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ABSTRACT 

The total K+-P cross sec·tion was measured at the three K+-meson 

energies 175!25, 225!25, and 275±25 Mev and the differential scattering 

cross section was measured at 225 Mev. The K1--p nuclear force was shown 

to be repulsive from the observed constructive interference with Coulomb 
\ 

scattering. The differential cross section was otherwise isotropic and 

could arise from either pure S-wave or pure P-wave scattering. 

Subtracted dispersion relations were applied to these data and the 

rest of the available K proton scattering data. The statistical errors 

on the data were found to be too large to determine the K-hyparon rela-

tive parity.. However, if the Kl\ and K£ relative parities are assumed to 

be the same, then if the coupling were scalar. the coupling constant 
.2 
,../~would be less than o.6; if pseudoscalar, less than 10. 
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r·. INTRODUCTION 

Info~nation on the scattering of K+ mesons on protons is of the 

greatest importance in that it may allow us to determine the nature of 

the K-meson-nucleon forces. Data at low energies have coma mostly from 

the rare scattering of K+ mesons on hydrogen nuclei in eumlsion. A 

compilation of the world total of 75 events was reported at the 1958 

High Energy Physics Conference at Cern.1 The angular distributions in 

the three energy intervals 20 to 100 Mev, 100 to 200 Mev, and 200 to JOO 

Kev, due to the large uncertainties we~ not inconsistent with isotropy. 

From a more recent compilation of data. 2 total cross sections have 

been obtained as shotin in Table I. 

Results from emulsion events 

Energy 
(Mev) 

20 - 100 

1oo·- 200 

200 - 300 

'I'otal K+-P 
cross sections (mb) 

lJ • .s ! 2.8 

14.2 ± 2.6 

18.0 ± 3·.5 

The angular distribution of the events corresponding to the 200-300-

Mev energy interval is given in Fig. 1. 2 

The purpose of this experiment was to measure the total K+-meson-

. proton cross section at the higher energies--namely, 175±25. 225!2.5, and 

27.5±25 Mev--as well as to determine the differential-scattering cross 
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No. 
of events 4 

2 

o·~~~~~~~~~~~--~~~~~ 

I 2; 
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Fig. 1. Angular distribution (c. m. ) of K+ mes~ns 
scattering off free protons in emulsion in the 
energy interval 200 to 300 Mev. · 
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section with small statistical errors at 225 Mev. If the rise in total 

cross section should be due to a rising P-wave contribution. an as,ymmetr.y 

in the differential-scattering cross section should be seen. 

The application of dispersion relations to the determination of the 

relative K-meson-hyperon parity is discussed. 
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!I. K+-MESON SELECTION 

A. The K+ Beam 

The hr+ beam was set up for thraa ~-meson energies; namely, 175;t2.5 

l'1ev" 22,5±2.5 Mev, and 275:t25 Hev. Figure 2 shows the experimental 

arrangarnant of t."le beam. The tantalum production target was situated in 

the west straight section of the Bevatron~ It was 5 am long in the dir

ection of the proton beam and presented a cross section of o.6Jx4.J em 

in the J<+-baam direction at 60° to the proton beam. 

Both the bending magnets were of the two-lens, strong-focusing type, 

having a 4-inch aperture. The first magnet momentum-analyzed the accepted 

particles coming from the production target 0 and 0 at the same time,, re. 

focused them at the lead slit, which then selected particles of the 

desired momentum. The beryllium helped to separate in momentum the pro

tons from the K+ mesons coming down the channel. The second magnet then 

·canceled the divergence of the desired particles and refocused the par

t1oles with the K+-meson momentum at the defining scintillation counter. 

The scattering-detection system set the follo,dng requirements on the K+ 

beams 

1. The angular divergence of the K+ masons should be lese than 

t 2°; 

2. They should be focused on an area 1.25 in. in diameter: 

J. The energy spread of the K+ mesons should be no greater than 

about ! 25 Mev; and 

)' 
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beam 
R counter /proton 

/target 
0 c\ter j 

Fig. 

\ no. 2 counter 

7TA counter 
no. I counter 

+ 2. The K -meson beam. The two magnets 
select K+ mesons of the desired momentum 
and focus them behind the D counter. 
Beryllium was used to separate the K+ mesons 
from protons and the various counters were 
used to identify K+ mesons in the beam. 

MU-!6237 
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4. The number of K+ .. masons par Bevatron pulse should exceed 2.5 • 

B. Electronics for the ~~1eson Identifigation System 

As seen above, therr+ mesons, K+ mesons, and protons that are 

accepted by the lead slit at the first focus are of the same momentum. 

Because of their mass differences, their velocities are differente Thus 

the ~ mesons can be identified by their transit times over the 8-foot 

length of the counter telescope from counter No. l to the D counter. 

Figure J shows a block diagram of the counters and electronics associated 

with the identification of K+ mesons. A description of the oounters 

follows. 

Scintillation counters Nos. l, 2, and J were t in .. thick in the 

beam direction and JxJ in. in cross section. They were coupled optically 

to 7264-t.ype RCA photomultiplier tubes by means of Luci te light pipes • 

Sointiilation counters D and R were also t in. thick in the beam direction. 

the former being cylindrical in shape with a 1.25-in. diameter and the 

latter square in shape with 3-in. sides. Each of these counters was 

mounted on a 6810A-type RCA photomultiplier tube also using Luoite light 

pipes. In order to avoid false counts due to Cherenkov radiation in the 

light pipes of these counters, all the oounters. were placed in a vertical 

position with their light pipes below the beam. 

The nAcounter is a velocity-threshold Cherenkov counter which iden

tifiesrr+ mesons in the beam. Its radiator consists of a clear liquid. 

Fluorochemical FC-75, manufactured by the Minnesota Mining and Manufac

turing Company. The liquid has an index of refraoticn of 1.276 and is 

J 
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The C3 fast pulse to 
multichannel coincidence ckt. 

The 52 slow pulse to 
multichannel coincidence ckt. 

- ~-~G 
Bev~ 

timing 
pulse 

F . 3 K+ . d . f' t. 1g. . -meson 1 enh 1ca 1on. Coincidences and 
anticoincidence s are taken among counters 
1, 2, 3, D, R, and n A' The s2 scaler gives 

the number of incident K+ mesons; the "'S" 
scaler gives the number of K+ mesons that are 
lost between the D and R counters, and the 
s 1 scaler gives the difference s2 - ~ 

Oscilloscope 
trigger pulse 

MU-17325 
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contained in a Lucite cell. or 1/16-in. wall thickness, 2.5-in. thickness 

in the beam direction. and 2.5 x 2.5 in. cross section. Tho radiation 

leaving the cell is .reflected with a cylindrical aluminum mirror to the 

photocathode of a 6810-type RCA photomultipl~~r situated in a vertical · 

position., 

The negative anode pulses, after being properly delayed, were con~ 
•,. . ' 

nected to the coincidence circuits as shown in fig. J. · The onl.v excep

tion to this was the "'TA pulse, · which wa~ di rtded ·into three pulses each 

ot l>7hich was ~.mpli.f1.Ei:d with a Hewlett-Packard 460A distributed 

amplifier. 

Each of c2 c C), and c4 in Fig. J is a threefold millimiorosecond 

coincidence circuit with an anticoincidence circuit incorporated into 

it. 
j 

Counters 1 0 2 0 and J were connected to the inputs of c3 while 

counters 2, J. and D .,were connected to the inputs or c4• The reason 

for having two co~ncidence circuits and four scintillation counters was 
i 

simply to improve the time resolution of the system. Coincidence cir

cuits c3 and Ol~ were t.iroed for K+ mesons, but to improve the rejection 

ratio :for rr+ mesons. the- TTA counter vas plao$d in anticoincidence. The 

purpose ot the R counter and c2 coincidence ciraui t was :for the range ... 

energy measurement of the K+ mesons, but this is discussed in greater 

detail later. In Fig. :3 it oan be seen that the output pulses of c3 and 

C4 were amplified a.nd then disoriminatedo The fast d.iscriminator circuit 

was or the EFP60 type, described in the UCRL drawing #3nl4J. The ' 

other discriminators ~n Fig. 3 are the same. The s
2 

circuit, which was a 
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Rossi-type diode coincidence circuit with a lo-7 .. sea resolution, detected 

coincidences bot<'ieen tho outputs of the c3 and c4 discriminators. The 

outputs of these discriminators as well as the output of the s2 coinci

dence circuits were scaled. The s2 scaler then gave the number of I(+ 

mesons passing through the counter telescope. 

The inputs to the 02 roillS.microsecond coincidence ciroui t were o-.1t-. 

puts from counters 3, D, and R. The output of the coinoidonce circuit 

was amplified, disorimiTh~ted against doubles, and scaled. Coincidences 

with a 10-? -sec resolution were made between the s2 output and the c2 

discriminator output, and after discrimination against singles, the two

fold s1 coincidences were scaled. Similarly, an anticoincidence 

requiring that s2 count and c2 not count was detected and·· scaled with the 

s -scaler. The S scaler then read the n\Ullber or t<+• s that reached counter 

D but did not pass through counter R, whereas s1 was simply s2-~. which 

was equal t.o t.he number of K+ mesons that reached counter D and also 

counted in R. These counters were used to determine the range distribu

tion of tho K+ mesons in copper inserted between counters D and R. 

During the data-taking part of' the experiment, a liquid hydrogen targ~t 

was placed between the D counter and a trigger counter, T, which was 

substituted for the R counter in the electronics. Under the oircumstanoes, 

whenever a. K+ meson scattered and missed the rear trigger counter T, S 

would count. A pulse from S would then trigger the oscilloscope upon 

whose sweeps the various counter pulses would be displayed. In order to 

avoid false triggers of the oscilloacope 0 the S oscilloscope trigger was 

placed in coincidence with a 200-msec. gate, G. This was the same gate 
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that allot·Jed the scalers to oount during the time interval in 1-vhich the 

Bevatron proton beam was be1.ng spDled onto the targeto This scaler gate 

unit tms intitial1y triggered by a Bevatron timing puloe. 

