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ABSTRACT

The disappearance and presumed charge exchange of K+ mesons
has previously been observed in nuclear emulsions. We have measured the
charge-exchange cross section for K+ energiés betwleen 150 and 250 Mev in
C, Cu, W, and, as a check, in nuclear emulsion. In addition, a scintillation-
co‘unter array was used to detect the charged decay mode of the short-lived
Kl’ produced in the charge—exc.hange reaction. The measured mean free
path in nuclear emulsion is 195+25 cm at 200 Mev. The average correcfed
free-neutron cross section deduced from the pure elements is 5.9+0.4 mb.

From K+ charge exchange, and as'suming a branching ratio of

o

1 state, we

1/3 for decay into the an mode compared to all decays for the K

. o, o ) ) . .
find a K1 /K2 ratio consistent with unity.
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1. INTRODUCTION

The disappearance of K+ meson tracks in emulsion has been
. . + o . N
attributed to the reaction K' + p = K + n. According to the predictions of
o o
Gell-Mann and Pais, ! the K is a superposition of two states, the short-lived

o
©. The K,  in turn has two decay modes,

o
K, and the long-lived K2 . 1

Pl

The fraction of Klé going into th.é 27° mode has been measured
to be 0.36.° 2 The pure A I=1/2 rule predicts 0.33. ! In a previous paper, 3
we reported the observation of the charged-decay mode of Kl0 from the
charge exchange of 40-to 165-Mev K+ in the carbon contained in the propane
bubble chamber of the La\#rence Radiation Laboratory.' From the observed
number of events in this e@eriment we computed a total charge-.exchange
cross section of 0.6+0.6 mb per carbon neutron. The number from emulsion
data4 is 1.320.3 mb per average neutron for th;e total charge-exchange cross
section, These numbe;'s left an uncertainty.as to whether the rate of

appearance of the K © charged decay mode was compatible with the Gell-Mann

1

prediction.

- _
This work was done under the auspices of the U. S. Atomic Energy Commission.
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Accordingly, a counter experiment was designed to measure

o
both the charge-exchange cross section and the number of K, decays. An

1
emulsion target was used as a cross calibration, and then the cross sections

were measured for carbon, copper, and tungsten at 240-and 175-Mev average

+
K -meson energy.

II. METHOD

A. General Description

An identified beam of K+ rne'sons5 passed through a defining
counter and entered a target surrounded by anticounters as shown in Fig. 1.
A charge-exchange event was defined as one in which an identified _K+ meson
entered the target with none of the anticounters counting. Charge exchange's
leading to KZO (iong-lived) mesons should be detected with 100% efficiency,
whereas with a tazget of finite size some of the Kl.o (short-lived) mesons
will decay in the target and couvnt in the anticounters. These events are not
counted as charge exchanges, and the final data is corrected for this loss.

Besides the decay of the ch_" there are several other factors
that are critical in the design of the target. A Kzo—type event caﬁ be
simulate_d by an inelasticaily scatfered K+ which stops in the target in a
position such that the charged .d(lecay products also stop. Similarly, the back-
ward decay of K+ mesons in flight which give low-energy decay particles can
have the same result. In order to minimize these effects the stopping power
of the target must be sfnall in allidimens.ions, However, in the charge-
exchange process an energefic proton may be ejécted from the nucleus. If
th_is profon enters the anticdunters an event may be lost. Therefore, the

low-density targets used were surrounded by a brass cylinder to keep this

correction small.

g
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The detection of the Klo is based on thé‘fact that there is a

finite minimum opening angle between the two decay pions which increases
as the Klo energy decreases. If the target assembly is surrounded by

counters, each of which subtends an angle at the target smaller than this

(o]

minimum angle, then two counters should count in coincidence when a K1

decays. For 250-Mev K® mesons this angle is 72 deg, which allows the
entire solid angle to be made up of twelve pentagons fitting together as a

dodecahedron. The distance to the counters must be large compared to the

o
1

that the dimensions of each pentagon be about 18-in. across and the target

mean distance for decay of the K These various parameters determined

about 1-in. in diameter.

B. The Beam

A diagr‘am of the beam trajectory is shown in Fig. 2. It
consists of bending magnets, H and C, that had strong-focusing poles
serving to focus, as Well as momentum-analyze the beam. Small quadrupole
lenses Q1 and QZ made fine a.djust_ment possible when the beam energy was
changed. A momentum bite of + 2% was taken at the first focus with a slit
in a lead collimator, and the beam was then refocused both in momentum and
position on the charge-exchange target. The K+ mesons were identified by
coincidence among the time-of-flight counters 1, 2, and 3 and an anti-
coincidence with a water Cerenkov counter that counted only ™ mesons.

