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ABSTRACT

The total K¥-p cross section was measured at the three K'-meson
energies 175325, 225225, and 275325 Mev and the differential scattering
cross section was measured at 225 Mev. The K+-p nuclear force was shown
to be repulséve from the observed constructive interference with Coulomb
scattering. The differential cross section was otherwise isotropic and
could arise from either.pur@ S-wave or pures P-wave scatitering.

Subtracted dispersipn relations were applied to these data and tﬁe
rast of the évailable K proton scattering data. The gtatistical errvors
on the data were found to be too large to determine the K~hyperon rela-
tive parity. However, if the KA and K€ relative parities are assumed to
be the same, then if the coupling were scalar, the coupling constant

2 S
9/4%7 would be less than 0.6; if pseudoscalar, less than 10.
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I, INTRODUCTION

Information on the scattering of K* mesons on proteons is of the.
greatest importance in that it may allow us to determine the nature of
the Kemeson-nucleon forces. Data at low energies have come mostly from
the rare scattering of K* mesons on hydrogen nuclei in emulsion., 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 300
Yev, dus to the large uncertainties were not inconsistent with isotropy.

Frem a more recent compilation of date.z total cross sections have

been obtained as shown in Table I.

Table I
Results from emulsion events
Energy Total XK¥ep
(Mev) cross sections (mb)
20 - 100 13.5 ¥ 2.8
100 - 200 .2 2.6
200 - 300 18.0 £ 3.5

R e s

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, 175325, 225225, and

275425 Mevf-as well as to determine the differential-scattering cross



6

No.
of events 4

Fig. 1. Angular distribution (c. m.) of K' mesons
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 oontribution. an asymmetry
in the differential-.scattering cross section should be seen.

The application of dispersion relations to the determinat;on of the

relative K-meson=hyperon parity is discussed.



TI. K*.MESON SELECTION

A, The X' Bean

The K* beam was set up for three K*emeson energies; namely, 175%25
Mev, 225%25 Mev, and 275%25 Mev. Figure 2 shows the experimentai
arrangement of the beam. The tantalum production target was situated in
the west straight section of the Bevatron. It was 5 cm long in the dir-
action of the proton bean and presented a créss section of 0.63x4.3 em
in the K*-beam direction at 60° to the proton beart.

Both the bending mégﬁets 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, and, at the same time,, re~
focused them at the lead slit, which then selected particles of the
desired momentum. The beryllium helped to ééparate 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-
ticles with the K¥-meson momentum at the defining scintillation counter.
The scattering-detection system set the follbwing requirements on the K+

beam:

1. The angular divergence of the K* mesons should be less than
¥ 20, |

2. They should ﬁe focused on an area'i;ZS in. in diameter;

3. The energy spread of the K* mesons should be no greater than

gbout & 25 Mev; and
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proton beam
strong-focusing magnets R counter

/
/Ta rget

(o]
60 sll'f
ﬂ"—'nl_ln T
Ut—ﬁ”L—l no.3
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berylllum no.2 counter
N counter
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MU-16237

Fig. 2. The K'-meson beam. The two magnets
select Kt 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 Kt mesons in the beam.
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4, The number of K*-mesons per Bevatron pulse should exceed 25.

B. Eleotronics fof the K*;Meson Iﬂentif;gation System

As seen above, the It mesons, K* mesons, and protons that are

accepted by the lead slit at the first focus'arevof the same momentum.
Because of their maSs'difforeneeﬁ. their velocities are different. Thus
the Kkt mesdns can be identified by their transit times over the 8-foot
length of the counter telescope from counter No._l té the B counter.
Figure 3 shows a block disgram of the counters and electronics associated
wifh the identification of X' mesons. A description of the dounters
follows. _

Seintillation céunters Nos. 1, 2, and 3 were $ in. thick in the
beam direction and 3#3 in. in cross section. They were coupled optically
to 7264«type RCA photorultiplier tubes by means of Lucite light pipes.
Scintiilation counters D and R were also + in. thick in the beam direction,
the former being cylindrical in shape with a 1l.25-in. diameter and the
latter square in'ghape with 3-in. sides. Each of these counters was
nounted onla~6810A-type RCA phétomultiplier tube also using Lucite light
pip@a. In order to avoid false counts dus to Cherenkov radiation in the
light pipes of these counters, all the ocounters were placed in a vertiocal
position with their light pipes below the beam.

The fI,counter is a vélooity-threshold Cherenkov counter which iden-
tifies ' mesons in the beam. Its radiator consists of a clear liquid,
Fluorochemical FC-?S. manufactured by the Minneéota Mining and Mamufac-

turing Company. The 1iquid has an index of refracticn of 1.276 and is

'
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Fig. 3. K'_meson identification.
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the number of incident K+ mesons;
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lost between the D and R counters, and the
scaler gives the difference S, -5’

S

Oscilloscope
trigger pulse

MU-17325
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contained in a Lucite cell of 1/16-in. wall thickness, 2.5-in. thickness
in the beam direction, and 2.5 x 2.5 in. oross section. The radiation
leaving the cell is reflected with a cylindrical aluminum mirror to the‘
photocathode of a 6810-type RCA photomultiplier situated 1n a vertical
position. ‘

The negative anode pulses, after being properly delayed, were cone
nected to the coinoidence circuits ag shown in Fig. 3« The iny excep-
tion to this was the'qnnpulsa, which wag divided into thrae pulses each_
of which was smplified with a Howlett-Packard 4604 distributed
amplifiar.

uach of C, and Cy, in Tig. 3 is & threefold millimicrosecond

, 3 ¢
eoincidenoe circuit with an antiqoincidence circuit incerporated into
3¢, |
o ‘ _ : \
Counters 1, 2, and 3 were connected to the inputs of 03 while
counters 2, 3, and D were connected to the inputs of Cye The reason .

for having two coincidence éircuits and four scintillation counters was
simply to imp;ove the time resolution of the system, Coincidence cir-
cgits 03 and Cy were timed for X* mesons, but to improve the rejection
raiib for gt nesons, the«nh counter was placed in anticoincidence. The
purpose of the R counter and Cz coincidence circuit was for the range-
energy measurement of the X* mesons, but this is discussed in greater
detail latef. In Fig. 3 it can be seen that ihe output pulses of CB,and'
Cy were amplified and then discriminated. The fast discriminator ciroult
was Qf the EFP60 type, desoribed in the UCRL drawing #§X11U3. The

other discriminators in Fig. 3 are the same. The §, circuit, which was a
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4 Rossi-type diode coincidence eircuit with a 10=7-sec resolution, detected
coincidences between the outpuils of the C3 and Cj, discriminators. The
qutputs of these discriminators as well as the output of the 82 coinci-
dence circuits were scaled; The 52 scaler then gave the number of Kt
mesons passing through the counter telescope.

The inputs to the G2 millimicrosecond coincidence circuit were cute
puts from counters 3, D, and R. The output of the coincidence circuit
was amplified, discriminated agalnat doubles, and scaled. Coincidences
with a 10=7-sec resolution were made betwsen the S, output ard the C,
diseriminator output, and after discrimination against singles, the two-
fold Sl coincidences were scaled. Similarly, an anticoincldence
requiring that 5, count and C, not count was detscted and scaled ﬁith the
B scaler. The S scaler then read the number of K*'s that reached counter
D but did not pass through counter R, whereas S, was simply Sz;gg which
was equal to the number of K* mesons that reached counter D and also
counted in R. These counters weré used to determine the range distribue
tion of the K* mesons in copper inserted between counters D and R.
During the data-taklng part of the experiwent, a liquid hydrogen target
was placed between the D counter and a trigger counter, T, which was
substituted for the R counter in the electronics. Under the eircumstances,
whenever a K* meson scattered and missed the rear triggér counter T, ]
would count. A pulse from S would then trigger the oscilloscope upon
whose sweeps the various counter pulses would be displayed. In order to
avold false triggers of the oscilloscope, the S oscilloscope trigger'was

placed in coincidence with a 200-msec. gate, G. This was the same gate



B

that allowed the scalers to count during the time interval in which the
Eevatron proton beam was being spilled onto the target. This scaler gate
wnit was intitiaily triggered by a Bevatron timing pulse. -

As showm in Figure 3, cutputs of Q3 and Sz coincidence circults were
senﬂ to a multichannel coincidence circuit thich took coincidences be-
tween the K pulse and the various outputs'of the scatteringedetection

counters. This 1s discussed invgreater detéil in the section on the

scattering-detection system.

c. v;dengigication of K* Megong

" With the combination of counter choice and of fast-coincidence cire

| cﬁits’it was possible to distinguish'x* mesons from T' mesons and protons

by virtue of thelr velocity differences. A resolution curve of tha Kt

meson identification system at 175 Mev kinetic energy is shawﬁ in thgro

| 4. The delay in counter 1 was varied while the rest of the cirpﬁitry was

| timed for K¥ mesons. Table II lists &%, the transit-~time differences
aver the B ft. of the counter telescope, between K* mesons an&ar+ mesons

and between K* mesons and protons at the three energies.

