are descrxbed A dxscussmn of, the ]

. results of the apphca.tlons of dispersion theory and a phase s}uft analyms
‘of the d1fferent1al cross section is presented 1n Sei V. A demvatlon of . ;

i ‘the forward d15per51on relatlons for K protor} &cattermg is presented
f ’ ST

in Appenchx ‘B,

o



I THE K*BEAM .

-A, Formatmn of the Bea.m

The beam layout is depmted in F1g i Pa.rt1c1ee were produced -
: by the internal proton beam of the Bevatron striking a4-X 1/2 X1/4 -in,
HeaVymet target, Those particles emitted at an angleof 26 deg to the
internal beam direction an.d'.wit'h'in a's‘olid ahg,le of about 2 msr were

: focused by the first quadrupole doublet Qi ‘at the center of the field
lens Q2 'The C magnets M; and M, steexed the, beam clear of the .
Bevatron structure. The beam then passed th*ough the gas’ Cerenkov
counter Cl’ the quadrupoie field lens . QZ. and th./f second Cerenkov ‘
counter C The field lens Q2 1ncreased the beanf’intensu:y at the _
: hydrogen target by about a factor of 2. The final bendmg magnet M3
defined the central momentum of-the bearn enteung the target. The
momentum spread was limited by the aperture of the £1e1d lens QZ' and -
was about * 4%. The quadrupo.i.e Q3 fotmed the final 1mage at the T
counter for the tctal Cross- -section rneasurements, and at H (subsec _
IV-A2)for the d1fferent1al cross- SeCulo’l measuréments. The total path
length from productlon target.to the hydroge target was about 85 ft. -
The beam size at the T ‘counter was approx1mate1y 2 in.. in dxameter

at half-maximum 1nten'%1ty at all momenta. abovc 1.5 Bev/c, and sornewhat
larger at lower.mome_nta. The largest beam sizé occurred at 0.8 Bev/c
'.(3.in diam). The upper limit on the rhome“tum for whichthe beam

y and M,, which: had to

'prov1de the initiai bend rnecessary to get. the beam clea#® of the Bevatron

‘could be tuned was set by the C magrets . M

" The lower limit was set by the K- partmxe flux, Wthh fell of rap1d1y in

s

the region of 800- Mev/c momentum. T
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~ ;'deS1gned to eliminate thzs soarce of contamination by prov1d1ng an output

B K Partu:le Selectlon

The two gas Cerenkov counters (C ‘and CZ) and time- of-fhght

between the beamccouﬁter pairs B B3 a.nd BZ’ B4 were used te select

- particles of K mass from the rnorlnentum analyued beam A complete
| descrlptmn of the Cerenkov. counters is given in roiew rence. 12. These
counters were demgned to- detect pa,rtlcles havmg veloc1t1 es in exther of
two veloc*ty 1ntervals "In th1s experlment the coanters were s:’t so that
.K's and 7's of the same ‘momentum ‘were detected ThlS momentum could
be chaqged by varymg the. gas (methane) pressure 1n the counters. ’

' Whenever a K entered the. hydrogen target a "ngate” ngnal was
generated. 'In addition to the Cerenkov counter K sxgna,ls [ C, (K) CZ(K)]
the K-gate c1rcu1try (Fig. Z) required: that there be no- s1gnal from the

7 channels [C (m), C,(m}; tyes signals from the beam defm;ng counters
'(B B B3, B4), no signal from the hydrogen target antldefmmg counter
.(AZ), a.nd no 81gnal from the acc1denta1 anticounter (A )

"The large proton flux in the beam was a source of contamination

for two reasons. Fir st.. 6 rays that were produced in the Cerenkov ’
. counters could produce hght which could simulate the Cerenkov light of

K partlcles. The protons producmg the & rays could then contipue on
down the beam channel and would be counted as K's. This source of
contamination was practically ehmmated by the use of two Cerenkov
‘counters, since the probablhty of havmg 6 rays of the ‘right energy

and angle to simulate K's produced in both counters is extremely small

- Protons cculd alsc cause accidental co1nc1dence'counts because of

the high beam flux. Protons which passed down the beam before or aftér

a K pa.fticle, and within the resclution time'ofthe K seiection‘ lcircuits, -
could contribute to the measdred transmiésion‘rate. Th_is-wotz_ld lead to

o . _
‘an erroneously small cross section. The Al counter .and circuitry were

1

pulse whenever a K-was accompamed by a second part1c1e within #50 nsec..v

. This pulse was used.in anticoincidence in the K-gate circuit.

+
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The - K-gate can be written s,'jymbolica.:lly as - . o

KG = C1(K) +.Co(K) + By + By +:By 4 By - Ay - Ay = C)(m) ~ Cy(m) . .

At low mormenta the .Cer_enkov counters could jigt be made to count
m's and K's eepa,_rat-ely in the two Qelocity interx'}a'.ls'* At these momepta'
‘ only the m Vha‘nt‘i's.ignafls‘ were used. T1me of fhg}ft was L‘.:Pd tc separate
_ ‘K' s and protons. ' - ' f"

i

C Composxtmn of the Beam ‘

The beam countlng rate was measured at each momentum as a .
function of gas pressure in ‘the two Cerenkov counters. A typ1ca1 /.
pressure curve is presented in _Fig. 3. Similar pressure curves were
taken at each momenturn to fmd the opt;rnum operatmg pressure for K
partmles, and to measure the abundances of uls and protons in the beam. n

The mea'sured yields are plotted versus. momentum in Fxg. 4.

o
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F1g 3 Coincidence rate in the Cerenkov and scmt111at10n
counters normalized to the total flux of particles in the
selected beam. (a) Results at 1 Bev/c. At this mo-
mentum the Cerenkov counters were used only to anti
™ mesons. No counts were recorded forjany mass
selection -between 420 m, and 630 mg," as md1cated
by the arrows. The bar at the tail of ach arrow ’
indicates the rate if one count had behﬁ btained.’

. (b) Results at 2.3 Bev/c:, the backgrou fd coincidence
- - rate rises with pressure because of prdtén induced delta
rays. - '
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Fig. 4. The composition of the beam stated in terms of
* the number of particles per 10°'" protons incident -
~on a 5-in. ‘Heavymet target per 1.5 msr, and for a-
momentum spread Ap/p = 0.08. Rates-measured-
at about 90 ft from the production target were cor- .~ ‘
rected for decay in flight and absorption in the Cerenkov
counters to deduce the approximate production rates.
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III. TOTAL GROSS-SECTION MEASUREMENTS!>

CAL Experirnental Method

" The totai cross 'se'c‘t"on.s for K+-p lo d) were determmed by meaSur-
ing the transm1ssxon rates of K's through a 4-ft-long 6-inr.~-diam: target

'wh1ch could be f111ed with either hqmd hydrogen or liquid deuterium Two

e transmlssmn counters were used One’ of these was a-9-in. —-dlam

circular sc1nt111ator AT ) and the other was ala- -in, square (TZ) ‘
Several measurements were made at each energy w;th the earget alterna-
| tely full and empty. o N
' In terms of the transmission rates W1th tazrget full (TF) and ernpty .

(T the total crose sectxon is

[ 4

B)t

4

T B Uit
I. Wh,ere. ‘pv = nurhber,ofﬁprotone_in the targe‘t'per,unit volume - _
‘ L length of target, ; . v e i

and the statistical error in the cross section is

Ao =/(30/6T 2 (aTp)® (ao/é'TF)Z(ATTF)f‘

= ——l—v«/(AT /TE) 4 (AT /TF)

e,
T /.LT:*E + -I'T.F . (2)
-where Np = number of K's transmitted with target'ernﬁty,
a NpL = ‘number of K's transrrutted W1th target full. - »

.(
The xt neutron cross sections were determmed by measurmg

the ‘K¥.deuterium cross section and makmg the subtractmn
S . ‘ ' . : o 3y
o =log-ol)e, . o T - (3)
where g is the correction factor arising from the s_creening of the,

neutron. . - ) , I T



B Corrections
The measured cross sections had to be corrected for (l)._'-d._}e‘cay'
of K's (2) forward - sca..termg and forward rec011 (3) multiple scat;-
tering in the target and (4)screening of the neutton cny the protOn in .
deutermm wh1ch apphed only to the neutron cross sect1ons ’ ‘
(1) The nece551ty for the decay in- fhght correctm n arises. ch1ef1y‘j. '
because of the energy loss: by the - K‘ s in traversmg the hydrognn target.
With the target full th1s amounts to about 40 Mev/c in hqmd hydrogen
' The first- ord‘er correctlon can be eaSuy calculated to reduce the -
'measured cross section by the amount ' .
ET

1 o B
Lo -7 )s : . ‘ . (4)
va YF XE . C o

-where d= d1stance from the cen(er of the hydrogen target to the T

cou.nter, ' . .
)‘F = mean free path for decay of a K’ after traversmg half the
oo hydrogen target with target full,
a )‘E = mean free path for decay of a K w1th target empty

The mean free path for decay .can be written"

e =T BV
where . T '='rriean life of K,
‘e = velomty of light,

Ppc '
(ﬁY)F- Mi o {pp is the K momentum with the target Full)
.K -

and M, is 'the.rest energy.of the K. Then-

X
s - XF-_=.XE‘-.+A)\.
and ' : ) _ '
1 1 AN o oan | SR Mg
PRI W WY Wy, | e A A
F E CEVETTT Ne PpC T |
G P Mg S ()
pL 2 2 : ,

Ppc 7



Al

- The correction to the first-order decay-in- -flight correction was’ at mqst X

S o12-

-

, In-Eq. (5) we assume that all the hydrogen is concentrated at the
center of the target and we neglect decays upstream from the 'h;;drogen
target, and the probab111ty that some decay products will. count \in the T

counter. "“The exact 1ntegrals that must ‘be calculated to evaluate this’

effect are of the form © ot

z, ._ |
0 (Z)expl -Z/B(2)] g, ey
: 4w A : . . : o

1= Zf
1
; 1
where : fi = branchlng *atio for 1th decay mode, 4
Q. (Z) 8011d angle subtended by the T counter at Z, fgr the ith
decay mode, ' - PR 4
A(Z) mean free path for the dtsappearance of a K from the beam, v

.due to scattering and decay.

' Integrals of this type were evaluated numencally on an IBM 704 computer

5%. ,
A (2) The forward scattermg and forward rec011 corrections were
estxmated by makmg use of the forward and backward scattermg cross
sections meaSured in thrs experiment at 0.97, 1. 17 and 1.97 Bev/c, .

and mterpolatmg or extrapolatmg to values for the other momenta The

. correctmn to the measured total cross sectlon 1s approxunately

ao=f %—&9’— 0= 290 a0,
6=0.. - e ' ’

where AQ equaI.s. the solid'angle subtended by the T ) counter at the

center of the hydrogen target and- 6 is the cutofi angle defined by the

transm1ss1on counter as seen from the center of the hydrogen target

(3) The correction for multrple Coulomb scattermg in the hydrogen

target is srgmﬁcant only for beam ‘distributions having transverse (to the

.bea.rn d1rect1on) dimensions of the same order as the transrmssmn counter.‘



If n(r)is the dietribution of beam particles in the :radial di;‘ection -
{assumed axially symmetric, which was nearly the case in this e':xpe.rim'en_t),
‘and NM is the number of particles_-countéd- by the’ "I""'cou_ntei‘ with target
full, the correction to the total cross section_a:ising from multiple'scatf .
tering is (see Appendlx A) . '

— 1 <9>2 a® an| (8)
P, LN . 2 dr |, '’ S g
. M o RT . <

where P, = number of protons.in the target per umt volume

..Ao-ﬁz F

[
il

length of hydrogen ta.rget,

I

= rad1us of the T counter

S
o)
~<

o

(lS/pB) (L/X ) = projected. rms scatter1ng angle, where

: XO = radlatlon length in hydrogen,
g% ‘ r= slope of d:.stnbutlon funct1on n{r) evaluated at ‘the rad1us
R . ) ) . .