The beam was partially purified by putting an absorber at the first focus that
degraded the K momentum more than that of the pions. The difficult
process of alignment and testing of this beam had been done already% hence

we had merely to add and test the charge-exchange assembly.
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The limits on the pion and proton contamination had to be some-
what lower than in the K+ scattering experiment. Theref.ore,” we added more
absorber at the first focus, which increased the momentum difference
between the pions and K's with the result that the physical separation was
greater between them after the second bending. The following checks were
made to measure the beam composition. . ‘Fir st,v;.the time—_of-flight counters
were t’imed for pions, and‘the ratio of counting rates with the pion anticounter
off and on was measured. This.ratio was about 1000, indicating that the
anticounter was very effective. Second, the same ratio of counting rates
was determined with the time of flight set for K mesons. Here the ratio was
1.36. Thus the K/7 fatio at the K peak is 1/0,36 without the pion anticounter,

and (1/0.36)% 10°

= 2800 with the pion anticounter turned on. When the
counters were timed for protons, the counting rate was down at least a
factor of 400 from that at the K peak, indicating few, if any, protons. If
these were all K's getting through the coincidence circuit out of time, then
one can assume that the proton contamination in the K peak must also be
down by 400 from the counting rate at the proton peak. Thus in the K peak
the protoﬁ contamination is less than 1/(400)2 = 0.6 X 10-5. However, this
is not the only source of proton contamination. Interactions of K mesons
in the counters can lead to slow protons that could stop in the target,
simulating ch“arge-exchange events. These counts must be eliminated. To
do so we arranged to measure the pulse height in the defining counter (de)
just at the entrance to the charge-exchange target. Stopping protons could
then be easily identified. Another use of the pulse-height information was
to identify backward decays or inelastic scatters of K+ in the target which

reentered the defining counter, thereby doubling the pulse height. The

pulse-height calibration was made at regular intervals during the experiment
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by turning off the electronic anticoincidence and triggering on K for a few
hundred pulses. The beam intensity was such that when the Bevatron and our
equipment were operating properly, about five K mesons came down the

channel per 1010 circulating protons.

C. Counters

Surrounding the cylindrical target was a scintillator in the form
of av tube capped at one end (see Fig. 1) and viewed with a light pipe on one
side. This cup, labelled Al in Fig. 3 wasthezprimary anticounter. A ring
anticounter, AZ’ immediately in front covered the annular ring between the
center area defined by the defining counter (de) and the Al anticup.- In
addition, we surrounded the incoming beam with a tapered cylinder of scintil-
lator (labelled A3 in Fig. 1), in the event that the pulse-height discrimination
in the defining counter did not eliminate back scatters. The A1 counter was
in elgctronic anticoincidence with é, coincidence between an identified K+ and
a pd{se from de. . This anticoincidence: pulse triggered two oscilloscope sweeps
on which were displayed the pulses from all the counters, including the 12 ‘
pentagons. These sweeps were photographed for later inspection. Each of
the pulses was first put in coincidence with the output of the K charge-exchange
identification circuit, then they were added together with 50-musec delay lines
befox;e goipg to the oscilloscope. In'this way many spurious background
pulses were removed, even though the sweep time was 5 usec.

Prior to the run, particles were sent fhrough the anticoincidenée-
cup in various orientations and a pulse-height distribution was plotted to

prove that thecmp would count under all circumstances.
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D. Targets

The dimensions and materials of the various targets are given

in Table I.
Table 1
Description of Targets
Diameter Length Surface gsnsity
(cm) (cm) (gm cm )
"Emulsion 2.78 4.76 -18.08
Carbon 2.86 4,72 8.04
Copper 3.86 2.75 2.37
Tungsten 3.12 1.28 24.34
a
CH2 2.86 4.76 4.39

a.Used for carbon at 250 Mev.
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III.  EXPERIMENTAL PROCEDURE

A. Data Analysis

Several different targets were used at incident K+ energies
varying from 175 to 250 Mev. Three types of data were taken for each
target at each energy: (a) target in; (2) target out; (c) accidentals with
target in. The various densities and stopping powers of the targets made it
necessary to have the geometry of each unique, and therefore the "empty"
target contained different target holders-in each case. The "accidental” runs
were made by delaying the K+ charge-exchange pulse into the oscilloscope
coincidence circuit by 40><10"8 sec. The three categories were run alterna-
tively severé.l times to average out changes in beam conditions and counter
alignment.

