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 ABSTRACT

The total attenuation cross section and the diffgrential-scatteting
¢cross section in one angular interval were measured for Kt mesons of
190-Mev kinetic energy. The targets were carbon, aluminum, copper,
silver, and lead. _ _

The cross sections were analyzed in terms of the optical model to
determine the parameters of the complex square-well potential, The
average real potential was found to be 24.2 # 2.3 Mev. The mean free path
in nuclear matter was determined to be consistent with an average Kt-
nucleon scattering cross section of about 10 millibarns. Some evidence
was found for an increase of the mean free path in nuclear matter with Z,
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INTRODUCTION

Experiments on the properties of K mesons have indicated an almost

 complete degeneracy between K' mesons with various decay modes. Widgoff

et all have shown that to a good approximation k' mesons of different decay .
modes have the same scattering cross sections. Several meagurements of
the K* meson total cross section in mi_clear emulsion and the K+_hydrogen
cross section have been carried out for energies from 0 to 200 Mev, 2 ‘In

this energy range the nuclear potential for K+ meeons was found to be
repulsive and of the order of 10 to 20 Mev. In addition, the experiments have
shown that the interaction cross section per nucleon in the cofnplex nuclei

is smaller than the K hydrogen cross section. The work presented here
extends the scattering and interaction cross-section data for 190 Mev K+

mesons to several pure elements.

gThi,s 'wovrk done under auspices of the U. S. Atomic Energy Commission.

?Supported in part by the National Academy of Sciences
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» MEASUREMENT OF THE CROSS SECTIONS
The particles emerging from the Bevatron target were momentum-

'a.nalyzed and focused on the gcattering target. Velocity-sensitive counters

were used to distinguish between the heavy mesons and the other particles

. in the beam. Counters placed behind the scattering target indicate the

absorption or scatter of a K particle. The nuclei chosen for the measurement
were carbon, aluminum, copper, silver, and lead.

The arrangement of the K¥ beam is shown in Fig. 1. The K mesons
were produced by the 6.2-Bev protons striking either a carbon or a polyethylene
target. (These target materials were chosen with regard to the requirements
of an antiproton experiment using the same target.) The particles of momentum
475 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 magnetic-quadrupole strong-focusing lenn3
~was placed as close as possible to the window., An analyzing magnet,

immediately after the magnetic lens, was used to aelect the desired momentum.-
-The quadrupole léns and analysing magnet together form a ''strong-
focusing spectrometer. n2, 4 This spectrometer used as objects the virtual
images of the target produced by the Bevatron field, and formed a set of
real images at the counter array. This experimental arrangement gave au~7
beam of 190-Mev kinetic energy at the scattering target with a spread of '
% 25 Mov and an angular divergence of ¢ 3°. The flux was 10 K particles
per gquare inch per low protons incident on the production target.
The function of the counters was threefold: (a) To define the direction

of the particles, (b) to select from the momentum-analyzed beam those

particles with the proper velocity to have the mags of a K meson, and

{c) to determine the fraction of these particles that gcattered or interacted
in the target. Figure 2 shows the counter array. Angular definition of the
particles was provided by two scintillation counters D, and D,, 1.25 inches

Cfsad

"in diameter and 0.25 inches thick in the beam direction. These were placed ™

approximately 2 ft apart to define the direction of the incident particles
to cone of 3% half angle.

Two Cerenkov counters were ueced to define the velocity of the particfen.
C, ie a Cerenkov counter using as a radiator Fluoro-chemical 0-75 manufactured
by Minnegota Mining and Manufacturing Company., It ia a clear liquid with
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an index of refraction of 1.276. The ‘photomultiplier tube detects Cerenkov
radiation emitted in all directions; thus, the counter is sensitive to all
particles with £ >0.784. _

The Cerenkov counter G,, was placed directly behind the first
defining counter. It used a radiator of carbon disulphide contained in'a
glass cylinder with a transparent window at the downstream end. The index
of refraction of CS, is 1.625, so that only particles with § >0.615 produce
radiation. Light emitted at an angle greater than arcsin (1/n) is internally
reflected ai the rear window of the counter and does not strike the photo-
multiplier tube. Thus the counter is insensitive to particles of a velocity
greater than B, given by:

pu & cols UCA
where Bc = arcsin (ls/n). n = index of refr.acti'on. This counter was first
described by Fitch.” K particles were identified by a coincidence between
the C 2¢ D 1* and D2 -cquntera in anticoincidence with the Cl couﬁtex_*. When
such an event occurred the height of the pulses from the defining counters
was recorded and used as a further measure of the velocity. |

The scintillation counter P (Fig. 2) was used in conjunction with the
absorber to determine, by range, the energy of the incident beam and to
check for contamination in the K selection siybatem.