Table II

Transitntime differences

aXx , Energy
A (Mev) o
| (mysec) 175%25 225%25 275%25
7.y - 3.42 2.68 2.13

AtKP 6-60 ) 505 u'?

crproevnd
ey ——

—
w———




(arbitiary units)

r‘ 3

-15--

Ol =

Sz

00l -

0

| | | |
12 14 16 18 20

Delay in counter | (1072 sec)

MU-17326

Fig. 4. Resolution curve of the K'-meson identification
system.



By"uge of this ta'blé it is seen in Figure 4 that r* mesons would appear
- at é_deléy_ of about 12 musec and protons at about 22 musec, both out-

. sjb.d“év_..t_hé resolution curve. The t mesons were rejected mostly by the

: Cﬁéi'aﬁt;ov counter énd partly by transit-time difference. Protons, on
ihe other ha'nd. were rejected by transit-tire difference. Similar
Counter 1 daiay curves weré obtained at 225 Mev andl 275 Mev kinetlo
_‘eherg’ies. but in estin;latihg ‘the ﬂ*—megoﬁ contamination, a little more
caution was necessary. At ;eitheAr energy the proton peak would fall at
'de;ays .grieater- than 20 mﬁseé. and it can be geen from Figure & that they
would ﬁot giva' any contribution to 32 at 15.5 Musec. " The 7+ mesons,
however, had thelr peak at 13.15 M sec. for 275 Mev kinetic energy, and
therefore it was neéessary to e_étimate what fraction of the counts at
15.5 musec delay m;s due toW t mesons.

" 'When the counter telescope, with the W, counter turned off, was
timed for w* mesons, it was f.‘ounci that the ration of w* to K* was about
100 to 1. The teieséope was then timed 2 mgsec off the rt-meson peak in
the direction away from thé K"—mespn peak, to make certain that only 7%
wore being identified. The 7 flux was observed for the I, counter turned
off and on. The ratio of the fluxlzs was 1500 to 1, and this then gave
tbe egfficien'cy of the m, counter for r(‘* mesongs. The rejection of tr"
meéo.ns.by transit-time di.ffefencewas better than 10 to 1 when the liden-
tificatibxx system was timed for K* mesons. The result of these two ef-
félctvs Was te reduce the 7 t-meson contamination of X* mesons to less than

/

0.%0‘ . V ‘ f
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The energy distribution of the K* mesons was determined by their
range in copper. In Figure 5 is shown a range~distribution curve for the
K* beam at 225i25 Mev kinetde energy. The copper was inserted into the
K* beam ahead of the R counter. Similar curves were obtained for the
175%25Mev and 275825-Mev kinetic energles. It is to be noticed that the
range curve has a tail of several percen%; It was necessary to show that
this t2il was not due tpjT* mesons. The probable explanation is that the
X* mesons that stopped in the copper decayed and sent tho charged decay
into the R counter. | |

The half widtih of the resolution of the 5y eoincidence~circuit com-

 bination was about 2.5 mysec, and the mean 1ife of the K* mesons is 12.2

mysed.u so that 18.5% of the K* mesons that decayed at rest in tho copper

would have been timed correctly to count in the range counter. A decay

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

It can be seen that, with 100.2 g of copper in, the counting rate of K+
mesons does drop off exponentially with a2 slope corresponding to the

mean life of K% mesons. Had there been a strong Iy *-meson contamination,
the K¥emeson counting rate would-haQo dropped noticeably when the delay

was. changed from 0 to 2 mysec.
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Fig. 5. Range distribution in copper for K+ mesons
with the 225 + 25 Mev kinetic energy.
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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
1.22X10-8 sec.
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IYI SCATTERING.DETECTION SYSTEM

A, Principle | _ '

In any kind of soaﬁtering experiment one -alwayp tries to qbtain .aa'
v many events as possible and as 1ittle background as possible in order to
arrive at statistically‘ sound oross sectiona. This was espaoialiy' the‘
prob).em with‘ the scattering of X* mesons on protons, 'éinca the K;" mesons
are édmewhat rare, and free proﬁms do not come .in high densities. The
relat:.onahip between all these quantities ia awm#ﬂzed as |
fﬂ s, = Ne W 45| 2, (1)
whero 'NP is the.numbe’r of protons per square centimeter, |

N Kis the mumber of incident K* mesons,

' 3%_%,. Lis the differential K*-meson-proton cross section in the
in the laboratory system,
A.niis an increment of solid angle,
and "QN Bo.n, is the nurber of K* mesons that scattered per unit solid
angle into the solideangle interval £5v, .
At the K'emeson energies used in this experiment identification of
a K*-meson-pm‘bon scatter could hot have been easily done by detecting a
coincidence between the K* meson and the recoil proton, because the recoil
proton had too low an energy.
Figure 7 shows the kinematic relationship between the center-of-masgss-

system scattering angle of the K¥ meson and ths laboratory-system angles
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Fig. 7. Relationship between the lab angles of the
scattered K' meson and recoiling proton and

6k, the c.m. scattering angle of the K* meson.
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of both the recoil proton and the scattered K* meson. Tt can be seen
that for any elastic scattering only one of the two particlqs entgrs a
férward cone of half angle 50° (lab). Thus. in order to find.the angular
distribution of the scattered K% mesons, it was sufficient to determine
the angle of the forward particle in the cone and then to identify it as
being either a X* meson or a proton. The inelastic scattering of‘K+

mesons giving rise to -meson production is pregumed to be small.s

B. Targzet
A liquid hydrogen target assembly'was designed for the experiment,

but its design is such that it can be easily.adapted to various. types and
slzes of hydrogen vessels for other experiments. Views of the inter-
changeable target are shcwﬁ in Figure 8; a drawing of the complete target
assembly can be found on UCRL Drawing No. 7A6005B. In Fig. 8, a 1is

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
raservoir.and tube ¢ to the vent through a valve. A liguid nitrogen
Jjacket that surrounded the hydrogen reservoir was in thermal contact
with the copper heat shield, d , to reduce heat absorption by the hydro-
gen. For hest shielding of the ends, thin copper sheets e were used.
The entrance window f was mnade of Mylar, whereas the exit wiﬁdow g
was disc-ghaped and made of stainless steel. Lucite windows h were
situated at each side of the target.

The major boll-off occurred inside the Mylar target itself because
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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.



Pl
~of heat absorption fhrcugb the heles in the heat shield in frent of the

windows h .

C. Ring Counters

T&e angle of the particle going forward in a KTemeson-proton o
celllsion was desigpedwith 15 ring countars.forming tuo concentric cones
directly behind the target (Figure 9). Efficiencies of thnse cowuntors
at various pointe on the counter were checked by the following method bo-
fore the experiment was begun. A Srqe-‘(?o/s«-ray source wds placed over
the counter and a tiny seintillation counter beneath it. Uhen a @ ray
of sufficisnt energy passed through the ring counter and penetrated the.
counter underneath, the latter counter triggered an oscilloscope and the
cutput pulse of the ring counter was displayéd on the sweep. 4 pulse
heigﬁt distribution was thus obtained. By fittirg a Poisson distribution
to these data, it was.possible to estimate the probability that no pulse
would appear at the ouiﬁut and thus the inefficiency of the counter at
that point., The over-all efficlency of all counters was then found to
be botter than 95%. The ratio of the average pulse heights at the best
and worst points on the counters varied between two and four,

A seale draving sho&ing the position of the ring counters with res-
noct to the hydrogen tarcet is given in Figure 10, Bach ring counter
4 6VGr1aps the adjacent one in ordar to improve the angular definition.