T - ofthe T counter

The correctxon is seen to depend upon the size of the T counter. v
In fa.ct this effect accounted for nearly a.ll of the d1fference between the '
‘ T1 and T2
rection was not completely negligible, i.e., at 0.77 and 0.9_7_ Bev/c.

transm;.s sion rates at the two momenta- where the cor-
(4) The neutron-scréening correction has been calculated by
Glauber. 15 A sxmple model in which the neutron and- proton a.re con-
sidered to be black disks, and the D wave’ contrlbutmn to’the. deuteron
wave function is neglected leads to the’ express1on for the K-neutron: -

cross section: T - : : o
g = ——————B—z o - : B

where <£_—1—> is the rms value of the reciprocal of the deuteron xé.dius.' :



. C. Results,
_ _T'He_."measured total cross sections, with the corrections discussed -.
. in Subsec.IlI-B applied, are presented in Table 1.- After all corrections
had been made there remai_n'ed a small systemaificvdifference between-

«the cross sections calculated from the T; and .. T, transmission rates.

.The results given in Table I are averages of t'he correcte(‘ cross seétio’ns, v

and may therefore contaln a systematic error of —at mosts %0.3 mb),
affectmg all values- equally "The total cross sectlons for K “and Kp
are nearly constant and equa.l over the entxre energy range’ 1nvest1gated
in this expenment Our k! p ‘results in the 2- to 3- Bev/c region fall
between the values’ found by von -Dardél et:al. and Burrowes et al. 11
and,_ as ment1oned above, indicate an absence of structure

S

A compilation of some recent measurements of K -N total cross.

sectlons, 1nc1ud1ng ours, is presented 1n F1g 5.

i~
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. Table I. 'Totai cross sections: K+-proton, K+-deuteron, and Kf—neutr'on. (Corréctions that have

- been applied are described in Subsec.1II-B of the téxt.)

.

Momentum
" (Bev/c) v

(mb) - 0.77 © 0.97. 1.17 1,30 -1.44 1,69 1,97 2.24
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IV. DIFFERENTIAL CROSS SECTIONS -

~ A. Experimental Method

The arrangement of the apparatus used in measurmg the dif-
‘ferential cross sections is illustrated in Fig. 6. " The beam and K
selectmn were the same as in the total cross sectn“;)ri experlment
Spark chambers were used as detectors for K’ ap scatters in the range |
15 d_eg,g Ok, 8 ,s 135( deg (lab angle), a scmtrllatoﬁ'hodoscopc system was
“used for the range‘ 4 deg,s 6, . ,Bp S 12 deg. The two systems were used-
srmultaneously T ‘ C ' '
1. The spark charnbers The conductmg electrodes of the three -

1dent1cal chambers were made of aluminum-tube frames (l 1n o d. ),'_.-

over whxch 0.003-in. alumlnum foil was stretched. Th.m £o11 was used

so0 as to keep to a minimum the: amount of matter through wh:rch the
scattered partlcles passed There were five such plates per chamber.

In addition there were two outer (grounded) plates made of sheets of -
0.012 in. aluminum fastened to 1/4 -in, flat- alurnmum frames vThe’-

:. conducting plates were 10X28 in. and were mounted wrth 3/8-in, gaps
’ betweén plates ‘ _ - o
‘ ~ The electrode assembly (F1g 7) ‘was. mounted in an alumrnum box :
whrch could be evacuated, and which was f111ed to one atmosphere (absolute)
of argon durmg the experiment. The spark drscharge could be photo— o
lgraphed through a 2-in. -thick Luc1te w1ndow, wh1ch ‘formed one wafl

of the box. A mirror was mounted in each box to prov1de a 90 deg
stereo view of-each electrode assembly ' ,‘

The three chambers were placed around the hydrogen target as
indicated in Fig. 6. Aprefe,renc‘e grid (scribed on Lucite) was pl_aced
directly beneath the hydrogen target A 5-ft-diam Lucite lens W'asplaced
about 10 in. from the Spark-chamber windows, with the plane of the lens
) parallel to the windows, and the axis of the lens passmg through the geo-.
metrical center of the spark chamber array -This lens ma.de it posmble
. to photograph sparks that OCCurred at the end of the spark charnber

farthest from the camera. R
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Fig: 6. Spark--cha.rr.xberf and hodéé’_cobe counter’arrangement.
for differential crosg-section measurements. - -
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(2)

(b)

ZN=3091

Fige 7o (a)s A single aluminum-foil spark-chamber plate.
(b)e Spark-chamber plate assemblye
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All three of'tHe Spark chambers were photographed by a S1ng1e
camera which was placed about 15 ft from the Luc1te field lens Space o
limitations made it necessary to place one mlrron between the camera
‘and the lens. e S o

The number of K's incident bn the target was recbr.ded on each
frame by placing a K—gate scaler near the Spark chamber Js'vso that it .
could be photographed. 4 . . | ' |

The useful volume of the spark chambers was defmed by a
scintillator array that was mounted flush against the,sp_ark-chamber
boxes (see Fig. 6). A "K scatter" trigger was generated by a "K-gate"
pulse in coincidence With.'a "Meft-right'" coincidence signal from»the' SL
and SR counters. The K-scatter signal triggered a thyratron circuit.
(Fig. 8) which provided the negative 20-kv pulse used in g-enerating the
spark discharge. The three chambers were connected in parallel and
were driven by two hydrogen thyratrons -

A constant positive dc clearing field was applied to the:spark-
chamber plates to sweep out ions after a:discharge, and to shorten'the .‘
resolving time of the system by sweeping out ions formed by part1c1es
passing through the chamber before a 'K scatter occured. . The re- v
solving time of the chambers and electromcs was about 500 nsec. About
250 nsec of this t1me was needed to form the K—scatter s;gnal. )

The s.f)ark'ing' efficiehcy is a function of the magnitude of the c_‘lear-—~
-ing field, and of the delay time between the passage of the 'vparticle: through
the chamber and the appiiCatiOn of the 20-kv pulse to the chamber In i
Fig. 9 ‘the sparking efﬁc:.ency per gap is plotted as a function of. delay P
time for various values of clearing field for each of the three chambers.

Since the cameras which were ava11ab1e at the time were capable '
of takmg only one picture per pulse, the spark- chamber trigger C1rcu1t
was gated off after éach trlgger and rernamed off. until the next beam pulse.
The same gate was ‘used to turn off the scaler that counted the total

. number of K!' s that entered the hydrogen target.z i

. _ 2y ‘ : ' D

) i él;
I
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Fig. 9. Spark" eff1c1ency per gap ‘as a functmn of clea.rmg
" field and time delay between the passage of the charged -
particle and the application of the high- voltage pulse, ~ ’
Clearing-field polarity (+) is opposite to the polanty
of the high- voltage pulse. S
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42., The ho'dos'cope counter systern T'he'three .‘s’cintillation-: '

*counter arrays H HZ’ and H3 were composed of 10, '1.8' a.nd' 15
counters, reSpectxvely Each scintillator mea.sured 3X8X1/4 in. The
. Hl and ‘HZ, arrays were mounted at the entrance and emt ends, "
respectwely, ‘of the bendmg magnet M. Ad_;ac_em ‘:-‘.tnt111ators over-.
1apped by-l in. along the 8 in. edge, so that the elements in- the x d1-
rection.(see Fig. 10) were 1X8 in The H3 artay" was p. .,ec aosout
-7 ft farther dOWnstream with the sc1nt111ators flush a.long the 8 ~in. edge,
50 the elements in the x direction were 3 in. = . = ¥ ' N A
In the following discussion, and in later sectmns,A we' w1]1 adopt i
: ‘the folloW1ng notat1on When discussing the 1nd1V1dua1 hodoscope .
‘ sc1nt111at10n counters we will wrlte, e.g., ll to refe" to the number 1
counter in the H array. . When refer;mg to the hodoscope elements
we w111 use the notat1on H (1), etc The index i runs from 1to 19,
[HZ (_])] runs from 1 to 35, and k [H (k)] runs from'l to 15: |
Each of the sc1nt111ators was v1ewed by a 6810A photomultlpher
Signals from the photomu1t1p11ers were fed to .2 multmhannel two-~fold
coincidence circuit {(Fig. 2), the other input for each channel be1ng the
K-gate pulse. Outputs from each channel were applied—through an adder
circuit—to the vertical- deﬂect1on plates of an osc1lloscope T1me delays
between the signals weg'e ari'anged to give the scope presentation 111ustrated
in Fig, 11. The K—gate and the ‘scope tr1gger ‘pulse were alsp displayed
on the oscilloscope, to prowde timing. fiducial marks. '
| The Cerenkov counter C3 was filled w1th SFé(gaseous) toa
pressure of about 250 psi. The pressure was adJusted for a threshold B
above that for K's (0.97 at 2.0 Bev/c) and below that for ﬂ's w1thapprox1-
m’nately the same momentum as the K's. Thus the combination of the s
bending magnet M4 and C3'(used as an anti- countet‘) could reject nearzlir"
all of the w's and p's from K decay. The ef"ectwe radlatlng volume of
'C3 was 48 in. wide, 10 in. high, and about 17 in. deep 16 v
The H4 scintillator (48X12 in.) ensured that part1cles accepted
as scattered K's (or protons) had passed thtough _C3.- The H5

sdintillator (12X12 in. ), placed on the downstream side cf C3 on the beam -
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Fig. 10. The hbdoseopé, counter ‘sy:ste'r'n' (c"ompreé'sed by a
factor of 2 in the Z dimension) illustrating the definition
of the quantities discussed in Subsec. IV-C2. - :

o
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Fig. 11. Format of-the oscilloscope trace fot the’
hodoscope data. :
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to form the Hz(t) signal, which was used" as an ant1 to help ehmmate

S8 =K+tH

. ‘ 4. ) .-26-

center line, measured the transmitted beam. It provided a measure of‘

- the beam attenuation by decay in fhght by mteractmns 1n the target walls

and in.the spark chamber (No. 3 was d1rect1y athwart the beam) ‘and’ by
C3-. The A4 counter was composed of four sectlons that were de81gned
to cover the M4 pole faces Its purpose was to rey’ ‘t beam part1c1es
that scattered off the pole tips. 1 . - " L -
The S1gnals from HZZ’ H23, and I-I24 were connected i1, parallel

beam-particle triggers. The s1gnals from H3Z’ H33, and H34 wete

“also connected in parallel to form the H. (T) s1gnal which was used 1n

the h5 commdence circuit to reduce acc1denta1 counts. e

The oscilloscope sweep was tr1ggered when the c01nc1dmoe s1gna1 -

was the sum of the H (k) hodoscope cou.nter s1gnals H3 Z H (k)
- k 6 -

-'Cy was’ generated The H, fégnal

H (5) was d1sconnected to avoid beam tnggers
. For particles of a fixed momentum the angle of scattermg was '
determined by any two of the arrays.— " The th;rd array could then be used
to select particles of a given momentum., Particle t‘rajectorie's throﬁgh |
M, were measured as a function of momentum by the wire-orbit techmque,

and this information was used to determme the elast1c sca.ttenng criteria -

" for (i,j, k).

The total solid angle accepted. by the detectlon 3ystem was dehm1ted
by the H,; array and, at the center of the hydrogen target, amounted to

about 10 msr.