As shmm in Figure 3, outputs of C-3 and S~ coincidence circuits were ~ .. 

sent to a multichannel coincidence oirotdt which took coinoiderices be-

tween the K pulse and. the vari.ous outputs of' the scattering-detection. 

counters. This is discussed in greater. detail in the section on the 

scattering-detection s,ystemo · 

C., J;denYt:ication of K~ Me2on; 

With the oor,1bination of counter choice ar.d of fast-coincidence cir

oui ts 1 t was possible to distinguish K+ rna eons froln1f+ mesons and protOns 

~ virtue of their velocity differences. A resolution curve of the K+-

meson identification system at 175 Mev kinetic energy is shown in Figure 

4., The delay in counter 1 ;.ras varied 1rrhile the rest of the circUitry was 

timed for l(t- mesons., Table !I lists At, the transit-time dU'fereneea 

ov-er the 8 rt .. of the oounter telescope 0 between t<+ mesons and rr+ mesons 

and between tc+ mesons and protons at the three energies .. 

Table n 
Transit-time differences 

4* Tmergy 

(nycsec) 
(Hev) 

175!25 225!2.5 275t25 

bi;l(tr ).42 2.68 2ol) 

JtJit"Kp 6.6o s.s 4.7 
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Blf use of' this table it is seen in Figure 4 that v+ mesons would appear 

· at a delay of about 12 m}(sec and protons at about 22 rnpseo, both out

s~de the resolution curve. The v• mesons were :rejected mostly by the 

Cherenkov counter and partly by transit-time difference. Protons, on 

the other hand, were rejected by tr.t'lnsit-time dtfference. Similar 

Counter 1 delay curves were obtained at 225 Mev and 275 Mev kinetic 

energies, but in eetimating the JT+-me~on contami.nation, a little more 

caution was necessary. At either energy the proton peak wnuld fall at 

·delays ereatcr than .20 m)'oec, and it can be seen from Figura 4 that they 

would not give any o<">ntribution to s2 nt 15.; m14seo. · The.,-+ mesons, 

however, had their peak at 13.4 m sec. for 275 Mev. kinetic en.ergy, and 

therefore it was necessary to estimate what £r~ction of tbe counts at 

15.5 tty(SOC delay Ha_s due tolf+ mesons. 

· it/hen the counter . telescope, ·with the Tr4 counter turned off, was 

timed for. rr+ Jllesons, it was found that the ration of rr+ to K+ t-ras about 

100 to 1. · The telescope was then timed' 2 m14seo off the 7T+-meson peak in 

the direction away frot11 the K+-meson peak, to make certain that only ff+ 

ware being identified. The TT flux was observed for the U:, counter tumed 

orr and on. 'l'he ratio of the fluxes was 1500 to 1, and this then gave 

the efficiency of the 114 counter for rr+ mesons. The rejection of rr+ 

mesons by transit-time di.fferencewas bette.r than 10 to 1 when the iden-

ti:tication system was t.imed for K_+ mesons. The result ,;,f these two ef-

facts was to reduce the 77+ -meson contamination of x+ mesons to less than 

o. ?f,. 
I 

( 

:(. 
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The energy distribution of the K+ mesons was determined by their 

range in copper. In Figure S is shown a range-distribution curve for the 

K+ beam at 22.5±25 l1ev kinetic energy. The copper was inserted i11to the 

K+ bea."!l ahead of the R counter. Similar curves were obtained for the 

175±25-Mev and 275t25~ev kinetic energies. It is to be noticed that the 

range curve has a tail of several percent. It was necessary to show that 

this tail was not duQ to TT+ mesons. The probable explanation is that the 

K+ mesons that stopped 1n th& copper decayed and sent the charged decay 

into the R counter. 

The half width of the resolution of the s1 coincidence-circuit com

bination was ab()ut 2.5 m,qseo, and the mean life or the r:+ mesons is 12.2 

m~seo,4 so that 18.5~ of the K+ mesons that decayed at rest in the copper 

would have been timed correctly to count in the ran,se ooun:ter. A d$cay 

curve was taken on the R counter and the results are plotted on :Figure 6. 

Xt can be sean that, with 100.2 g of copper in. the counting rate of K+ 

masons doea drop off e:{ponentially wi. th a slope corresponding to· the 

mean life or K+ mesons. Had there been a strong rr+-mason contamination. 

the _K+ ... meson counting rate would have dropped noticeably wr..en the delay 

was changed from 0 to 2 m~sec. 
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MU-16235 

mesons 



-19-

VI 
c: 
0 
VI 
Q) 

E o.o1 
+ 
~ - ! 0 

c: 
0 -u 
0 ... 

LL.. 

0.001~--~----L-__ _L ____ L_ __ _L ____ l_ __ _L __ __j 

- 4 0 4 . 8 I 2 I 6 20 2 4 

Time delay in range counter (mfLsec) 
MU-17591 

r 
Fig. 6. Counting rate vs. delay in the range counter. 

The data show that the tail in the range 
distribution of Fig. 5 is due to K+ mesons 
stopping in the copper and sending the decay 
products into the range counter. The falling off 
in the counting rate with increase in delay is 
consistent with a K+ -meson mean life of 
1.22Xlo-8 sec. 
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Ill SCAT'ffi'RING ... DETECTION SYSTEJ:1 