It took one or two consecutive counte from oach of the two cones of
counters to define the scattering angle of the K* meson to bztter than
15°. Each of the chosen countsr combinations then détected scattering g

events cceurring at some particular volure inside the terget only, and
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Fig. 9. Photograph of the 15-ring counters.
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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 Mylar'and steel windows of
the target. It was possible for some of the selected counter combina-
tions to detect scattering events in the wails of the ijylar vessel conw
téinﬂ.ng the liquid hydrogen, bui these walls were very thin and thelr

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

Do K*-Megon-Degay Backeround

The percentage of K* mesons that deéay inside the 6.in. 1ong target

iz given by s /
pe (|~ °°°7 )xroo | N ¢
where = RPe= é.lfx/o”}/n /aecs o the velocity of the X+ meson;
Te .22 yro© % qee ., the mean life of a K* meson in

its rest frame; , .

T [.78 x: 0—8,4—&0/ . the mean life of a K* meson hoﬁng
with yelooity/&és

Xa 15.2 con . the length of the target.

By ingerting these numbers into Eq. (2), one find P = 3.,6f. The :
branching ratios for the various decay modes of the K¥ mesén are given
in Table IIL"{’ The dominant decay modes, K”a and ig.u. are of the two-
body type, in contrast to the rarer Ky, Ko, Kuge and Koo thfée-body
decays. Execept for the K, decay mode, in which the three secondaries
are charged, any of the other decéys 4in the target would appear to be a
scattering event if the charged decay product went forward into a cone
bf half angle 509, The decay evénts then would bs a background that
would be about four times the effect being investigated. In order to

obtain a differential scattering cross section with reasonable
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statistics 1t was necessary to eliminate the confusion of scattering

events with decays.

Table III

.K*temeson decay modes

Type Abundance (%)
(k%) = THmrem 5.56 ¥ 0.41
(54 )> Themo+r® 2.15 ¥ 0,47
(Rtyy) » G0 8.2 ¥ 3.0
(Ktyg)—> T+ 28,9 % 2.7
(Ktyyg) et sV ® 2.83 ¥ 0.95
(Ktga) » £¥+2 47 . 3,23 11,3

.

Figure 11 shows, as a function of laboratory-system angle, the var-
iations in laboratory-system velocity of the scattered K' meson, the
recoil proton, the r* meson from Kpgdecay, andu™ from K«gdecay. The
two predominant decay modes could them easily be identified Ly their
velocity; this identification was the purpose of the water €herenkov
counter. It detected particles with a velocity /8 greater than 0.75.
| Clearly, for all the Kgjand K, decay modes the charged secondary going
into the forward cone of half angle 50° would ha_vé a high enough 24 to
count. The positron from K e3 decay would have 2 B of almost 1 .for all
forward angles and should count without difficulty. In the K}*r decay
there was a large probability that one of the three w's would count in

the Cherenkov counter, Left were the K u3zand Ko, decay modes in which
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Fig. 11. The variation of B as a function of 6 (lab)
of the ™ and p meson from KTr and Kp, decay
in flight (for a K -meson kmetlc energy 012225 Mev)
and of the recoiling proton and scattered K’ méson.
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the charged secondary had a spread in /3 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 /8> 0.80. Thus,
less than 2% of the decays would act as background.
The angular distribution for decay modes with a single charged
secondary with,4»0.8 is given later in a section on the calibration of

the ring counters.

E. UWater Cherenkov Counter

The water was contained in a céll made of Lucite 1/16 in. thick.
The cell was disc-shaped, 21 in. in diameter and 1.7/8 in. thick, with
fourteen 1/U-in. diameter Lucite studs cemented between the two large
flat sheets to give 4t stréugth. A seaiedaoff hole, 4.5 4in. in diameter,
.1n the cente;_(as shown in Fig. 10), allowed free passage of the un-
scattered K* mesons. Fifteen'6655 RCAniypa_photOmultiplier tubes were
arranged around the outer circumference. Such a large number of tubes
was.used to ensure a high counting efficiency over the véry large
volums of.the counter. 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-naphthalenc-di.
.sulfonie acid disodium salt, in a concentration of 10 mg per liter,
Aécording to Helberg and Maréhall. the affect of the shifter on their
water Cherenkov counter was to increase the pulse\haight by about 3085.7

A layer of magnesium oxidell/B in. thick was set on the inside of
the aluminum sheets used to coﬁer'the counter. Magnesium oxide is an

excellent reflector even in the ultraviolet region, and as it was not in
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optical contact with the Lucite cell, ihe advantages of critical reflec-
tions were not sacrificed. A special technique was developed for the
formation of such thick coatings of Mg0 without destroying its high re-
flectivity.’ |

The counter was checked by inserting it‘behinéithe defining counter -
and passing the particles in the X% beam through vit. The counter tele-
scope was first timed for yy' mesons which had a velocity /3 of 0.97, and
the 17, counter was turned off. The oscilloscope was triggered by the
ft-meson pulse and the amplified cutput of the Cherenkov counte; dige
played on the sweep. The unsaturated Cherepkov pulses were relatively
uniform in height, indicating a very high light.collecting efficiency. |
When the counter telescope was then timed for protons which had a
v'elocityfj.of 0.49 ahd 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* Mesons from Regoil Protons
The separation was achieved by rang9.9 Figure 12 shows the limits

in the spread in range of both particles in copper as a function of the
laboratory-system angle of the particle. The range spread is due to the
¥ 25.Mev energy spread of the incident K* mesons. It is apparent: from.
Fig. 12 that, for the K* beam with a kinetic energy of 225 & 25 Mev at
the center of the target, the slowest K* meson corresponding to an
initial K*-meson energy of 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 0° to 50° (lab). It was sufficient, then, to insert behind
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Fig. 12. Range distribution in copper of 22525 -
Mev K' mesons and recoiling protons.
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the water Cherenkov counter a copper disc with the thickness dropping
off with 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
forward and passing through the copper. The arrangameﬁt'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.lo but
extracted from a report by Atkinson and Willis.’ The energy of the K*
meéon 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 Scattering-Range Counter

The range counter consisted of four separate quadrant counters which,
when put together, formed a circular disc 23% in. in diameter with a
center hole 4.3/4 4in. in diameter. The counters were 1 in. thick and
were certain of having a high counting efficiency. The four anode out-

puts were added to form a single output of the "range counter."

H. Electronics for the Detection and Recording of Seattering Events

A block diagram of the electronics is shown in Fig. 13. The pulses
from the ring counters were limited in the amplifiers, attenuated to 0.8
volt, and delayed. Tﬁe water Cherenkov 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 S? 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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4s shown in Fige 3. Gince the 10‘?-590 S, pulse required the existence
of the 10'8-scc C3 pulse, the purpose of taking a colncidence batwesn
them was to obtain a short 10’8-séc K* pulse, also 0.8 voit high,

Coincidences were taken between the K% pulse and each of the 18
counter outputs. This was done by means of 20 twofold dicde coincidence
circults as shown in Fig. 13. Outputs from ring counters Nos. 1 to 8,
the raﬁge counter, the trigger counter, and ring counters A to G, in
that order, wers connecﬁed to the inputs of Channels 1 to 17. Tha output
of the Cherenkov counter was connected to both Channels 18 and 19,
Chamnel 20 was terminated at the input and a diodse removed from it to
allow the K* pulse to feed through to the output. The output of Channel
20 would act as a timing or line-up pul#e for the identification of the
other cutput pulses. The outputs of coincidence Channels Nos. 1 to 10
were delayed with respect to one another with 50 feet of RG-63/U cable,
or 6 x 10'8 s@ce Channel 10 output was terminated with a l25-qnresistor
and the coincidence pulses were taken through Channel 1 output, amplified,
delayed, and displayed on one of the fwo sweeps that were used of a four-
gun cathods-ray tube. Outputs of Channels 11 to 20 were delayed in a
similar_way with respect to one another except for the output of Channel
18, which was skipped and 12 x 10'8 sec., delay inserted betwsen the
Channel 17 and Chahnel 19 outputs, The 125-0 terminating 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
cathode-ray tube, a description of which follows.