B. Spark-Chamber Data Analysis

-1, Film scanning and data reduclion. The spark-chamber pictures .

were scanned on a projection microscepe. A typical pxcﬁure of an elastlc
K+-p scatter is presentsd in Fig. id. Each picture was a351gned to oné
of the following categories: (i) Good two ~prong {cy emng angle >.70 deg-

and deviation from copla-xa.*‘z:v <10 deg, {2) Bad *wo p*“rng, (3) One-

nprong, (4) No prongs,, and {5) Three or mare prongs. ‘I’nc evcr;f,s in the -

first category were measured by the scanners, who recorded two angles
(one in plan a.nd one in eleva tiu"l riew) for each prong, as well as. the
location of the gnt,egslectm»n cf the preags in ¢he two v1ews. All mea;sure—"
ments were made with respect to the gd“‘*‘d lines, which were parallel o
(and norma}.) to the central ceam trajectory. The n..z.mber of incident -
K's and the. number of 8pa] ks in each prong were also recorded All

. data were reCO ded. d«reeﬂy &7 IBM punched ca=ds. :

A compu*er prag_ D, was wvztten tha.‘ carried out the rather'

s1mp1e log1c and algebra required.tc compare each event with the elast1c-

scattering criteria. The d.e*na.i,,on ‘from coplanarity (A¢) and the dev1at10n

from the elastic--sca.tte“f’ié-:o-angl?e curve €A‘9) were computed for each event.

For side-side eve“te {(prongs in c¢hambexs 1 and 2), A¢ was sirh,piy
the angle between th two prongs in the elevation view. For front-side’ :
events (prongs in cha_m'b-e,rs 1 o 2, exd in chamber 3),' a simple "cail-a'
culation was fecjuired -tof'(ieterrriir-.e L. o _ . " o A

A typic'al plot of the larger an‘gie 0 ) a)g_ai'nst the smaller angle

(GS) for elastic K* -p scat*er*np is given in F‘Lg 1-3'.' The angles measured
for-each event [BL(M), 8 M)] co.v..-es_po:xd to a point on th1s plot. The .
dev1at10n R was defmed a.s the no:_'mz.‘:‘; cilietance from [QL(M), GS(M_)]

‘to the curve. For events which feil hetween the two kranches of the
é'urye both. AB'e were calculated, and the event wag _assig)ﬁed'.to the |
branch 'reselting in the "s‘mal'ler FACH " The "rue't s'cail:vte*ing a.ngles for

the event were taken tc he those a,t the inter bectmn of the Curve and the
normal from [ 6 (M), 8 IM‘} ‘The cosine of the "ruet K scattermg

angle in the c.1 m. was cairLLated by the computer

<ol
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" Fig. 13. . Plot of the smaller angle 6. against the larger .
- angle GL for e1as§ic_ K+-p' sg,é?ttering. :
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Lutof’s for £L6 and Aq; for acceptable (elast1c) events were

determined. b,r examining the dlstrlbutﬂons in. AG° and Ad wh1ch peaked'

up sharpl,f about A6, A¢ = 0, and then setting the cutoffs at the pomt

where the distributions fell to the background level ou(S1de the peaks.

The vahdxty of the cutoffs in A8 and A¢ ‘was checked by varylng the ‘
cutoff slightly, and reqmrmg that the lesults should not ¥« slgnzﬁcantly
changed The cutoffs were largest for forward and backward. scattering,

. whlch is to be expected for two reasons

{(a) Multlple scafterl'lg in the hydrogen and’ alumlnum of the target
‘or low energy receil protons (forward scattering) and K's (backward
7.scatter1ng) becemes appreC1ab1e in these: regions. At 1.17 Bev/c th1s _
amounted to about' 1 ‘deg in the forward scattering. reglon, and about l 7&g
in the backward scattering. region. o '

(b)) Angular dxvergence o the 1nc1dent beam could. result in a
large spread in A¢ for the two extremes of the angular ;range. Values
Afor A9 and A¢ were calculated under the assump’uon that the 1nc1dent
partlcle was movmg parallel to the beam axis. If the angle between the .'
incident K dlrectlon and the beam was 2 deg,( the observed noncoplanar1ty
for an elast1c scatter could be as large as 8 deg for the extremes of the

-angular range

The estlmated uncertamty in the number of elast1c scatters due”

[

- to the arbltrary cutoffs in” A and A¢- is less .than 2% at most angles )
In the extreme lo:ward and backward d1rect1ons the results were more-
sensitive to the select1on of the cutoffs, the est1mated uncertamty belng
.about- 5% for these reglon - ‘ R

The. centamination of melastm scatters in the accepted elastlc
events was est~mated by deterrmnlng the- den51ty of reJected 2- prong
events in the (A8, A¢) plane, out51de the (A8, A¢) cutoff regmn The cor-Q-
rection was made assuming that these events were unlformly dlstnbuted
throughout the (A8, Ag) plane ‘ 4

Measurement accuracy was found to range from 0.5 to- 1 deg, the”

greatest accuracy bemg achieved for part1cle traJectorles normal. to the

spark- chamber plate s.
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Tl're momentum spread (Ap/pz *0.04) aud the aﬁ'gt.larbd'iv'er'gence
- of the 1nc1dent beam. (about + 1 deg) mtroduced an umcertamty in the ex-
pected elast1c scattering kmematms that was estzmated to be about :tl 5
deg. This uncertamty combined" with the measurement error. c?uld ac-
count for a w1dth in the. AG distribution for elastxc Szatters. of from
about 3 (+1.5) to 5 deg. , ' |

_ All events -which on the. 1n1tza1 scan were ass1gnec o category
"5 (three or more prongs) were rescanned and checked agambt tne hypothe-
sxs that two of the prongs comprised an élastic sca;ter whereas the others -
. were accidentals. About 15% of this group we e iound to fit thls hypothes1s
Most of them were a result of either beam- part1c1e acc1denta1s Wthh
could enter the fiducial volume of the Spark chamber 3 because of the

width of the beam, or proton scafters in’ the target

2. Differential é_ross section. The mﬁerenhal cross sectwh in -
the c. m. system can be written L N
do _ 1‘1“1‘31 ' : e -
B AZ . A¢. [Ac .7 . - Co ’ ' - -
a_ﬁi DBy ,Zl ¢1( cos@)1 - . N o

where - , , .
"N, = number of elastic scauters found in the ith mterval of cos 8, . .
n_= number of protons ‘in the’ target per unit length '
n., = number of K's incident on the hydroo'en target,

AZi = effective’ target length for the ith interval,

Agpi = effective azimuthal angular range accepted by the Spark

chambers,

m
]

= correction for protons stopped in the-hydrogen,,i'n the walls
_ of the'target and in the spark chambers, '

a. = correctmn for loss of K partlcles due to scattering and

| decay in fhght ‘

correction for Toss of protons due to scattering, -

D ™
H

= c.m. scatter_iing angle of the K.



The effective leagth of ..he hyd*ogen target - (AZ) as a functmn of

scattermg angle and of x and Y, was calcalated from the known geometry v

{ the dctectlon system The AZ ‘were evaluated approx1mate1y by. +
welghtmg the calculated values AZ (x Y cose) accordmg to the measufed
beam distribution, and then averaging over the A cos@ 1nterval '

~The azimathal angular range (A¢, measured in the x-y plane)
accepted by the spark chambers is a function of X, y, Z and curl - The’
A (x,v,Z, co@@) could be calculated from the. geometry of tHe~ system
The- Acp. is an average aver (A cos@) of the A¢ welghted accord1ng

to the heam distribution. g

Corl ctions.The low- enczgyzecoxl protons from small adgle K .

' scatters could b2 stopped in the hydrogen or’in the walls. of the target or
spaz‘k ¢hambers. This effect reduces the number of small angle K.
scatters that are detectable.. The, correction € depends upon ‘the beam
d1str1but1on and the scattering angle. The'(cos@) intervals were chos_en
so that i "is appreciable only in the mterval nearest cosG + 1. ‘
The K qecay and inte ractmn loss (o.) and the proton. mteractmn '
loss ((3) were calculated as functxons of x, y,Z a.nd 9 and then averaged
for each AcosG L '
T | | |
C.“.Hodosco'p,e Data Analysis . o r«_r’- '

1. Sca*mmg and data reducuon The form'at of the. hodoscdpe film

traces is 1llustrated in F1g i Each trace was scanned and demgnated

-

" as one of t_he foll owmg types:
' a.- Good traces. The K-gate (G) and the scope tngger (T) pulses

were required. In ‘addition there could be.no more than two gcatters 't
1nd1cated by the pulses from each hodoscope array “ _ ‘
b, Spark *races {with G). Radiation from spark chamber dis-

vwcharges was picked up by the hodoscope’ electromcs and the o.=c1lloscope,
usualiy resulting in a spurlous scope trace with the large noise pulse
from the spark discharge clearly evident on the -trace,_ Occasionally the

spark chambers and the hodoscope System were triggered by the same

v!rl‘
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- particle. The resultingutra"ces contained a° G. pulse followed, .’aft'e-r a

characteristic time delay, by the spark- chamhei- ncise pulse. A'corl- i

- rection for. Such events’ (sPaxk traces with G) had to be made since they .

represented a p0551b1e loss of good scatters

c. Blank traces.

'd. Traces 1nd1cat1ng more, than two scattered partlcles in any

of the three hodoscope - arrays.-

e. Unreadable traces. - = | Y : »

The pulses present on type{a)- traces were recorded on’ IBM
‘ cards. A computer program was written’'to so‘ft these events into: v
(1) one- partlcle events, (2) two -~ part*cle events ﬁ*@) pulses from any one -

of the arrays missing, and (4) doubt*'ul f_vents gI‘he .one- partxcle events '

'were further sorted mto ‘binsé de51gnated by (1-3), where the 1nd1ces refer )

to the element in whlch the pulse oc¢curred in the arrays H; (1), H (]), -
nd' Ha (k). “ : 5

In the analysxs of the data the first two arrays were used to dee .
term1ne the angle of scattenng (proportlonal to i- J), and the th1rd array
"was used to select elast1c scatters. The elements in H (1) and HZ(J)
were 1X8 in., and any combmatmn (1 ) determmed the scattermg angle .
to about +l deg. ' '

The allowed el-astic-.-‘sc'ai‘tering Yegion in- H3(k) for a gi;iren (i, 3)
combination was, in, general, larger than one element" (3 inl). Cutoffs
in H (k) were estabhshed by plottxng the observed k- d1$tr1but1on for each
(i, J) combmatmn These d1str1but1ons were foand to peak ardund a
particular k element for each (i,]); this was de51gnated the elastic *-
scattering element k . All events in the bins (i,j,k :I:Ak) wete acc_epted

as elastic scatters. The data were tested for sens1t1V1ty to the seléctxm

of the cutoffs (Ak) in H (k) by varying’ Ak, In all'cases where sufficient --

_data existed te make stanstlcally S1gn1£1cant ‘tests possible, the results
were. found to be ;nsensnlve to changes of one element s1ze (3 in.) in

Ak. The net number of particles in each bm N{i, j, k) was determmed by
makmg a target Full-Empty Subtractlon

The events in categories other. than 'one particle! events were
checked for hydrogen scatters; however, "all of‘them disappeared after

-

oy

P
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the Full-Empty subtx‘action except in the "two-particle event;_‘ and
"doubtful pulse" categor:es o '

The two- partlcle events were tested for a fit to the hypothes1s
' that one particle was an elastic scatter and the otner wasg 1n acc1dental
coincidence with the K-gate All possﬂne combin~*ions (i, 3 k) :
fitting this hypothe51s were constructed from the pulses found in the
two - particle event, and each combination was asmgned a wexghf based
on the frequency of 1ts occurrence in the one- part1cle type events -The
welghts correspondmg to e’astm scatters.were then added to the total
number of elastic scatters.’ '

When the scanners found a pulse which did not rne'et the palse- .
height requz*ement but appeared to be larger than the usual feed-through
pulse size, they were instructed to record it'as doubtful When a’ partlw
cular counter was foand to ploduce "doubtful pulses" frequently, the |
| populatlon of "one particlé! events (i, j, k) 1nvolv1ng this counter was
compared with nexghbormg combinations. When the '"sick"’ counter.
combinations were underpopulated the doubtful pulses £rom that counter
were accepted as real, and these "doubtful" events were checked for.
'acceptable elastlc scattets . : _ oo 4

2. D1fferent1al Cross sectlon Consider first the” case where all

scatters occur on the axis of the hydrogen target. The elast1ca11y scattered
K's.that pass through the hodoscope combmatmn (i, j, k) must have.inter-
acted w1th a proton somewhere in the reg1on AZ (refer to Fig. 10).