In séanning the photographs of the oscilloscope traces, the
pulse height of each counter output was measur:ed, Two calibration corrections
were then applied before setting acceptable limits. First, the pulse-height
distribution in the ''de" counter was measured when the oscilloscope sweep
was triggered on through K's. This distribution for TK = 250 Mev is shown
in Fig, 4. The acceptable limits were set from 2 to 4 inclusive leaving
approximately 3% of the pulses outside. The final cross sections were in-
creased by this percentage. Secondly, a pulse from the charge-exchange
trigger was allowed to féea through one channel of the scope eérincidence
circuit to give‘a time marker and a definite pulse height, thus calibrating
the output amplifier. The average '"de'" pulse height from run to run was
then normalized By this calibration and, in addition, all the pentagon and
anticounter pulses were so normalized. No limitation was placed on the
normalized pulse heights in the anticounters. These counters must be

sensitive to a K+ that stops in the target and then decays; a delayed pulse will

be smaller than a prompt one.
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Any normalized pulse height greater than two was accepted for
the pentagons. The maximum value was limited electronically to seven to
preclude feed-through problems. In order to check the relative efficiency
of the pentagons, a plot was made of the number of times each pentagon
counted a Klo throughout the whole experiment. This is shown in Fig. 5.
Counters AGK, FHJ, BEL, and CDI are in positions of cylindrical symmetry.

From the recorded data, the K © and KZO events were selected

1
on the following basis. The KZO category included all events where there
were

(2) no pentagons and no anticounts,

(b) no pentagons and A3, and

(c) one pentagon and no anticounts.
The total is called NZ' Categories (b) and (c) were included under the
assumption that the pulses were accidentals, thereby making the accidental
correctio_ﬁ statistically much better. Category (c) includes the small fraction
of Klo‘s that décay outside the cup and have one prong that goes out the
entrance or exit opening of the dodecahedron. (

The Kl0 category included all events where no anticounter and
two or more pentagons counted. The total is called Nl"

On the accidental film the same categories were used, only in
this case the de pulse height was required to be zero.

_ After the various categories were selected, the data were

reduced in the following manner: The rate for a given type of event (i) pei'

+ . . . _ N.

K hitting a particular target is n, = f_lK where K 1is the total number of
o

K’ hitting the target while’ Ni events are being registered on the film, and

fm is a correction factor to K equal to the fraction of useable oscilloscope

sweeps.



-11- UCRL-889¢&

The accidental rates (rZ and rf) are calculated per charge-
exchange trigger. There are two accidental corrections: The first corrects
for events lost because accidental pulses appear on the film from the anti-

counters. The rate is

r = 2, ' '(1)

where NZ is the total accidental sweeps with any articounter excepting A3,
and Ais the total number of oscilloscope sweeps in an accidental run. The

second corrects for the appearance of two pentagon events on the accidental
N

runs, i.e., cases of false ‘Klo. This rate is re= Tf s (2)
where Nf is the number of accidental sweeps with no anticounter and two or
more pentagons.
We can now write for the corrected counting rate of KZO mesons
from a given target:
bl ' )
. X o)_nZ“T"f:- nZE—(d+ s)—fzn (kl ) 3)
n ( 5 )= e T-r, 5

where 0, and n,nare the KZO rates for the target in and out; d and s are

corrections for K+ mesons that decay, at rest after a scatter or in flight,
into secondaries that stop in the target; and f2 is the fraction of the Klo
mesons that send one prong through a hole in the dodecahedron (3% of surface

area is not covered by scintillator) and would be counted as KZO’ s.

The corrected counting rate for K © is then

! o
Pyr T Mg T T “(kz >
1<%, - %) (4)

The actual number of counts obtained in the various categories are given

n(K,°) =

in Table II and the corrected charge-exchange counts per incident K+ are

given in Table III.
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Table II

Distribution of counts in various categories

Target material
and K energies

(Mev) N;r Nio .NZ A N, No d+s 'KE £ K £

T‘ungé'ten

230 34 21 89 231 41  5.9x10°% 10.9x10*  0.98 2.29x10%  0.87

179 32 0 51 170 211 4 7.7x107% o0.8s2x10% 096 2.04x10%  0.97
Cbopper . _
179 26 0 44 76 164 4 2ixt0™% 1osxi0® 10 1.23x10%  0.96
Carbon _