AQ Principle 

In any kind of scattering experiment one always tries to obtain aa 

many events as possible and as little background ae possible in order to 

arrive at sta. tistically sound cross sections" This was especially the 

problem with the scattering ot ~ mesons on protons, since the K+ mesons 

are somewhat rare, and free protons do not c01ne in high densities,. The 

relationship between all these quanti ties 1s e'WtBl'lal"ized ae 

tlr} T..n. L. 6 ...n.L 

where Np is the number of protons per square centimeter, 

N 1<. 1s the number of incident K+ mesons, 

(1) 

~~~Lis the differential K+-mason-proton cross section in the 

in the laboratOry system, 

.O..Atia an increment of' solid angle, 

and tA.N )4.n..,1s the nu1nber of' K+ mesons that scattered per unit solid 
,d..n. a. . 

angle into the solid-angle interval .b.J"Lt, .. 

At the K+-roeson energies used in this experiment identification ot 

a K+-meaon-proton scatter could not have been easily done b,y detecting a 

coinoidenoe between the K+ meson and the recoil proton~ because the reooil 

proton had too low an energy. 

Figure 7 shows the kinetnatic relationship between the center-of-mass-

system scattering angle of the K+ meson and the laboratory•system angles 
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Fig. 7. Relationship between the lab angles of the 
scattered K+ meson and recoiling proton and 
8K' the c. m. scattering angle of the K+ meson. 
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of both the recoil proton and the scattered K+ meson. It can be seen 

that for any elastic scattering only one of the two particles enters a 

forward cone of half angle 500 (lab). Thus, in order to find the angular 

distribution of the scattered I\+ mesons, it was sufficient to determine 

the angle of the for.va:rd particle in the cone and then to identify 1 t as 

being either a K+ meson or n proton. The inelastic scattering of K+ 

mesons giving rise to -meson production is presumed to be small.S 

B. Target 

A liquid hydrogen target assembly was oesigned for the experiment, 

but its de.sign i.s such that 1 t can be easily. adapted to various. types and 

sizes of hydrogen vessels for other experiments. Views of the inter

changeable target are shown in Figure 8, a drawing of the complete target 

assembly can be found on UCRL Draw"ing No. 7A600.5B. In Fig. 8, a is 

the Mylar vessel 6 in. in length, 3 in. in diameter, 0.008 in. in thick

ness at the ends, and 0.015 in. in thickness at the cylindrical surface. 

Tube b was connected to the bottom of a 2.5-liter liquid hydrogen 

reservoir and tuba c to the vent through a valve.. A liquid nitrogen 

jacket tha!- surrounded the hydrogen regervoir was in thermal contact 

with the copper heat shield, d • to reduce heat absorption by the hydro

gen. For heat shielding of the ends, thin copper sheets e were used. 

The entrance window . f was made of Mylar, whereas the exit window g 

'~as disc-shaped and made of' stainless steel. Lucite windows h ivere 

situated at each side of the target. 

The major boil-off occurred inside the Mylar target itself because 

1' 
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Side view 
Front view 

MU -17328 

Fig. 8. The liquid hydrogen target; a is the Mylar vessel 
6 in. in length, 3 in. in diameter; b is a tube 
connected to the bottom of a liquid hydrogen 
reservoir (not shown) ; c is a tube connected to a 
vent (not shown); d is a copper heat shield in 
thermal contact with a nitrogen jacket (not shown); 
e is a thin copper sheet also used as a heat shield; 
f is the Mylar entrance window and g the stainless 
steel exit window; and h is a Lucite window at 
each side of the target. 



of heat absorption through tho holes in the heat shield in fY'oJJt of the 

windows h • 

c • Rivg f::o!m!.~+:R. 

The angle of the particle going forvmrd in a K .. r_me.son-proton 

collision •;as dffiignea 'Hi th 1.5 ring countars for;,ung tt;o concant:ric cones 

directly behind tho target (Figure 9)., Efficiencies or~ th:)se cotmt.crs 

at various points on th~ counter were checkod by t.l:le following r.l<:lthod bo

qo 9o 
fore the e:x-periment l-UiS begun. A Sr -Y /3-ray source t-vas placed over 

the oountsr and a tiny scintillation counter beneath it. ':,fuen a (3 ray 

of sufficient energy passed through the ring couu1ter and penetrated the 

counter underneath, the latter counter triggered an oscilloscope and the 

output pulse. ot the ring counter was displayed on the sv.1eep. A pulse-

height distribution lin!.::! thus obtained. By fitting a Poisson distribution 

to these data. 1t uas.pnssibla to estimate the probability that no pulse 

ttould appear at the outflut .9.nd thus the inefficiency of the counter at 

that point. The ove!'-all efficiency of all counters \•i'aa then found to 

be better than 95~. The ratio of the ayerage pulse heights at the best 

and worst points on the counters varied bettv-een t~-10 and fouro 

1\ scale dral-ring showing the position of the ring counters tJith res-

poet to the hydrogen tar~et is given :in Figure 10. Each ring counter 

overlaps the adjacent one in order to improve the angular definition. 

It tool:: one or t'llO consecutive cotmts from 0ach of the tt>Jo cones of 

count0rs to define th~ sca1~tering angle of the K+ Meson to better than 

!5°. Each of the chosen counter co:nbiDat:!..o:1s then detec·ted scattering 

events occurring at some particular .volur;:a ins5.de the targot. only • and 
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Fig. 10. Cross-sectional diagram of the target and 
scattering-detection counters. 
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did not "see" the defining counter D, or the Y~Ylar and steel windows ot 

the target. It was possible for some of the selected counter combina. 

tione to detect scattering events in the walls of" the H,ylar vessel con.;. 

taining the liquid hydrogen, but these walls wore very thin and their 

effect (determined by rUnning the target empty) could be subtracted out. 

D. K+ -ll>fts,on-Deop Background 

The percentage of K+ mesons that decay inside the 6-in. long target 

is given by _-x.. - .... ,.. p o ( ,_...._, 4..C. ) )(/tJD P (2) 

where 16 ...... -= (?Jtt;= .2./f~"' ~I..AL-U 8 the velocity ot the r..- meaon1 

o the mean life o£ a K+ meson 1n 

1 ts rest frame; 

-r 
)(/0 ~ ~ the mean lite of a K+ meson mov1ng 

with velooi ty /!,~ 1 

, the length of the target. 

By inserting these numbers into Eq. {2) 1 one find P = ).6~. The 

branching ratios for the various decay modes of the r meson are given 

6 1n Table Ilie The dominant decay modes, KIT.a and ~ .... are of the two-

body typee in contrast to t.he rarer K.,. K.,.,~ K.....,1, and KA'I three-body 

deoaye., Except for the K7 decay mode, in which the three secondaries 

are charged. any of the other decays in the target would appear to be a 

scattering event if the charged decay product went forward into a oone 

of half angle !)oo. The decay events then would be a background that 

would be about four times the effect being :i,nvestigated o In order to 

obtain a differential scattering cross section with reasonable 



statistics it was necessary to eliminate the confusion of scattering 

events with decays. 

Table III 

-K+-meson decay modes 

(K!y) -t» rr-+..,._7T++7T

(K+1"') ~ Tf"t-t-TT
0 +rr• 

(K;.ct> _. ..-M +f v 

(K+
17

.z) .-. TT.,_+lT0 

(K~1) -+,PP+-4-V-+Tro 

(K~ 3) ...,. ..L ~-+ v +" o 

Abundance <~n 

s.s6 ± o.41 

2.15 ± o.47 

58.2 

28.9 

+ - J.O 
+ - 2.7 

2.8J :t 0.95 

J.2J ! 1.3 

~======================--
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Figu.re 11 shoHs, as a function o.f laborat<.1ry-Gystern angle, the var-

iations in la.h,ratory-systelll velocity of t.he scattered K+ meson, the 

bto predominant decay rnodes could then eas)ly bo ident:l.f:.\ed by the:i.r 

velocity; this identification was the purpose of the water Cherenkov 

counter. It det~cted particles '<tith a velocit..y ~ greater than 0.75. 

Clearly, for all the K7T .t. and K,..,2 dec~y modes the charged seconda.ry going 

into the forvnrd eone of half' a.ngle 500 -would have a high enough 1.3 to 

counte The positron from K...£-:l decay wou.ld have a ,13 of almost 1 for .111 

forward angles and should count wi tbout diff:tcLLl ty. In the K.~ decay 

there was a large probab:Ui ty that one of the three lf' s VlOuld count in 

the Cherenkov countero Left were the K~3 and K r' decay modes in ~hich 

.. 

{ 
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Fig. 11. The variation of j3 as a function of e (lab) 
of the 'TT and f.J. meson from K'TT2 and Kf.J.2 decay 
in flight (for a K+ -meson kinetic energy or225 Mev) 
and of the recoibng proton and scattered K+ meson. 
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the charged secondary had a spread in fj for each laboratory-system 

angle. The two modes composed only 5~ of all the decay modes, and·more 

than 65% of the forward-going charged secondaries had a 15 > o.so. Thus, 

less than 2~ or the decays would act as background. 

The angular distribution for decay modes with a single charged 

secondary withtJ>0.8 is given later in a section on the calibration of 

the ring counterse 

E.. Hater CheTJ2nkov Csunwr 

The water was contained in a cell made of Luoite 1/16 in. thick. 

The cell was disc-shaped, 21 in. :in diameter and 1-7/8 in. thick, with 

. fourteen 1/ 4-ine diameter Luci te studs cemented between the two large 

flat sheets to give it strength. A sealed-off hole, 4.5 in. in diameter, 

in the center (as shown in 'Fig .. 10), allowed free passage or the un

soattered K+ mesons. Fifteen 66.55 RCA-type photomultiplier tubes were 

arranged around the outer circumference.. Such a large nwnber of tubes 

was.used to .ensure a high counting efficiency over the very large 

volume of the oountere A light shifter was used to increase the number 

of photons in the frequency interval to which the photomultiplier tube 

is sensitive. The shifter consisted of 2-amino-6, 8-naphthalene-di

sulfonio acid disodium salt 0 in a concentration of 10 mg per liter. 

According to Heiberg and Marshall, the effect of the shifter on their 

water Chorenkov counter was to increase the pulse height by about ;~.7 

A layer of magnesium oxide. 1/8 in. thick was set on the inside of 

the aluminum sheets used to cover·the counter. l1agnesium oxide is an 

excellent reflector even in the ultraviolet region, and as it was .not in 
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optical contact with tho Luoite call, the advantages of critical raflec-

tiona were not sacrificed. A special technique waa developed for the 

fonnation of such thick coatings of }1g0 "'-ithout destroying its high ra

rlectivity.8 

The counter was chec\ted by inserting it behind the defining counter · 

and passing the particles in the K+ beam through it. The counter tele

scope was first timed for "+ mesons which had a velocity ~ of 0. 97, and 

the rr11 counter was turned off. The oscilloscope was triggered by the 

17+ -meson pulse and· the ampli.fied outpUt of the Cherenkov counter dis

played on the sweep. The unsatura.ted Cherenkov pulses were relatively 

unifom in height, indicating a very highlight-collecting efficiency. 

When the counter telescope was then timed toto protons which had a 

velocity (3 ot 0.49 and a similar test was made, no pulses could be seen. 

This indicated that the light shifter was not scintillating to any de-

tectable extent. 

F. Separation of Scattered K+ Meeon~ from Regoil Prot2na 

The separation was achieved by rang~.9 Figure 12 shows the limits 

in the spread in range of both particles in copper as a tunction of the 

laboratory-system angle of the particle. The range spread is due to the 

± 2.5-Mev energy spread of the incident K+ mesons. It is apparent· from 

Fig. 12 that, for the K+ beam with a kinetic energy or 225 t 25 Mev at 

the center of the target, the slowest K+ meson correspqnding to an 

initial K+-meson energy or 200 Mev had a greater range in copper than 

the proton recoiling from a collision with a 250-Mev K+ meson for all 

angles from oo to 50° {lab). It was sufficient. then, to insert behind 
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Fig. 12. Range distribution in copper of 225 ± 25 -
Mev K+ mesons and recoiling protons. 



:n 
the water Cherenkov counter a copper disc with the thickness dropping 

off w1 th increase in radius in just the right way to stop all the protons 

and let the K+ mesons through. A large scintillation counter (range 

counter) behind the copper disc could then detect the K+ mesons scattered 

torward and passing through the copper. The arrangement is seen in the 

scale drawing in Fig. 10. The range-energy relationships that were used 

were based on the proton range-energy tables given by Aron, 10 but 

extracted from a report by Atkinson and Willis.9 The energy of the K+

meson beam was also determined by range in copper, so that even if the 

range-energy curves were not quite correct, the error would tend to 

cancel. 

G. The Sqat1(er1ng-Range, Co:qn"t:,e!r 

The range counter consisted of four separate quadrant counters which, 

when put together, famed a circular disc 23} in. in diameter with a 

center hole 4-3/4 in. in diaroeter. The counters wore 1 in. thick and 

were certain of having a high counting etficienoy. The four anode out

puts were added to fo:nn a single output of the "range counter." 

H. Rlectronics for ~he Detection and Recording or Scatt@ring eventn 

A block diagram of the electronics is shown in Fig. lj. The pulses 

from the ring counters were limited in the amplifiers, attenuated to 0.8 

volt, and delayed. The water Gherenkov counter required an additional 

amplifier, everything else being the same, while the range counter and 

trigger counter required only one amplifier each. 

The origin of the s2 and c3 outputs entering the system in Fig. 13 
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Fig. 13. Block diagram of the electronics associated 
with the scattering detection counters. 
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is shown in Fig. ;. Since the lo-7-seo s2 pulse required the existence 

or tho lo-8-scc CJ pulr.e, the pU~)OS8 or taking a. coincidence bat1-leen 

them was to obtain a short 10-8-sec K+ pulse, also 0.8 volt high. 

Coincidences were taken between the K+ pulse and each of ~1e 18 

counter outputs. This was done by means of 20 twofold diode coincidence 

circuits as shown in Fig. 1.). Outputs from ring counters Nos. 1 to 8, 

the range counter. the trigger counter, and ring counters A to G, in 

that order, were connected to the inputs of Channels 1 to 17• 'l'he output 

ot the Cherenkov counter was connected to both Channels 18 and 19. 

Channel 20 was t0:nuinated at the input and a diode removed from it to 

allow the K+ pulse to teed through to the output. The output ot Channel 

20 would act as a timing or line-up pulse tor the identification ot the 

other output pulses. The outputs of coincidence Channels Nos. 1 to 10 

were delayed with respect to one another with 50 teet ot RG-6.3/U cable, 

or 6 x lo-8 sea. Channel 10 outp11t was terminated with a 125-Aresistor 