The scattering targets were placed either just behind the P counter
or behind the C, counter. The latter position was used for the 'target-out'
measurement (which is described more fully below.) The counters A1 and
A, were scintillation counters, 11.5 and 6.75 in. in diameter respectively.
The half angles subtended by these counters at the center of the target were
41.3° and 22.1°,

- Electronics and Data Recording

The counters P and A, used one and four RCA 1P21 photomultipliers

respectively. All of the other counters used one RCA 6810 photomultiplier

each, The C‘2 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 Cl’ CZ. Dl’ Dz. and P counters
were amplified by Hewlett-Packard 460A distributive amplifiers and
connected to a six-channel coincidence circ:uit.6 This circuit is similar

to that described by Garwin, 7 It allows one to mix any combination of the
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six inputs into two separate coincidence circuits. An anticoinci_dehce between
the outputsa of the two circuits is made without destroying either of the two
coincidence esignals. Because partic'ularly short resolution times were not
needed, noattempt was made to obtain maximum resolution of the circuit.
Measurements taken during the run indicated a resolving time of about
20 millimicroseconds (mu.aec).

The output of the anticoincidence circuit was used to trigger the
sweep of a Telronix 517 Oscilloscope. The dynode pulses from the counters
C,, D,;. and D,, together with the pulses from the counters A, and A,
were mixed after suitable delays and displayed on the screen of the oscilloscope.
The sweeps were recorded photbgraphically by means of a Du Mont 35-mm
inoving-film camera. The photographic record allowed pulse-height and
timing measurements to be made on each sweep.

" The outputs of the coincidence circuits were monitored with Hewlett-
Packard prescalers (about 0.1 usec resolution time for CW) followed by
conventional 1-usec scalers. The anticoincidence c¢ircuit was monitored
directly with a 1-psec scaler, '

Pion and Proton Contamination

The composition of the momentum-analyzed beam was approximately

4000 pions, 2000 protons, and 10 K mesons per beam pulse. The K+
attenuation cross sections are a small fraction of the pion or proton cross
sections. Therefore, it was necessary for the counters to identify K
particles with less than 1% contamination of pions and protons.

The contamination of pions was measured by varying the thickness

of the copper absorber in front of the P counter and observing the coincidence
‘rate between the P counter and the K-meson selection system. Because

the range of pions is much greater than the range of heavy mesons of the

- same momentum, we expect the coincidence rate to drop sharply at an
absorber thickness equal to the range of the K mesons. From these data
(Fig. 3) it was determined that the contamination due to pions was less

than 1% of the K flux, '

A small contamination resulted from a coincidence between a proton
in the defining counters and a random count in the C 2 counter. This
contamination was discovered from the pulse-height spectra of the two
defining counters. By accepting only particles that excited the C‘2 counter,
did not excite the C1 counter, and gave pulse heights in the two defining
counters within the proper limits, we selected K particles with less than 1%
contamination by other particles,
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Procedure v

A target was placed in the K beam directly behind the P counter.
Several thousand oscilloscope traces were recorded, and another target
was substituted.