239 41 42 103 394 69 2.4x10°% 1n.axi0*  0.9516.3x10%  0.88

188 24 6 73 225 192 290 4.9x10”%  3.73x10% 097 3.98x10%  0.99

151 5 58 129 43 9 s51x107%  191x0* 1 rsoxao® 1
Emulsion o ,

234 48 71 195 4 444 69 11.4x10°% 11.4x10®  0.95 4.59x10%  0.96

179 35 6 55 189 5 242 29 13.7x107%  3.73x10%  0.97 2.09x10% 0.94
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Table III

’ L +
Corrected charge-exchange counts per incident K

Target, material
and K energies

(Mev) . nT'(Klo”) rﬁl(KZ,O)

Tungs‘lten ‘

230 (2.24%.47)x10 7> (1.29%+.11)x10"2

179 (2.224.50)x10"> (1.24%.12)x10"2
Copper

179 | (2.87£.69)x10" > (1.464.16)x10™2
Carbon |

239 | (0.38£.13)x10 0.26%.02 X102

188 (0.59%.24)x10" > 0.47+.06 X102

151 (0.43£.35)x107 > 0.32+.06 X102
Emulsion

234 (1.504.34)X10"> 1.13£.09 x10°2

179 | (1.97+.62)x10~3 1.34%.12 X102 \




_14- . UGCRL-8898

B. Computation of The Productmn Rates from
the Observed Rates n (K1 ) and n(K )

The true producti‘on."r.ates N(Klo) and N(KZO) are deduced from

1 1 -
the corrected counting rates n (Klo) and (KZO) by the use of the following

f

formulae:

! o : :
oy . 210 (5)

|

o' (K,°)

) = (o]

2 N(K. ")

(1-fp) [1+fEfB 1 ] “ (6)
: N(KZO)

N(K,

The symbols are expiained\below.

To svee how these formulae are derived, éonsider first the
rate N(Klo). The experimentally meas;u;ed rate, n"v(Klo), must be
corrected for those evenfs which are missed because one or both of the K. °

1

decay products pass through the anticounter, A This may happen either

1
when the particle decays within the target or when it decays outside A1 but
manages to send one of its products backwards into Al' The fraction of all
Kl0 remaining to be counted, fE, may be calculated in a straightforward way
for each target and energy because the Klo lifetime and th.e target geometry
are well-known quantities. The magnitude of fE varies from 0.21 in the
case of carbon at 175 Mev to 0.51 for tungsten at 250 Mev and is shown
in Table IV. The method of computation of fE is outlined in Appendix I.

The next correction to the nT'(Klo) rate arises arises because
some events are not counted when an energetic proton manages to escape from
the target and trigger Al' The fraction of events lost by this mechanism is

called fp The range of values of f are from 0.013 for tungsten to

P
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Table 1V

Correction factors for production rates and free-neutron
cross-sections

Targef materials
and K energies

(Mev) fo fo fe for fq
Tungsten Peaked Uniform Peaked Uniform

230 0.40 0.33 0.013 1.06 1.02 1.01 2.08

179 0.25 0.26 0.013 1.08 1.03 1.01 . 2.08
Copper . ‘

179 0.30 0.28  0.029 1.05 1.05 1.03 1.78
Carbon

239 0.27  0.24 0.084 1.01 1.22 1.06 1.34

188 0.22 0.20 0.084 1.01 1.30 1.09 1.34

151 0.20 0.19 0.084° 1.01 1.39 1.11 1.34
Emulsion '

234 0.25 0.22

179 0.21 0.19
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0.084 for carbon and are shown in Table IV. The method of determining fP
is described in Appendix II.

Lastly, compensation mustbe'fna.de for those Klo's which
decay by the 27° mode outside the target and hence are not counted by double
coincidence in the dodecahedron. '(Those which decay inside the target
succeed in triggering the counter A1 becé.us'e"of the high probability of
converting at least one of the four gamma rays in the target or brass sur-
rounding the target): .- The ratio of those Klo‘s decaying by the 27° mode to
those decaying by both modes is taken as 1/3 and designated by the symbol
fB. 2 These three quantities are combined to yield the corrected ;‘ate shown
in Eq. (5).

Consider now the derivation of the N(KZO) rate. Here, &8 in the
N(\K-_lo) rate, so.me events are lost because an energetic proton produced in
the nuclear interaction escapes from the target and triggers Al' The
fraction lost is again fP.