-The number of K particles whlcb scatter in AZ into (i,j, k). and reach

the- H,- trxgger counter before decaymg or undergomg aﬁsecond inter- y

action is given by. R L g o e

NG e e ] o d0(a) R
NG j. k)= Na)=| - n SG) n ) ag (o. 2) *‘F‘(%Z)dz N ¢ 4Y
where o R T

n, = number of K's incident on the_’hy'drogen target,

n'p = number of_'protons in the target per unit ﬁlen—gth, ; T o
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—d-g(&-)— Kt -p d1fferent1a1 cross section averaged over the angular
- interval accepted by the ath counter cornbmatmn, :
- Afa, Z) ;: sohd angle subtended by the. ath hodoscope combmatmn,'
Ffa, Z)y = co'rrectmn factor for K attenuation in the hydrogen

target, walls of the hydrogen target and the. Cerenkov
R _counter Cs, and decay in ﬂlght between B4 and H4
© The solid angle *AQ(a, 2) can be wntten '

AQ{a, Z) = sin6 A0 (Z)A‘(Z)

where Gﬂ is the central scattermg angle accepted by the . ath hodoscope
c0mbinationf The azimuthal angular range accepted by the hodoscope
'system was limited by the I—I3 array. Since the dlsta'nce from the target

" to Hy (2, 150 in.) was large compared to the he1ght of the hodoscope

: elements (8 in.), we can wr1te - v : ‘«
. h Cot 6 . : '. . : . i A‘ .v .- - . A. . ) \ ;ﬁ
A~ —— 4 : O o :
. ¢ﬂ. - Z = Z Rl B . R ' .
where = v R -

it

. Z3'~ distance from the entrance. end of the hydrogen target to H3
- : ,

The decay and interaction correction is of the form

he1ght of hodoscope elements.

o (e, 2) <
F(q,-'Z)fexp L Z—X————:l . . .
where o ' : . ' o
4 (a.,\ Z) , = the path length in the ‘mth mediurn j(hy'c_lr_og:en,, aluminum,
etc.), '
)‘tnh _— mean free path for attenuatlon due to scatterlng, abSOrptlan,
: and decay in flight. o o SR
The total path length between B " and Hy was about 220 in, The totai
_interval AZ was at most about 15 in. If we take Z at the center of the

1nterva1 AZ we can wr1te
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12 should be written

~where n (x) is the beam d1str1but10n 'n %, and +a =2, 3 1n are the

. For the end sections the average beam partrcle locatmn (where the cam

.regions,

.36-

N(o.) 4‘_ : + r: (92 o (12) -
Co ‘
wh1ch is accurate to aboat 3% , ,
Now we must ‘take account of the fact that the K beam 1s not
confmed to the target axis. ConS1der a radrally symmet heam (th1s '
" was the case, to good approx1mat1on, in this experlment) Let X be » ‘: . e

the coordinate normal to the beam hne, as. shown in Flg 10 Then Eq

PR

. -N:('a)»f né'd%};’ _hc°s JL[ a (x)Ae (x, Z)F(u Z x)dde. i

e
P

‘11m1ts set by the hydrogen target defmmg counter B4 For a Symmetnc

beam the effect on AB (x, Z) cancels to first order in- 2 (~ 31—0 Vs where '

Lo 2.
I.,2 1s the. d1stance frorn Z to the hodoscope element H (J) Movmg

off«dxis affects .only the path length in hydrogen in F(o. Z x)t, and to f1rst order )
in 2 ( -1—0-,), where L ‘

T T is ‘the path length in hydrogen along the center

H

"line ,.this éffect also cancels. This approxxmatzon is good to about

2%. These cancellatmns occur prov1ded the ent1re—~‘heam (symmetnc)
is sampled at the point Z. Th1s is- true for the rm,ddle sectlon of the1
target (labeled M in Fig. 10) but not for. the end sectxons F and B PR

cellatlons : mentmned above do occur) is'not on thé target ax1s There

does- exist such a pomt however, and we, can wr1te for the three target

3 | n n_h cos 8 _ R o
N(a) = —P _Kh __ ¢ d:(za] F, (a. Z) f 26, (Z)dz] R ST
.. ' e Z ‘- 2 A v ': _'A . . ' . ) t: . .t ‘- .7",;: .

+

~where t takes on the values -t —.M F B



-37- . S ‘

- The expressmn for the dlfferentlal cross section as a functmn
of scattering angle.can now be wrltten as a sum over the hodoscope
combinations a, subject- to the constramt i~ _) gb, whele g depends on
the geometry of the hodoscope system and the angle of deflection in } M4
s We have ' ' ' ’

G L BN 5 (1s)

dQ_, pKhZcos@ F(a Z)I(a)(7:—Z) -
‘ I(o.) [[ ‘Ae-a('z')dz:" DR \ ._
o Laz, o S

The integrals I(a) were eyaluated by numerlcal integration- for
each hodoscope comb1nat1on a. o . . - | 3
( The I—I5 counting rate (Hs/n ) (see Subsec IV AZ) measured '
the attenuatlon of the beam by: (1) 1nteract10n in the hydrogen target
in the . spark chamber walls, and in the Cerenkov counter C3, ‘and (2)
decay in flight between B4 and H5 The dxfference between HS/ K
., and F(a, Z) 1s a funct1on of the, scattermg angle and the geometry of .
the system ' ‘4‘: ", - » )

The net number of counts, in each a _was arr1ved at by n’xakmg
the Subtractmn

Na :N (Full) _ Ea N ‘(Empty), o

. where a corrected the empty data for the d1fference between target
- Full and Empty attenuation rates

3. Corrections. Cross sections: calculated frorn (15) were cor—

ey, T

irected for: . (a) proton contamlnatlon and (b) vertical focu51ng in M4.
a. Proton recoils in the forward direction could not be d1s—

tmgulshed from K' . The d1fference in momentum between protons and

- K's scattered at small angles was not large enough to be dete.cted by the

.hodo's“'cope system. :I‘hus the number of'-sc‘atters detected at aﬁ, angle

8, N(6), co’rnpos ed 'of K's and ‘recoil protons, can be written -
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'gq o

o c o a*‘e 6) | [li ;vfig;;; L
PJ(Q)=I{K(9)+eNp(9}} N (6) 1 +f §;7§L:55 B (16) -

e

where f takes account of the difference in attenuation for K's and .
protons between the point of scattering and H4 '_ _ -
.b. Vertical focusing in M, increased the effectne sol*d angle

of the system The correction was calculated by treat1ng the entrance.

ESN

and exit plarles of M4v as thin lenses W1th focal 1ength givenby .. " %
‘ . e B ' e
Py o e un

. where  p = radius of’ ca\*vatule.in M4; and AO is the angle between the

part1cle frajectoly and the boundary line of the magnetlc field reglcn. .
. &

D.A Results

»

1. Spark-chamber data. ‘The results of the'film scan are 'p‘résentedi"

in Table II. The number of picturés found of e;alch'ty,i)e with target Full -
and Empty is :gi\}en, along with the total‘ number of eles‘tic ‘scatters and.
the number of incident -K's (NK) at ,Ea'ch.‘o‘f the momenta investigated.
Types 1 and 5 contained all of the elastic.scatters. Events in the other:
categories Were,inelastj.c hydrogen scatters, and' intetractions ,in:"the target
| ‘walls and spark-chamber boxes. k ' 4 '
The calculated dlf’ferentxal Cross SGCthl‘lS are given in Table II.
The quoted errors *nch_de the statistical er rors:\/—l\—l_(b_)_ and estlmated
systematic uncertainties (7 to lO% Iz the film scan, ‘events ha‘vxng
Ad > 10 deg w‘et'e rejected. Th1s re_]ectzon was pOSS1ble, however ~only
* for side-side events. Coplananty for front side events could not bg ~
checked dlrectly, and was ri;ot a.pplled to these events. Since a11 dvents
in the extreme forward and extreme “ackward directions were front-
side events, no elastlc scatters should have been lost because of the

A¢ s canmng criterion.
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Table II. Film-scanning rgsults.,‘(“Types” are discussed in Subsec. B.)

~ Momentum (Blev/c)‘
Type . - 0.97 L LT ; .. 197

.l.

Full Empty Net® Full * Empty, Net® Full Empty Net®

} 1214 .10 1164 1946. - 14 1902 1694 Y17 1625
2 7649 66 321 1055 131 ¥ 744 3166 476 ° 1477-
3960 106 435 1734 212 1068 3340 517 1449
4 212 65 -100 343 . 68 - 129 - 893 234 . 39
5 . 671 37 487 638 22 568 -, 2670 212 1881 .

*®

Total 3706 284 2307 5766 447 4411711 783 1456 " 6471

551

Too

Elastic 1261 : 0 . 1699 - o - - 1593 IS

N, 0.7962 0.1606 1,133 03602 .. 2.582  0.5929
X . 6 6 ' 6 ' 6 - T 6 : 6 ,
X10 X10 X10 X106 X10 - x10%

aEﬁxpty numbers have been norma-liized to the total number of 'K+(NK)

incident on the Fulltargét_.f '
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Table III. Differential cross-sections in K+-p c.m; System'."
' Momentum (Bev/c)
0:97 1.17 1.97

cos 8" ;-g-(mb/sr) A0 o cosBt g% (mb/sr)’ .A Ocom cpsf)'* g-g-(x:n_b/sr) 40C®
0.7620.06  1.0720.18  0.53 0.7840.08  1.8920.24  1.09 . 0.9220.02  1.52#0.21  0.69
0.6 £0.10.  0.84£0.09  0.22  0.6520.05  1.26%0.14 '0.32 .  0.8540.05  1.8420.15  0.39
0.4 #0.10  1.1520.11  0.27  0.5520.05 . 1.19#0.12 -0.33 . 0.7520.05  1.47#0.14 0.31
0.1540.15  0.7520.07 - 0.17  0.4520.05  0.95%0.10 0.21  0.6520.05  1.04%0.11  0.22
-0.1 #0.10  0.57#0.06 - 0.13 0.3520.05.  1.0420.10  0.30 . 0:5540.05  0.4940.06  0.09
0,3 #0.10  0.67#0.08 . 0.17° ~ 0.15%0.15 _ 0.6120.05 . 0.14  0.45%0.05  0.4420.06 ~ '0.08
0.5 $0.10°  0.7620.10 - 0.22° -0.0530.05  0.42#0.05  0.09  0.3520.05  0.3220,05°  0.06
-0.7 #0.10 - 0.67#0.09  0.21 _ -0.1520.05  0.3520.05  0.08 0.25%0.05  0.270.04 . 0.05
-0.88£0.08 © 0.6120.11  --0.27  -0:25%#0.05  0.3320.05  0.08 . 0.1020.10.. 0.1220.06  0.02
" .0,350.05  0,3620.06. © 0.08  -0.0520.05  0.061%0.023 0.011