The main source of "target-out'' attenuation events was the decay in
flight of K particles between the P counter and the Az counter. Using a mean
life of 1.3 x 10'8 sec, 8 we find that about 6% of the K particles decay between
these counters. Because the fraction of particles that interact in the target
is about 3%, the background measurement should be as exact as possible.
The fraction of the K pérticles that decay between the P counter and the A,
counter is a function of their velocity. For the "target-out! measurements,
the K particles should have the same velocity at corresponding points between
the P and A, counters as for the "target-in'' measurement,

For the "target-out' measurement, therefore, the target was placed
behind the ('.‘2 counter. Thus the particle velocity in the region from the
back end 'of the target to the A counters was the same as for the "target~in"
measurement. Only a small correction was then necessary to account for
the difference in particle velocity in the region between the P counter and
the back of the target. It was sufficient to perform the ''target-out' measure-
ment for one target only, because the thickness of the various targets was
chosen such thaf they all would have the same stopping power, ’

Reduction of the Data
The pulse height from the two defining counters was calibrated in

arbitrary units, using a microfilm reader. This calibration was repeated
at various times, to check for any drift in gain of the photomultiplier tubes
or amplifiers. It was found that the system was quite stable,

After limits on the proper pulse height for K particles had been
determined, a chart was made up showing these limits and the expected
position in time of each pulse on the sweep. The timing of a pulse could
be read with an accuracy of approximately 5 nanoseconds. Thus the time
criteria imposed during the film reading improved the resolving time.
Each sweep, as viewed with the microfilm reader was compared with the
chart, and the scanner quickly determined from the pulses of the counters

- €5+ Dy, and D, whether or not the event was caused by a K particle. Sweeps

due to K mesons were examined for the abaence of pulses from the A, and
AZ counters. The sweeps were then classified as one of the following:
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"X - Events that did not {it the pulse height or time criteria. |
Ko- Events that fit the crit_eria for a K mesoﬁ but did not have a count
in either the A, or AZ counter.
K;- Events that fit the criteria and triggered the Al counter. |
K, - Events that fit the criteria and triggered both the A, and Az counters.
F - Events that {fit the criteria and triggered only the A, counter.
The last four of these are of interest. A Ko sweep results from an
event giving no charged particle within 41 .3% of the beam direction. A K.
event results from a scatter into the angular interv'ﬂ between 22.1° and
41.3° The K,
respeét to the beam. The F gives a measure of the accidental rate of the

events result from particles that scatter less than 22.1° with

large counters A, and AZ because an F event can occur only by an accidental 7
coincidence between a K scatter and a random count from the A, counter.
When a length of film was scanned, the number of events in eath
class were recorded along with the film number. A total of about 200,600
traces divided into 117 groups was obgerved. The scanners wefe not told
to which target a particular film corresponded. The data from each group-
was reduced to a cross section as described in the next section. These
cross sections were then compared, and the deviation between them was
. found to be compatible with the statistical accuracy of each. Thus, it was
felt that the scanners were not introducing subjective errors.

Calculation of the Cross Sections

From the various numbers recorded during the film reading, three
cross sections can be calqulat_ed; 7y for 22.1° geometry; o, for 41.3°
geometry, and A0, the average differential cross section between 22.1°
and 41.3°, These cross sections are given by:

N "N
= 1 0 ,
Ul -_;1-(211 N-l— -ln_ﬁfs.
N N
_ 1 g . 0
oy 5 Un g -4n ). o
and Ag = a (n -N}‘ - in ﬁra)n
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‘where
Ny = R, + Rl, +R,,
N, =K,
N, = Rl -K,,
Ro = number of Ko events in a given r_v;m. A
K, = numbér of K} events in a given run,. '
, _KZI‘:-: nﬁmber of K, events in a given run,

primes denote "target-out" d_ata.

and n= thﬁ:kness .ofj.the target in étéms/cmz.

~ The statistical standard deviation on the cross section ¢, i8 equal

to

\/ 1 1,11
CORRECTIONS

Decay in Fl_i_gpt
The fraction of K particles that decay was greater for the "target-

out' case than for the 'target-in" case due to the inequality of the velocity
between the P connter.énd the back of the target. The correction was o
calculated numerically and applied to the data. It accounted for an irrease in
oy of 1.6% and for an increase in 0, of 1.9%.