The model 517 Tektronix oscilloscope had mounted on it a four-gun



cathodo-ray'tube unit described in UCRL Drawing No. 2X2?65H, Incorpor-
atedvin.thia unit 15‘3 vertiéhl sweep stepper qescribed %n UCRI. Drawing
No..2X693. Th; outéut of Channe1 18 Qas aﬁplified‘agd then used. to
trigber a delay and gata unit dascribed in UCRL Drawing No. 2X6h3H. The
20-volt, 10 6—sec. output pulse of the gate went through an amplifier to
the cathode to blank the sweep. This method was more advantageous than
an additional anticoincidence circu;t. The blaﬁkiﬁg was turned off.for
5- to loawinute intervals abcut every 2 hourb in order that we might ob-
_tain a calibration of the ring counters by eomparing the experimental
angular distribution of the charged docay prcducts to the prediotsd
,distributiono ' ‘ ’ .

The problam of photographing as many as fiva events occurring in
‘rapid auccession was solved bw vertioally displacing the tracea on
‘sucoaasiva events. This was done with a vertical sweep stepper,
“triggered by the oscilloscope sweep. and reset by a Bevatron timing pulse

shortly before the spilling of the proton beam on the production target.
The £WO9Ds were photographed with a Type 321-A Dumont Oscillograph

Record Camera at a film drive speed of 2% in. per minuts.
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" IV DETERMINATION OF THE TOTAL K*-p CROSS SECTION

A. Scaler Data

| The total cross aections of X* mesons on protons at the three
energies of 175*25 Mev, 225+25 Mev, and 275+25 lev were obtainad from
the S and 5, scaler readings. The 82 readings gaye the number of K*
mesons passing through D, the defining counter, whereas the S reading
gave the numﬁer of K* mesons that passed thropgﬁ the defining counter
but did not reach T, thg trigger counter. The 5 and 52 readingslwere
accumulatéd for "target fﬁll" and "target empty" for eaéh or.tha three
energies. Table IV 1ists these numbers as well as the ratios of 5/82.

which are the fractions of X* mesons removed from the K* beam.

Table IV

Summary of scaler readings

Scaler ‘ Energy
(Mev)

175 * 25 225 + 25 275 £ 25

Ble (target n1) 68,195 105,646 34,63
szlf h15,582 2,672 275,308
5, (target empty) 68,063  4b,9l4 30,004
5ol Wb2,917 338,033 258,375
S :

Solf 0.1640%  0,14225%  0.1259
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‘The total scattering cross section is a small effect obtained from
the difference of two relatively large quantities, namely S [ and S [ ,
' Soif §5’ )
Tho relative statistical error on the difference of the

ratios could be as low as 10% only because go many K* mesons were used at

each ensrgy.

B. The Corrected Total K'ep Cross Seetion

-The K* mesons are removed from the beam"by the. decaﬁ'and scatteﬁn&
processas according to :
AN = =N A0 +Dp @) L, 3
whei'e o(/V(x)is t.he drop in the number of X* mesons per cmz in the beam
4na distaneo ,dy
N(x) is the nurber of K* mesons per cm2 in the beam at point X ,
A*)is the reciprocal decay length for decays in which the
charged decay products miss the T counter,
and A @)= .70¢) 6(e), | ' (%)
where m(Q is the number of saaftering centers per o at x .
0“(><) i1s the scattering cross section at x for scattering events
with angles large enough to miss the T counter.

Integrating Eq. (3), we get

LA . ‘{ (g ‘(x) +,}D(r)),¢¢,¢} (5)

)\((‘Xo)
where X, is taken to be a point'immadiately before the defining counter D,

N>s) = S5
X, is a point at which the trigger counter is situated,

-

and /V('X,) = SI= SZ -8 ]
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The integration in Eq. (5) over X is performed for target. full and
NE) 5 T
target empty, for whisch the ratio M) becomes ( ! S, )}and ( - 5 ) >
resrectively.

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

:«f:z[ sl =AW{-§:'("S"””°‘*’7“"}-¢
_,.,,4,{-- i(; -3 +nom)-¢¢;¢b

The integrals over > can be broken up into reglons befbré the
target, inside the target, and after the target. Since the scattering
events and decays before the target will be the same for both "target
fullﬂ ard "target empty," the integrals over those regions will be iden-
ticai. ‘

For the interval inside the target.vaccéunt had to be taken of the
scattering off the hydrogen gas in the target for the "target empty"
case. The hydrogen gas density at that teméerature vas zbout 2% of the
11§uid density. In the region after the target the integrals are not
similar. This is mostly because of the additiénal drop in K*.meson
momentwn for "target full." The reciprocal decay length A, due to the
latter effect is 2lmost 2% larger for "target full" than for "target
eméty." This difference is almost 10% as large as the effect due to KV
mesons scattering off the protons in the target. Account was taken of
this decay correction, which tendéd to lower the total K*t.meson-proton
cross section, and the extent of the correction differed accoxding to Kt
meson momentum. The scatterings in the walls behind the target vere
similar for "target full" and "target empty."

Contamination of the K*-meson beam by its charged decay products



was insignificant because the decays occur predominantly at larger

- angles.

The results of the quantitative calculations (given in Appendix A)

are contained in Table V.

Table V

Corrected total K*-p cross sections from scaler data

Energy Total X*-p cross section
(Mev) ‘ (mb)

175 * 25 16.3 * 1.7

225 + 25 15,2 + 1.3

275 % 25 16.3 £ 1.7
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V DETERMINATION OF THE DIFFERENTIAL K*.p CROSS SECTION

A. Film Reading and Sorting of Events

The filmion which the sWeeps were recorded was projeoted_on:an Qufi
line of tﬁe two sweeps identifyiﬁg the.variqus‘puléas by their position
with respéct t&_the K pulse. This process im reﬁreéentéd 1# Fig. 14,

The first ten channels ére displayed on thé,top sweep and the second ten &
channels on the bottom one.. The pérticular event shoun iwplies that a

K* meson scattered forward (deduced from the R pulse) at a laboratory-
system angle of 30°%5° (deduced from the 4, 5, and D ring oountér pulses).
It was not a K*.meson decay, because neither ¢id C,.tha Chafenkov counter
pulse, appear, nor were the sweeps blanked out. However, a K¥.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‘sweeﬁs,
but the delay and gate unit blanked the sweep out shortly after it began.

Seanners 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 IBM cards separately. The IBM 650 computer was
programmed to read the cards and to taily up the events in their designed
memory locations, and, in the end, to read out the talliss. This wasa
done for "target full" and "target empty" data, with results as given in
Appendix B b'

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

position of sweeps or loss of film. An effective 82, 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 deduced 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 K* mesons that corresporded to the data given in Appendix B,
was obtained from the relationship

Effective S, =(32/§)'(number of sweeps read).

~The effective S,'s (ﬁbbreviated as aff. 52) were computed for each
ruﬁ. and summed for "target full" and "target empty" data (and are given
in Appendix E)e The éxtent of the background for aachvcounter combina- "
t;on is evident upon comparison of the number of counts for "target empty”

and "target full."

Be Calibration of the Ring Counters

The ring counters were calibrated by comparing the experimentally
determined decay distribution with the theoretical one for each ¢ounter
combinations The theoretical decay distribution is caleulated in Appendix

c. o
| The fraction of X* mesons that decay and count in a particular

counter combination is

V) = (per.p AS (8)
No‘b £~ b ) <) ¢

where N 1s the number of decays counted in that counter combination,
Np 18 the effective S, for decay, or the effective number of
incident K* mesgons,

PD(8) is the probability per radian per centimeter of travel that a
K* meson will decay at an angle & and count in the water
Cherenkov counter,

Pc(GQ is the probability, in units of centimeters, that the counter

combination will detect the decay,
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and € 15 a factor that accounts for the calibr_ation and efficiency of

the counter combination.

We have P @ ﬂ&‘l?‘ 7\’Lo %' - (9)

vhera /3.¥7T = 370.em,

and 4 ’;trg i given in Appendix C as a function of & ,

Pc(¢9) =/29 o the distance along the axis of the target within which
~ a decay at angle & would count in the counter combinae
“tion 12AB.