-0.45%0.05 ** 0.4320.07 ° 0.12  -0.1520.05 . 0.08320.028 0.016

-0.55£0.05 0.24%0.05  0.07 © 20.28 2530305- - 0.056£0.021 0.011

57 -0.6540.05  0.4120.07  0.13 -e;‘:ssio 05 ™70.02940.014 0 006 -

-0.75£0.05 _ 0.3620.06  ©0.11  -0.4520.05 0.04820.016 0.7l

-0:8520.05 . 0.4320.07  0.14 -~ -0.5540.05 . 0.054%0.016 0.013

-0.9320.03  0.7320.17 - 0.28° -0.650.05" 10.06420.. .7° 0.015

' -0.7520.05 0.062%#0017 0.016

- -0.85%0.05 ° 0.08142 019 0.02F
-0.9430.04 . 0:043»¢.021 0.013

a'The listed cross sections.include this correctmn whxch is the sum ofthe correctxons for stoppmg proton .

loss, proton mteractlon, and K decaj and 1nteract1on

=

T

“0¥



2. Hodoscope data. The results of the hodoscope film scan 'a‘.re" '

summarxzed in Table IV Of the total number of sweeps photographed
about 50% were triggered by the spark chambers, 35% were analyzed
~vfor elastic scatters, and the remammg 15% were of the followmg types
(apprommate percentage in parentheses).

a. H, rmssmg (7%) There were no "net hydrogen“ events of

. this type after the target Full Empty subtractmn - ThlS
implies that they are most likely unscattered beam partxcles
which do not provide an anti pulse in HZ(T) or decays in
flight which manage to miss H,. - _

b. 'Blank (3%). No K-gate or sweep trigger (T) were visible

on the sweep. These were acc1dental scope trlggers Wthh
introduce no uncertainty in'the results. R

c. . H3 missing (1%) ). These were due to (i), the loss;of 'signal

from one or rnore_ of the H3 c.ounters beiwe'en the counters
and the oscilloscope, or (ii) ~accidental scope triggers,
since H3 is requ1red to generate the scope sweep tngger
The net number of events after the target Full- -Empty sub-‘
tractxon was zero. This indicates that they weré. not elastlc

_scatters which were lost because of missing signals from
'on‘e H, counter. Assuming that events of this type .are' tne

. result of lost pulses from all H3 counters, we found” an
average H, "pulse recordmg" eff1c1enc§l of 98% The fre-.
quency spectrum of (i, j) for these evepts was. ‘similar to-

- that found for all measured events. Wg,concluded therefore
that. the 1neff1c1ency implied by the ex1s'tence of this type of
event could only introduce an uncertamty in the results which
was not a function of angle Because of-the large. statistical
uncertainties .(= 20%) that exist, the uncertainties 1ntroduced

by this effect are insignificant:
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" ‘Table IV, Hodoscope film;sc;anning ré sglfs .

Momentum- (Beav/c)- -

L 0.97 o

Total.
sweeps

Number

analyzed

- Elastic’

scatters

Full -

Empty Full K

1 0.312

6800 797

1871 320
494 . .64

1.035x106 0.176x10°

1.503X10

. 0.371  0.385

9316 -
2922 .

791"

6

Empty
1665 - i3 24
721 5424
T157  1544. - & 263
0.404x10% 2.437x10% 0.788x10°

e 0566 . 0.624
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d Hl missing (< 1%). No angular deper.lderiee di.f'fe_rent from .

A

that for the analyzed eVents was found. The,se ‘éevents also -
disappear in the Full- Empty subtraction, L |
e Anx two-of the hodoscope 31gnals m1ssmg (<1%)

More than two. particles through any of the hodoscope arrays(l%)».. .

These were beam acc1dentals, interactions in the ‘aluminum of
| the target walls and spark chamber, or decays ‘
_ The origin of the K proton scatters could not be determmed
" precisely from the hodoscope 1nformat1on However, the region of the -
2 ax1s through which the line of scatter. passes prowdes some mformatlon
on the distribution of origins. A plot of the expected Z-intercept distri-
bution for 2 glven angle of scatter is shown in Fig. 14; the exper1menta1
d1str1but10n found for the 1.97- Bev/c data is also shown for companson
The theoretlcal curve was plotted by assuming a Gaussian beam distri- -
bution cut off at #2 in. Similar plots of the data were made at all angles,
A where data was suff1c1ent, to check that events. accepted as hydrogen
scatters were coming from the hydrogen target. v
The ‘calculated cross sections are presented in Table V. The
‘data accumulated at 1.17 and 0.97 ‘Bev/c were not sufficient to provxde
rmgmﬁcant measurements in more than one or two angular mtervals

The’ quoted errors are stat1st1ca1

.
. Ty
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20k je—— Hydrogen target ——> .
T i
'§ B
— 10} -
5} .

| g

o 70

=20 -0 .
. Z(in) . - ;‘MU-ZGI?T;

Fig: 14. The  Z intercept of par-ti'cl-es'»scatte're'd through

6.8 deg. The solid curve was calculated for a Gaussian«

beam distribution syrnr'ne"t_fic about the: 4 ‘axis. -

'g’l ..
17
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Table V: Diffei‘e'ntié‘l cross sectiocns in the c. m. system,
measuned with the hodoscope apparatus. S

: 1 97 Bev/c S ' 1.17 Bev/c 3 0.97 Bejz/c
!6*. v N (mb/sz) "_6%'. LN do(mb/sr.) 9* vNa m(mb/sr)
8.1 153#38  5.21£1.29 . 92 150441 3:3640.92 1548 92#30 2.400. ?8
10.7 117430 - 4,3511.12’ : ZO:!:S 120121 2. 36&0 45
13.3 . 119#23  3.9440.80 - '
15.8 80417  2.6240.56 el
18.3 81#14  2.6240.45
20.7 6214  2.0820.47 -
23,1 - 57414 - -1.9440.48
| 25.4  48%8  2.08£0.41°
277~ 3947 . 2412043 © . .,
20.8 2326 2. 7540.72 '

The net number of elast1c scatters after the Full Empty subtractlovx -

. o
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V. DISCUSSION

A, Phase-Shift Analysis

-

1. Nonrelativistic scattering amplitudes. The differential

cross section for, K+-p elastic _scattering can be s:parated into twlopparts:» ;

one 1nvolv1ng a change in orbital’ angular rnomentum (spin- fl1p) and the .
v
other conserving orbital dngular, momentum (nonflip). (We assume K

‘ .. spin = 0 and proton spin = 1/2.) The cross sect1on can be written
“do 12 2 .2, . ‘ S
Zwy=]al’+|B|° sin”0., . s

wheéere ‘A is the nonfhp amphtude and B is the spin- flip"arr'lpl‘i'tude'

The amphtudes A and: B for nuclear scattering can be wr1tten -

2

A(B) = 2— Z 2+l) [nf eXp(Zlée )- 1] + 4 |:-T]Jc exp(216 —IJ P (cos 9)
. L B ,fi‘ L
B(0) - ,Z"__Z axp (21 52 - ’lz) exp(Zl y ) drescoy (cos Y. (19)

- where »
X :'part1cle wavelength in ¢. m. system,

Pﬁ (cosf) = {th'order Legendre polynomlal

The complex phase shifts have been written

- E -
Py = 6y + 10, . ) o o

np. = expl-20,)].

The amplitudes for pure Coulomb scattenng can be wr1tten in the same
form, L7 with the absorptron parameters My : = 1. When both nuclear and
Coulomb forces are present the scatterrng amphtudes can agam be -
wrltten in the form (19), ,where the phase shifts are the result of the
, "total 1nteract10n" (nuclear plus Coulomb) In the followmg discussion

o
_62 will refer to the total 1nteract1on phase shlfts
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In the partial-wave analysxs it is desnable to terrmnate the :
‘summatmn (19) with as low an 1 valve as 1s needed to fit:the - exper1- K
»mental data. The short-range nuclear potential affects only- those . i

»part1al waves up to about £ = R , where R: is the range of the
max *

nuclear potent;al and \ is the particle wavelength in the c. m. system._'

The infinite- range Coulomb potent1a1 on the other hand effects all
orders of l _ ‘ .
A part1a1 wave expansmn that converges more rap:.dly than the
form g1ven in (19) has been glven by Foote. 1_8. Bneﬂy, the der1vat1on
E proceeds as follows 4 ' s

Fu-st we note'that the nonrelat1v1st1c Coulomb amphtudes (for

spmless partlcles) can be wrxtten in the closed forrn19 . .
A (9)-=‘ _____Xr__rzl____ exp {- in ln[S1n (6/2) +imy 21im ]} v,ﬁ‘ .
c 0 .
. 2sin (6/2) A : . o (21)
where’ - S v '
‘ My l=‘arg I (1 +1in),
. 2 - ‘
n= g Bhap ‘
c K'lab °

Now we can write the scattering amplitudes for the total interaction as |

AL(8) = AL(O) + [AT;(Gﬂ) - AsO)]

B (9) 0 (nonrelat1v1st1q)

#
t !

N R : - ¢

. - i m R ~ ) 2z 2 . 7 ) ) . .
AL(8) = ——— exp{-i_nln [sin(6/2)] +i w4 Zin} .
T 2 sin“(6/2) T o L 0

” Using (19), (21), .and (22), _W,efmd," S _ R e

+—z’-\1— Z {(I-H) [ ni exp (216 )- exp(21¢o!)]
1 =0 : .
+ 4 n; fe_XP(Z_.ié;)-eXP(Zw,)} P,(cos0),
e (23 cont.)

{22)

» .
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L ' o 4| P, (cos.6 ' e
BT(G) = ;1 Z n; ['exP(Z‘AiE);)'Y-V éxp(;i%)]' [ ;((cos 95)] s
| . S 2=1 - o - PR (23)
where . - I ' ‘
: "% - Z tan “{n/k)
k=1

’ . o : ’ 2,.

~ The ¢£ are the differénce between the nonrelat1v1st1c Coulomb phase '
sh1fts of order { and orx rder ¢ = 0. The nuclear ph@se slnfts are approx1-
mately giverilby_ - o S":. R '

61 (huc;)~ 62 -_,(_bl .