- A further correction must be applied to account for w- and p-meson -
contamination arising from K @2 and K 02 particles that decay between the
last defining counter and the target, and trigger the P counter. The fraction
of decay products emitted in a direction such as to strike the A counters
depends again on the momentum. The secondary particles that do strike
the A counters have passed through the targei and interacted with cross

~sections different from that for K particles. These corrections amount to
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an increase in 0, and 0, croes sections of 1.8% and 5.5% respectively. The
total corrections arising from decay in flight then become 3.4% for e and
7.4% for 0,. '

Multiple Scattering

The root-mean-gquare séattering angle for multiple Coulomb scattering
for the lead target was 5°. Because the smallest angular resolution used was

'22.l°, the contribution from multiple scattering was less than 0.2%.

CROS8 SECTIONS
The measured cross sections are given in the first three rows in
Table I.Z The quantities used in the analysis which follows, are O/Og. where
Og =17 ;R and R is the radi::lssof the nucleus. R was assumed to be given by
roA » withr, = 1.41 x 10 cm. The initial state will be assumed to be
represented by a plane wave. A correction to allow for the suppression of
the wave at the nucleus by the Coulomb potential can be calculated using the

‘classical expressions for the orbite. The trajectories that just strike the

edge of the nucleus of radius R define a cylinder of crogs sectional area u'bz.
We find that b% = R%/(1 + Vc/T), where V_ = (Ze®)/R is the Coulomb potential
at the radius R, and T is the kinetic energy of the incident particle. The
values of wbz are given in Table 1, as well as the cross sections divided by

ﬁbz.

COMPLEX SQUARE-WELL ANALYSIS

Formulation of the Problem
The measured cross sections SURST and A0 are actually combinations

‘of the scattering and interaction cross sections. Thus, we can write

01 = Cl 05 +ﬁl axo

and A0 = Aaaﬁ + A8 O?I.

where g, is the total coherent or elastic scattering crose section and oy is
the total incoherent scattering cross section. The latter includes all
processes~~-such ag charge exchange and inelastic scattering--that remove
particles from the incident plane wave. The a's and §'s are the fractions of
the total elastic and total inelastic ~-scattering cross sections included in the

measurement.
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Table 1

The measured cross sections from Equation } for K' mesons in the several nuclei (in millibarns)

and the values corrected for suppression of the incident wave by the Coulomb field.

Target = C Al - Cu Ag ' Pb
o, 96.5 285 208%13 . 505228 . 578438 . 1081286
o, 8326 148211 384 & 20 451229 749 % 62
Ag 13.04£3.0 515 123 212 125 2 15 340 2 45
b 324 543 939 1320 2190
-, 0.298 £ 0.026 0.383 20,024  0.538 2 0.030  0.438 £ 0.029 - 0.495 2 0.039
b : . , '
%2 - | A | | -
= 0.256 + 0.019  0.272 + 0.020 0.408 2 0.021  0.342 & 0.022 0.342 £ 0.028
wb" :
992 o 0.040 £ 0.009 6.094 + 0.009 0.132 £0.013  0.095 & 0.012 0.155 2 0.021
b : o

ASY L¥LE-THEON
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We nov.? assume that the force Between the K meson and the nucleus
may be represented by a potential function given by

Vir) = Vl +1 VZ' for r< o - (3)
and . ' |
V(r) =0, : for r >rqg

where V) and V, are real and independent of r. Experiments with nuclear
emulsion have indicated only constructive interference between the nuclear
and the Coulomb-scattering amplitudes. ? Thus, no attetiapt was made to
fit the data with a negative value of V,. -

I we assume that the initial state is given by a plane wave and use
the Schroedinger wave equation, the exact phase shifts can be calculated,lo
however, such calculations are quite laborious and are beyond the scope of
this paper. The analysis proceeds as follows: The complex potential well
is represented by t\§o opticai constants, kl and K, dT?cribed below. -Using
the optical model of Fernbach, Serber, and Taylor, we can calculate
g0 and o, of Eq. (2) as functions of k; and K.
The value of § can be determined from previous experiments. Values of
k) and Kthat fit the experimental data are then found. | |

the numbers a;, a,, Aa, ©

Optical Model ‘
The optical model gives approximate solutions valid for small

reflection and refract!on at the boundary of the potential.
The wave number inside the potential well is given by

1/2 '