We can rewrite the expression for N ‘ as
v : N.iD
_ o

N [ -—1—'——'-0’L é——-A/. éo
— fﬂx—‘r'?' 7o G5 Ao €2 L2
Rl e T

- BT (zv., éf Lo b, (10)

where < implies that the quantity was averaged over t.he angle & .
No- aé .

This expression is now used to determine € , which enters into the
expression for the differential cross section.

As an example, &€ will be computed for ring counter combination 12AB
which counted 33 decays out of an effective S5 of 119.038. The distahce
!D as a t‘»unctionof angle was determined graphically (,lD may ‘extend oute
éide of the hydrogen target). To simplify the procedure it was assumed
that the decay secondary lay in the plane formed by the axis of the tar-
get and the track of the incident K* meson, ‘i.6., that the azimuthal

.angle @ was zero. This was a very conservative assumption, since the K+

beam was much smaller in dizmeter than the ring counters. The variation
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Fig. 15. The (4 D) is the probability (in units of
centimeters) that the counter combination 12 AB
will detect the decay at angle 8§ . The (£ g) is the
probability (in units of centimeters) that the counter

combination will detect the scattering occurring at
angle V. ‘
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in 'lD as a function of & is given in Fig. 15. The area under the curve
was measured and found to be 0.126 cm radians. The value of 1 dN |

_ K da
obtained from Fig. C3, was 0.825 at 18° (lab), at which the
peak in ’(D occurs. We now have sufficient information to determine &«

N .
Foolp . Be T (11)

@t%} .;,ebda

—_—23 .. 390 :

0.825 X 0.72C

& =

Co Calculation of the Cross Sacti

In & similar way the fraction of K¥ mesons that scatter off the

rrotong and count in 12 AB is

E|_ 3 ' |
Wl el [rere e 2o o

E s which 15 the difference between "target full"
&

where —2-! — 2
“ff S:ly  off 5
and "target empty" effects, gives the effective fraction of K+
mesong scattering off protons, '
P, (8) is the probability per radian per centimeter of travel that
a K¥ meson will scatter at angle @,
Po' (8) is the probabiliéy, in units of centimeters, that the counter
will detect the scatter,
and € has been defined previously.

We have Fy ®) =_. d é_g . (M-l> - (13)

whers mM 1s the number of protons per cm3. ‘and
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5—; Lis the laboratory-system differential cross section for the
scattering of K* mesons off protons,
P,'(8) = y4 g is the length of the target within which a scattering
event a2t angle & counts in the counter combination
12 AB.
By rewriting Eq. (12) we obtain

-r - j%gfL /LS & A5

S
¢ —*/fsz &
. ¢ :_cgh> eaf,zs A8 ()

0

S
“ff 52

The laboratory-system differential cross section( ;—S-g, L>at angle & -
can be determined once LJJJO is known. This integral will not agree
with g A, Ao tor counter combinations which "see" the K* beam ahead of
or behind the target.

The quantity “s was not determined graphicaliy as 'lD was, but instead
- was obtained by the Monte Carlo method on the IBM 701 computer. The
reason for obtaining ls. on the computer was because of the additional com-
plexity of the prublem. It was necessary to know, for K+-meson soatter-
ings between 35° and 65° (lab), the fraction of the time that both the
scatterad kKt meson and the recoil proton counted in the ring counters.
These events were discarded in the selection of scattersed events and
would have introduced a blas against scatterings in that angular interval.
The quantity Za was determined in the following way:

One thousand scatters were simulated by the computer at each angle

in l-degree steps at random positions and at random azimuthal anglés
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inside the hydrogen target. The quantity j s for a given ccmhtgr combina-

 tion and a given angle is expressed by

/é; = /‘,e //000, (15)

where h is the numbér of counts obtained foi'- that oounter éombination

for the particular angle, and
£ is the length of the target in centimeters.

The results and statistical errors obtainad for/ are shown in
Fig. 15 for comparison with./ p* The area under the hiatogram is equivaw.
lent to j,( A and 1s equal to 0.122 £ 0.006 om radian, in very good
agreement with 0.126 ﬁor!,e 48. | | |

The effective proton density m 1is equal to _98 x 0,07 x 6.023 x
1023 cm=3 aftez_- eorrection for the density of hydrigogn gas in the target

for "target empty."

The difference S5 . S is found to be 0.247 x 10=%,
off 5, £  off 5, e

from the data in Appendix B.
_ An expression for the differential cross section < ;l!g{ ,)is obtained
from Eqe. (llb)o - |

s i §'_‘
v > - 2] Sz 4 ~ff S2le
i
e [ AL, oAb
A _

0.247 X707
0.417 X ro23 x 107 X0.122

y.77 ond frodom
4«49.< %j;l‘) = X7 = 2.9 k) ot dion an

27 L I9°

(16)

M

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

eross section becomes
= * -
zn e. m> 2 Tn,, = O TS1T ml il dionas)

46 ’ s
. The large statistical error on ;z:;! arises from -—-“ ;;l;

If written in units ofﬁk the differential cross section becomes

ANy
x? dn

= 0.2& - 0.18 per steradian, (19)
and‘corresponds to the center-ofwmass scattering angle of 309.
For backward scatterings in which the proton recoils forward, a
soméwﬁat gimilar treatment was followed,
| ¥ore than 100 counter combinations were used to obtain the differen.
tial crossesection data. Counter combinations were grouped together
into & 100 angular intervals in the center-dfomass frame of reference

and the ealculations shown above were performed on the groups. It was

then necessary to estimate the corrections on these results.

D. gégrecglggg

The numerous small corrections.that must be applied to the differene

“tial croes gection are categorically discussed below.

Account had to be taken of the X* mesons that scattered backwards,
came to rest, decayed, and counted in the water Chsrenkov counter. The -
loss of evants due to this effect amounted to 7% for éoatterings at angles
greater than 125° in the laboratory system. |

A second correction accounted for a 6 to 7% loss of the forward- .

scattered events due to K*-meson decays, after scattering, which are
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counted in the Cherenkov countér.

Sti11 another correction accounted for‘the‘deerease in K-meson flux
in the target. The correction varied‘fromban increase of 4% at 40° and
1409 to aﬁ increase of 5.59 at 80° (c.m.),

. Another important correction is dus to K* mesons that interaot and
come to rest in the copper, but count in neither the Cherenkov counter
nor the range counter. The loas here varied from 8% at 200 to 5 at 600
(cem.). These events looked like backward scatterings and therefore the
backward differential seattering cross section had to be lowered by the
right amount to bring it to the correct value,

A final small correction is due to XK' mesons that come to rest in
the range counter at angles near 50° (1ab), decay, and count in the
Cherenkcv.counter. This accounted for less than 1% loss in the scatter
~ ingse

It was not necessary to correct for the 7% total accidental rate in
the ring counters in the counter detection gystem. Events that_are
thrown out due to accidental counts make the ring counter combinations
appear less efficient, and this has already been corrected for with the
quantity € .

A composite correction due to the above-mantioned effects as a
gunction of the c.m. angle is given in Fig. 16. The quantity C gives

the fraction of events at each angle that a?e counted .

E. The Corrscted Differential K*-p Scattering Cross Section

The differential cross section obtained from calculations as shown

~in Section C, when divided by the curve in Fig. 16, gave the corrected

4 .
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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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diffe#'ential»cx‘ossmsection pointe in PFig. 17. The cross section
was peaked at small angles in the forward direction but, aside from this, _
there was no pronounced asymmetry within the statiﬁtical errors in the
angular distribution., The lack of data in the angular interval from 709
to 909 was due to the confusion created because both scattered K* masons
snd recoil protons wéra counted in the ring counters. 3By integrating
the differéntial-cross»section curve”ovefd%yuﬁe ébtained an aﬁsolute
total cross section Gy of 7.5 Flor 153 b, This agrees very well with
the total cross section of 15.2 T 1.3 mb obtained from scaler datameas
it should. The two numbers are not statistically independent, however,
gince one«~third of the same events used to obtaln @ from scaler data
was used to obtain tholdiffarential cross section j%gg. Tha fraction is
a8 low as & third begause the ring counters would not "see® any of the

large-angle scatterings ocourring at the forward half of 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; &, corresponds to virtuallx
pure sl-wave scatjering with a repulsive K'-
potential? &, and &, correspond to virtually pure
pl wave scatltermg with a repulsive and an attractive