The other correction which must be made to n"s.'(KZO) arises
because those K°'s which decay outside of the target by the 27° mode of
Kl0 give an electronic identification identical to that of KZo and must there-
fore be removed from the 'ri'l'(Kzo) rate. The fraction of events that must
be removed is then fEfB N(Klo)/N(KZO). This correction amounts to about
10%.

The N(K1°) and N(KZO) rates may then be obtained from Egs. (5)

o]
1

° channel, G(KZO),:are directly calculable

and (6) and the individual cross-sections for charge exchange into the K

channel, O'(Klo), and into the K2

from
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o, _ N(K,% ,
ou(Kl ) = _p_l_ o : ; (7)
T ’ :
and
o N(KZO) :
0Ky = T (8)
T . .

where p is the number of neutrons per square centimeter in the target, T,
under consideration.
These cross-sections are called the "uncorrected cross section

per neutron' [ou =g Klo) + ou(KZO)] and are tabulated in column 1 of

ot
Table V. For emulsion, these uncorrected cross sections correspond to

mean free paths of 225425 cm at 234 Mev and 16423 cm at 179 Mev.

Iv. RESULTS

A. Estimation of Free-é\leutr%n Crosé Section and
R(K, IAK, )

When the neutron involved in the charge exchange is bound in
the nucleus instead of being free, there are several effects which'make the
measured charge-exchange cross section per neutron, oy different from

that of the free neutron, o The effects considered here are the diminution

N
of the cross-section by the coulomb repulsion of the incident K+ by the
positively-charged nucleus, by shielding from the other nucleons in the
nucleus, by suppression of charge exchange at forward angles due to the
Pauli principle resulting from the endothermic nature of the process, and
lastly, the overestimation of thé single—collision cross section because
occasionally double collisiéns océur. The details of the computation of

these effects are contained in Appendixes 3 to 6. The shielding and double

. . . o o
scattering are combined into vfsd(Kl ) apd f,sd(KZ ).



Table V

oC
(o8 e
% _ . == m—
'Y Uncorrected cross sections (¢ ) for K+ charge exchange, free neutroct’1 cross sections
.| (o ) and the branching rati8, R, for production of the K, and K . Shown are
g results for two assumed angular distributiomsand welghted averages
D v
Target material
and K energies o o
o : . A{K,") o..{K, ") o o o
(Mev) (mb/tlleutron) (mb/r%utll-on) (mb/neutzron (mb/rI}Ieutron) R(K /K Y
Tungsten Peaked Uniform Peaked Uniform Peaked Uniform Peaked Un1forrn Peaked Uniform:
230 2.26 2.49 2,17 2.59 2.77 2.79 4.94+.49 5.38+.56 0.78%+.20 0.93%.22
179 2.78 277 3.52 3.94 2.81 2.81  6.33%£.72 6.75+.82 1.25+.31 1.40%.34
. Copper _ :
- 179. 3.59 3.74 3.67 3.85 -3.24 3.21 6.91+.89 7.06+.93 1.13+.30 1.19+ 31
! . . .
Slg Carbon , _
239 4.18 4.45 3.37 3.31 3.38 2.97 6.75+1.11 6.28+1.09 1.00+.28 1.11+.38
188 3.78 3.97 .3.18 2.66 3.33 2.81 6.51+£1.29 5.47+1.21 0.95%.41 0.95+.46
151 2.80 2.87 2.74 2.30 2.43 . 1.94 5.17+2.25 4.244+1.90 1.12+.98 1.18%1.0
Emulsion
234 3.54+.38 3,78+.41 0.86+.22 0.97+.24
179 4.84+.78 5.13+.82 1.124+,33 1.23%.34
Weighted average 5.79+.34 5.97+.41 0.96+.09 1.08+.09
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‘ . )
The shielding and double-scattering factors havg different values for Kl and

. ) +
K.© rates because multiple collisions involve loss of energy for the K meson

2
. : )
leading to appreciably more decays of the Kio in the target, whereas the K2
rate is not affected. The crN(K1 20) are the cross sections per free neutron -
for Kl0 or KZO obtained from the cru(Kl Zo) by the formula
o
)

o, _ _ o .
oK) = £ By g (KD Uu(Kiv i=1,2 (9)

where i =1,2, and the total corrected cross section per neutron by

On = UN(KIO) + GN(KZO) . : *(10)

