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THE TOTAL CROSS SECTIONS FOR , |
190-Mev POSITIVELY CHARGED K MESONS IN COMPLEX NUCLEI

Leroy Thomas Kerth

Radiation Lab’orétory
University of California
Berkeley, California

April 8, 1957
ABSTRACT

The attenuation cross section and the differential scattering

cross section in one-angular interval were measured for K’ mesons
of 192 Mev kiﬁefic energy. The targets were carbon, aluminum, copper,
silver, and lead. | I'>

| The cross s_ections'wel;e analyéed in terms of the optical model to
determine the real and imaginary i)‘otentials. The average real potential
wa's_found' to be 24 Mev. The mean free path in nuclear matter was '
found to be consistent with a K’ -nucleon scattevl"ingv cross section of

about 10 millibarns. Some evidence was found for a variation of the

" mean free path in nuclear matter with- Z."~
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I. INTRODUCTION

R One of the basic problems of physics is concerned with the forces
t.hua,t exist in nature. With the discoveryv_of a new particle, one of the
first questions that arises is, how does it interact with other particles ?
The early experiments, carried out with the Bevatron, gave valuable
information concerning the basic properties of K mesons such.as decay
modes.,, mean life, and Mass. 1, Such 'experiments showed an almost

: complete degeneracy among the K mesons of different decay modes.
Experiments with nuclear emulsions have shown that to a rather gdod

, __a_p:proxi‘rnatior'x the K's with different decay modes interact with nuclear
mafter in the same way. 2 ‘Thus, it was felt that an experiment to
measure the total elastic and inelastic scattering cross sections of
positive K mesons, in several pure materials, ‘would be of interest in

learning the role of K mesons in nature.
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II. MEASUREMENTS OF THE CROSS SECTIONS

The nuclei chosen for the measurement were carbon, aluminum,
copper, silver; and lead.” The thickness of the‘targe‘t"s""'Was chosen so
as to have equal energy loss by th'e‘-K"m'esené in each target, The K
- mesons produced in the Bevatron were momentum —'analwyze‘d and focused

. on the.scattering target. The K particles were selected from the back-
- groﬁnd in the momentum "anai;’rzed beam by veloei‘ty ‘sensitive counters.
: A scattenng event was determmed by courters placed after the target

to indicate the absorption or scatter of a K particle.’

'A. Physical Arrangement and Experimental Procedure

I 'K* beams

The arrangement of the K beam is shown in Fig. 1.: The K’
.mesons were produced by the 6.2-Bev proton beam striking either a
carbon or a polyethylene target. (These targets were used so as to be
compatible with antiproton experiments running concurrently on the
Bevatron). The K mesons of momentum 500 Mev/c produced at 0° were
bent through approximately 45° in the magnetic field of the Bevatron,
- and then left the vacuum through a 0.020-inch-thick dural window. A
three -element quadrupole strong -focusing 1ens3 was placed as close as
possible’te the window. An analyzing magnet, immediately after the
quadrupole, was used to select the desired momentum. _

The momentum analysis and focusnxg properties of the Bevatron
field produce for each momentum a virtual image as shown in Fig. 1,
The quadrupole lens and analyzing magnet together form a "Strong-

H

-Focusing Spectrometer. " This spectrometer is adjusted to use the
virtual images produced by the Bevatron field as objects, ‘and produce a
set of real images at the counter array,

The momentum resolution and the momentum spread can be ad-
justed over wide limits by varying the magnetic fields of the strong-focusing
“spectrometer. The subject of particle focusing is a vast one and shall

not be covered here.
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f‘ig. 1. The'K+,‘ beam. The heavy concrete shielding that surrounded
_the entire apparatus is not shown. , ' :
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The experimental arrangement gave a beam of 192 Mev kinetic
enérgy at the scattering tar'get with a spread of 25 Mev. The flux
was about 10 K particles per square inch per '1010 protons on the

- production target, with an angular divergence of +3°,

2. Description of the Counters

The function of the counter arfangement was threefold:
(a) Tvo define the direction of the K particles, (b) to select from the
momentum -analyzed beam those particles with the proper velocity to
have the mass of a K meson, (c) to determine the fraction of these
partiéles that scattered or interacted in the ta.rget;,.

."Figure 2 shows a séhematic layout of the Couﬁters. For the sake
of clarity, only the sensitive region of the counters has been shown.
Angular definition of the particles was provided by two scintillation
cc?unt.ers- Dl and” DZ’ 1.25 inch in diameter and 0.25 inch thick in the
beam direction. These were placed approximately 2 feet apart to define
the direction of the incident particles to a cone of 3° half angle.