K+-p potential respectively.
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VI PHASE-SHITT ANALYSIS

The angular distribution of the scattering of K* mesons from protons
waé'analyzed in terms of ths angular-momentum states involved. We asspmed‘
that the compound K‘*-mescn-nucleon states responsibles for the scattering
| were,y_:_ ’ f i . and 4:53 » and that states of higher angular momentum

offered little or no contribution. From the assumption of charge indepen-
dence for the nuoiear interaction between the K maeson and nucleon, it
followed that K' mesons scattered from protons in a pure T=1 isotopie

spin state. The number of phase shifts necessary to describe the differ-
ential cross section was thus reduced to three, namely'J;. J}, and Si
for scattering in the y:‘,/aii ¢ and 4#_11 states, respectively. It is
possible to determine experimentally the absolute 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
scattering of X* mesons from protons is repulsive, a constructive inter-
ference woﬁld prove a repulsiﬁe‘ﬁuclear interaction,

The differential cross section in the center-of-mass system for

scattering without and with spin flip and including the Coulomb effect

is
- .24 2
w LV Log Acw o
%' ;ZZ, -—”zx: - “tPeleno| (20
m ¥ | o~ S5
V 2
a5l 2] el




. rg et (X z
where ¢= | for K7=p scattering,
X is the de Eroglic wave length of the &5 mason in ths centore
i " e3P YR
CLlemaBe s¥ STEM,
252
A 3(

/,-{_‘Z( I_ﬁ2>3'_‘ .

where My 4, and ,ﬁ’are the reduced mass of the K -mesone-proton systam,
the charyg and Flanck's constant respectively,
/3 is the velooity of the X' mescn relative to the proton,

2.8, R
pP= 4,,"'5"_/ = aln J, -o'ﬁ , (222)

A% [ . < 3 Ly
Q= l1-A« [M Jl" — '2/4"/” ;3 }) (Z‘b)

oo ~ 33 ~ &,
R = aiwdz 2 — ain §, £ . (22¢)
Sor;ze simplification is possible. For a K'upmeson energy of 225 mew
(la’o)..c(“ 0.01%, Tt can thus be neglected in ¢ without sontribubing mors
than 3-}5 m}céftain‘t:\r in the scattering auplitude. The expression
w/b( -4 3"’1 WM )} can be reasonably well anprovimated by unity for
0>20°, for which o Aoy oinlto 002,
r’i‘hé com’o‘in.é'tion of the differential cross sections for scattering

without and with spin flip in units of x* is

—-—aY 49, . v “ 2
}L;_ %)’-’-{l“i +am o +(MJ¢J+2MJ'39. 3]/4[

cd3 {23)

. A »‘-83
vheres _& = ecr® .



& good Tit of .;’—‘ .’;i—%—@ to the experiznentally' determined differ-

entlal cross secotlons corresponds o minima in
, 1L Ak y2
z, . —

X’ 32 Asal X2 Ao : ' (z5)

~ » (é“‘. ) ?

j v .

where,yw{aq‘-) and Ofs) are the experimental cross sections and thelr

' 2

statistical errors.  The method of wminimizing X is briefly describted in

Appendix D. Throo phaseeshift combinations, {:, Y ,- s and J;+. which wera
. T 2
feund to give significant minima, are listed in Table VI. The X for
e

each solution is listed, as /*{e';ll
/

Table VI

Phase shift combipations
that give good agreement with experimental data

Solution do S, §z x? «

So 3340 % 23 20,79 25,7 <010 3.4 10,6 21

t4

S, ~0.60 3.2 34.20%2,3 220225 6.5 59

[}

vl L,o30 2 2,7 3540 %29 a,70¢ 1.8 11.9 17

' - 2
as the percentage probability of obtaining a ¥ that large or larger, had
that solution been the true solution. The J:and d ? solutions eorrespond
to virtually pure ¥y~ and 4’_} -wave phase shifts, respectively, of -339.

Both solutions also agree with the forward peaking in the oross section,

: , + 4
indicating a repulsive muclsar potential. For the §, solution the rise

in the determined oross section at 25° and 35© does not agree with the

predicted drop. 5till other equally probable solutions may exist but have



-

not been found. The ambiguity between & ; ‘and & .— is considered in

greater detail in the Disgcussion.

57
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VII DISCUSSION

A. Total Cross Section

| Knowledge of the K'-meson-proton interaction has been extended to
intermediate kinetic energies. Our results in Table V confirm the ine:
crease in Kt-meson-proton eross section fbuﬁd from the scattering of K+
'mesons on fres protons in emulsion.l Our aVeraged cross section over .
the energy inferval from 200 to 300 Mev is 15.631.0 mb, which agrees
within the statistical errors with 18.0£3.5 mb obtained from erulsion
‘events (for comparison, the cross section below 100 Mev 4s 13.5%2.5 mb)-z,
The threshold for TM-meson preduction by K* mesons on protons is 225 Mev.
Our total cross sections include thevcontribution from T-meson produc
tion, but no estimate of the magnitude could be made.

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

section rises to 19.6%1.2 mb at 700 Mev and then gradually drops to
13.041.0 mb at 2 Bev.l?

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

function of energy is not understood at present.

Be The Nature of the k*.Meson Force

0f the three phase-shift combinations that wére found to fit the
angular distribution of the scattered K* mosons, only two, namely S;—and 
4Sf: gave good agreement with the small.angle scattering. Although both
solutions are about equally probable, it 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 indeed the most direot and conclusive.
Less convincing evidence has come 1n the past from the optical-model

analyses of inslastic scattaring_of K+ mesona'fromvemulslon‘nuolei.; :‘ ‘

C. The Differentigl-Scattaring Cross Section
The K S ambiguity in the phase-shift i‘itting to ‘the experimental

data cannot be easily resolved. Tt would be difficult tO‘detect the

- polarization of the recoil proton given ble

1 9 48 4§ <4, z’
P(e) ,l’MG MS"‘ m""'ﬁmaoll } ’I ma"'ﬁ”‘s"m&;ms‘, 28
) : ¢ g2
"“Ws Mé,‘, Mo"l‘msal- Me’-f-l,.m,’ﬂvf&b M&ums,n w4 _
2 o O ‘ o
/= /eca& . (25)

D){zuowa{- i

[Mfm s,(/-m&)] ‘*msu— |
which has a maximum of only 0.07 in the direction normal‘to the scattere
ing plane for protons recoiling at 70° (lab), if the 8§, were the true
éolution. It may be easier to resolve the ambiguiﬁy by measuring the
differential cross section of X mesons scattering from protons at lower
enorgies. If the differential cross section is isotropic for all energles
and Af one assumes that K* mesons’scatter in the S wave at very low enere
gles, then the §, phase-shift combination must be the true solution.

This follows from the argument that to change from pure S.wave scattering
to pure P%-wave scattering the cross section must be anisotropic in the
energy interval where both S and P waves contribute to the scattering

orogs gection.

D. Use of K-p Di§ggr§ion,Rela§10ns

The form of the K-p dispersion relations

;u is
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w !+

. |
- p+(w>=,-,§,_j~é ﬁ(“"dwwj ) g
. ' :

2 YTA. (00 1 (n)+;azx1z)+ e (26)

¥77 ¢ w 't w untw  wgtw
“rir

where D+ 1s the real part of the K"’-proton forward-scattering amplitude
in units of K-mason Compton wave length; K' is the laboratory-syswm. ,

omentum in units of mk‘c' w'and w are 1aboratory.system énergies of. fhe
K meson in units of mce?; Or(w') end 6 (w') are the K*-p and K=-p total
cross sections. respectively, in units of K-theson Compton wave length.
squared; A_ is the imaginary part of t_he K""-p forward-scafterlng ampli-
tude in units of K.meson Compton wave length, and C is a consfant..

The purpose of this section is to investigate the possibility of

determining unambiguouslyjp (Fy) and X(aY [ %(€)] , which are the sign
and magnitﬁde of the residues at W= m (mg) respectivaly, whers '

_ Ir.g [#n,5 (7 z*/’nzmﬁ)‘/%i””n
& en Y Ay >, (27)

Xa

@quan‘ v ) s elther +1 or -1, depending upon whethor the
Th it 4(,_)1 ither +1 1, d di hether th

parity of the K~A (K=&) is even or odd.