N

In general the combined factors fC fx fsd amount to increasing
7, by about a factor of two. The individual factors are tabulated in columns
3 to 5 of Table IV and the resulting free-neutron cross sections in Table V.
The weighted average of the free-neutron cross section for all elements is also

given,

B. Estimate of Phase Shift

An estimate of the phase shift for the zero-isospin, zero-orbital
angular-momentum partial wave can be made from the measured charge-exchange
cross sections. We denote the amplitude for each partial wave state by a n’

where the first subscript refers to the isospin and the second subscript is 0, 1,

3 for the S, PI/Z’ and P?)/2 angular momentum. The differential cross section

for K+ interactions may be written as

do

4% = %*(A+Bcos6+Ccos® 9), ' (11)
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and the total cross sections as

1

o = 4m X% (A t3 C), | (12)

‘where, for the reaction K+ + P> K++ P, we have

_ 2 2
App=(ap) *(ayy - a5 (13)
*. | 14
B,p=2Re (ajo) «~(2a11 -a13), (14)
and
* C..=3 24+ 6R % (15)
Cyp= 3(ay) Re (a)) #a),.

Similarly, for the neutron reactions we have

1 2 1 2
AynTzlegteg) t Z[(au - 2y3) £dags - a01)} , (16)
- 3 " 2a, .+ a,) 17)
Byn =z Rela)g*ay,) <22 5+ a,,)+(2a55+ 24,)|, (
and
C...= ~l(za,, + +(2a.. +a. )% -1 )+ ( )12,
sNTF|Ras e ) HEag g )l - g llags - ) (aggmag) |

(18)

Where a choice of sign exists, the plus corresponds to the reaction
K+ + N —» K+ + N, and the minus corresponds to K+ + N —-» Ko + P. Further,
the amplitudes, a___, are related to the phase shifts, & , by
mn mn
218

e mn - 1
®mn- T 21 - - (19)
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Experimental measurements . of %‘g for the reaction K++ P—>K++P
from very low energy up to the energieé of th.ils experiment indicate that it is
consistent with isotropy. 6 Either a pure S wave 6r I;ure P 1/2 statg could
give this distribution. If one argues that pure Pl/’2 is the cause at the higher
energy and pure S at ‘the low'er energy, then the aﬁgulali distribution at some
intermediate 'energy shoﬁld show considerable.anisotropy ‘due to the presence
of these two states. This anisotropy is not observed, and we choose to

interpret this persistence of isotropy as due to S-wave interaction only. We

therefore set aj; = a;3° 0.. We then use the previously determined 'value. . .
. 1
of a10,5 which yields 610 = 33.4% £ 2.3°. Under these conditions, we have
Neut )=2 N) + 4 kz R * 20
%tot (Neutron) = Uex( ) T €20 210 (20)
or [ ]
o, (N)-20 (N)
sin §,, cos (&, - &.,) = tot ex , (21)
00 10 00 2
4w X sin 610

(N) is the neutron total cross section and O ox (N) is the neutron

wh
eref,- Ttot

charge-exchange cross section. The value of 12 + 3 mb at 239 Mev is obtained
for O tot (N) by interpolation from the data of Lannutti7 and Burrowes et al.

Under these conditions we find

(23)

The large error is due chiefly to the uncertainty in the interpolated neutron

total cross section, the lower limit is cut off at o deg to be consistent with

5,6

the repulsive S-wave interaction as determined from coulomb interference.
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C. Determination of ¢ /o
‘ ex’ " In

The ratios of the K chafge—exchange cross section to the K"
tofal inelastic cross section determined previously were frominuclear-emulsion
experiments and hence repre;sent an averaging over several different nuclei. 6,7,9
Becmusethe present experiment directly measures the exchange cross section in
pure elements, we combine these results with previously measured total cross
sectionslgo determine the ratios for the pure elements C, Cu, and W. For
an energy of 200 Mev, the ratios which are in substantial agreement with the

most recent compilation of emulsion resultsl1 are 0.23, 0.30 and 0.34 for

carbon, copper, and tungsten, respectively, with an error of £0.05.

D. The Ratio, R(LKIO/KZO

In the description of the neutral K meson as a particle mixture,

the functions for the two decay modes are expressed as

[K B} piK°>+ QIK > | (23)
. Mp ) 1/2 -

IVK > \/222‘1112 >

The coefficients p and g must be equal to one if time reversal invariance
is true. One consequence of p = q = 1 is that Branching ratio R (KIO/KZo

must also equal one.
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Since the cross sec.’cionsjaré .‘deter'mine;d in fhis' experiment

from the raw data in terms of two different angular distributions, the ratio
R is also de.te'rmined*in terms of these two angular distributions. ASs is
shown in Table V, we obtain R = 0.96 % 0.09 for the peaked distribution and
R =1.08 £ 0.09 for the unifofm distri‘buti.on.r Both values are consistent with
the 'theoretical]‘y"'px"edicted value of 1. Rather than interpret this result as a
check on the invariance of the time-reversal operation‘, we prefer to assume
that the true value is R =l and interpret the near-equality of the measured
value to R = 1 as a check on the internal consistency of the calculated para-
meters of this experiment. . We note that a change in the ratio 21r°/2'rr°+(1r+1'r_)

of - 0.1 changes R from 1.00 to 1.15.