_ Two Cerenkov counters were used to define the velocity of the
particles. The K mesons in the beam are accompanied by a background
of protons and pions of the same momentum. The use of velocity and
Hp to select particles of a given mass is quite common. > The first
counter in the érray is a Cerenkov counter using as a radiator Fluoro-

chemical 0-75 manufactured by Minnesota Mining and Manﬁfacturing
5 -

: Company. It is a clear liquid with an index of refraction of 1.275. The
photémultiplier is placed so as to detect the light emitted at all angles.
Thus, the counter is sensitive to all _particleé with p =0.8.

The second Cerenkov counter, placed directly behind the first de-
fining counter, used a radiator of carbon disulphide. The index of re -
fraction of CS, is 1.62, so that particles with B 20.617 produce-

- radiation. In addition, this counter has an upper limit on-f because an’
air space is left between the radiator and the photomultiplier'(Fig.,. 3_).
"Thus, light emitted at an angle greater than arcsin (1/n) is internally
reflected aﬁd does not strike the photomultiplier tube. The upper limit

of the counter is given by
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where 9C’ = arcsiné(l/n),().n = index of refraction. This counter was.
first described by Fitch, ~ and is commonly called a Fitch counter.

‘The height of the pulses from the two defining counters was re- -
corded as a further measure of the velocity. o

The scintillation counters P, and._P‘2 (Fig. 2) were used in
conjunction with the absorber in taking range curves to determine the
energy of the incident beam and to test for contamination of the incident:
K beam. _ | »

" The scattering targets were placed either just behind the P2

. counter or behind the velocity-interval Cerenkov counter (Fitch counter).

The latter position was used for a background measurement (which is
described more fully in Section I1-A-5)." -

The counters, S and A, were scintillation counters 6.75 and 11.5
inches in diameter respectively. The half angles subtended by these

counters at the target were 22,10 and 41.3°.

3. Electronics and Data Recording

Each of the counters used' one - RCA 6810 photomulti’pliér tube,
with the exception of the two P counters, which each used one RCA
1P21 photomultiplier;'and the S counter, which used four RCA 1P21's.
The Fitch counter and the two defining counters were wired so that a
positive signal was available from the last dynode as well as a negative
one from the anode. The anode signals from the 0-75, Fitch, defining,
Pl,- and P2

utive amplifiers and connected to a six-channel coincidence circuit.

counters were amplified with Hewlett-Packard 460A distrib-

‘This c»,ircuit is similar to that described by Garwin. 8 It allows one to
r'nix'any combination of the six inputs into two separate circuits. Also,

an anticoincidence between the outputs of the two circuits is made without

‘destroying either of the two coincidence signals. Since particularly short

" resolution times were not needed, no attempt was made to push the

circuit to its maximum resolution. Delay curves taken during the run

indicated a resolutio‘n' time of about 2 x 10 -8 sec.
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The oﬁtputs of the coincidence circuits were monitored with
Hewlett-Packard prescalers (aboul; 10-7 second resolution time for CW)-
followed by conventional 1-microsecond scalers. The anticoincidence
circuit was monitored directly with a l-rhicrosec_:‘ond scaler. .

_ The output from the anticoincidence was used to trigger the sweep
of a Tektronix 517 Oscilloscope. The dynode pulses from the Fitch and

_ defining counters, along with the pulses from the S and A counters, were
mixed after suitable delays and displayed on the sweep of the oscilloscope.
The sweeps were recorded photographicaily by means .of a DuMont
35-mm moving -film camera. It was necessary to record 10.to 20 ‘
sweeps during the 100 milliseconds of beam pulse. Thu_s,A‘the camera
.was pulsed so as to move the film about 6 inches during each pulse and
remained staﬁonary between pulses. »

The photographic record allowed pulse-height and timing measure -

ments to be made on each sweep.

‘4. Counter Functions -

The .composition of the momentufn -‘analyzed beam was '_lapproxi- '
mately 400.pions and 200 protons to one K meson. The K' cross sections
are a small fraction of the pion or pfoton cross sections. Therefore,
it was necessary for the counters to identify K particles with a con-
tamination of pions and protons of less than 1%. -

_ ifn,the momentum -selected be,ar'n. the pions have a B of >0.78, so
that they should count in the 0-75 but not the Fitch counter. The K
particles have.a 8 of 0.71, so that they should count in the Fitch counter
only. The protons should count in neither.