' 2
2. First- orcle*r° re’at1v1st1c correctlons Solmitz 0 has calculated
: £
the relat1vxst1c Coulomb scattermg amphtudes for the scattenng of sp1n-"

zero part1cles by spm 1/2 part1c1es The Coulomb nonfhp and sp1n fhp .

amplitudes for _K+ on protons are '

T Bkﬁ B . - ‘32]
kéiz' 1+—2—(1 +cos@) (pr l)(l cos G)T

i

_'A.C(rel. )

ehe, mk +6) sin”(6/2)
- 62
. - An ;3(3 +(2p -1) ,
S T + kHM;P = (24)
2 sin"(6/2) k" p R o
kBB p - -
pk'p . p]» .
B (rel‘) i} RZeZ [—z—— + (Z}J- 1) T .511_.'1‘_6 ) R | » . ‘
C ) . Z:HC . »* (6k+ﬁ ) sk (0/2) B . .
. N 2 . v .
‘Xn BB ﬁp Bs :I . :
= — + Z(pL -1) sin 0, (25)
2 sinz(O/Z) [ ¢ B ED :

where ﬁk -and {3 are the c. m. velocities of the K and proton, “p is
the proton magnet1c rnoment in nuclear magnetons, and n 'is as def1ned

-~ in Eq. (21).

a .
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" . Corrections to the nonrelativistic "totaltphaSe-shifts and to the ‘ '
spin-flip amplitude can be calculated from the second term of (;4) and.-
from (25). Note that the first term in (24)‘-diffe"r's‘_'on1y in .phase -fr.om'

_ the nonrelativistic Coulomb amp’iitude. Such a .calc‘ulation }.;as b_eén

cari.'ied,out by Foote, 18_ in which thé correction terms ‘av»re e'xpanded’_inl'., o

partial ’wa'.ve‘s. and app'lied..to'thev 'nanelativ_iétic amplitudes ~terrh by term-. B

- The final amplituaés are B ' _ e R

CAL(O) = - - xn, .‘_exp"{- inln [sinz(e/Z)]}f IR
'Zsinz‘(G/Z') VN o

4
max

v 57 e[ wetnel - extey |

oF

S xnC s'i':ne R max{ + 4
B .(6) = + == - n,exp(2i6,)
T 2 sin“(6/2) EIRVARNE ”

-

- 1'1; exp(Ziéz) - nc%}} S

) . .. A ] ) . - . (- R . -
‘ ' . s | X@Ff’(cos@)] R @27
: d{cos 0) Do A
-efpn BB S 25\ R T g
where o {BEP) |2u-1) (85/4 B
2 P p !
C = , P
1+ ﬁkﬁp . | e :
and the nuclear phase shifts are approximately .
: £
+ * + C . o '
6£ (nuc. )= 62 - ¢, - A¢£ . : R o (_?8).

The first order relativistic corrections to the Coulomb phase shifts 'ar_e

L -(5_26);’ SR .
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- - Byb, + (21 -1)f3/2
- Beg=Er 1+ﬁkﬁp_,

+- nC

S oBgy = forf=1.. - L R (29)

3. Phase- Shlft f1tt1ng procedure Aleast squares f1tt1ng com-.

puter program _1 was used to find sets of phase shlfts (nl, 62 ) Wthh o
resulted in a good fit of the d1fferent1al cross sectlon calculated from (26)
Rz

and (27) to the exper1menta1 data. The usual xz d1str1but10n analyszs

was used to. determ1ne goodness of fit, with

‘ Y. —(l+e)y- | V'o .,~ o(n, 8) ,; . , ‘ Y .
2 , 2 2 2
XZ{' oy el — = | +lzs%l_'}e'<30)r

1 i Ao-T

,whel'e' .
T
= ‘| A (ei) |+ | B.(9,) |=,

dO

;= -cl'ﬁ (9 ) (expenmental)

¢ .= normalization parameter,

Ae¢= uncertfainty in normalization of experimental differential
- “‘cross sections, ] B
- 0= experimental value for total cross section,

Ag ., = e . F
o'T uncertamty in OT .. . .

O(n, §) = total cross section calculated from the phase Shlfts '
The search proceeded from an 1n1t1al set of phase ShlftS that were
- randomly selected on the 1ntervals <90 deg <6 <90 deg and O <ng 1 0.
/

'About 100 trlals were made at each momentum..

Bl

Tons



4. Results of the bhase-v.shlftanalysesL Searches for S- and

P.wave fits at both momenta produced several different sets of ""good "

phase shifts. In additiou‘ to tbe usual’ ambiguities there akre various

combmatrons of n's and. 6' s wh1ch gave good fits. Some of the solutrons

which were found with P(x ) O 05 are presented in Table VI. _

Phase-shift analyses at 1ower momentalo’ 22 have yielded (most

) probable) solutions with large S- wave phase shrfts Rap1d variations

in the S-wave phase shift as a functlon of energy are unhkely Thus the :
reasonable" phase shlft setsin Table VI are probably those vﬁth '

60 30 deg to 50 deg. "This cannot be ‘made very precise, o{course, -
~ but with the 1nformat1on available at,the present time it appears to be
" the only criterion which can be used to narréw down the range of éossi- R
ble solutiHOns . . _ '

The data at small angles are not good enough to determine- the |
sxgn of the nuclear interaction. However .the solutmns which require’
. constructive mterference between the nuclear’ and Coulomb interactions -
_‘glve consistently 'slightly better fits than those requ1r1ng destructlve
1nterference Since this is in agreement with the results at lower .
energies we are encouraged to accept ;solutions which produce negatxve
'values for the real part of the forward $cattering amplitude (D).

We observe that all solutions for the 0.97- Bev/c data give values
for the magmtude of D which are’ equal within statistics. ..'I‘he values
of D that were used in the dispersion relation analys:.s were-thoser
calculated for the A” solutions given in Table V1., ' '
The measured angular distributions and representatwe phase—l

shift solutions are plotted in Fig. 15.

™

By,
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Table VI.. Phase-shift sclutions found at 0/97.Bev/c and 1.17 Bev/c.
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B. SAmall-VAngle Scattering at 1.97 Bev/c

The elast.ic;sc‘at'tering cross section at 1.97 Bev/c-'is' pea'ked '1'}1. B
‘the forward dhectlon ~This 1mp11es ‘that many angular momentum states'
. are present. For this reason a partial wave analysis was felt to be
impractical with the small angle data available frc.a this experlment. o
Sir'i'c,e,.«there are many engular‘ momentum channels open 2t this mo-
mentum, and because the measured anguler distribution 1s deminated
by the diffracticn peak an optical model fit to the data wa.s attempted

- A model was ueed in which the transm1sswn rate for a given

impact radius p.is given by )
lea=Cgleh S Y
i where C is complex if there is real scatfer;ng 8 - A good fit was'ob-'- g
ta1ned w1th a Gaussian shape,
”gw)=exp(p %/ )) | 'g T ey
wher'_e vV <p2> is the rms ‘radius of the disc. '

‘ The d1fferent1a1 cross section is given by o

'{‘: ' : .d - . ‘ . - ) . " . A ‘ . B \.4v .
@@= exp(q (o )/2) N <5 2
‘where q = 2 p sin (6/2) is the momenturn transfe;i. .

' The pararneters to be determined f; om the da.ta are 00 = forward

elastic. scattermg cross sect1on, and A/ 372 < 2)95/ :'mteractmn radius.
' ' A least- ~-squares ftttmg procedure wa.c used to determine the best.

values for o and < >1/2. The - Lesalts of th1s analysxs are presented '

0
‘in Tab]e VII, and a plot of the cross .section calculated from (33) and the

Co.
i

expenmental data are presented in Fig.. 16



Table VII Best values found for the. parameters discus’sedin the text.
D 1sthe realpartoftheforward s;aﬁcrlng(qnphtudeln.unxs w%er

hd =h = c =1.

K
Case .~/3/2 <p®>(f) 0, mb) - D()\K) P(x )
- 1. All points 0.65%0.06 | 4.0%0.5 10.2240.14 - 0.25
2. Excluding 0. 92.-zo 11- - 4.920.8 - . -1.0 £0.4 0.60
- . two points _ . o . o
.. atlargest ' o .
- angles : - o :
4 ,
. u"ﬁ A
” "’
i
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¥
The solutlon for Case 1 g1ves a better fit to the small- angle

Spark chamber data than the solution” fo* Case 2 It is to be noted that

the 1nteract1on radlus found for Case 1 158 smaller than that found tO?

8 X R .
K~ -p_scattermg at the same energy, .nam_ely S

The solution for Case 2 gives a value for the K —-p mte*actlon raduzs that‘

' is about the same as that found fc.r K~ p

C. Dlsper ion Relatmns

The formalism for constructmg dJ.Spe"‘SIOn *elat.\one ’o* twe =
particle systems has been discussed by many duthors in recent years.
A partlcularly lucid account has been gwen by Chew 3 'Aﬂer’ivation of
K-N forward d15persmn relatlons based on ‘the metbodo descrxbed in
.this paper is glven in Appendux B. Many authors have wrltten dowrx
K-N dispersion relat1ons in analogy with m- N relatzons A derivation
which proceeds from the Mandelstam represen‘tatxon for the 1nvar1ant
sca.ttermg amphtude is included in this report for completeness ]

The forward d1spers1on relations relate. the real part of the
forward scattering amplitude to mtegrals oyer the 1mag1nery parts f,dr
scattering in the cross channels as '_well as the"incident channel. In units’

where h=c=M_ =1 we find . ~ "

. ~ 'f: oy [ A (@ !)dw! i A (0)dw!
D, («) =‘C_+ ot w1 ™/ ~@! inw_ + ?J Uy
i ~w£_x_‘n . 1
A (whde!
1 + (34)
il ToTe T - %
s

~ns

. T '
The pole term — is an average pole comblmng the effects of the
W

" *
A, Z, Y, , and YO poles (see Appendlx B). D:h(

A (w) is the 1mag1nary part of the K -p forward scattering amplitude,

w) is the rea:. part and
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.o l"’ ’ -

Fig. 17. 'The 1mag1nary part of the forward scattenng am‘bhtude -

' for - K- -p and’ K~ -p elastic scattering. The optical theorem
was used to calculate the eXperlmental pomts from the mea-

sured tota.l cross sectlons

'Symbol code: The numbers beside the symbols are for des .
‘termining references from the followmg sequence (1) Ref. 13
(2) Ref., 22; (3) Burrowes et al., Ref. ; (4) Vovenko et al..
Ref. 11; (5)E ‘W. Jenkins, W. F Baker R. L. Cool, T “F .
Kycla R. H. Ph1111ps A. L. Read, Bull. Am. Phys. .Soc.
6,433 (1961); (6) Ref. 9; (7) Ref. -10; (8) O. Chamberlain,

K. M. Crowe, D. Keefe, L.T. Kerih ‘A.. Lemonick, Tin
Maung, T. F.  Zipf, .Phys. Rev. 125, 1696 (1962); {9) Ref. 8;
(10) M. Ferro-Luzzi, R.D. Trlpp, ‘M. B. Watson, Phys Rev.
Letters 8, 28 (1962), (11) von Dardel et al.; Ref. 11; (12) same

as (3). L R
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and . w =4/ p2+l is the total laboratory energy.of the .K. The Quantity:. :
C is 1ndependent of the energy w. | " o ‘ o
The obJects of the present analys1s are to evaluate the average
pole residue T and to compare the pred1cted energy dependence of D
. with the experimental data. This can be achieved if the other terms in
(34) can be eval'uated The 1mag1nary part of the forward scattermg
’arnphtude, in the physical energy region. (w = 1), is related to the total
cross section by the optical theorem ” '

) \A)’Z_I ((0) | : ' T
Imf (6 = 0)= A(w) =¥V2 20 ) IR R

4w

Values ‘for Ai’(w)A calculated .frorn--'ai‘.l the tnea-sureti total cross -sections
extant to this date are plotted against w in Fig. 17. The integrals over
the phys1cal region {up to w = 40) were evaluated nuxnencaﬁy for several
possible curves drawn through the exper1mental data - The 1nteg*als in .
(34) do not converge. To ensure convergence and to eliminate the con-
stant in (34), subtracted relatlons must be formed l ‘ '

The treatment of the reg~on beyond which’ pxpenmental data are
avallable (w> 409, and the unphysxcal contlnuumf,a@e discussed in
'Appendlx B. , A g S i’ .* N ‘

The other quant1t1es in (34) wh1ch are dlrectly measurable are
the real parts of the forward scattering amphtudes D (w) The values o
that are avallable, mcludmg the best values measured in thls expen- ;"
ment, are glven in Table VIII. . L ' ‘