CONCLUSIONS

The mean-free path for K+ charge exchange in emulsion is in
agreement with pi‘eviou"sly méasuréd values.

The value for the K+ charge-exchange cross section on a free
neutron is of the order of 6 mb in the energy region from 175 to 250 Mev
(see Table V). The ratio of the charge-exchange cross section to the iﬁelastic
cross section is of the order of 0.3. Both of these résults are consistent with
an increased interaction in the T = 0 state, as sﬁggested pl;eviously.

| Previdusly no eQidehce existed as to the identity of fhe products

of the K+ disappearance in emulsion. If strang_el;xess is conserved ivn K+
. interactions, then the number of K°'s detected should equal the number of K+' s
that disappear. In this experiment the K+ disappearance and the fraction of
K®'s decaying by the Klo mode are positively electroniéally detected, and the
other mode K.° is assumed to make up the difference (after correction for

2
2 decay of Klo).
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. o, . .
If the ratio R(KIO/K2 ) is not equal to one, then either
strangeness is not conserved or time-reversal invariance is not true, or

both. However our measured value of R is consistent with unity.
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APPENDICES

Appéndix I Gomputation of fE '

In order to determine what fraction of x;eal events are lést
because of Kl0 decay products counting in Al? a Monfe Carlo caiculati-on was
carried out on an IBM 650 computer. The direction of all incident K''s was
taken along the target axis and the distribution of chérge exchanges was taken
to be uniform over the target. The charge exchange was assumed to take
placé at a point on a single neutron at rest. Energy loss and scattering of the
K+ in the target was neglected. The foliowing parameters were picked at
random: (a) a point in the target, (b) a direction of the Klo, {c) a distance

before decay (weighted according to the mean life), and (d) the barycentric

o
1

assuming an energy of the Klo as if K+— nucleon elastic scattering had taken

angle for decay of the K The half life was corrected to proper time by
place. By the use of an angular distribution of the Klo in the laboratory
system, it was possible to compute the total fraction of Kl0 that would be
lost and also the efficiency for escape per d (cos elab) as a function of cos elab'
These quantities were computed for each target and for each energy. A

value of 0.95><10_10 sec was used for the mean life of the Klo mode.

For purposes of reducing the data, a center-of-mass (c.m.)
angular distribution must be assumed for the resulting K° in the exchange
process. We have reduced the data in 1.terms of two different distributions.

The first is uniform in d(cos 6) and the second is of the form do¢ /dQ = 0.168
+ 0.415 Cosc,m.+ 2.25 coszec.m.; this distribution is derived for the exchange
process from the results on K++ P and K++ n in emulsion. ? The Klo escape

efficiency for each of these assumed distributions could then be easily found

by atilizing the above-mentioned Monte Carlo results. At small angles these
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distributions are suppressed, as mentioned in Appendix I, because of the
necessity of imparting a certain minimu‘m amount of energy to the recoiling
proton. This minimum energy is determined by the endothermic nature of
the exchange process.

We have also corrected the data for double scattering of the
emitted Klo as per Appendix VI leadiﬁg ‘to the total corrections fE listed

in Table IV.



' 26 UCRL-8898

Appendix II. Calculation of 'fp

'fhe factor, fp, which corrects for those events that are lost
because energetic recoil protons sometimes escape from the target and count
in Al’ depends on ._.lthe target material. For the emulsion target we use data
obtained from emulsion stacks. "9 For the other elements we note that the
energy in the center of mass of the charge-exchange system is similar to
that in some nucleon-nucleon experiments done with the 184-in. cyclotron. 12
The energy and angular distributions of recoil protons were measured from
various elements close to those that we used. These distributions were used
to compute what fraction of our chargé-exchange events would be rejected by
integrating over all possible directions in each of the targets. These

corrections, f are given in Table IV.