The contamination of pions was measured for various combinations
of the counters by 'Vary;ing the thickness of the copper absorber in front
of the P, and P, counters and observing the coincidence rate between

1 2

counters P, and P, and the identified K mesons. . Since for pions and

2 .
K particles of the same momentum the range of the pions is much greater,
we expect the coincidence. rate to drop sharply with an absorber thickness
greater than the range of the K. mesons. One set of such data is presented

~in Fig. 4. From such data, it was determined that the contamination
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Fig. 4. Counting rate vs range.
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~-due to pions wé}s less than 1% of the K flux when the Fitch counter was
used in coincidence with the defining counters and the 0-75 counter was
in anticoincidence. It was estimated that the 0-75 counter missed less
tha_ﬁ one in 104 of the pions. '

In spite of the absolvute lower 1imit of the Fitéh counter, a small
' contamination of protons was discovered. The proton contamination
resulted from a true coincidence of the proton between the defining
counters and an accidental coincidence with a }Sion giving a count in the
Fitch' counter. This contamination was determined from the pulse- |
height spectra of the two'defining counters. A typical set of pulse-
height data is given in Fig. 5.. A point is placed on the graph for each
combination of pulses. The density of dots indicates the puise-hei_ght
peaks. The group of pulses at iow pulse heights was éttributed to-
K particles » while the other group was assumed to be protons.

. By accepting only particles that excited the Fitch counter, did
not excite the 0-75 counter, and gave pulse heights in the two defining
counters within the limits set in Fig;' 5, we selected K particles with
less than 1% contamination of other particles. ’

5. Procedure

One of .the targets was placed in position either directly behind '
the P2 counter, or after the Fitch counter. Several thousand traces were
recorded and then another target was used.

The main source of background was due to K particles that decayed
in flight between the P, counter and the S counter. Using a meén life
for: the K particle of 1.3 x 10_8 second, 9 we find that about 6% of the A
K pa'rticles decay. Since the fraction of particles that interact.is about.
3%, the background measurement should be as e'Xaét as possible so as
not to introduce. large systematic erroré; |

~ The fraction of K:par'ticl'es that decay while traversing a given

distance i F = exp - £/L, where L is the mean flight distance given by -
L = BycrT. The qu'an.tities B,y, and . ¢ have their usual meanings; T
is the mean life of the particles. . We see that the décay fraction is a

function of By or the momentum of the K.. So as to have F the same
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for the ba'ckgroundv measurement and the measurement of the effect,
it was necessary for the particles to have the same momentum at .
corresponding points between the PZ and S counters. |

For the target thicknesses that were chosen, the K particles lost
~about 30 Mev in traversing the target. Simply removing the target |
- would have given a different condition for the baékground measurement
than for the effect with the target in place. To circumvent this
unfortunate state of affairs, it was decided to make the backgfound
measurement by placing one of the targets (they all have the same
stopping power) in the position irrfmedidtelybehind the Fitch counter.
Such a procedure is only a first approximation to the desired con-

dition, and further corrections are discussed in Section III-C:1.

B. Reduction of the Data -

l. Film Reading

Calibration of the pulse height from the two defining counters
was accomplished by measuring the heights of the pulses in arbitrary
units, using é standard miéfofilm reader. The calibr‘ation was carried
out at various times, to check for any drift in gain of the photo-
miltipliers or amplifiers. It was found that the system was quite
stable. ’

After the limits on pulse height had been determined, charts
‘ wéf’e made up _srlho.wir_lg the limits and the positions in time of each
pulse on the sweep. The ‘t:i_ming of a pulse could be read with an
accuracy of approximately 5 x 1077 sec. Thus the time criteria
. imposed during the film reading improved the coincidehce-résolving
time. FEach sweep, as viewed with the microfilm viewer, was compared
with the chart, and the scanner quickly detefmined whether or not
the event wés caused b.y a K partiéle, .ifni:t Was a K, ‘-the sweep was
examined for pulses from the S and A counters. The sweepS‘weré then
classified as one of the followihg: V |

(1) out; (2) K; (3) K,A; (4) K,S; (5) F.