2 2 é
] ~/7? -1
We have Wy = o P =3 (28)
J/’"p

where m“is the rest energy of the « system (@, = 0.129 m,, W,_ = 0,313 my,
and W, = 0.498 m,).

By transforming from w t0 -@w, an expression for D'(w), is obtained,

. (2%)
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Of the various subtracted dispersion relations proposed, none 1is
adequate at present for the experimental data now available. The follow-

ing form, however, has several deeisive advantages:

Wo D, () = 4 (Wt w) Dy () = ( wo=ww) D o)

_ L ”: wo ATl (o, +u) A5 (s _w) A'S ')de,

Y”" w '~ w 2 (Wwi-v/ed 2 w'+we)

zj { w"‘ ‘Sew’) _ (wotw )b O-W)  (wew)f’ o (wf 1 dw’

w4+ w 2(w'+ws) Llw"~w,)

~

+;,%.j[_“_'_°_'ﬂ£ﬁ" (wotw) y7A (w') _ (w ~w) 7AWy,

w 't w 2 (w'ewo) 2 (w'-wp)

w o FW

4%7%)[ w+w 2 (w,tw) - ;_(w-w)]

[ o | _woetw _ wemw _ :]
+/az7<'(£3[ we +w 2 (werw) 209 -w) (30)

If w,be made equal to m, Igi's form is obtained.}> The above form,
however. has the advantages of Igi's in fhat the cross-section integrals
converge rapidly and depend more on the K¥-p cross sactions than on the
K¥-p cross sections. These cross-section integrals converge even if the
cross sections go to a constant as w goes to infinity. It has an addi-
tional advantage of using the real parts of the forward-seattering 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 singularity from its position at m to W, .

The K*-p totzl cross sections that were used were the emulsion data
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of Table I for energies below 200 lev, thevrasultslof this experimént,
- and racent counter data for the higher energies.lz A smooth curve was
‘fitted to the data and the statistical error on the curve was estimated
to be 10%. |

The low-energy K -p total cross sections that were used were from

‘hydrogen bubble chamber data. Elastic scattering. charge exchangej
' 16,17,18

scattering, and absorption were taken into account. Furthérmote.
the total cross seotion is known from countgf data to be 5219 mb at
azavz;os.lg From preliminary hydr?gan bubbie chamber results the total
oross sectlon at w = 2,52 is 60320 mb.2® The total cross saeti&n wag
assumed to be geometrical for protons (45 mb) at w=U, The above results
wéie plotted as a function of energy and'é smooth curve was.paésed
through thé points. A statistical error of 15% was estimated on the
above-mentioned fit. |

It waé also found the k ~abg Was approximateiy constant and equal
to 14.4 for  1.06. This was the valus chosen for 4ffA_ at W=, and a
smooth extfapolation to zero at W= 0,498 was made in much the same way
as done by Igi.ls ‘The integrals were numerically calculated with the
cutoff at W= 4, -The-results'cf‘the.integration are listed in Table VII.

The quantity D,= (W) was obtained from

Dylw) = = ¥ 4 Mﬂ:"{ _ AL (See)? (g
A

+ o - :
il B=0 /T2
whers W and kb are the total énergy and K- meson momentum in the center-
ofemass frame. The sign of D, (w) ig plus or minus, depending upon

whether the K¥.proton force is attractive or repulsive, respectivelye.
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Table VII
Results of numerical integration for different values of W
‘Integral : w
1,00 .17 1.285 1.46

4 \
f‘é "*f:"i‘lw 19.62 £ 2.0 18.8 £1.9 = 19.41 1.9

f‘g—f‘f-?*“ 57.59 2 5.8 64.0 £7.7 6415 8.6 425 £ 9.8
wet ¥~
y r £
]A.Io:(w)dw 57,4 ¥8.6 55,7 L84 sh,0 £ 8.1 51,38 £ 7.7
w'+w
’ 3 ’ l“’f |
ch'-(‘: - 192.5 ¥ 41.5 178.5 ¥ 29.7 -
W'=¢
’
ymA. Aw' :
J w/'q-;w 3.38 2.78 2.88 C 2.56
w=y98
- A dw'
W bt -170 83 —13 . 21 L
wiyes

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

aotion is repulsive, thus maldng D4{w) negative. The nature of the K=-p

force is still unknown, and this causes D_-_(;U) to be uncertain in sign.

| - o
From the §, phase-shift combination, éﬁﬂ’_’@)/ A is 1.21%0.16
, o

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

meson energles Aoy ws
al 4

& (w)
&

i
is isotropic, then A &, ) simply becomes
) d.n
Furthermore, 0 (w) = 0, (w) forwdl . b6. Thus sufficient in-

formation is available for the determination of D+(w) for w= 1,0, 1.17,
1.285. and 101"’60
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The value of D (W) is obtained from Eq. (31) in & similar way but

only forw= 1,17 and w= 1,235, From bubble chamber data we have

T ol 47
A

/'7)/ 2 5,2 + 1 mbf ferad
, B0 T~ S. ’

while Lex" (L 28S. )/ is still not available.?l The total K™=p
' s T . O=o _ :
cross sections for the two energies are@_(1.17) = $1:qmb and 6_ (1.285) =
8647 vb. The value obtained for D (1.17) is of the order of 0.5 K-meson

Compton wave length. It is hoped that D_(1.17) is small enough to not

introduca a significant amblguity into the dispersion relation. For the

: ‘ P
higher energy,D (1.285) is on the order of zero if A" 28 5) is
- ﬁ(_ﬂ— O=0

assumed to be not xﬁuch larger than 8.2 mb/sterad.
This 4s not an unreasonable assumption, since 6. (1.285) = 44 + 8 mb,

The results of the calculations of D+ (w) are listed in Table VIII.

Table VIII

Dt (W) (the real part of the forward scattering amplitude) for
' different w's

D+ (W) W

1,00 1.17 1.285 1.46
Da(w) «e125 + 0,14 <1.2l + 0,14 -1.23 * 0,14 <1.20 + 0,08
D_(w) - +0.5 o —

Now pAX(I\) and ps_X(z) will be determined for several combinations
of W and wy. Table IX lists the results of calculations for Xl. XZ’ X3.

and X, where ¥, is the left-hand side of Eq. (30) with the D (@) term
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dropped out; X2 is the sum of the three integrals on the right-hand side

of Eq. (30) with a cutoff at = 4 on the first two; X, and X, are the

3
respective coefficients of p X( ) and » X( ) in Eq. (30).

Table IX

Calculated values of Xl' Xz. X3.‘and Xb

for different combinations of and .

Xy X, Xy X,

lo% . 10285 0.135:{;0-22 0.0“’8:_'002 -0.238 T =0e222
146 1,17 0.22130.21 0,1540.2  -0.411  -0.393
1.00  1.285  =0.2114#0.24 ~0.29+0.2 0.5k 0,111

1,00 1.17  =0.117#0.22 -0.25+0.2 0.283 0.260

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

Table X.
Table X
X( ), X( ) for even and
add (X ), parities
P x(y P X( )
2 2
+1 0.95g" /4 +1 0.96g“/%
1 0.05£°/4 1 0.04g?/n

It was next assumed that the relative paritiee of the X and K

pairs are the same, 1.e., p *=p = p. From the numbers listed in
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Tables IX and X the quantity pg?/4Twas evaluated for p = *1, and the re

sults are listed in Table XI for the various choices of w and W,

Table XI
Calculated values for the soupling constant for different combinations
of and o for the possivility of either a scalar or pseudoscalayr

coupling
had “o | Pszl il
Ezﬂj » B .Em,,,;!

