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Measurements of the cross sections for the production of neutral
*

I.

kaons with momenta > 400 MeV/c and lambdas with momenta > 700 MeV/c from

charged kaon interactions incident at 850 MeV/c on carbon, aluminum, copper,

tin, and lead were made at the Argonne National Laboratory Zero-Gradient

Synchrotron.

The measurements were made in order to determine which complex

-3 nuclear targets produced the best "beams" of neutral kaons, for use in an
-

-1           experiment to observe the decay of neutral K mesons into N+Tr .

The cross sections are presented, and models for fitting the data,

1/3 2/3
involving A   - and A   -parameterizations, are discussed.  The K' and K' cross

sections are fit about equally well with an A - and A -parameterization.
1/3 213

Monte Carlo computer codes were written to see whether the experi-

mental cross sections could be understood on the basis of a simple impulse

approximation model.  Relative cross sections computed with the Monte Carlo

codes agree reasonably well, after experimental cuts were included, with the

experimental cross sections for K' and 2 production.  The agreement is not

very good for A production, but a possible explanation for the disagreement is

discussed.

For a fixed-length target, 7 cm long, copper is found to be best for

producing  the most intense "beams" of neutral kaons and lambdas.

.

-/
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I.  INTRODUCTION AND MOTIVATION

,-

Physicists planning experiments to investigate the interactions or

decays of K"s and K"s and of A"s are faced immediately with questions of

how to obtain these particles in the necessary quantities.  Furthermore, it can

be important to know, with some modest degree of precision, the point of origin

of these neutral particles.

1/
Specifically, in an experiment-  which was recently completed at the

Argonne National Laboratory Zero-Gradient Synchrotron, it was necessary to

produce "beams" of neutral kaons which, at the time of production, were pure

K' or pure K'; and it was necessary to know where each neutral known detected
-

by the apparatus was produced, to within -5/32".

A rather convenient method for satisfying the first of these require-

+-
ments is to use the charge-exchange reactions of K  or K :

K tn-*Ko+p ;

K-+p-*K tn.

With a target full of "only" protons, i.e. a hydrogen target, it is technically

very difficult to tell where the charge-exchange took place (unless that

"target"  is a bubble chamber--which presents other problems:);  and a target  full

of "only" neutrons simply does not exist. Furthermore, the copious production

of neutral kaons was, and often is, necessary. So, the use of higher yield

nuclear targets appeared attractive.

By using thin wafers of some material like carbon or copper, sand-

wiched between thin scintillation counters, it was possible to localize the

9           point of interaction to within the required limits. The charge-exchange could

+
clearly occur for either the K 's, on the neutrons in the target nuclei, or the

K-'s, on the protons.
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The questions for which there were not clear answers were, "Which

target, or targets, would yield the K''s and K"s most copiously?" and, "How

troublesome will be the 'competition' from reactions like K- + nucleus - A' +

anything?"

This thesis is a presentation of results of target studies which were
.

performed in order to answer the two questions above.  Results will be presented

-                                                                                                                                                                                                     +
on the cross sections for production of K"s, E"s, and A's from K-'s incident

on several different nuclear targets, relative to the production from carbon.

Measurements of the production of E"s and A's from K-'s incident on hydrogen

were also perforhed.  These will be presented and used to estimate the overall

detection efficiences of the experimental apparatus used.  Then, absolute pro-

U duction cross sections are calculated assuming the efficiency is A-independent.

Also presented in this thesis are the results of two Monte Carlo

codes, one for K  and one for K-, which were written in an attempt to under-

stand the experimental results.
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II. EXPERIMENTAL MEASUREMENTS

4·

A.  Beam

This experiment was performed in Beam No. 42 of the Argonne National

Laboratory Zero-Gradient Synchrotron.  This beam line, the layout of which is

shown in Figure 1, was designed to deliver an enriched beam of low-momentum

charged kaons.
*

A ten-foot long parallel plate electrostatic separator was used to

accomplish velocity selection of on-momentum charged kaons from other on-momen-

tum particles in the beam with different masses and, therefore, different

velocities. For optimum separation of the intensity peaks of the'various types

of particles in the beam, at the mass-momentum slit, the beam particles should

U have had a well-defined momentum at the entrance to the separator. Unfortunately,

due to constraints imposed by the physical location of this beam, it was not

optimally designed with respect to the separation stage, because momentum selec-

tion  was not completed until after the beam had already passed through the

1lseparator.  The first element in the beam, a 20X42-  bending magnet, acted

primarily as a momentum dispersing element.  The second bending magnet,

2120x30,-  in conjunction with the mass-momentum slit located downstream, was

the principal momentum-selecting component.