These were defined as follows:
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out - Events that did not fit the pulse height or time criteria
K —Events that fitted pulse-height criteria but that had neither
"an S or A count I '
KA - Events that fitted the criteria for a 'K and triggered the
A counter o :
K,S - Events that fitted the criteria and triggered both the S
and A counters : R ’ .
F - Events that fitted the criteria and triggered only the S
. counter _ ’
" The last four of these are of interest. A-K swéep results frofn
an event giving no charged particle within 41°.0f the beani. A K, A
event results from a scatter i_nto‘ the ‘angula’r interval between 22,1° ,
and 41.3°. The KS events result from particles that scatter les}s
‘than 21.1° with respect t_.o the beam. The F givés a measure
of the accidental rate ,_d_f the large counters because an oops can occur
only by an accidental coincidence between a K scatter and a random
count from the S counter. -

- The procedure was to read thrqughi the film, counting the number

. .of events in each of the classes. When a length of film-was scanned, -

8

the above numbers were recorded along with the film' numb__e‘r. The

scanners were not allowed to know which film went with which target.
Each set of such data was reduced to a cross section as described in
the hnéxt-s.e'(”:ti_on. Theée crosé se'cti‘o'ns were then ‘con‘n-pared, and the
deviation between t-hem was found to be compatible with the statistics

of each. Thus, it was felt that the sc.anners wére not introducing sub-

,jective errors.

2. Cal-cuiation of the Cross Sections

- From the various numbefs recorded during the film reading,
thr.ee cross sections can be calculated. “First, o 1 for 21 géometry;
secor.ld,' o, for 41° geometry, and thirdly, ‘Ac, ‘the differential cross
section between 21° and 41°. These cross sections are given by )



1
Ny No
0'1 = In — -1ln —— ,
n : --Nl 1
N N,
o,= = fin 0 12}, (1)
1
n N2 N2
. N Co :N 1
AC = —-1— In —1- -1ln 1 ,
‘ : 1
n N, N,
where v
‘N, = K+K,A+K7E,
N =R3,
N, =R 3 +KA,
R = number of K ‘events in a given run,

K,S=number of K,S events in"a"g'ilvén'i'un, :
K, A= number of K,A events in a given run,
primes denote background data, '
‘m = thickness ‘of ‘the target in a:tbm's’/cr'n2
The statistical standard deviation on each of the cross sections

is given by the formula

standard-deviation on o, Y A + 1 + - ! .
’ © N, N, N,
0 i - 70 . 2

(Fof t_h_e4 de rivatidh of this f(n)rmula.skee Appéridix A)

C. . Corrections

1. Decay in Flight

The techhique of measuring the background described earlier
acvc‘:ounts exactly for the decay in flight of particles that decay.between
_the bac.k.of the target and the S or A counters.. For particles that.

. decay between the P,  counter and the:back of the target, the. two:

‘ 2 :
arrangements are not quite the same, since the particles lose energy ’
in the region between PZ and the back of the target in the one case

and not in the other.
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Thus, the fraétion of K particles that decay is greater for the
background case than for the target. - A correction was calculated and
.applied to the data. It éccounte‘d’ for an'increase of 04 of 1.6% and
for an increase of 0, of 1.9%.

A further correction must be applied to account for w- and p-
meson contamination arising from K and K - particles that decay
between the last defining counter and tﬁe target, 2and tr1gger P, and
P,.

agaln on the momentum .

The fraction of such decays that strikes the back counters depends

The secondary partlcles that do.strike the A and S counters

*

have passed through the target and interacted accordmg to a cross
section different than that for K partlcles The'Se "corre‘ction‘s amount

to an increase in oy and 02 Cross sectlons of 1 8% and 5.5%

respectively. , ‘
The total corrections arising from decay in fhght then become

3.4% for oy and 7.4% for 0'2

~

2. Multiple Scattering -

In pfinciple', in an attenuation experiment, one would like to
define the incident beam very well, then measure the total cross sections
under "'good geometry' (small angle‘éubtended by the back counters).
Firstly, th\é‘ angular resolution of the incident beam must be compatible
with sufficient flux for reasonable statistical accuracy, and secondly, a
good geometry measufes the multiple Coulomb scatte.‘fiﬁg. The multiple: -
scattering at small anglés is large; if included in the measurement of the
cross section, it would completely mask the nuclear scattering. The

root-mean-square scattering angle is giveri by
a._,\/n?s\/bz AE / P, | (2)

"Z 1is the charge of the scattering nucleus,

where

AE is the energy loss in traversing the target,
P is the mean momentum in the target, ‘
b is a slowly vary1ng function of the By of the part1c1e

(and is given in Fig. 6).
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Equation (2) is easily derived by dividing the usual expression for

VeZ 10 10 L 5
Ve by the dE/dx ~, and assuming small energy losses to that
we -have AE'= (dE/dx) t, where .t ‘_'_'___he thickness ofsthe scatter.