and the coincidence pulses were taken through Channel 1 output, amplified, 

delayed, and displayed on one or the two sweeps that were used of a !our-

gun oathodo-ra.y tube. Outputs or Channels ll to 20 were delayed in a. 

similar w~ with respect to one another except for the output·of Channel 

18 • which was skipped and 12 x lo-8 sea. delay inserted between the 

Channel 17 and Channel 19 outputs. The 125-t.Lterminating resistor was 

at Channel 20 output, and the coincidence outputs were taken through 

Channel 11, amplified, delayed, and displayed on the second sweep of the 

ca~~ode-ray tube, a description of which follows. 

The model 517 Tektronix oscilloscope had mounted on it a four-gun 
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oathodo-roy tuba unit described in UCRL Dra\-ling No. 2X276.5H~ Inoorpor ... 

ated in this unit is a vertical sweep stopper described in UCFJ. Drawing 

No. 2X69J. The ~utput of Channel 18 was amplified and then used to 

trigger a delay and gate unit deworlbed in UCRL Drawing No. 2XG4JH. The 
i 

2o.:.vol t, 1o·6 -sec. outyut pulse of the gate ~rent through an amplifier to 

the cathode to blank the sweep. This method was more advantageous than 

an addi t1onal anticoincidence circuit. The blanking ;.,as turned off for 

s- to 10-ll'!inute intervals abcut avery 2 hours tn order that we might ob-

ta1n a calibration of tho ring counters by com~aring the experimental 

angular distribution or the charged decay products to the predicted 

, d1stributione 

The problem of photosraphing as many as five events occurring in 

rapid successiol) wc;.s solved by vortio9.lly displacing the traces on 

successive events. This was done with a· vertical sweep stepper. 

tl"iggered by the oscilloscope :.:rweep, and reset by a Bevatron timing pulse 

shortly before the spilling of the proton beam on the product:i.on target. 

The swogps were photographed with a Type 321-A Dumont Oscillograph 

Record Camera at a film drive speed of 2t in. per minute. 
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I'J DETERMINATION OF THE TOTAL K+-P CROSS SECTION 

A. ~caler Data 

The total cross sections of K+ mesons on protons at the three 

energies of 175!25 f1ev, 225!25 Mev, and 27.5!25 Hev were obtained from 

the S and s2 scaler readings. The s
2 

readings ga:Ve the number of K• 

mesons passing through D, the defining counter, whereas the s reading 

gave the number of K+ mesons that passed through the definirtg counter 

but did not roach T, the trigger counter. The S and s2 readings ware 

accumulated for "target tull" and "target empty" tor each of the ·three 

energies. Table IV lists these numbers as well as the ratios of s/s2 , 

which are the fractions ot K+ mesons removed from the K+ beam. 

Tabla IV 

Surr~ry of scaler readings 

Scaler 

sir (target fUll) 

5zlr 
s/e (target empty) 

s ' 
2 e 

-I s s;e 

175! 25 

68,195 

415,.582 

68,063 

442.917 

0.1.536: 

Energy 
(Hev) 

225! 25 

105,61-K) 

'7-1.1.2,672 

44,944 

338,033 

0.1422.5'' 

0.13295; 

275! 25 

J4,68t• 

275.308 

30,014 

2.58,)75 

Oel259!' 
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The total scattering cross section is a small effect obtained from 

the dH"f'erence o:f two rala t1 valy large quant:1 ties, nnmely S I . and S I . 
S'21 f !3'2 e 

Tho relative statistical error on the difference or the 

ratios could be as low as 101& only because so many K+ mesons were used at 

each energy. 

B. l]le Corrneted .Total ~-a. crnmn Stction 

·The K+ mesons are removed f'rom the beam by the decay and scattering 

processes according to 

dNCxJ = -/tf{x)( ~5(x) + ;\ 0 (:rJ) ~, (3) 

2 
where .,t,f/(x)is the drop $.n the number of r mesons per em in the beam 

in a distance M, 
2 

NCx) is the number of K+ mesons per em in the beam at point X , 

~ 0(x}is the reciprocal decay length for decays in which the 

charged decay products miss the T counter, 

(4) 

where ,..(>{) is the number of scattering centers per o~ at X • 

6"(x) is the scattering cross section at x for scattering events 

with angles large enough to miss the T counter. 

Integrating Eq. (3), we get 
x, 

/I(Xr) ::. ~{- f (?I /XJ -f-A 0(:rJ)~l 
AI('X •) .,, o J • (5) 

where leo is taken to be a point ·immediately before the defining counter D, 

N{?to) ::: S2. , 

X 1 is a point at which the trigger counter is situated, 

and /1/(x.,) =- S, ::. Sz - S • 

... 
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The integration in Eq. (5) over X is performed for target. full and 

Ntx,> ( s) ( ) target empty, for VJhioh the ratio N(Xo) becomes I - s~ 'f and I - 'J... ~ 
respectively. 

By subtracting these two expressions of Eq. (5) we get 
~, 

~ I - ; I -=- P¥? { - s ( ~ s rx) T- ~ 0 {:r)) ~ 1 ~ 
2. -1 :z ..L ¥c> 

--<4 { - f ( ~ s trl + ~ 0 tzJ) --4}; 
The integr·als over X can be broken up into regions before the 

target, inside the target, and af'ter the target. Since the scattering 

events and decays betore the target ~dll be the same for both "target 

full" and ''target empty , 1' the integrals over those regions \dll be iden-

tical. 

For the interval inside the target, account h.ad to be tlllken of the 

scattering off the hydrogen gas in the target ror the "target empty" 

case. The hydrogen gas density at that temperature was nbout 2~ or the 

liquid density. In the region after the target the integrals are not 

similar. This is mostly because or the additional drop in K+ -meson 

momentum for "target full." .The reciprocnl deo.sy length ;}I> due to the 

latter effect is almost ~ larger for "target full" than for ntarget 

empty." This difference is almost 1~ as large as the effect due to K+ 

mesons scattering off the protons in the target. Account ·was taken of 

this decay correction, which tended to lower the total K+-meson-proton 

cross section, and the extent of the correction differed according to K+-

meson momentum. The scatterings in the walls behind the target ~;ere 

similar for "tar~et full" and "target empty .. " 

Contamination of the K+-mason beam by its charged decay products 



was insignificant be:!ause the decays occur predominantly at larger 

angles. 

The results of the quc.ntitative calculations (given in Appendix A) 

are contained in Table Ve 

Table V 

Corrected total K+~p cross sections from scaler data 

Energy Total K+-p cross section 
(Hev) (mb) 

17.5! 2.5 16.J .! 1.7 

225! 25 i5.2 .:t 1.3 

275 .! 25 16.; 1 1.7 
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V DETERMINATION OF THE DIFFERENTIAL K+.;,.p CROSS SECTION 

A. Film Reading and So[ting of Events 

The film on whia}l the sweeps were recorded was projected on an out

line of the two sweeps iclentifying the . various pulses by their position 

with respect to the K pulse. This process is represented in Fig. 14. 

The f'irnt ten channels &re displayed ~n the. top sweep and the second ten 

channels on the bottom one., The particular event shown implies that a 

~+ meson scattered forward (deduced from ~e R pulse) at a laboratOry

system angle of 30°ZS0 (deduced from the 4, 5, arxi D r1ng aOWlter pulses). 

It was not a .K+-meson decay, because neither qid 0, the Cherenkov counter 

pulse, appear, nor were the sweeps blanked out. However • a r" ... meson 

decay event did occur shortly after the scattering event, and it also is 

seen in Fig. 14. The stepper displayed upwards the second· set of sweeps, 

but the delay and gate unit blanked the sweep out shortly after it began. 

Scanners read the film and recorded all the events. Out of these 

readings all the possible scattering events. and decay events were se

lected and punched out on IBl1 caros separately. The IBl1 6.50 computer was 

pt-ogran~med to read the cards and to tally up the events in their designed 

memory locations, aoo, in the end, to read out the tallies. This wa:s 

done for "tat•get :full" and 11target empty" data, with results as given in 

Appendix B,. 

A negligible fraction of the sweeps was not read, because of super

position or sweeps or loss of film. An effective s2 , which is the number 
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Fig. 14. A sample scattering event represented by the 
combination of the two traces. The pulses from 
counters 4, 5, D, and R indicate a forward 
scattering &dedgced from the R pulse} at a lab 
angle of 30 ± 5 (deduced from the 4, 5, and D 
pulses}. 
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of incident x+ mesons that corresponded to the data given in Appendix B, 

was obtained from the relationship 

Effeoti v• s2 =( s2/s) · ( numbar of s-weeps read). 

The effective s2's (abbreviated as err. s2) were computed for each 

run, and surmned for "target fu.lltt and "target empty" data (and are given 

in Appendix B). The extent of the background for each counter oombina-

tion is evident upon comparison of the number of counts for "target empty" 

and "target full." 

B. Calibrat~on of tQe Ring CgHQt~r§ 

The ring counters ~ere calibrated by comparing the experimentally 

determined decay distribution ~nth the theoreti~al one for each counter 

combination. The theoretical decay distribution is calculated 1n Appendix 

c. 

The fraction of K+ mesons that decay and count in a particular 

counter combination is 

t1 I =- f P.,t9J • Pc.l&) ~ ,l& • 

~·'r> 19-

(8) 

where N is the number of decays counted in that counter combination, 

no is the effective s2 for deony, or the etfectiva number or 
incident K+ mesons, 

Pn(s) is the probability per radian per centimeter or travel that a 

K+ meson will decay at an angle 8 and count in the wate~ 

Cherenkov.covnter, 

P0 (&) is the probability, in units of centimeters, that the counter 

combination will detect the decay, 



and e in a !'actor that accounts for the calibration and eff'lciency of 

the counter combination. 

where · ~~ l'" 1" -== 3 'fo ~, 

.L ~N and No':.~"'& ie given in Appendix C as a function of IJ 11 

(9) 
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Pc.(t9) =--ll? , the distance along the axis of the target within which 

a decay at angle t9 Hou1d count in the counter combina-

tion 12AB. 

He can retlri te the expression f~r ~ as 
r,gn 

f I , _L ~. _,i0 .. 6 .. ~cP 
/3~ y-,. /Vo .-.v 

6 

= I < 1 J.N>. €:1 .J. 4/. 1'3~ "'Y 1'" • No -;.1"/) jJJ b ~ o (.10) 

where<!._ ~)implies that the quantity was averaged over the angl$ ~. 
N0 d4 

This expression is now used to determine ·(: , whioh enters into the 

expression for the differential cross secti.on. 

As an example, ~ \.dll be computed for ring counter combination 12AB 

which counted 33 decays OLLt of an effective s2 of ll9,0J8. The distance 

Ln as a function of angle was determined graphically (iO roay·extend ou~ 

side of the hydrogen target). 'l'o simplify the procedure it was assumod 

that the decay secondary lay in the plano formed qy the axis of. the tar

get and the traok of the incident K+ meson,- ··i.e., that the azimuthal 

angle tl was zeroe This was a very conservative assumption, since the K+ 

beam lwas much smaller in diameter than the ring counters. The vari.llt1on 
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Fig. 15. The (1 D) is the probability (in units of 
centimeters) that the counter combination 12 AB 
will detect the decay at angle e . The (£ 5 ) is the 
probability (in units of centimeters) that the counter 
combination will detect the scattering occurring at 
angle e. 
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inJ D as a function of &- is given in Fig .. 1.5. The area under the curve 

wa:s measured and found to be 0.126 om radians. The value of 1 dN , 
lioCl61 

obtained from Fig. C3, was 0.825 at 180 (lab), at which tho 

peak in_,/D occurs. We now have sufficient information to determine ~a 

NJ . 
ft7o/D • 13 A!. 'lr~ 

(U) 

(t;, ::>. r 11> ~e 
c9 

"33 • 371> 
11~,031/ -- /. D'Y 

C. Calculf!: tion of the C,ross Sic:ttign 

In a similar way the traction of K+ mesons that scatter off the 

protons and count in 12 AD is 

(12) 

where .. .1~- i.. [ - .S -~ , which is the difference between "target full" 
-,y Sz .f 4f S.z h 

and "target empty" effects, gives the effective fraction of t<+ 

mesons scattering off protons, 

P5 (s) is the probability per radian per oentimater of travel that 

a K+ meson will scatter at anglee, 

P ' (8) is the probability, in units of centimeters, that the counter 
0 

will detect the scatter. 

and~ has been·defined previously. 

We have P5 (8) = ...,. ~~. .. (A41i..J,-') 

where ntis the number of protons per om3, and 

(1:3) 
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~~~Lis the laboratory-~ystem differential cross section tor the 

scattering of K+ mesons off protons, 

P c' ( 9-) = 1 s is the lencth of the target within which a scattering 

event at angle ~ counts in the counter combination 

12 AB. 

By re~ting Eq. (12) we obtain 

~ -- - f;'J'! -I s 1 ..c!fS~ f ..t/1 Sa. ~ - , 
il fi" { ,.ts 
d8 L 

(14) 

The laboratory-system differential cross section< ~!IL}at angle e 
can be determined once f..PsJIJ is l<nown. This integral will not agree 

"f) 

with [ .).
0
,/P for counter combinations which "see" the K+ beam ahead of 

f) 

or behind the target. 

The quantity ./,
6 

was not deternined graphically as Ln was, but instead 

was obtained by the Monte Carlo method on the IBt-1 701 computet"• The 

reason for obtainingl5 on the computer was because of the additional com

plexity of the problem. It was necessary to knm.,, for K+-meson scatter-

ings bebreen JS0 and 6.5-o (lab), the fraction ,of the time that both -the 

scattered K+ meson and the recoil proton counted in the ring counters. 

These events wero discarded in the selection of scattered events and 

would have introduced a bias against scatterings in that angular interval. 

The quantity l 3 was determined in the following way: 

One thousand scat.te:rs -vr'"'re sim11lated by the computer at each angle 

in 1-degree steps at random pos:i tiohs and at random azimuthal angles 



inside the hydrogen target. The quantity~8 for a given oount~r combina

tion and a given angle is expressed qy 

(15) 
. . 

where h is the number of counts obtained for that counter combination 

for the particular angle, and 

1- is the length or the target in centimeters. 

The results and. statistical errors obtained tor~ 8 are shown in 

Fig. 15 for comparison with./ 0 • The area und.er the histogram is equiva

lent to J,t1 til and is equal to 0.122 ± o.oo6 om radian~ in very good 
~ . . . 

agreement with 0.126 tor J ..liJ .JI. 
t9 

The effective proton density~ is equal to ~ x 0,07 x 6.02) x 
100 

lo23em-3 after correction for the density of hydrogen gas in the target 

for "target empty." 

- -The difference S S is found to be 0.247 x 10-4, 
err s2 r 

from the data in Apperxlb.: B. 

An expression for tho differential cross section ( 1-;{~is obtained 

from Eq. (l4)o 

_,isz l1 - _;;fs-J~ 
/71.. €- f .,/. s ,J. 6 , 

(16) 

0. 2V7 XID ~y = 0. ¥1'1 ~ to.Zl 'X I. oV XD.12l 

f. 7 ,_t.. /~ 

'/.7 ::.. :l.Y ~~~ (17) 
~.,-~rgo 

.,.. 



Upon transformation to the center-of-mass system, the differential 

cross section becom~s 

< fM" 1 ) dtr4 . __ J . ~.S1. ..... :.2.'1 J. = .0.'fS!IJ.1D~~{l8) 
C:. ,r,. ..n.e PI .. 