Subtractmns At least one subtractxon must: be made to Pltmmate

,the constant term in the expressmn for D (w) or D (w) The purpose o
of forrmng more comphcated subtracted relatlons is to ensure ‘more

rap1d convergence of the 1ntegrals and to reduce the 1mportance of some .

o _-energy reg1ons in erluatmg the 1ntegrals in (34)

The followmg are typtcal of single subtractions which have been

used.
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| F(wz-;sl) O eyie, o Alfe!)de!
D, @)} - D, ) - == ey
} (Mwl)(w+w2) . Iy S | s
An -
- (wz.'wi FeOA () - A o 4
- - ) - — . - T
= j'- e o™ e;) ~ T “""““"“w IS doty
o1 L 1 B -
' ) : ' ' (5:}) -
R v ) o o - 3 (W’ }dw! ‘
. D (w) - D (w)= 20 I . + _2:)[ =T
- + - . L e ™ - - . . Z B ;,, -
) . : (w -;) . / - W .w .o
A {0h)-A (w') ) S
2w - o+ . . fron
A5 T dot . . {36}
N
1 -
The convergence of the last integral in these expressions has bseenr&ig,-' ‘
cus sed by Amafl et al. 23 They find thaf if the condition; '
i Bel®@ e
o © constant, is valid, then the integrals ‘of*th,e.fOr’rn‘
- A (') - A V(wAl) . o o4 e e o '_; .
j . > t  do converge. 24 . o L
w . wl . 3 - . . ‘ " N .. : l- ) ' ~
, 25 | ‘
Udgaonkar has conmdered the aSympaotlc behavmr of the q.xa.ntrles
'(0 + 0 ) and (0 _ - o ) assumxng that Regge poles dommate the cxoss
: sectmns at high energ1es ‘His results provxde a means of eva.iua :ng
the integrals above the- cutoif energy w = 40 (See 'Appengzhx,.B. )
. I'? ‘ o
. }.]’é K
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‘Table ViII Efxperime'ntal values of the real- part of the forward scat-
termg dmphtude in the laboratory system, in K Compton wavelengths

h=c=M = 1)
W - . D Reference
23, . - -1.14#0.05 - 260 |
28 - -1.2320.14 . 10 .
46 -1.1420.05 26% ' ‘ B
46 -1.2040.08 10%
.85 - 11.0240.05 .. 26> .
92 . f~0~.80t0.2?;;/' Solution A of reference ZZb
22  -0.46%#0.19 . Table VI, Solution A~
.56 -0.94#0.44 . Table VI, Solution N
10 #2.2 209 - . ‘Table VI, Case 2 '
-1.04 #0.6£1.7. 30
-1.08° . -0.3#l.1 30
-4.10 - £3.320.6 . 8

a L . L L s -
These values were calculated from the measured total cross sections

by using.

PCalculated using D(w).= 4~ E| (+1)(n} sin26}) + 4n} sin 257 ]

-
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2. Results An attempt was made to take fullest advantage of.the

© available data by plottmg !

f(wF) L fﬁ_‘ﬁ’_ = D()-D(1)+1{1)-(w), T g 37
Grofey) e | o
Whére ) : A A | | '. .. N ’
lew [ ANl oo (A A T aer
R ] (CIEDICES) R (cu—'+w7(w'+1) (w' o 1)} -
e L ] e _ ¢ A
AT T .

The right- hand side of‘(37)v is known at several eneréies where
" the real part of the forward ~scattering amplitude has been meaSured The
function f(w, I‘) was plotted for various values of 'f and the T° which
gave the best fit to the expenmental data was found A careful stat;stxcal‘
fit cannot: be made until rnore K- -p elastxc scatte“mg data are obtained."
The value T = - 1.0£1.0 g1ves_ 'a good fit to the ‘K ~p data but does not -
. fit the eXperimental values for the K - pA data. ('See Fig. 18). These"
numbers are prehmmary and do not represent the best values one can’
get fromthe data presently available. o -

A more complete study of the resuilts one can gét from the apph-
cation of forward dispersion relations tc the K- N data is underway
A subtracted form .which remeves the " Yl* pble from tz}rée residue term
has been used by G Goldhaber .and ‘his collaborators Prehmmary
results 1nd1cate that the rema1n1ng residue (A,Z, and poss1bly,, ?Yt)
poles) is positive, opposite in 51gn to our value for the total effectwe

pole. 1t is p0551b1e that the Y ¥ residue is large and negatlve, thus

1
accounting for ,th1s.d1£ference in s:.gn. Uncertainties .1n ‘the expenm.ental

data make an unambiguous' solution unlikely at the present time.
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VI. CONCLUSIONS * 3 &
. The ener‘gy dependeénce of the .K+ p total cross s'eetion appear's
_ to be. S- wave up'to about 0. 8- Bev/c momentum . In the reg1on of the. Z'r
production threshold there is a shoulder in the total cross section and as:
slowly decrea51ng elastic cross section. ThlS behavxor is nlustrated
in F- . .19 by the curves that are drawn through the expe*lmental points.
' (The curves have no othet mgmucance ) It is seen that the total cross
section cannot be pure S- wave beyond about 0.8 Bev/c _ | "

The phase shift analysis at 0. 97 and 1.17 Bev/c 1nd1cated an in-
Acreasmg P-wave contribution to the elastic scattg}rlng, as expectéd
frorn the discussion above. We were unable to pbtain a umque set ofﬂ.
phase ShlftS however all soldtlons md*\cated ‘!heﬁoresence of conmderable
- P- wave 1nteract10‘1 L R ;" _

We were able to determine- values for the real part of. the forward
‘elast1c scatteung amphtude at 0. 97 .17 andl 97 Bev/c These quantltles were
used in a forward dispersion relatlon calculatlon The results are, ‘,a's;
is usual with these ‘calculations, rather 1mprec1se They do 1nd1cate -
areas where mcr.e data would be useful. We are encouraged by the rather '
good {it to the measured values fot D (w) ‘that is, for K -p scattermg
For the average pole residue we fonnd I' = - 1.0. This is the resa.due of
an*effectxve pole mcludmg the ‘A, Z, and 'Yl poles, and poss1b1y the
Y pote ' ’

0 The existence of the Ylfi'a’h'd. YO"*, iaoles complicate the p:ob_lem:"
of determining the AKN and EKN 'rela'tive parities. These cornplications,_ '
are d'“seussed by Dalitz. 2T At present we can say only that our negatlve
value for the composite pole residue is con51stent with even AZ
relative parity, Wthh is the result found by Tr1pp et al. 28 . .

We wish to emphasme that our analysls cannot separate the’ effects |
of the various. pole terms on K -p scattering, thus maklng a deter-
'manattcn of the KAN parity practically 1mp.oss1ble.' However, it is of
interest to atter’npt tc fit the real part ofithe I'sca‘ttezri,n'g;amplitude' as a

function of energy to the predictions of dispersion theory..
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APPENDICES

A Multlple Scattermg Correctlon to the Total Crosq Sectlono

an51der a bearn of K' 8’ t:ravelmg paralle], to .th.e,central beam
axis. We assume a radiall'y symmetric beam in whick the particl'e
density at“the transmission counter, assuming no multiple scattering
in the hydrogen, is’ f(r) "'The total number of particles in the annulus

dr at r is
n‘(r)dr = 2mr f(r)dr .

For this calculatlon we conblder the hydrogen.to be concentrated at "n
center of the’ target, thus neglecting the lateral diffusion of Lhe heam in
the target and the correlatmn between lateral d1sp)ace:ment and scat- : |
tering angle. - B o ' : .

The rms projecteq,sca*ttering:angle,i‘s:ﬂgive’.n by

i

5

s
>
~
it

o
cﬂ

where
p= particle momentum,
B .= particle velocity,
. L= path 1ength in scatterer

4X0=' radlatlon length in the sc‘attermg medlum

The d1str1but10n of scattering angles is normal with mean 6 =0
and standard deV1at10n < 0>

<_>-—-__ exp(-6 /2 <6>

: Partlcles Wthh were at radius r in the unscattered bea*ﬁ wili Le

P(6) =

3

'distributéd normally about r as a result of multlple scacte*mg in the kydre-
gen. Writing the standard deviation in radial displacement from r as.
€ —<9>d . where d is the distance from the center of the hydrogen

target to the T counter,
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wehave R e S i
: dN(R) —%l—— exp {-(R-9)%/2 %] ar. AT
S zZw oo | S

The total beam d1str1but10n is the result of a -paral llel beam undergo1ng

multlple Bcattermg in the hydrogen target ‘and is g1ven by

N(R) = j nbE) oyl - (Rar)P/2 ¢2] tar.
: h ¢ /2w . ‘ - L

jNow .n(r) ‘is é. éio(wly varying function compared with

-expl| -(R-r)Z/Z‘e_Zj" ' Then we can expand n(r) in a Taylor sérles o,
: : 2 Ty '
- 2 d°n o
n(r) n(R) +. (R r)ﬁ-— +- 2 (R_. ). Il;z ,

neglecting terms'._(')f h'i'.gher or—*de"i-',vi,n (R-r). Then we find .
N(R) = n(R) + fz-. @ "
o o d'Rz. A

The number of partxclec that pass through a c1rcu1ar transmlssmn counter

.is then
o ',.RT ‘ "-G‘Z' | ;-12'11' ; o
; ) dR ‘ ] . . s !
,“““ NT + _2—,- a? j 3 i . . -
vg_here

N - N".I‘ = number of pa.rtlcles whzch ‘would pass through the "I’_ counter
" in the absence of multxple sca.ttenng, and e

RT radlus of T ccunter
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The_ correction to the transmission rate with target full 'is. then

M

- AN Ni-N. '
AT = = F = T M ; (N = number of K's 1nc1dent on the
. ' B : : hydrogen target) ,
and the correction to the total cross sectmn rs . ) N
) # .
Ad_ 1 ATF_‘- l 2‘” ! ] . . ] oL
va . _TF o ZT\T R 'R : S
: . T, o
‘ where
"pv = number of protons per unit volume,
L= length of hydrogen target
. N, = number of part1cles that pass through the 'I‘. counter w1th

target full.

B. Derivation of Forward Dispersion Relations
for K -Proton Scatter1ng ' ‘

The der1vat1on presented here follows the d1scu531on g1ven by
Chew 3 We include only enough preliminary remarks to define the

problem and refer to reference 20 for theoret1ca1 justification.

*

1. Kinematics. Cons1der the d1agram in Flg Bl. The four

momenta Pyst s p4,. re-presentmg., four ingoing par.ncles, sagigfy the
conditions V ' ‘ ) o -
: v

4 2 . T
Z p. =0 ~and p, = M. .- oL By
. 1. 1 o1 c S L s .
i=1 7 . . : ; - .

It is convenient to use the invarié.nts 's = (p; +p’4)2 (for 1 =152, 3),

as variables in describing the sca.ttermg processes for the three channels
‘listed below. Only two of the s varlables are mdependent smce they
satisfy 1’3 s, % M 2, where M = mass of the ith partacle

i=1 i=1 _

The assertion is now, made that the invariant scattermg amphtude

A(s 185, 8 ) depends onl'y on any two 1ndependent 8 varlables and not
. D
£
i '-. . : . - - ‘.

1
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on which of the p represent ingoing and which represent outgomg

partxcles. The diagram in Flg Bl represents the three processes

I K +p “K +p
. "p+ p - Kt + K™
m. K'4+p k" 4p.