The last stage of this beam line, from the mass-momentum slit to the

final focus, was unusual, also. The last three quadrupoles functioned neither·

as a quadrupole triplet nor, in a strict sense, as a field lens and a doublet.

The most upstream of these three quadrupoles did aid in achieving greater

acceptance in the horizontal plane than would have been possible in its absence,

-           but its operation in conjunction with the last two quadrupoles and also with

the 31 VI 472  bending magnet, which had some slight horizontal focusing

influence due to its wedge shape, was difficult to deal with empirically.
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Never-the-less, suitable values for the fields which were needed from

-           each magnet in order to deliver a beam at the desired momentum
 for this experi-

ment, 850 MeV/c, were not difficult to obtain.  In general, the fields were

3l

computed using the well-known tracking and matching program TRAMP.-

In addition to the values computed using TRAMP, empirical settings

.

were obtained for each of the three bending magnets using well-known
 wire-

4/
orbiting techniques.-

5I
Details about the beam tuning procedure may be found in a report-

prepared by Irwin Spirn and D. Banner.    Also  in that report are settings  for

each of the magnets used to deliver 800 MeV/c and 850 MeV/c beams
, and the

fluxes of particles measured at both those momenta.

.i
B.  Description of Apparatus

For descriptive clarity, it is convenient to consider the experimental

apparatus in separate groups, according to function.  These gr
oups, in the order

they will be described below, are event detection, range material, targets
,

event tracking, and event recording.
*

1.  Event Detection

A typical event, of one of the types of interest in this experiment,

is shown in Figure 2.  In this event, a positively charged kaon in the beam

charge-exchanged on a neutron to produce a K', which subsequently decayed 
into

a TT  and a Tr, and a proton which was stopped by the target material.  H
ow such

an event was detected will be described in this section.

a.  Cherenkov and Scintillation Counters

A top view of all the counters used for event detection is shown in

«            Figure 3, superposed on the typical event.  All o
f the counters were scintilla-

tion counters, except for the Cherenkov counter CK'  Counter Bl was placed
 at



i.            i                                                                                                                     ..£-0                                      i             *                      i             E
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Figure 3.  A top view of the Cherenkov and scintillation
counters and of the range material.
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the exit of the beam pipe and was intended to detect all charged particles in

5.6/the beam. The Cherenkov counter CK has been described elsewhere.-  It was

constructed  so  that a "positive" signal was given for kaons. in the '.beam;  and. a

·ir.eitpi:signal was given for pions. The target counters, Tl through T10, indicated

the target wafer in which the charge-exchange interaction occurred.  In addi-

tion, each target counter was connected to a dual-pulse-height discriminator.

The higher level discriminator was set to accept -850 MeV/c protons.  This

criterion turned out to be equivalent to setting the discriminator so that the

Landau tail of about 3% of the pions caused triggers. Surrounding the target

area were anti-counters AL, AF, and AR, the function of which was to eliminate

beam interaction events with energetic charged particles in the final state.

RL through R22 were hodoscope counters designed to detect two charged pions
:,

from neutral kaon decay.  The purpose of counters WFl and WF2 was to require a

charged particle in the front quadrant.  This requirement eliminated many

triggers from kaon decay into n'n', for example.  Finally, AB assisted in

eliminating spurious events caused by beam particles.  The dimensions of all

of the counters are tabulated in Table 1.

b.  Fast Electronics

The signals from the counters described above were detected and

processed by the standard University of Illinois fast electronics logic modules.