- Equation (2) gives, for lead,/“?;z__L = 5%, The; lower-Z. .targets
give smaller values. The angle subtended by the S counter was about
three times the standard devia.tiojn of -the multiple -scattering distribution
when the divergence of the incident beam was included. - The calculated

correction due to multiple -scattering was about 0.2 %.



21-

III. THE CROSS SECTIONS

The measured cross sections are given in Table I. The un-

‘" corrected data are given in Appendix B. -‘Columns 2.through 4 give

the measured cross sections. In the analysis which follows, the useful

numbers are ,cr‘,/ng , where O'fg = 1'rR2 and R is the radius of the
nucleus. "R was assumed to be given by Ty A 1/3, with -r"(‘)f: 1.41){10-13 cm.

. In.the analysis, the initial state is assumed to be represented by a

plane wave, ‘and does not allow for the distortion of the wave by the

- Coulomb potential. A classical correction, to allow for the ‘suppression
of the wave at the micleus, can be calculated on the basis of the
classical’ orbits. 1 Fig. 7, we see that the trajectories that just
strike the edge of a nucl,éus of radius - R are actually contained in a

cross section bf area 1Tb2., Using the classical expressions for Lhe _
orbits, we find b2v= R‘Z/(l + Vc/T_), where- VC = (Zez)/R is the Coulomb
potential at the radius' R, and T is the kinetic energy of the incident
particle. The values of Trb2 are gi‘}en in Table I, as well as the

cross sections divided by *n‘bZ°



Table 1

The Measured Cross Sections for K Mesons in the Several Nucli. (in Millibarns) |

- ZZ_

_ Target C _ - Al Cu Ag ' Pb
01 _96.5 + 8.5 208 £ 13 505_;E 28 578 + 38 _ﬁ',108'1":|: 86
o, 83 % 6. 148 + 11 384 % 20 451 % 29 749 % 62
AC 13.0 + 3.0 _51 x5 123+ 12 125 + 15 340 = 45
b? 324 -~ 543 939 1320 2190
01‘. _ v -
bz 0.298 + 0.026 0.383 + 0.024, 0.538 =+ 0.030 0.438 + 0.029 0.495 + 0.039
. v : ,
o, ‘ . R _ : _
—b‘z‘ . 0.256 £ 0.019 0.272 £ 0.020 0.408 + 0.021 0.342 + 0.022 0.342 + 0.028
1r _ - . :
AT o . .
0.155 + 0.021

I 0.040 + 0.009 0.094 + 0.009 0.132 + 0.013 0.095 £+ 0.012
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Fig. 7. Classical Coulomb orbits for estimating the distortion of
the incident plane wave.
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IV. COMPLEX SQUARE-WELL ANALYSIS

" A. Formulation of the Problem

The measured cross sections are actually combinations of two

different effects. Thus, we can write

0p=0y05+By s

n

0= 0580y | | 8
L AC=Aa0 + Aoy,

" where O'_é " is the total coherent or elastic scattering cross section
and crI “is the total incoherent scattering, which includes all processes--
such as charge exchange and inelastic scattering--that remove
particles from the incident plane wave. The a's: and B's are the .
fractions of the total elastic and total inelastic scattering cross sections
included in the measurement. We now assume that the force between
the K meson and the nucleus may be represented by a potential

function given by

V=V, +iV,, r<R ' _ (4)
V=0 -.-'r->R

- where V.. and V, are real and independent of r. ‘The potential of

Eq. (4) is1 called tﬁe complex square -well potential. . Evidence from
‘experiments with nuclear emulsion have indicated that the real part
of the potential ispositive. 12 Thus, no attempt was made to fit the
data with a negative potential.