~~~ -, s . The large statistical error on ii...A ~ arises :f'rom : 1 - s /• 
.A. .a 'V .a...& 

L . 
Ir writ ten in units of~ ·, the differential cross seotion becomes 

I - ~r~ = 0.21:.! 0.18 per steradian. 
A~ t:.M. 

and corresponds to the center-of-mass scattering angle of )0°. 

(19) 

For backwaro scatterings in which the proton recoils forward, a 

, somewhat similar treatment was followed. 

More than 100 counter combinations were used to obtain ~le.difteren-

tial cross-section data. Counter combinations l-Tere grouped together· 

into ! 100 angular intervals 1n the center-of-mass frame of reference 

and the calculations shown above were perforrned on the groups. It was 

then necessary to entimate the corrections on these results. 

D. Qorrec~ 

The numerous small corrections-that must be applied to the differen-

tial cross section are categorically discussed below. 

Account had to be taken or the K+ tnesons that scattered backwards, 

came to rest. decayed 11 and counted in the t<~ater Charankov oountere The 

loss ot events due to this effect amounted to ~ for scatterings at angles 

greater than 1250 in the laboratory systeme 

A second correction accounted for a 6 to ~ loss of the forward-

scatte~ events due to K+-meson decays, after scattering, which are 



so 
counted in the Chorenkov countare 

Still another correc-tion accounted for tho decrease in K-meson nux 

in the target. The correction varied from an increase of 4~ at 400 and 

1400 to an increase of s.so at soo (c.mG). 

.. Another important correction is due to K+ mesons that interact and 

come to rest in · the copper • but count in neither the Charankov counter 

nor the range counter. The loss here varied from ~ at 200 to ,; at 6oo 

(c .m.)., These events loo~ed like backward scatterings and therefore the 

backward differential scattering cross section bad to be lowered by the 
' 

right amount to bring it to the correct ~lue. 

A final small correction is due to K+ mesons that come to rest in 

the range counter at angles near 500 (lab), decaye and count in the 

Cherenkov counter. This accounted for less than 1~ loss in the scatter-

ings. 

It was not necessary to correct for the ~ total accidental rate in 

the ring counters in the counter detection system., Events that aN 

thrown out due to accidental counts make the ring counter combinations 

appear less efficiet'lt, and this has already been corrected for w1 th the 

quant.i ty e • 
A oomposi te correction due to the above-ment1.oned effects as a 

function or the o5me Angle is given in Fig. 16. The quantity c gives 

the fraction of events at each angle that are counted. 

E. The Correc;.ted Riff'erential K+ -b Scattering Cross Section 

The differential cross section obtained from calculations as shown 

in Section C0 when divided by the curve in Fig$ 16, gave the corrected 

.,, 
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Fig. 16. Composite correction that gives the fraction 
of the events at each angle that are counted. 
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differential ... cross .... section pointe in Fig .. 1?,. The cross section 

was peaked at small angles in the forward direction but, aside from this, 

there \'las no pronounced asYJnmetry \dthin the statistical errors in the 

angular distribution. The lack of data in the angular interval from 700 

to 900 '~as due to the confusion created because both scattered ~masons 

snd recoil protons were counted in the ring counters. By integrating 

the difterential-aross-seotion curve overdlc.,.,ve obtained an l,lbsolute . . . 
a 

total cross section «;.. of foS" k or I 5".,3 mb. This agrees very well td th 

the total cross section of 1.5o2 ! 1.,) mb obtai.ned from scaler data-as 

it should.. The two numbers are not statistically independent, however, 

since one-third of the~ same events used to obtain err from scaler d!lta 

was used to obtain the differential erose sec.t1on j!, .. The traction is 

as low as a third beoa use the ring counters would not tt see" any of the 

large-angle scatterings ocoUH"ing at the f'onrard half or the target. 
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Fig. 17. The differential-scattering cross sections and 
three possible phase-shift combinations that are 
fitted to the data; 6Q ~orresponds to virtuall4 
pure sl.-wave scatfering with a repulsive K -p 
potential~ 6- and 6

1 
correspond to virtually pure 

Pl. -wave scattering with a repulsive and an attractive 
2 

K+-p potential respectively. 