An event of interest resulted in a fast coincidence of signals from

Bl, Tl, CK' WFl or WF2' and any two of the Rl through R22 counters; furthermore,

to qualify as a "master trigger·," this fast coincidence had to occur with no

signals from AL, AF, AR, AB' or any three or more of the Rl through R22

counters,  In short, the coincidence-anticoincidence requirement for a master

trigger was written, in the standard notation, as

BlT1CK(WF1  or WF2)R2 (AL,AF,AR,R3,AB).
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Table 1

Dimensions of Counters

Counter Thickness Active
(Inches) Area

(Inches2)

1
Bl                -                  8 X8

8

3C                                      -                                         2 x5
K                4Gl,

1
Tl-T10             -                  2 X2

16

1

Wfl'WF2              16 12 x24

1
Rl-R22              -                  8x48

8

LA                                      -                                         8 x8
B                    8

1A                                   -                                     8 x8
L                 8

1
A                 -               4.2 x8
F                   8

1A                                      -                                         8 x8
R                8
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2.  Range Material

»                   Of course, not every master trigger was the result of a nice clean

+-
kaon charge-exchange and decay into n n.  When a negative kaon beam was used,

-0
a potential source of master triggers was the interaction K p + An

L prr-

Several methods were used to separate A production and decay events from kaon

charge-exchange events.  One method was the placement of two inches of aluminum

in front of the R-counter hodoscope, as shown in Figure 3.  This aluminum range

material served to stop one or the other of the decay products of some fraction

of the A decays; .thus preventing the satisfaction of the master trigger require-

ments. The range material was particularly useful in preventing triggers from

A decays where the opening angle between the proton and n would have been
4,

similar to an opening angle between two charged pions from K' decay.

3.  Targets

Six different materials--polyethylene, carbon, aluminum, copper, tin,

and lead--were used as targets in this experiment.  Nine wafers sandwiched

between target counters Tl through T10 made up a target.  Each of the wafers

"

was 2" wide by 1  high.
The measured density of each of the target materials

2
is tabulated in Table 2.  Also tabulated are the gm/cm  and the number of

2atoms/cm  presented to the beam by each of the target materials.

4.  Event Tracking

The tracking of each event was accomplished with 15 dual-plane

magnetostrictive wire spark chambers.  The positions of all the chambers are

shown in Figure 4. The dimensions of all the chambers are tabulated in Table 3.

The three small chambers in the beam, called Beam 1, Beam 2, and                

Beam 3, indicated the trajectory of the incoming charged particles which inter-

acted in the target to produce a master trigger.  Beam 2 chamber was at a 45'

angle with respect to the other two beam chambers.
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Table 2

Targets

Measured Measured Atoms
Target Density .82                              2cm(gm/cm3)              2cm (x1023)

CH2-molecules/cm2

Polyethylene ,946 6,78 2.901

Carbon 1.76 5.83 2.923
.

Aluminum 2.70 8.31 1.855

Copper 8.89 12,24 1.160

Tin 7.27 15.13 .7674

Lead 11.17 16.66 .4839
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.

Figure 4. Top view of all the spark chambers
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Table 3

Spark Chamber Dimensions-

Overall Active
Chambers Dimensions Dimensions

(in inches) (in inches)

3                        3
Beam -Xloxlo -x6 x6.8                                    8

3                        3
Small 2-X28x28 -x24 x24

4                    8

1                           3
Angle 3-x35x46 -x30X30

4                    8

1                           3
Medium 3-x41 x41 -x36x36

4                   8

3                        3
Large 3-x54 x54 -x48 x48

4                   8



18

The rest of the chambers, arranged in three quadrants around the

target area, indicated the trajectories of any charged particles which had

passed through them within approximately 500 ns prior to their being pulsed

with high voltage.  Within each quadrant, three of the chamberi had two wire

planes each, with the direction of the wires in one plane perpendicular to

-            that of the wires in the other plane.  Also in each quadrant there was one

so-called "angle chamber."  Each angle chamber had two wire planes, also. The

wires in the two planes were oriented so that they made angles 0=j: arctan(.,2)-

with respect to a horizontal plane,

The construction and operation of these chambers will be described

in another thesis.1/

5.  Event Recording
.

a.  Time Digitizing System

Sparks in the wire spark chambers along the paths of charged particles

8/were detected by magnetostrictive wire ribbon.s in the usual manner,- Details

of the construction and use of the magnetostrictive detection apparatus employed        

in this experiment are given in Appendix A.  In addition to the sparks inside

a given chamber, each chamber was equipped with so-called fiducial wires which

were pulsed with high voltage each time the chamber was.  The fiducial wires

were positioned so that they defined a "window" between which real sparks from

tracks in the chamber had to appear, if they were present at all.