" We now assume that the initial state is given by a plane wave.
Using the Schroedinger wav'e“e'qua‘t:ion, one can calculate the exact

phase shifts;l?’however-;, such calculations are quite laborious and

‘are beyond the scope of this paper:
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B Opt1ca1 Model

The opt1ca1 model by Fernbach, Serber, and Taylor gives
approximate’ solutlons valid for smal}. vreflectlon and refraction at the
boundary of the potentlal

The wave number 1n51de the potentlal Well is glven by

where k is the wave number outside the well (k = P/w) and Vl is the
real part of the potential given in Eq. (4). If we consider the optical
?nalogy to the above problem, 1 k1 is analogous to the real part of
the index of refraction.. We may also introduce the imaginary part
of the index of refraction, Whi’c"h is the absorption coefficient K,

.In complete analogy to the optical problem, Fernbach, Serber,.

and Taylor1_4 obtaln, for 0y and 0y

‘R

GI.,_:‘ZW,/,,‘(I - _e;cp 2 KS) pdp | ()
or S S . o : . B :

oy 2

— =41 - [1 - (1 + 2x) exp Zx] /2x>

'n'R2

. R . B

o =2 f | 1-exp(-K+2ik)) 8 Zpdp' (8)

or ‘- ni AR o : Co :
S -1+ 1 x'_z.{l. - {1 + 2x) exp(-—Z_x)}
2 2 ‘ ’

e e
"+ exp (- x) [Zy( T x2+y)+xy_] sin Zy

'exP(-X)i:( :—X -Yg) +X(%k +y)]cosly},
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where x = KR, y = kl. R, szbz R'2 - pz. The terms b_o's' and O'I. frorﬁ
- Eqgs.(7) and: {8) are given in Figs. 8 and 9 for various values of KR and -
kiR. i
" In addition to Eqs (7) and (8) the optical model gives, for the

| scattering amplitude,
' (K +2ik))Sq :
£(6) = f [1 e v JJo(k psin6) pdp . (9)

An approximate form for Eq. (9) is

et 1/2 <kR (-k + 2ik,) S,

f(6) = E (20 4+ 1)(1 e ! )P, (cos 6), |
2k '
- | ‘- (10)

£ =0"

where ' :
sp = [K°R® - (£ +1/2) 17«

This expression is also obtained by treating the complex square well
in W.K.B. approximation. |

Using the results of the optical model, we now write

9’ _[da(e)/dw] sin 6d6

a, = — v (1)
/ l_:io(e)/d w] sin 6d6
(I
and
. 62 | _
/ Fw(e) /dw]sin 6d6
Aa = - (12)
'rr . .
/ [dcr(‘@)/dw] sin 6460
4 .
where dcr(@)/dw is the d1£ferent1a1 scattermg cross section. Using

do(6)/dw=. |f(9) |2, we find that a, and Aa are nearly 1ndependent

1
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Fig. 8. Total interaction cross section as given by the optical model.
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ﬁFig. 9. Total scattering cross s’éctiOn as given by the optical model.
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of KR and k;R and are only a function df kR.' It has been pointed

out that such a conclusion is reasonable, since we expect the shape of
f(0) to depend most strongly on the number of partial waves included
in the 'scattering. 1 In the first Born approkimation, we fiﬁd that the
shape of f(6) is absolutely independent of k1 and K. '

After final values for kl' and K had been obtained, new a's
and Aa's were calculated, and were found to differ from the previous
values by less than 1% (see Section IV -E). ‘.

The above analysis is insthé framework of Schroedinger wave .
rr_rechan:'ics,, therefore not relativistically correct; VllloWe-ve'r, relativistic

. kinematics were used,

" C. Effect of the Coulomb Potential

In the analysis thus far, the Coulomb potential has been neglected.
The potential of Eq. (4) should include the real Coulomb potential that ,
exists between'the two particles. If the first Born approximation is

used, 13 the scattering amplitﬁde is given by

£ (6) = _Lf ' sin Kr' U(r') dr', (13)
C hn
K : .
where _
'U(r') = 22 V(‘I‘)_, '
x2c?

K = 2k sin §2.
As before, this treatment is nonrelativistic; however, relativistic
kinematics were used. Now if U(r') can be written as an integral

taken over a density function p(r) Eq. (13) becomes
0= @Fe. o

where fo (60) is the scattering amplitude derived from a point scatter
. c :
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and F(6) is the nuclear form factor. For Coulomb.,s_c;,at;t!ering, fo' (6)
N SN AR R c

and F(0) are given 16 by A _ e
- ZeZE ' RN
fo (6) = ———oor L (15)
c e 2 2 ' o
(1)K
m .
F'('G). L p(r) sin Kr rdr . | (16)
K . 0 L

For a uniform charge distribution of radius R, Eq. (16) becomes

- F(6) =47 R> [sin KR - KR cos KR/(KR)3]. (17)
Equations (15) and (17) give the scattering amplitude as calculéted

in the Born approximation. It is well known that the magnitude of f(6)
d‘erived~from the Born approximation is_ﬁearly exact; howéver, the
phase is not correct.. To .es‘tima\te the rnaximﬁm effect, the phase of
fc(G) wasvarbitrarily taken to be the same as the phase of f(0) given by
Eq. ,(10) for the square well. For all values of K and k1 that are of
interest in the current problem, the Coulomb effect was found to be

negligible.