K=k +k=k(l+ v 1/E) (4)

where k is the wave number outside the well (k = P/i) and Vl is the real

part of the potential given in Eq. (3). I we consider the optical analogy
to the above problem, kl corresponds to the real part of the index. of
refraction. The imaginary part of the interaction is represented by the

absorption coefficient K. Fernbach, Serber, and Taylor obtdin, for

a'l/'th2 and a_rs/ﬂRz
L )

oy , a2 : ;
;R.T = {1-{1-(1 +2x) exp 2x]/2x“ }, : | | (:5)
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and '

o o
—5. 2 1+1/2 %% [1 (i1 +2x) exp(-2x)]
aR” E . -

-[1/4x%+y%)7% ([1/axP-vP)

+ exp(-x) [ 2y(1/4 x* +y%) + xy] sin 2y (6)
- exp(-x) [(1/4 xz - yz) + #(1/4 xz+yz)] cos 2y },
where x = KR, y = KR. -

In addition to Eqs. (5) and (6) the optical model gives, for the
scattering amplitude, ' :

, 1m€l/2<kR x‘(’k"’w‘ﬂfﬁeﬁ% -
8 = e ) (20+1)(1 -2 "%) Py(cos B). (M
2=0 | ‘ | -
where ‘ ‘
5 = PR -+ 1/20%) ke

| _Equation (7) is also obtained by treating the complex square well in WKB

approximation.

The Fractions e

Uéing the results of the optical-model, we now write

fTlaa(9)/an ] 8in8df
’ 1

= ' (8)
4 ,G' [de(8)/An] sinbd6 -

d | 6, ; :
°n b % [40(6)) an] sin 646 |
Ag = — (9

) IN [ddkﬂ)ydg] ain 6d8 |

where do(6)/dQ is the differential scattering cross section., Using

do (0)/dn = |f(e)|". we calculated ¢, and Aa and found them to be nearly
independent of KR and k)R and a function of kR only. It has been pointed out
that such a conclusion is reasonable, because we expect the shape of
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£(6) to depend most strongly on the number of partial waves included in the
scattering. 2 In the tiret Born approximation, we find that the shape of
£(0) is completely independent of k, and K.

After final values for k; and K had been obtained, new a's and Qa's
were calculated and were found to differ from the previous values by less
than 1%. _

The above analysis is in the framework of Schroedinger wave mechanics,
and is therefore not relativistic; however, relativistic kinematica were used.

Effect of the Couldmb Poténtial :
In the analysis thus far, the Coulomb field has been neglected. I
the first Born approximation is used, the scattering amplitude is given by

£,(0) = £3 (8) F(0), ,, (10)

where f%(e) is the scattering amplitude derived from a point scatter and
' F(6) is the nuclear form factor. For a uniform charge distribution of radius
R, F(6) becomeaw |

F(6) = 4vR> [sinqR-qR cos qR]/(4R)>. (11)
Equations (10) and (11) give the scattering amplitude as calculated in
the Born approximation, It is well known that the ma.gnitude of I(ﬁ) derived ’
from the Born approximation is nearly exact; however, the phase is not |
correct. To estimate the maximum effect, the phase of f e(e) was arbitrarily
taken to be the same as the phase of £(6) given by Eq. (7) for the square well,
For all values of K and klthat were of interest in this problem. the maximum
possible Coulomb effect was found to be negligible. o

Values of .the fractions @,

A K meson that inelastically scatters may still have sufficient energy
to reach the A counters, or may give a star proag of sufficient range to count.
The fraction of K particles giving rise to such events is (1-p). The values
of p calculated from nuclear emulsion daeau are

By = 0.91,
B, = 0.81,
and Ap =0.10, (12)

The statistical accuracy of these numbers is about 5% for B, and §,, and
about 30% for AB. |
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Justification for the use of results from nuclear emulsion for the
lighter elements is dubious because the value of § might well depend on
the size of the nucleus. The effect of a variation in § on the determination
of K and k, is discussed below.

Values of the Complex Square - Well Parameters

From Eqs. (2), (5), and (6), and the values of a and §, one can
determine K and kl pairs that fit each measured cross aection,- Thus, for
each target, one may construct three curves that give the values of K and
' k1 appropriate to each of the measured cross sections. Figure 4 gives a
typical set of these curves. The dotted lines indicate the uncertainty in the
various curves because of the statistical errors on the measured cross
sections. As is expected, 0, and o, are nearly independent of L0 whereas
" Ao depends on both K and'kl.