The signals on the magnetostrictive ribbons from the fiducials and

from real sparks in the chambers were detected, shaped, and amplified by

Science Accessories Corporation Model 1001 preamplifiers, which were connected

directly to Lecroy Research Systems Time Digitizers, Models 180 and 801. The

time digitizers digitized the time intervals between the arrival of consecutive

pulses from the magnetostrictive ribbons. In effect,· the digitized intervals

represented the coordinates in space of the sparks in the chambers.
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b.  Computer System

After each master trigger, the digitized information from the Lecroy

system was read into the University of Illinois Xerox Data Systems Sigma 2
*

computer, under the control of RTAC , a Real-Time Analysis Control program.

The raw data from the Lecroy system was recorded on magnetic tape for every

event.  In addition the fiducial and spark coordinates and pulse height infor-

**
mation from the target counters was analyzed by RECON  , an on-line reconstruc-

tion and analysis program.  RECON reconstructed the tracks from each event that

it had time to analyze and computed the values of a number of variables.  Among

the variables computed were these:

1)  the position of interaction of the beam particle in the target;

2)  the production angle of the neutral particle which later decayed

to complete the master trigger;

3)  the position of decay of that neutral particle;

4)  the opening angle of the tWo charged decay products;

5)  the angles between the direction of the decaying particle and

the directions of each of the decay products;

6)  the momentum of the decaying particle based on its production

angle, assuming production on a single stationary nucleon;

7)  the momentum of the decaying particle based on the opening angle

of the decay products;

8)  the difference between the momentum calculated in the two

different ways for the decaying particle;

9)  the coplanarity of the plane containing the two decaying par-
t.

ticles and a plane containing the line between the production

and decay points of the decaying particle.

*
RIAC was written by R. Cullum.

**
RECON was written by J. Frank.
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All of the above quantities, and many others concerned primarily

with monitoring the equipment, were stored in histograms which were updated

on-line.  The histograms could be displayed on an oscilloscope screen at will.

At the end of each data run, approximately fifty histograms were checked

visually by a physicist to determine whether all systems appeared to be working

nominally.  Particular attention was paid to any indications of inefficiency

of a chamber or malfunction of a magnetostrictive pickup or time digitizer.

Any histogram of particular concern or special interest was printed out using

a teletype.  All of the on-line histograms were zeroed before each run; however,

prior to zeroing, the contents of some of the on-line histograms were trans-

ferred to locations in the computer where they were accumulated from one run

to the next run of the same type.  This procedure was useful, for example, in

that it allowed a comparison of the number of K' decays.detected as a.function

of lifetime to that for K' as the main experiment progressed.

Also,  at  the  end  of  each  run  a "Run Summary" was printed  out.    The

run summary contained information which indicated whether the spark chambers

and the target counters and the Lecroy system were functioning normally.

These run summaries were examined after each run by a physicist, and any indi-

cations ef any malfunction in the previous run were given due attention.  The

run summary also told how many events had been examined by RECON during the

previous run; and of those, it told how many, G, passed the front end of the

apparatus satisfactorily.  An event was counted in the total for G.when there

were no €xtra beam tracks, but there were enough sparks in the beam chambers

to obtain the path of the incoming charged kaon; and the information from the
.

target counters was sufficient to determine in which target wafer the inter-

action occurred.  [The symbol G as defined above will be used in Treatment of

the Data sections which follow,]
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C.  Treatment of the Data

During the experiment data was taken, alternately, with positive and

negative kaon beams:  For positive·kaons, the charge-exchange production of K"s

was measured on carbon, aluminum, copper, tin, and lead targets.  For negative

kaons, both the charge-exchange production of K"s and the production of A's

-

was measured.  In addition, polyethylene was used as a target for negative kaons,

and cross sections were derived for K' and A production from hydrogen.