D.. Inelastic Sca.ttering Correctioh

‘A K meson that inelastically. scatters may still have sufﬁcient
ebr‘le rgy to feach the S and A counters, or may give a star prong of
sufficient rangé to count. The fraction of K particle giving rise to
. .such events is the 1-B of Eq. (3): The B's calculated from nuclear

emulsion d'ata.16 were
By=091, B, =0.81, . AR =0.10. . (18)

The statistical accuracy of these numbers is about .5% for 'Bl and [32'

‘and about 30% for AB.‘
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Justification for the use of results from nucledr emilsion for the
lighter elements is dubious since B might well depe‘nd"'eﬁ"fhé size of
the nucleons. The effect of a variation in $ on the determination of

K and k1 is discussed in Section IV -E.

E. Complex Square-Well Parameters

From Eqgs.(3), (7), and (8), and the values of a and f, one can
determine K and kl ‘pairs that fit each mea‘sﬁred cross section,
Thus, for each target, three curves are constructed that give the values
of K and k1 approprlate to each of the measured cross sectlons
Figure 10 g1ves such curves for aluminum, and these are qulte typical
of the other targets. The dotted lines indicate the uncertainty in the
various cufves due ‘to the statistical errors on the measured;cross E
sections. As is expected, '0'1" and ‘0'.2 are nearly mdependent of k
whereas A0 depends on both K ‘and k1 '

The values of K and k; for each target as determined from the

curves are given'in Table II.

Table II
k1 and K derived from the measured cross section (in units of 101,3cm_1
.C Al Cu ‘Ag Pb
-k1 0.078+0.062| 0.191+£0.029 {{0.240+0.050 | 0.146+0.030 |0.185+0.046
N\

K 0.087£0.003| 0.077+£0.012 {0.077+0.009 |0.060+0.008 |0.058+0.009

The errors shown reflect only the statistical inaccuracy in the
measured cross sections. The systematic e"rrorvs of the analysis are
somewhat larger. . o

The uncertainty of extending a pf determined for nuclear emulsion
to lower Z has practically no effect on K; however it certainly_ affects

k). The values of k, in Table II should be. reliable to about £50%.

The values of K must be taken in the spirit of the square -well approxi-
mation and co_nsidelied as only a first approximation to the real physical

potential,
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hFig. 10.. Determination of K and k1 for aluminum.
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The values of the real potential derived from Eq. (6) by use of
the values of kj given in Table II are shown in Fig. 11. The average

potential is found to be 24.2 :h:2.3 Mev. .

1
F. Mean Free Path for Interaction in Nuclear Matter

The problem. Qf deriving the mean free path in nuclear matter
from the individual K-nucleon interactions would still be a vastly
difficult ohe, even if the basic interactions were understood. In the
s-implest picture, oﬂe- assumes that each nucleon within the nucleus can
interact with the K particle completely independently-of the othef
nucleons. Thus, we may write the mean free path within the nucleus as

-

v=kl-@@t, (18)

where K is the absorption constant as defined in Section V-B, T
the K-nucleon cross section, and p the nuclear density. For R =

Ty A1/3, p is given by '

p :_.3_(11'1‘

4

3,-1

o) (19)

The values of o thatwere obtained from Eqs. (18) and (19) by use
of the values of K from Table II are shown in Fig. 12. Again the \
errors are purely statiétical, The drop in the value of % for silver

and lead, if significant, may indicate a failure_of such a simple relation

as Eq. (18).
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Fig. 12. Experimental results for 0y
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V. DISCUSSION

"A. Real Potential = |

‘ The real potentials shown in Fig. 11 may be compared with
results from e_xperiments with nuclear e_mulsionlz’ 17 for K mesons of
lower en‘erg).r.., The values‘atv low ene'rg'y are about 10 to 15 Mev. Thus
values here are significantly larger, i'ndicating.an’increase of the real
'poten_tial,wit}i increasing K energy. The results here are in reasonable

: . . . : g . 18
agreement, with preliminary nuclear emulsion results at similar energies.