P’
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Appendix I11I. Coulomb Correction

The correction for the reduction of the effective nucleon radius
by the Coulomb distortion of the incident wave1_3 was made by increasing the

measured cross section by the factor

| eVC 2 |
»fc = {1+ T , o , (24)
where we have the Coulomb interaction energy, eVC = eZZ/R, and

B 13
R=1.2X1077 A .

' The values fC used for the various targets and energies are

givén in Table IV.



-28- UCRL-8898

Appendix IV, Nuclear Shielding Corrections

We assﬁme that the ratio of the charge-exchange cross sections
for free neutrons to that for bound neutrons is the same as the ratio of the
total scattering cross section on free nucleons to that on bou;ld nucleons.
. We then use the calculations of nuclear transparency by Rossi to evaluate
-the ratio of the individual scattering cross sections in terms of the transparency
factor ( 6i/nR2). This factor is a function of the mean free path in nuclear
matter (lc) which is calculatedi from the known free-neutron and-proton
scattering cross sections.

By definition, theé transparency factor is

94 Acg 4
, , (25)
TrR2 . waoz A273

where o 1is the average measured total cross section per nucleon, A the

atomic weight, and aoA.1/3 = R, the nuclear yadius.

. g, Ta
Therefore we have ¢ :.(Tl{z 7&1%3’ and the dgsired ratio is {26)
o, o A_.1/3
&= = ———, (27)
’ 7 Ta 2
TrRZ o

where ¢ is the average free-nucleon cross section. The mean free path

in nuclear matter is

1 4T\'a.03 '
lc i 9 £Pnucl. ] 30f ’ (28)
Zcrp + (A—Z)an
e A ¥ - - (29)
and Op = 16 mb and o N = 12 mb are the values used for total cross sections
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for K scattering on free protons and free neutrons, : The correction
factor a, calculated for each element and combined with the double-scattering

corrections of Appendix VI appears as fs in Table V.

d
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- Appendix V. Pauli Exclusion Principle Corrections

R. M. Sternheimerls calculated the minimum angle 0 of the
K+=nuc1eon scatter within the nucleus in order that the momentum of the
recoil nucleon be outside the occupied Fermi distribution, starting with an
average value of the Fermi energy TF' In our case we substituted for TF |

the sum of the KO—K+ mass difference and of the energy necessary to trans-

form the target nucleus (A, Z) to(A, Z + 1). The formula used is

1.558 TF

CcOs Omin =1 - —-Tl——— . . ' (30)

Here T1 equals the effective K+ enrgy inside the nucleus,

1 lab

T, =T "'VC."VtQ

Y

where. Tlab is the laboratory kinetic energy, Vc’ the coulomb potential, is

taken to be Ze/(1.2x10~1/341/3), ana

V#, the repulsive K+ rniuclear potential, is taken to be 20 Mev. 15
The.magnitude of the solid-angle %or’rection fx determined by

the cutoff angle emin depends on the angular distribution of the charge

exchange on the nucleons. Table V shows the amounts the measured cross

sections were increased for two assumed angular distributions mentioned

before -~ spherically symmetric and peaked forward.
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Appendix VI. Double Scattering Corrections
If a K+scatters a second time in the nucleus, it may charge-
exchange and increase the number of events over what would be expected
_ , . o, :
from the nuclear shielding calculation. The K energy will be lowered by the

first scatter, and consequently the probability of the K ° decaying in the

1
target is increased. The effect of third-and-greater-order scatters are

ignored. The measured cross-section is increased over the actual cross

section as follows:

O Meas = T act (1 {1-0) R P,B), , ' (31)

where 1-f is the fraction of K+ left after-first collision (= 0.8), R is the
ratio of cross-~-sections at the energi‘es of second and first collisions, P2 is
the probability of a second collision, and B is the.ratio of escape factors of
the K0 in the first and second collisions.

LetR = 1, as we have no evidencein this experiment for the
change in the cross section; this value will give the maximum possible
correction.

| From the probability of any collision, o /mR®, which is known,
P2 is calculated. For 0'1-/1TR2 =1 - e_x', we have PZ = (x'.z/Z)e_x. The value

. o o . _
of Bis 1 for K2 events and 0.68 for K1 . If we write T pct = (o

we obtain the correction factors fd(Kol, 2)‘which are given in Table VI.
. 2

o
‘meas f"cl(K 1, 2)’
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Table VI

UCRL.-8898

——

Double scattering correction factors

o : o

Element fd(‘Kl ) fd(K2 )
c 0.94 0.91

- Cu 0.91 ' 0.87
W : 0.89 0.84
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