The values qf K and ky for each target as determined from the

intersection of these curves are given in Table II.

o Tab »A-......A.....n- e —— .

- Values of k and K derived from the measured Cross section (m xmits of

013 cm'l)

c Al m Cu A | Pb
-k [ U U786 £0.062 [U. 19T £ 0. 029 | 0. 240 0. 050 mzr'%‘m £ 0.03070.T85 = 0,046
K| 0.087+0.0030.077 +0.01210.077 £ 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 errors of the analysis may be Iar-ger,
The uncertainty of extending to lower Z the value of § determined for
nuclear emulsion 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 approximation and considered
as only a first approximation to the real physical potential, ,

From the values of kl given in Table lI the real potential can be
calculated from Eq. (4) (Fig. 5). The average potential is found to be
24.2 2 2.3 Mev,
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Mean Free Path for Interaction in Nuclear Matter

The problem of deriving the cross section for individuai K-nucleon
interactions from the mean free path in nuclear matter is a difficult one.
 In the simplest picture, one assumes that each nucleon within the nucleus
can interact with the K particle independently of the other nucleons. Thus,

we may express the mean free path within the nucleus as: v
A=K = (gge) (13)

where K ja the absorption constant gs before, g, is tli'e/sl(-nucleon cross
section, and p is the nuclear density. For R = oA, p is given by
o= 3 (mg) (14)

The values of 0, were computed from Eq. (13) and (14) for the
values of K given in Table II.

Stetnheimer has pointed out that the cross section in complex nuclei
is suppi-es-sed because of the Pauli exclusion principle operating between
identical nucleons in the nucleus. 15 Ii we assume a Fermi energy of 25 Mev,
the average free K-nucleon cross section T is given by 00/0.884. The
dotted points in Fig. 6 show og 28 derived from the values of Tor computed

above.

DISCUSSION
Real Potential
The real potentials shown in Fig. 5 may be compared with results

from experiments with nuclear emulsiong' 16

for K' mesons of lower energy.
The values at low energy are about 10 to 15 Mev. Thus the values here are -
significantly larger, indicating an increase of the real potential with increasing
K energy. The results here are 'in reasonable agreement with preliminary

nuclear emulsion results at similar energies.

Absorption Conatant

The éverage cross section pef nucleon in complex nuclei from Fig. 6
is lower than the K-proton cross section given by other experiments, The
decrease in 0, with increasing A is too large to be explained by the neutron
excess even if the K-neutron cross section is as small as one-half the K-
proton cross section (as small as is allowed by the conservation of isotopic
spin). A failure of the simple model ased for the nucleus may account for
the decrease. Calculations using a more realistic nuclear density distribution

will be carried out in the future.
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‘ Figure titles

Fig. 1. The K’ beam. Particles leaving the production target parallel
to the incident beam were bent by the magnetic field of the Bevatron,
focused, and then analyzed to improve the momentum _selection. The
heavy concrete shielding that surrounded the entire apparatus is not
shown.

Fig. 2. Counter array. Counters D, and D, define the beam size and
direction. C,; is a Cerenkov counter that counts particles of § >0.77
and is used in anticoincidence to eliminate w mesons. 'CZ is also a
Cerenkov counter that detects particles of 0.62 < § < 0.78 and thus
counts K mesons. P and A, are scintillation counters. Only the
sensitive region of the counters is shown..

Fig. 3. Counting rate vs absorber thickness in g/cmz. The mean momentum
when the stopping power of the counters is included is 555 Mev/c incidevnt
on the first counter. |

Fig. 4. Determination of X and kl for aluminum,.

Fig. 5. Experimental values of the real potential Vl‘ Statistical errors are

shown.

" Fig. 6. The average crogs section per nucleon for the various nuclei.

These were calculated using the e.xperimental cross sections and assuming

“#.cthe independent particle model. The values have been corrected for the

effect of the Pauli exclusion principle.
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