VI PHASE.SKirt ANALYSIS 

The angular diBtribution of the scattering of K+ mesons from protons 

was analyzed in terms of the angular-momentum states involved. We assumed · 

that the compound K+~nascn-nuoleon state~ responsible for the scattering 

were.,4/f , f-J, , and +J• and that states of higher a11~ular momentum 

offered little or no contribution. From the asaumpt1on of charge 1ndepen-

denoe for the nuclear interaction bet~~en the K meson and nucleon, it 

followed that K+ mesons scatter-ed from protons in a. pure 'f=l isotopic 

spin state. The number of phase shifts nt~cessar,y to describe the differ ... 

ential cross section was thus reduced to three, namely So 1 S • and. S 3 
. ' 

for scattering in the~ 1 ~f • and 1-1 states, respect.ively. It is 

possible to determine experimentally the a.b5olute signe of the phase 

shifts from the interference of the nuclear scattering with some other 

scattering of known sign, such as Coulomb scattering. Since the Coulomb 

ecatt~ring of x+ mesons from protons is repulsive, a constructive inter-

ferenoe would prove a repulsive nuclear i.nteractlon. 

The differenM.al cross sect~ on in the center-of'..n'lass system for 

scattering without and with spin flip and including the Coulomb effect 

is 11 

(20) 

(21) 
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.. -... r 
1\ -1? 

of-rn:..ss s:,.,..stem, 

"'..::.h<:1 ch'U'L:q, <md Planck' EJ conntant respectively • 

1.3 is tlx"' velocity of the K+. meson relative to the proton. 

(228.) 

(22b) 

,;. J3 .,AI s, 
R- ~J3..1/ -~d,..e.- . (22c) 

. ~ " 1· .... t· i · bl ~~ r,.+· £' 2·"c.: .;.ome s.~.mp l.'l'.l.Ca 1.on s poss~ · e. ••or a \. -I:lt":son energy o t::.:; mc~r 

(lab) • c:(= 0.014. It cnn thus be neq;lcctod in Q t·:ithout contr:i.but:'Lng mor-a 

than ;;;£ uncertainty in the scattfJrinr{ arnplitude. The expt~ssion 

~~(-~ 'ffcl ~~ f ) can be ro<:tsonably Hell &~!lprmdr:mted by unity for 

8)20°, fo17 ~.;hich e{ ~ ~1!J..0.002. 

The combination of the differentinl cross sect,ions fo1• scattm:•:i.ng 



i 
; 
! ' 

A good fit. of -;!:-~ ~ <f"~l to the experimentally determined differ-
... ~.A. ' 

ential cross sections corrcspo:1ds to ::tinima in 

(24) 

\-thero....-r""_.·) and a-:fM..;) arc the e:,:ps;rlr.1ontal cross sections and theil" 

stati;;tical errors. · 'l'h~ method of minimizing 'Xl. is briefly dc::;c:ribed in 

Appendix D. Three p'b..ase-shift combinations. f:, s;, and [,+, which 't·lera 
~ 

fcund to give significant .minima, are listed in Table VI. The ~ for 
I 

each solution is listed" as ~11 
I 

! 

Table VI 

Phase shift oombinatiot}s 

that give good agreetnent \dth exparimantal data 

§26ntion ~ _h.. ~'J -
s; -JJ,.l~O ! 2.:3 -0.?0 ± 5·7 ... o.1o ! 3.4 

S, - ..o.6o ± 3.2 + -2.20 + 2 5 -34.20 - 2.3 - ·• 

s,+ 4.JO :!' 2.7 3,5.40 :.t 2.9 3.70 ± 1.8 

-x2 ..1... -
10.6 21 

6 • .5 59 

11.9 17 

z 
as the percentage probability of obtaining a ~ that large or larger, had 

-
that solution been the true solution. The do- and J 1 solutions correspond 

to virtually puree~~!- and-#'i •l-1avo phas€) shifts, respectively, of -JJ0 • 

Both solutions also ae;ree Hi th tho fon.rard peaking in the cros9 section. 

of 
indicating a repulsive nuclear potential. For the &, solution the rise 

in the determined cross section at 250 and 350 does not agree ~;."ith the 

predictedcrop. Still other equallff probable solutions may exist but have 



• 

not been found., The ambiguity between &; and ~, is considered in 

greater detail in the Discussion • 
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VII DISCUSSION 

A. Total Cross Section 

KnO"",lledge of the rrt -mason-proton interaction has been extended to 

intermediate kinetic energies. Our results in Table V confirm the in• 

crease in K+-mason-proton cross section found from the scattering o£ K+ 

mesons on free protons in emulsion.1 Our averaged cross section over 

the energy interval from 200 to JOO Mev is 1S.6tl.o mb, which agrees 

within the statistical errors with l8.0i,.S mb obtained from emulsion 

events (for comparison, the cross section below 100 Mev is 13.5±2.5 mb). 2 

The threshold forrr-meson production by K+ mesons on protons is 225 Mev. 

Our total cross sections include the contribution from 'iT-meson produo ... 

tion, but no estimate of the magnitude could be made. 

Recent data from 600 Mev to 2 Bev indicate that the total cross 

section rises to 19.6±1.2 mb at 700 Mev and then gradually drops to 

~ 12 lJ.O•i.O mb at 2 Bev. 

+ The over-all behavior of the K -meson-proton cross section as a 

function or energy is not understood at present. 

B. The Natyre of the I\+ -Meson Force 

or the three phase-shift combinations that were found to fit the 

angular distribution of the scattered K+ mesons, only two 8 namely So .and 

s:. gave good agreement with the small-angle scattering. Although both 

solutions are about equally probable, 1 t is important to note that both 

correspond to a repulsive K+-meson •. ;proton force. This evidence in favor-
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of the repulsive nuclear force is inde3d the most direot and conclusive. 

Lese convincing evidence has come in the past tram the optical-model 
. . 

analyses of inelastic scattering ·~r K+mesons rrom etirtll~ion nuclei.1 · 

c.. OX:he D:lfferential...Scattering Cross Section 

The t; J',-ambiguity in .the phase-shift fitting ·to the experimental 

data cannot be easily resolved. It would be difficult to deteot the 

polarization of the recoil proton given ~J . 
-~ · ·s a et · .C~, .4~, t . 1,-~6 .. ~,,: A~~~8-+,t,AA-&,b 

4 ~eJ-/1-~8+~,,.t..~8:AAM.S,• -w2D/ 
P(e)= -< . 1 . 4i z -< ~ • _.,, jz 1;:-;.;;e ~~~.; ~, .. ;~~,; ,;w...sl'f-/,-~e+AMt-J,t. ~e-;.~,,.., uo., 

.fo(M- f9 
./ -AA1 t9 . . (25) 

= [ o( · =~~ o< .· · · r2~(9-~-~~+, 
~ s,,( ~-~8)J _,. ..oA-' c 1-~e>t: . . . 

which has a maximum or only 0.07 in the direction normal to the scatter

ing plane for protons recoiling at 70° (lab), if the s;were the true 

solution. It may be easier to resolve the ambiguity by measuring the 

differential cross section of K+ mesons scattering from protons at lower 

energies. If the differential cross section is isotropic for all energies 

and if one assumes that K+ mesons .scatter in the S wave at very low ener

gies, then the ;; phase-shift combination must be the true $olution. 

This follows from the argument that to change from pure s-wave scattering 

to pure Pi-wave scattering the cross section must be anisotropic ~n the 

energy interval where both S and P waves contribute to the scattering 

cross section .. 

D. Use of K-p Dispgr§ion Relations 

The form of the K-p dispersion relations 14 is 
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I 

..,...J. f 't'rr !J_ (w J J.w' + ~ )({") +Jt )({E)+ ~ 
t?Tl kJ I -f- W t,V + W W ...,. W 
~" ~ r . 

(26) 

where D+ is the real part of tho K+-proton fonra:rd-scattering amplitude 

in units of K-meson Compton wave length; K' is the laboratory-system 

momentum in units of ~c; 

K meson in units of ~c2 ; 

I . w and ware laboratory-system energies of the 

t4(w') and &:_(w') are the K+-p and K--p total 

cross sections, respectively, in units of' K-meson Compton wave length,' 

squared; A_ is the imaginary part of the K--p forward-scattering ampli.-

tude in units of K-meson Compton wave length, and C is a constant. 

The purpose of this section is to investigate the possibility of 

d~termining unambiguouslypA (f1;) and X(l\~ [x(~)] • which are the sign 

and magnitude of the 

(27) 

The quantity"'" (pL) is either +1 or -1, depending upon whether the 

parity of the K-1\ (K-.r) is even or odd. 

L Z l 
/WIIf-.nr~"}!-/I'Tk 

.2~, 
We have (28) 

where ml( is the rest energy of the .(system (c.o,.. = 0.129 mk• w._ = o-.)1) lnk• 

and U:.rr= 0.498 trlk). 

By transforming f'rom w to -"'e an expression for D _ ( ~ is obtained, 

(29) 
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Of the va.r1oua subtracted dispersion relations proposed, nona is 

adequate a.t present for the experimental data now available. The follow-

ing form, however, has several decisive advantages: 

(tu0 -t.v)A 
1
'()-t(w')lJ,.,I 

~{w 1+1A1o) j 

""•J.'~-(141 1) .._ (w0"f-w>A1()-f.w'J _ {'-'.-"'1A'rr-(w')]eil41' 
w'+W 2.{r.,'+""o) ~(tv'-Wo) 

+.)... ;' [ lllo'f'TT/1_~'}41'- (w0 "f141) Yv.A-('-' 1
}_ (w0-w) YffA-(w'Jl~w' 

yql. IN '+ fi4J :l ( ~ '+ Ccl o) .2. { '-' 1- No) j 
~, 

~ ?I\ ,qA] [ "';.~ 

(30) 

It W .be made equal to ~~~ Igi' s form is obta1ned.1.5 The above form, 

hol-rever, has the advantages of Igi' s in that the cross-section integrals 

oonverge rapidly and depend more on the K+-P cross sections than on the 

t•-p cross sections. These cross-section integrals converge even if the 

cross sections go to a constant as tv goes to infinity. It has an addi

tional advantage of using the real parts or the forward-scattering ampli-

tudes at energies for which they are known from experiment, rather than 

at the rest energy. · Lastly, the contribution from the unphysical region 

is decreased by displacing a singu.1arity from its position at ~ to W0 • 

The K+-P total cross sections that were usAd were the emulsion data 



of Table I tor enorgies b;elotv 200 Hev • the :results or this experiment, 

and recent counter data for the higher energ1es.12 A smoth curve was 
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ti tted to the data and the statistical error on the curve was estimated 

to be 1~. 