B. Abs erption- -Cons“tant

’ - The value of 0. from Fig. 12.is lower than the K-proton cross
section given by various nuclear emulsion groups.. The apparent drop
of %9 with increasing A, shown in Fig. 12, is not understood at present.

Possible explanations follow in Sections 1 and 2 below.

1. Surface’ Effect

The interaction process of K partlcles in complex nuclei may

actually be a surface effect. Slm11ar assumptlons have been necessary

19

to explaln low - energy neutron scatterlng

2. Effect of :Magic Numbers

Since silver is neariy ""magic' in proton number, and lead is
doubly magic, one expects the lowest unoccupied level for a nucleon
to be higher in silver and lead than in the lower-Z target. Thus,
epllisions' with small energy transfer between the K and an internal:
nucleon might be more highly forbidden in silver and lead than'in the
other targets. This effect would be enhanced if the K-nucleon

scattering were peaked forward.

. Conclusion

Sectlons 1 and 2 above are mere con_]ectures Any real belief

in the dependence of the absorption constant on A should depend on

- further experiments.



-37-
 ACKNOWLEDGMENTS

The assistance of Dr. Ludwig van Rossum and Mr. Thaddeus
Kycia during all phaées of the ekpe:iment--and.at all hours of the day
and night--is greatly appreciated.: The experiment would have been
impossible without the physical labor, freely contributed during the
actual run, by Dr. Robert Birge, Dr. Marian Whitehe’ad,v Dr.-""Robert
Lanou, Dr. Jack Sandweis's, Dr. Roy Haddock, Mr: Roberf L Fry, Jr.,
and Mr. Thomas T. Reynolds. The help of Mr. Robert Fry, Mr. Thomas
- Reynolds, Mrs. Mariiynn-Harbeft,‘»and Miss Betty Blaine in scanning |
the film is greatly appreciated. Dr. Donald Stork is thanked for valuable
discussions during the initial sta‘gevé of the experiment, and for the
method of analysis taken from his’ d(')ctoralvdisse’rta“tion'.' Dr. Jack
sandweiss contributed many suggestions during the analysis.

- The tolerance of my farrily--Ruth, Norman, Rahdaill, and Christine - -
contributed immeasurablyto: the success ofv the experiment. Dr. Edward
J. Lofgren and the operating crew of the Bevatron are to be thanked for
efficient and effective operatlon of the machlne The IBM 650 computer ..
is to be acknowledged for some several m11110n arlthmetlcal operations.

' This work was done under the ausplces of the U.s. Atomlc Energy

Commission.



-38-
oo APPENDIX,

A. .Statistical Standard Deviation of the»-;I\d‘eas‘ured?: Cross Sections

Consider Nov particles incident on the target.” “We ask what is
the probability that N particles leave the target when the average
number is N. Now, the probability of having the f‘ir'st. N particles
penetrate thie ta.r'g'eat,an'_d the next (Nb -;.N). particle s r;_"qag'et.t:hrough is

gi{/en by

_lwhe‘r.e_ P+‘ is the probability that a 'p'a’rvticle gets through, or

P =~ and P=(1-P).

Now thé number of ways of arranging the N particles among the N,
particles is just NO(NO—I) (N0 “2)eiin (NO -N + 1), and the number of
- ways of interchanging the N particles in N! . Thus, we have
N, 3 N, -N
. 0
PNy = — 2 pNa-p) °
(NO—N)‘!v NI

which is just the binomial distribution. For large N and NO’ '

P(N) approaches a normal distribution of standard deviation:

Now, by Eq. (1) we have

N N "\~
o'i: ..1_ In 0 - 1ln 0 H
i
n N, N,
thus ‘ S~ [ —
: A 1 ‘_1 + 1 o1




B. The Uncorrected Data

Uncorrected data from which the cross sections-of Table I were

calculated.are as follows.

5
“ L n- = E
wony ‘ 23, i , . 2
e | (x10%7) - =1n NO/N.I. =1n NO/NZ
§gS | o4 ot
H,ETE (x1077) (x1077)
C 10.39 5.19 90.6 57.1
Al B DO OE-T- 2.65 96.4 l - 53.3
Cu. - 113,04 - - 1.235 102.8 . 615
Ag 15.817 0.883 87.7 53.8
Pb 18.75 -0.544 100.1 54,7
0 - 40.5

Background], 0

14.0
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