+
Due to the relative simplicity of the K  studies, they will be de,

sctibed .first.

1.  K  Studies

For the K  target studies, a total of about 4.OX107 kaons were incident

7
on the carbon target; 3.Ox10 , on the aluminum, copper, tin, and lead targets;

..li

7and 2.OX10 , on an "empty" target.

Before an interaction which resulted in a master trigger was identi-

fied as a charge-exchange and decay event, e.g.

K  + NA = Ko + X
Z

L "+,·r-

the following conditions had to be satisfied:

1)  Two tracks were reconstructed by RECON which "intersectetl"

within the allowed decay volume; the distance of closest approach

between the "intersecting" tracks was required to be < . 50'1.

This requirement helped to eliminate the formation of "inter-

sections" with random extra beam tracks,                                         ·

2)  The plane defined by the intersecting tracks was required to be
t.

coplanar with a plane containing the line from the K' produc-

.tioil  ..pointtto the.. decay .point. Lto.,5... 31/D .radians,. wher.e  .D·  was
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the distance, in inches, from the production point to the decay

*
point. This requirement reduced  ady  3-body background.

3)  The opening angle 8 between the intersecting tracks was required

to be 540 5 0 5 1000.

4)    The "half opening angles,"  that  is, the angles between  the

direction of the decaying particle and each of the decay

products, was required to be > 13'.

5)  The momentum as calculated from the K' production angle was

required to be within f 200 MeV/c of the momentum as calculated

from the opening angle between the intersecting tracks.

These same five conditions, or "cutst' were used for the identifica-

tion of K- charge-exchange and decay events.  For the K- interactions,

conditions  3),  4)  and  5) were particularly useful in separating A + pn- events

from 2  -• TT Tr- events.    Of  the A events detected, only about  7% had opening

angles > 54', 2% had *-opening angles > 13', and < 10% satisfied condition 5).

According to these estimates, only a very small fraction of the A's detected

would be mistaken for K"s.

It is important to realize that condition 5), on the momentum, and,

to a lesser degree, condition 2), on the coplanarity, tended to select produc-

tion events which occurred as a result of one and only one kaon-nucleon

collision. Such an event is presumably kinematically and dynamically "hydrogen-

like."

+
Events which were identified as K  charge-exchange events according

to the five criteria given above were accumulated in a number vs. lifetime

*
The three-body background was already down by a factor of %500 compared to          I

the two-body signal, just due to branching ratios.11/ Whatever three-body

background may have remained was a negligible correction to the data for

this experiment.
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histogram.  For the target studies described here, the total number of events

N   accumulated in that histogram for each run was the number of particular
K
interest.

Also during each run the number of charged kaons focused on the

target N   and the number of master triggers Ml were scaled on T.S.I. scalers,
-                                                          K

and at the end of each run the cumulative numbers were recorded.

A charge-exchange interaction and detection probability K  was derived

for each target material N:

KN . LNK 
Ml  ] -1> .  0]

N  K+ TARGET EMETY
.

with the symbols already defined above. (G was defined on p. 20.)

The cross section aNK for charge-exchange on a nucleus, multiplied by

an overall detection efficiency for kaons fK, was then calculated for each

target material:

KKKN
f  GN = 7 ,  (thin target approximation),

2
where n was the number of nuclei/cm  which a target presented to the beam.

The detection efficiency f  will be discussed and computed later in

-K
this thesis in the section under K studies. f  is assumed to be inde-

pendent of nuclear size.  Under this assumption ,   charge-exchange cross sec-

tions for Al, Cu, Sn, and Pb relative to that for 2 were calculated, according

to the formula

2 - 2 t  ·
The values for the relative cross sections and the data from which they were

derived are tabulated in Table 4.
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k.t

Table 4

0
Relative Cross Sections for K Production

-<..