The low-energy ~-P total cross sections that were used were from 

hydrogen bubble chamber data. Elastic scatte!ine• charge exchange) 

16 17 18 ' -scattering, and absorption were taken into account. • • Furtnermore, 

the total cross section is known from counter data to be 52.;!9 mb at 
19 . . 

W = 2·.08.. From prelirrLi.nary hydrogen bubble chamber resul ta the total 

cross section at w = 2 • .52 is 60!,20 mb. 20 The total c:ros3 iiN~otion was 

assumed to be geometrical for protons (4.5 mb) at w=4. The above results 
. . 

were plotted as a funct:'l.on of energy and a smooth curve was passed 

through the points. A statistical error of 15% was estimated on the 

above ... ment..1.oned £'ito 

It was also found the k -abs was .approximately constant and equal 

to 14.4 for 1.06. This was the value chosen for ~A- at LU~l. and a 

smooth extrapolation to zero at W = 0.498 was made in much the same way 

a.s done by lg:t.15 The integrals were numerically caleulated with the 

cutoff at w = h-. .fhe results of the integration are listed in Table VII. 

Tha quantity D+~ (w) was obtained from 

(Jl) 

where W am kb are the total energy and K- meson momentum in th€~ center

of-mass frame. The sign of D+ (-..) is plus or minus, depending upon 

wh&ther the K+-proton force is attractive or I:epu1sive. respectively. 



Table v:u 

Results of numerical integration fo~ different values of ~ 

Integral w 

1.00 1.1? 1.28~ 1.46 
~ J ..k 'rr+(w'hlr.v' 19.62 :t 2.0 18.8 :t 1.9 19 .Li-1 ;t 1.9 
I w 1+W 

W:::/ 

~ J A.'tr+(w'JJ.w' 57.59 ± 5.a 64.0 :!: 7-7 64.15 :!: 8.6 64.25 t 9.8 
w'-"" 141':1 

If 1 A' fr..(w')Jw' 57·4· :ta.6 55.7 ! 8.4 54.0 t 8.1 .51.38 ::!: 7·7 
w '-t w 

""at 
'f • J A'cr.<w:>Aw 192.5 ! 41.5 178.5 ± 29.7 w ,_ lltV --

14.'= I 
I 

~71/1. ,A w' 
J 3-38 2.78 2~88 2.56 1111 ,.,. w 

•=.'ftl 
I J · lf1T,II.dw' 

-17 .. 83 -13.21 t.u'-w 
-: = ."''ll . 

From the experiment being described, it has been seen that the K+-p inter

action i.s repulsive, thus m.aldng n .... (w) negative. The nature of the K--p 

force is still unknown, and this causes D~(w) to be uncertain in sign. 

From the $:phase-shift combination, J:..t-< 1·'~"J6= 0 is 1.21!0.16 

mb/starad. If one assumes, as has been done here, that for lower K+-

meson energies 
...t. 

J. ...t. 
c;( 0"' 4 c..., 1 is isotropic, then el .,-..,. Cw) simply becomes 
J. .A. ....I -;r.:;;.. 

.d; ( W) 
o Furthermore, ~(1411 = ~(w) forw<1.46. Thus sufficient in-

formation is available for the determination of D+(w) for cu:a 1.0, 1.17, 

1.285, and 1.46 .. 



The value of D (w) is obtained from Eq. (31) in a similar way but -
only for.,;:; 1.17 and w= 1.285. From bubble. chamber data we have 

. J._cr _.d. c 1.11 J/. . 
1 ·. "2..sa.. . · !)=o = 5. 2 :!: l mb sterad, 

~ ff"-..J- {l. :t ~S")J is still not available. 21 The total 1{--P 
d-n.- {fJ:D 

cross sections for the two energies are<r (1.17) = 9l!'fmb an..ri cr (1.285) · = - - -
86!7 mb. Tho value obtainr~ for D (1.17) is or the order of 0.5 K-meson - .. ' 

Compton wave length. It is hoped that D {1·.1?) is small enough to not -
introduoa a s:ignifican·t ambiglli ty into the dispersion relation. For tha 

higher energ;J 9 D ( 1. 285) is on the aroer of zero if eL r __ J( '· 248 S")Jis 
- e;( ..sa.. 8•0 

assumed to be not much larger th~n 8.2 mb/sterad. 
. J. . 

This 1s not an unre-asonable assumption, since 6""_ (1.28.5) = 44 + 8 mb. -
The results of the calculations of D!_ (MI) are listed in Table VIII •. 

Table VITI 

D .:!: (w) (the real part. of the forward scattering amplitude) for 
different w' s 

------------------------~-----------------------·-------------------D + (W) 

n.{w) 

D (w) -

1.00 1.17 1.46 

-.125 !. 0.14 

- .:!: 0~5 0 -

Now p~ X(/\) and pi. X(£) will be determined for several combinations 

of~ and w0 • Table IX lists the results of calculations for X1 , X2, X3, 

and x4 where x1 is the left-hand side of Eq. (30) vnth the D (w.) term 
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dropped out; x2 is the sum of the three integrals on the right-h..and side 

of Eq. (JO) with a cutoff at = 4 on the first two; x
3 

and x4 are the 

respective coefficients of p X( ) and p X( ) in Eq. (JO). 

1.46 

1.46 

1 .. 00 

1.oo 

Table lX 

Calculated values of x
1

• x
2

, x
3

, and X4 

for different combinations of and 

x1 x2 X) 

1.285 0.135i0-22 o.o48!().2 -0.238 

1.1? 0 .. 221!().21 0.15,!0.2 -0.411 

1 .. 285 -0.211!().24 -0.29!().2 0 .. 454 

1.17 -0.11?!9.22 -0.25!0.2 Oe28J 

x4 

-0.222 

-0.)93 

.0.411 

0.260 

The values of X for different K-hyperon parities are givon in 

Table X. 

Tabla X 

X( ), X( ) for even and 
add (X ). parities 

p X( ) p X( ) 

- -
+1 2 

0.95g /4 +1 0.96g2/4 

-1 0.05g2/4 -1 o.o4g2/4 

It was next assumed that the relative parities of the K and K 

pairs are the same, i.e., p = p = p. From the numbers listed in 
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Tables IX and X the quantity pg2j4Tfwas evaluated for p = .:!;:1, and the re .. 

sults are listed in Table XI for the various choices of w and~0• 

Table XI 

Calculated values for the coupling constant for different combinations 
or and 0 for the pos:S::t.bili ty of either a scalar or pseudo scalar 

coupling 

w IIVO pg2J41f 

- p=+J: .. - ... E=-1 

1.46 le28,5 -o.2o + o.68.o .. 2on (1.,28.5) - - ...4.,1,5 + l4-4.2D (1.28.5) ... ... .. 

1.46 lol? -0.09 + Oo38-0.19D (l.l?) -1 .. 9 + 8.,.4.0D (1.,1?) - - .... -
1.oo 1.28.5 +0.09! O.,J8-0o17D_(l.,285) +1.,7 ! 7-).20_(1.,28.5) 

1.oo 1.17 +oo2.5 + 0.,58-0el6D (1.17) +4 .. 7 + l2-Jo.4D (lol7) - - . - -

In evaluation of pg2f41r, the K--proton forward-sca~tering amplitude 

was carried to the very end, in order to show what effect it has on the 

coupling constants.. We see that for an attractive K·-p potential. D_ is 

positive and a pseudoscalar coupling is favored; for a repulsive K"'"-p 

potential n_ is negative and a scalar coupling is favored., If' n_ is 

assumed to be_negligiblee the results from tre first two rows favor a 

pseudoscalar coupling, from the second two rov1s, a scalar coupling. The 

value of pg2/4Trvarles about zero 9 but the variation is well within the 

statistical error. It is thus impossible to detennine whether the coupl• 

1ng 1a scalar or pseudoscala.r, but if' it were scalar, pg2f4Tr would be 

less than about 0.,6; if pseudoscalar, less than about 10. These results 

indicate that even with the most recently available data it is difficult. 



from subtracted dispersion relations, to arrive at unambiguous conclu

sions as to the nature of the K-meson-hyperon coupling. 
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Appendix A 

Calculation of the Total S:-P Cross Section 

The ~-P cross section is first expressed in a more convenient torm, 

starting w1 th Eq. ( 6) , which is 

The effect due to scattering of K+ mesons oft protons can be separa-

ted out from the tam on the right for tttarget full" by 

(A 2) 

(A 3) 

, 
where ~S(~ no longer conu~ins the effect of the protons in the target, 

but that effect has been integrated to give cr.m J,, 

where 0"' is the total K+-p cross section., 

,m.is the number o:l' protons per cm3 in t.he target, 

~ is the length of the target in centimeters. 

Equation (A 3) may be rewritten as 

(A 4) 

where the/\'s represent the integrals. 



If ~ \ - ~ l w.ay bG represented byA, Eq. (A 1) becomes 
s., "' .s~ _, 

Solving for tr Nt)., we get 

(A 6) 

The integrals were calculated tor each K+.meson energy and the 

results listed in Table Aoi: 

Table A.I 

70 

. Parameters tor the detennina tion of tr ~ the t<+ ... p total cross section 

Energy Parameters 
(Mev) A X /IP 3 J1.c,.X/Ol (A~-A.Jl,)xt1 tr,.).'JJID'3 ~ cor- tr 

reotion (~) 

1 ?.5 ;:t• 25 10.41 !. 0 .. 86 14 .. 9 ! 0 .. 2 1.9 ! 0.2 10 .. 1 .! 1.1 -2.9 16.J ! 1.? 