2. Mandelstam representation. A prescription for the analyti-e

continuation of the invariant scattering amplitude, wh1ch 1s Symmetnc
in the s vari‘ables has been guen by Mandelstam (Reference 3 includes

this paper ) Accord1ng to this prescuptlon

3 1"‘f°ds.' (s') 2
e

o P E
A(s,,s,,8,) = Z s
T

C ‘ds.'ds.'p..(s.'s. ! = T
¥ 1. ) le(" 1 J_) (B-2)
) {s.T-s.)(s.T-s.) .’

i g1 R R I i

where 1ntegrat10n s ‘extended from a lower limit greater than or equal

to zero over the positive real ‘axis, The spectnaf functlons p "and .

"p..

i are rea_l and satisfy the conditions

Pi(si) =# 0 only when',ss'i =-M2 B I
pij(si’s")- 75 0'onlys when Si or Si =M, ’
where M is the mass of a phvucal systh having the same quantum

numbeTrs as the channel for Wthh the correspondlng 8 var1ab1e is the
total energy in the c.pm. ystem The regions in wh1ch the spectral
functions are nonvamshmg are nlustrated in Fig. B2. The hnes along
which the single spectra‘ functions do: not vanish lead to poles in the
scattering amplitude (B-2). The poles which occur in the amphtude .

representing the reactions of F1g Bl are
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Fig. Bl. Diagram defining.the v
relation derivation. .

MU.26540°

ariables used in the dispersion=-
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.Fig. B2.. Mandelstam diagram for the three charinels: I,
- K +p~K.+p;1I, p+p =K' K7 11, K"+ p-= Kt + p.
Shaded areas define regions wheré spectral functions’
~are nonvanishing. Dotted lines. are poles. - ‘
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Channel o Particle
oo Ay LY
II ) ) . ‘» . ) a pp‘w
I ) ‘ . '__nc')ne. :

3. Forward d1spersxon relatlons The one-dimensional dispérsion .
3

relations are denved ‘from the expressmn (B 2) as follows FlI‘St, con~,

_'sider s1 fixed in its phys1cal energy range Then ‘we see from Flg BZ

that the other two s variables are ”nonphys;cal". vThus‘the_only de- -

nominators which can vanish are those cohtaining s 1' -S,. Using the

relation
— = 4 i . L R
Sl -Sl =P S—_I-T_-S—l_ +: 1 'n6(51 Sl) ' - '- o . _(B 3)

‘where P indicates princ_ipal' v_alne integral, one finds.

' ’ . * . . = , "yds ' R - (s ,‘s ‘vl')dS';
o h o [ eplspesptidsyt oy regslsyssgt)ds,
Tm Alsyrspesg) = e (o) jﬁj CAE PR T35y

'.\'\f = A (313 52’53) - V . Tof (3“4)
Slmllar expressmns can be found for A and Al where sZ and’ 53,‘

reSpectlvely, are confined to physical va.lues.' " The, amplitudes outside
the ‘physical regions are now defined by 'the expressions given for Al,'
AZ’ and A3

1n three forms 1n terms of A AZ’ and A

With this definition the invariant amplitude can be written

We are interested in the form that requlres the momentum- transfer’

vanable for K' -p scattering (52) to be fixed, namely

: 1y

Als.. s, 8. = 1]‘132 palsy') . 1]‘15 A ls)tisp.857)

N ’ ’ - T T : ) E I
1’72773 m (52 sz)‘ l1'r _ ,(sl _sl) -

N o ] ds3'A3(s_l"','$2,s3')_ o
. t (331_33) - - (B-5)

In particular we want dispersion relations for forward scattering where

SZ = O' ‘ 7 - . - . . 2

-
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Then
rA (s 0 s )ds A (s )ds
1 1771 3 1 °3
Als 5,)=C 4+ = | — + = —
1 3. T i -(sl-‘f.sl . J (53 -33)‘ -
B (B-6) .
. . . " ’ §
‘where ¢ ¢
C= = | T = constant . Q
) ™ [ S2 ~52_ } iﬁ

The region of 1ntegrat10n below the- phys1ca1 threshold (M+1) in. the s1 o
1ntegra1 contr1butes poles at therposnmh indicated prev1ously Each of .
the pole terms 1_s ot the form 1\712-.5—, ‘where I‘_i. is the re51due of’ the . 2;.
i i - ‘

pole and M -is the mass of the intermediate state partlcle associated
with the pole The anphysmal regmn 1s further comphcated by the
ex1stence of two-particle 1ntermed1ate states, Wthh lead to branch .
points at '8y = (M + M ) .and.’ 51 (M + M. ) If we remove the pole ;
terms from the s1 1ntegral the lower 11m1t becomes (MA+M ) = SATT,;
There are no unphysical conttlbutxons to the 1ntegra1 over 4. 'Il‘huks,
the lower limit for th1s 1ntegra1 is (M N) Sy

It is convement to write the d1sper51on relatlons for forward '

P

_scattering in the lab. system wheTe the proton is at rest and the K has '

_.} 2;2_‘7__
s3 = (py4p,) =M +14+20M,

]

energy

Then

where M = nuc:?eon mass. For.‘ K+-pﬁ-é'catter'_ing we ‘hevé .
' ~m®-1. o R L g
w = T .E w for ehannel III, N .
and a similar e'xpr_,essionl for K,:—p s'catterin.gi',h
s -m®.1 ; N .
1 _ ~ :

wf - M =w ‘for,cehanne,l I
S :
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) . o K . - . . . * . .. . o Z' Z v' "2 . _. 'v.
The Sl and 53 variables are related by ) +8; = 2(M +1),
for szco.:Then_' ‘ |
C2(14M%-s -M%a1 14 Mies, C
ot )-8 o L (B-7)
SR M - 2M D S

- Pefihe _ wt = w. Then (B-6) is the amplitude for channel III and we can

write

| ' o Ly - 1 A (w')dw! 2M
| (W=C+ X - ~ ¢ L — MR
e T e | T L (2Mo +M%+1) - (M“41-2Mo)
_a A (w L
* T a . T " R .
o “,[ (ZMw'+M +1)- (2Mo.>+M ) ey
. r, R A (0')de! A (w!)de!
i “Mlwtw) © TeTdw T om ) T wiee T
' ’ S SR
: ‘.wheee E - MiZT_MZ_l, . ' _
o Salys Vs Y (B-8)
- . | _é.

The only term that can have an 1mag1nary part 1s bhe mtegral over A3
where the denormnator vamshes at w3' = 3 Usmg'(B 3) we' can write

the real part of the amphtude for channel III

- o P A (w')dw' P wAs(w:' )dw' '
Re (@) =C+ Z - e B 1 + = : .
: AHI_ S i Zlei~+w$ o T Wl 4w - T fw
. . ‘j . . w .V . . . y t -";. )

. S - Am u 1

- o o R (B 9)

The phys1cal scattermg amphtudes are related to the mvanant
' amplitudes by A(w) = Z' £ _W = total energy in c .m. The physmal
forward scattermg amphtudes for the c. m. and lab systems are related

by = L ok ' W
f = 'fc.m. - v fC.m
0 k M0
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Then ]
Ly e 2 A
fO (.w)._ M Aw) .

Deflmng -

f (tw)— D(w)+1A (w),
we can write ' ‘ ’ o . ] - .
’ ' r. - 1 A (w' )dw' : 1 “A (w')dw'
D (w) Gt Z -71_— tT ' _"T_—' t T —_—_'_3?'_

‘ _ i M7 (w, +w) ™ ,

o i w - /1

. . A-n* ]
(B-.'l'O)

4, Pole Terms. - It can be shown tha_t‘ the residues é.t,the poles
are given by o - o
r. ’giz A(Mi+1\//l)§.—1

i — » : . el
. =+ = i —— ° for even (K, 1) parity
MZ ) ,.4'TT M'Mi : o SR RS

> ’ . ;' 2 . . ‘- N A .
SRR -1 "[1--(Mi—M) | ST
el e ™ M1 - 'Afér‘od.d; (K, 1») pa:r-‘lty.

The sum over the pcle terms for K-p- di_spersio'n”relat’i'on_ is _

r. ‘[P, . T yro Ty * "1+

where ,
0.125,

"

-
wgp =.0.320;

le 0.403,

= 0.429 . T doo
s ) . . - .
S . ] .
For w suff1C1ently large we can con51de*° a composxte pole- havmg re51due

I‘ at w-032
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‘Scattering. lengths determined by Dalitz and Tuah

Ross30 to calculate (B-13).

‘5., The unphysmal contlnuum The branch cuts beg1nn1ng at_

W= wA "ahd wzw in the unphysmal region mtroduce a comphcatlon into

the calculation since ‘the 1mag1nary part of the scattermg arnphtude cannot

" be evaluated in a d1rect ‘way in this region. One can only proceed by

extrapolating from the. physical region accordmg to some theoretical

scheme. One such approach is to use the S-wave zero effe.cnve.range

29. to calculate the

" scattering amphtude in the.unphysmal regzon The S-wave forward scat-

Y

tenng amphtude can be wr1tten C o S

£(0) = Zi?‘ sih~60-exp(i50) * sin &, exp(is ], = . - - (B-1Y)
where - ' i _ . ‘ | .

50 = S-wave phase shift for T =0

§, = S-wave ,pha:se_: shift for T = 1. N

-In terms of the complex scattermg lengths given by-

,A-a+1b- k'c,;ot6' '
" (B-12) can be written _
f(o) =». 1 A0+A1 - 21k AOAI . '(B-'IZ')
“ i (11kA)(1-1k7¥7 =12,
_ '_ Foxll_ w less than 1_, k=i |‘.k | . We find 'fo:'the imaginary part
of the scattering amplitude . . B L L
. N ) ; b . -." o - -A ..‘.,~ b
-1 e N 1 :
Im £(0) = 3| = ° b e |
(1+a, ]k]) +b,, |k| (42 [k [) 7+ ||
o B-13)

We have used the two sets of scattermg lengths found by Humphrey and

& .
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6. The high-energy regidn" The total cros'54 ‘s,eozti"zon.s for K -p

(0.) and K+ -p (o ) have been measured up to .about .? = 40. The
integrals in (B 10) were evaluated by drawing a smootlat.curve through
. i '
the experimental values for . A , which were c_alcu].atediby using the

optical theorem
_ 2
_ ‘w10
A2 7 T
0 and numerlcally mtegratmg under this curve up to w = 40. The energy
reg1on above ‘w = 40 can be evaluated by usmg the expressmns given by
25 ‘ ‘ :
: Udgaonkar o
4m (A_-A) z.'.‘-_c w’_

4 (A"-_+A+)-zwf + hw 2, for w>>1, - 4 ' (B-14)
where we have set
k = w?-l Tw.

The integrals in (B-10) can be written , '
: o y i ' -V‘:, S - 'A ,
. 1 :.w‘ (A+ +A )+ w(A_ A+) dw . A K . ,
= S 2 2 ' ) . vV o .
) : (wl) - W : .
» w : , _

These integrals do not converge. Convergent forms can be found by form- .’

ing subtracted relations. Con51der for éxample ‘the single subtractiori

(@ 20w e+ (@) ] e de o5l fro (0,1
I(‘")I(“’z“'—f _ I

[(wl) "wl ][(w ) 'wl ] . ) . ' )
. ’ 0.1
cl{w?) }dw' .
For w,>>w w, we can wr1te
0 1. 2 . (2_’_]9)
S - (w ?_, )[w'f+ (w') h]+ (o) wz) (w') |
I+(w1) -1 (w2)~ 7—] " .w,.'
' 2 2 S . '
ey e ) [:_E_ 4 h S (“’1“”2)'[ 1 - ]
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