146 10285 =020 % 0.68-0.20D (1.285) H15 * 1.h.2D (1.285)
1.46  1.17 «0:,09 + 0,38«0.19D”(1017$ @19 A Bod,0D (1.17)

1,00 1.285  +0.09 % 0.38-0,17D _(1.285)  +1.7 % 7-3.2D_(1.285)
1,00  1.17 4025 % 0.58-0.16D_(1.17) o7 & 12.‘3;&3_1_('1017)

In evaluation of pg2/UV, the K -proton forward-scattering 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 ahd a pseudoscélar coupling 4s favqred; for a fapulsive_K“—p
potential D_ is negative and a scalar coupling is favored., If D_ is
assumed to be:negligible, the results from the first two rows favor a
pseudoscalar coupling, from the second two rows, a scalar coupling. The
value of ng/UTTvaries about zero, but the variation 4s well within thé
statistical error, It is thus impossible to determine whather the coupl-
4dng 18 scalar or pseudoscalar, but if it were scalar, pg?/4iTwould be
less than about 0.6; if pseudoscalar, less ihan about 10. Thesoe fesults

indicate that even with the most recently aveilable data it is difficult,
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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 X*.p Cross Sectign

The K+;p cross section is first expressed in a more convenient fofm,

starting with Eq. (6), which is
X,
M{ [(A (>¢)+} 00‘94)(}-)4» {-;(J\“")-f)gx))%_(k 1)
| Yo ¢

The effect due to scattering of ¥ mesons off protons can be separa-

=) 3
"'s

S
3z ‘
ted out from the term on the right for "target full" by

{-I(a,mﬂ (x»z,) ,{ f (A L0042 (%)) dy - c’ml) (4 2)
= svpf- m/z,},wg»{ f(a,(xmooh} (4 3)

where J{;CNR no longer contains the effect of the protons in the target,
but that effect has been integrated to give em b,
where ¢~ is the total X*-p cross section,

mis the number ol protens per cm’ in the target,

4 is the length of the target in centimeters.

Equation (A 3) may be rewritten ac
a1} ot - en ) b {-K ) Caw

where theA's represent the integrals.
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I 2| - 3[ . may be represented byd, Eq. (A 1) becomes
Sz 4, Sale ' .

&= wp{-N)- wb-emtyap{-N} . ws
Solving for ¢ml, we get

Gk =AY A (1=2"2), w8

The integrals were calculated for each K'.meson energy and the

results listed in Table A.I:

| Table A.I | o
Parameters for the determination ofg-, the K%.p total cross section
. Energy Parameters ,

M 3 Al ‘ .
(Mev) aXx/se A 10 (lﬂf '~A_¢,)xmg gl % cor-

o
restion = (mib-)

175 £ 25 10,41 £ 0.86 14,9 % 0.2 1.9 £ 0.2 10,1 # 1.1 «2.9 16.3 * 1.7

225 £ 25  9.29 % 0,76 12.6 + 0.2 1.0 % 0.1

9.4 % 0,8 411 15.2 % 1.3
275 £ 25

9.82 £ 0,95 31.0 £ 0.2 0.66% 0,09 10.1 % 1.1 43.0 16.3 % 1.7
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Appendix B

Ring Countsr Data .

In the following matrices are given the nurbers of times that various
ring-counter combinations counted for target full and for target empty.
Forvard- and backward-scattering events correspond, respectively, to

V counting and not counting by the range counter R,

| Target full (eff S, = 547516)
. _

Forward scatterigg Backward scattering

Coun Counters Coun Counters )
Yers o B C D E E G ¥ A B cC D E E Q.
1 22 12 5 6 3 6 8 1 13 11 1 1 1 §5 3
2 13 268 11 4 5 3 Y 2 7 16 9 1 1 2 1
3 9 13 1% 6 3 4 6 3 13 411 3 o 1 o
5 213 15 3 8 7 l 3 &4 9 5 5 0 1
5 11 17 9 14 16 10 5 5 5 3 5 12 8 4 3
6 B 12 10 3 16 9 1 6 b & 2 7 4 5 3
7 19 28 21 11 9 22 30 7 3 6 6 1 2 6 1
8 17 10 18 10 6 12 19 8 3 3 6 7 3 3 15
1,2 20 18 0 5 2 0 3 1,2 7 1% 10 1 3 2 1
2,3 10 10 16 4 2 o0 O 2,3 2 4 12 12 0 0 O
3,4 L 72 19 19 5 0 0 3,4 1 113 15 10 0 o
h,5 l1 0 5 26 9 1 &4 L,5 b 2 11 13 0 3
5,6 L 3 6 85 12 6 17 5,6 1 2 3 s 8 11 19
6,7 6 6 4 3 5 14 29 6,7 1 2 3 2 5 14 138
7,8 o 4 2 3 3 7 16 7,8 o 0 2 3-1 3 8

ters ABBCCDDEEFFG oY ABBCCDDEEFFG
1 28 30 3 0 0 1 1 42 33 0 0 0 O
2 22 18 &4 1 1 1 2 12 6 14 o0 o O
3 5 1% 9 7 2 1 3 3 7 510 1 1
4 3 9 12 11 & 1 k4 5 2 5 5 1 0
5 5 & 3 10 9 1 5 2 1 2z 8 17 7
6 2 1 3 1 13 1 6 O 0 2 3 8 &
7 0 5 3 3 13 15 7 2 0 0 & 7 18
8 2 8 1 2 1 17 8 0 1 2 2 1 2
1,2 31 50 19 0 o0 1 1,2 22 70 28 2 0 0
2,3 12 16 39 18 1 0 2,3 15 2?7 853 29 3 O
3.4 2 11 23 40 12 7 3.k 1 15 13 66 30 &
h,s 2 2 10 35 57 22 k,s 2 1 8 23 71 27
5,6 0 2 0 15 30 N 5,6 0 2 12 8 19 22
6,7 3 2 1 11 17 27 6,7 0O 0 1 4 5 19
7.8 1 0 0 0 8 9 7.8 1 0 0 1 3 4

i3

et



Target ompty (eff S, = 258063)

Forward écattering

Backward scattering

Coun

Coun
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Apperdix C
D ion of the Theoretical Decay Distribution

-For this distribution only the charged decay products that enteredia
forward cone of half angle 500 with 8Y» 0.8 were congidered. This limib-A
ing value did not affect the predicted angular distribution to any ex-
tent gince the :cutoff affected only the rare decay modés. It oould be
seen in Fig, 11 that the Kp, and K ,,decay modes had /8> 0.8 for forward
decays. The angular ‘di‘stributiona corresponding to these decay modes
are shown in Fig. Cl. To obtain these distributions it was necessary to |
assume only an isotropic decay distribution in the rest frame of the K*
meson. The same assumption was made for the following decay modes.

The 1a§oratory~3ystem angular distribution of the positron from
K. decay is shown in Fige € . It was not necessary to know the energy
distribution of the positron in the center-of-mass system but only to
agsume that its velocliy was ¢, which indeed was é good assumption.

To obtain the distribution of the #' from Ke.decay it was
nocvesmary to assume the energy distribution obta'ine& from phase-space
considerations- alone.-z2 Only 48% of the ' nesons wers found to be sent
forward amd to Bavs A>»0.8. The distribuiion of these energetic ;*_mésona
is also shown in Fig. €2

For the K., decay mode the energy distribution {center-of-mass
system) was taken %o be equal to the energy -cii:s%rlbntion of the 19 known
avents.23 It was found that 72% of the -decai events had a sufficiently

high S, and their angular distribution is shown in Fig. C2.
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It was explained in the section on the water Cherenkov counter
that for the Ky decays, several factors emter in an prevent simulation of

an event by a single charged 17 meson.

. The weighted average of the five angular distributions shown in
Figs. C1 and €2 is given in Fng C3. The contribution to this predicted

angular distribution from the three~bedy decay modes was less than 10%

for all anglese.
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Fig. C 3. Comp051te weighted decay distribution of
charged secondaries having B )» 0.8 from Kt-meson
decays.
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Appendix D
do

—aacs

Phase~Shift Fitting to the 23 &A.n Data

. The IBM 650 compubex" wag programmed to fit ’i‘z %&“)‘ given in

EQa (23).' to the differentisl-scattering cross-section points shown in

Fig. 17. From a corbination of the three phase shifts So, S, , and d3,

1 AT
3t dn

angles were altersd in steps which varied fx;o'm 0.01 to 0,002 radian until

was caleulated and the X2 was obtained from Eq. (24). The

X% became a minimum. In order for the differential cross section at the
minimam in 7(2 to be considered as a possible fit to the experimental ‘
data. only those were considered for which )(.2 is less than 1%.7. This
value corresponds to a 10% confidence level. By these criteria three
possible solutions have been found and are listed in Table VI.

Next, the maximum deviation in each pha.;Je shift & was obtained by
varying thé other two S's forX? fixed at 1k.7. 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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