. 22.5 ! 2.5 9 .. 29 :!: 0.?6. 12.6 ! 0.2 1 .. 0 !. 0 .. 1 9o4 + Oe8 - . 
+1.1 1,5.2 ,! lc) 

27,'; !. 2.5 9 .. 82 ! 0.,95 l.l.o !. 0.2 o~66,t o .. o9 10.1 ! l .. l -tj.O 16.) .! 1.7 
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Appendix B 

Ring Counter Data 

In the following matrices are given the numbers of times that various 

..,. ring-counter combinations counted for target full and for target empty • 

Forward- and backward-sea ttering events correspond, respectively, to 

counting and not counting by the range counter R. 

Target full (err 52 a 547516) 

Forward scattering Backward scattering 

Coun Counters Coun Counters 
ters A- B g_ 1L L F G ters A.. !L g_ !L L LQ... - - - - -1 22 12 5 6 3 6 8 1 13 11 1 1 1 5 3 

2 13 24 ll 4 s 3 10 2 7 16 9 1 l 2 1 
J 9 13 14 6 3 4 6 3 13 4 11 3 0 1 0 
4 ' 2 13 15 3 8 7 4 3 4 9 5 5 0 1 
5 11 17 9 14 16 10 s 5 5 3 5 12 8 4 J 
6 8 12 10 3 16 9 11 6 4 4 2 7 4 5 J 
7 19 24 21 11 9 22 JO 7 3 6 6 1 2 6 11 
8 17 10 18 10 6 12 19 8 J ) 6 1 ) ) 15 

1,2 20 18 0 5 2 0 3 1,2 7 14 10 1 3 2 1 
2,3 10 10 16 4 2 0 0 2,3 2 4 12 12 0 0 0 
),4 4 7 19 19 5 0 0 3.4 1 1 13 15 10 0 0 
4,5 1 0 5 26 9 1 4 4,.5 4 2 .5 11 1) 0 3 
,5,6 4 .3 6 5 12 6 17 .5,6 1 2 3 5 8 11 19 
6,7 6 6 4 J 5 14 29 6,7 1 2 J 2 s 14 )6 
?,8 0 4 2 J J 7 16 ?,8 0 0 2 3· 1 J 8 

Coun Counters Coun Counters 
ters L]. B,C C ,D !1&. E ,F F ,G tars A,B B1C C,D D.E E,F F.O 

1 28 )0 3 0 0 1 1 42 J3 0 0 0 0 
2 22 18 4 1 1 1 2 12 6 14 0 0 0 
) 5 14 9 7 2 1 J 3 7 5 10 1 l 
4 J 9 12 ll 4 1 4 5 2 5 5 1 0 
5 5 4 J 10 9 11 5 2 1 2 8 17 7 
6 2 1 3 l 1) 14 6 0 0 2 3 8 4. 
7 0 .5 ) ) 13 15 7 2 0 0 4 7 18 
8 2 8 1 2 1 17 8 0 1 2 2 1 2 

1,2 :n so 19 0 0 1 1,2 22 70 28 2 0 0 
2,) 12 16 39 18 1 0 2,3 1.5 27 53 29 3 0 
),4 2 11 23 40 12 7 3,4 1 15 1) 66 JO 4 
4,.5 2 2 10 35 57 22 4,.5 2 1 8 2) 71 27 
.5,6 0 2 0 15 )0 Jl .5,6 0 2 12 8 19 22 
6,7 J 2 1 11 17 27 6,7 0 0 1 4 5 19 
7,8 1 0 0 0 8 9 7,8 1 0 0 1 3 4 
:::~ ==!:.: == : ==== : ==-= : == 
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Tar~et empty (eff s? a 25806)) 
4. -· --'-

Fol'\·i<:U'Ci sea ttering Backward scattering 

Coun Counters Coun Counters 
.ters A- !L g_ 1L !L E.. Q_ tars A... B ~ !L !L L G - - -

1 1 4 4 4 4 3 5 1 4 1 2 0 0 0 1 
2 3 0 2 2 2 1 4 ~ 3 0 0 0 o· 0 2 ,. 

' 2 4 6 0 .3 1 l :3 2 2 0 0 0 0 0 
4 2 2 1 ) 0 4 1 4 0 0 2 0 s l l 
s 2 1 0 3 4 ) 2 ' 2 l 2 2 l 0 1 
6 6 2 3 0 3 1 0 6 2 0 0 1 l 0 0 
7 .4 14 10 ) 2 1 4 ? () 4 2 l 2 l 2 
a 2 ) 14 .5 4 2 4 8. 0 1 0 l ) 0 2 

1,2 1 2 2 l 0 0 0 lo2 () 0 ) 0 0 0 0 
2,3 l 1 1 2 0 0 0 2oJ 3 0 l 6 0 0 0 
Jo4 1 l 0 2 2 0 ) ),4 1 .l l 2 ) 0 0 
4~.5. 2 3 0 1 4 0 l 4,5 0 1. 2 0 4 1 2 
!),6 l 3 0 1 0 2 .5 5o6 1 0 1 0 0 0 8 

·. 6,? 3 1 J 0 1 0 7 6,7 1 1 l 0 l 0 7 
7,8 1 1 3 1 2 1 1 7,8 0 2 0 0 0 1 1· 

Coun Counters Cou.n Counters 
ters A9B !L.Q. P .. aD DeE E,F F ,G ters A,B !kQ. Q.a12. 0,. 11~ Ii!aF t.Q.. - 1 7 9 l 0 0 3 1 8 19 ·o 0 0 0 

2 ' 1 2 0 0 1 2 0 1 4 0 0 0 ... 
3 1 1 1 0 0 J . 1 2 1 3 1 0 ) 

.4 2 0 0 0 1 J 4 l 0 0 0 0 1 
5 3 1 l 1 4 5 5 1 1 l 0 2 2 
6 0 0 0 2 1 1 6 0 0 0 l 0 0 
7 1 1 1 2 2 l 7 0 0 0 0 0 0 
8 1 1 3 o· l 0 8 0 0 1 o· 0 1 

1 0 2 5 14 1 0 0 0 1,2 4 29 8 1 0 0 
2,) l 1 4 4 1 0 2,3 4 l 18 14 2 0. 
3.4 1 1 3 1 5 2 J,4 0 J 2 13 ll 1 
4,5 2 1 1 0 12 16 4,5 1 0 0 1 19 7 
5,6' 1 1 0 1 3 14 .5e6 0 0 1 0 1 15 
6,? 0 l 0 0 0 3 6,7 0 0 1 0 0 l 
7,8 0 0 0 2 0 0 ?,8 1 0 0 0 0 0 
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Apperxlix C 

·For this distribution only the charged docay products thnt entered a 

forward cono of half' angle soo tdth ,6) 0.8 Wlt'e considered. This limit

ing value did not affeot the predicted angular distribution to ~ ex

tent since the :cutoff affected only the rare decay modes. It oould be 

seen in Fig. ll that the 'Krrz and K..M.~,deca.y modes had A> 0.8 for forward 

dec~s. The angular distributions corresponding to these decay modes 

are shown 1n Fig. Cl. To obtain these distributions it was necessary to 

assume only an iso~ropio decay distribution in the rest trame of the K' .. 

tneson. The same assumption was made for 'the following decay 111odes.o 

The laboratory-system angular distribution of the positron from 

K.L., decay is shown in Fig. C • It was not necessary to know the energy 

distribution of the positron in the center-of-mass system but only to 

assume that ita veloc!t\1 ~·as e9 whlch indeed ~a.s a good assumption. 

l'o obtain the distribution oi' the fT+- from K ~ .. decay it was 

necessary to assume the energy dis-tribution obtained from phase-space 

considerations- alone. 22 Only t:.a;t or t.he rr+ m~sons were :touncl to be sent 

foi"Wtlnl and to have IJ> o.:a. The dlst.rlbution of these .energetic tr+ mesons 

is also shown in Fig. C2 .. 

For the Kl'f~decny mode the ener,gy dist.r.ibuUon. (centel'-of-mass 

systefl'l) was taken to be ·equal t.o the 'ene~ di:stnbu:t1on .or the 19 1mo~ 

events. 2:3 It was r.ound 'that 7'2$ 'Of the decay events ·had a ·sufficiently 

hl..gh /J, and their angular d1.strlbution is shown in Fig. C2. 
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Fig. C l. Angular distributions of the 1T + meson and J.L + 
meson from K1T2 and Kp. 2 decays corresponding 
to a kinetic energy (lab) oi 225 ::1::25 Mev. 
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Fig. C 2. Angular distribution of the charged particle 
having. f3 ) 0.8 for the K 1 , K , and K 
decay modes. 7 fl-3 e3 



It was explained in the sect1.on on the water Cherenkov counter 

that for the Kr decays, several factors enter in an prevent simulation of 

an event by a single charged rr meson. 

The weighted average of the five angular distributions shown in 

Figs. Cl and C2 is given in Fig .. C3. The contribution to this predicted 

angular distribution from the three-body decay modes was less than 10~ 

for .all angles. 
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ApPendix D 

.LA§ 
Phase.::Shift Fitting_ to the ~.n. Dlli 

. ~ ~~~) 
The IBM 6.50 computer '!tsas programmed to fit ~z 2..n.. • given in 

Eq. (23), to the differential-scattering cross-section points shown in 

Fig. 17. From a combination of the three phase shifts S
0

, ~~, and Ia • 

~~ 1Z') was calculated and the 'X2 was obtained from Eq .. (24). The 

angles were altered in steps which varied from 0.01 to 0.002 radian until 

~z· became a minimum. In order for tha differential cross section at the 

minimum in x2 to be considered as a possible fi.t to the experimental 

data., only those t-.rere oc•nsidered for whtch x2 is leas than 14.7. Thie 

value corresponds to a lo;b confidence level. By these criteria three 

possible solutions have been found and are listed in Table VI. 

Next, tho maximum deviation in each ~base shift Swas obtained bw 

varying the other tv10 ,.s forX 2 fixed at 14.?. This deviatiOn is a 

measure of the relative sensitivity of that phase shift to the fit, and 

is also given in Table VI. 

.• 
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