K  K
Target N M       G    No       n       f. c c la+1 N N  c

K                       K     '»  23
(x106)

(xto ) (X10-29)

Empty 20.0 483 358     50

t*

Carbon 40.3    ' 1872 1378 274 2.923 2.14+ .15 1.0

Aluminum 30.0
,

1613 1280 287 1.855 4.8 + .3 2.2+.2
-         -

Copper 30.19 1815 1414 297 1.160 8.0 + ,5 3.8+.3
-         -

Tin 30.15 1800 1384 301 .7674 12.7 + .7 6.0+.5
-         -

Lead 30.0 1689 1321 317 .4839 19.9 +1.1 9.3+.8
-         -

:.
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2.  K- Studies

1For the K- target studies a total of about 5.6X10  kaons were incident

on the polyethylene target, 6.2 x107  on the carbon target; 1.6 x107  on  the  alumin:
t.

1um, coppers tin, and lead targets; and 3.lx10  on an "empty" target.

The K- studies were more involved than the K  studies because, in

addition to charge-exchange production of K"s, there was A production to con-

-\J
sider.  Furthermore, during the K  studies the production of K"s and A's from

hydrogen was measured, and from this measurement, values of the overall detec-

tion efficiencies of the apparatus for the produced K"s and A's were extracted.

a.  Charge-Exchange on Complex Nuclei, Relative to Carbon

*                      An interaction which resulted in a master trigger was identified as

a charge-exchange and decay event, e.8.

K-  +   Nn. v Ki  + X
Z

L Tr TT- ,
when the criteria 1) through 5) of section II.C.1 were satisifed.

Charge-exchange cross sections for Al, Cu, Sn, and Pb, relative to

that for (, were calculated in exactly the same way as described in section

II.C.1. The results and the data from which they were calculated are tabulated

in Table 5.

b .    CharEe-Exchange on Hydrogen

Measurement of the cross section for K  charge-exchange on hydrogen

was undertaken in this experiment primarily in order to provide a check on, and

a measurement of, the operation and detection. efficiencies of the experimental

equipment: the hardware and the software. Two separate measurements of the

K  charge-exchange cross section on hydrogen were made. This cross section has

-                                    12,13,14/
been measured by others and is known at 850 MeV/c incident momentum to

14/
an accuracy of better than_10%.--
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\2

Table 5

-0
Relative Cross Sections for K Production

.

h.'/ K  K
Target      N        M        G    N         n f a C /c

K-       1              0                  3       N  c
6                               23        -24

(Xlo ) (Xlo ) (Xlo   )

(1) 16.01 3180 2226    70
Empty 2785 2079    47(2) 15.3

fKC =
CH/CC.=<     (1) 40.05 22693 18650 633 ..H

CH 2.901 0.77+.06 0.52+.05
2 (2) 15.78 8348 .6546 167                              -

(3)
*

(1) 39.29 17998 14423 362Carbon 2.923 1.49+.10 1.0
(2) 23.04 9803 7337 164

(3)

Aluminum 16.00 6446 5259    80 1.855 1.08+.25 0.7 +.2
-         -

Copper 16,45 5933 4692    84 1.160 2.0 +.4 1.3 +.3
-         -

Tin 16.00 5002 3984    91 .7674 3.9 +.6 2.6 +.5
-         -

Lead 15.79 4454 3349 70 .4839 3.6 +1.0 2.4.·+.7
-         -

(1)  High statistics measurement.

(2)  Low statistics measurement.

(3)  Average of (1) and (2) (with different detection efficiencies taken into
account).
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The charge=exchange cross section on hydrogen was derived in this

experiment from sequential measurements taken with the carbon and the poly-

ethylene targets.
&'

The total thickness of the nine polyethylene target wafers was

13"
2- This was as thick a target as could be sandwiched between the target

16 '

counters Tl through T10.  The total thickness of the nine carbon target wafers,

1.296", was chosen so that the carbon and the polyethylene targets each
\4

presented the same number of carbon atoms/cm2 (to within <1%) to the K- beam.

Consequently, when the charge-exchange interaction and detection probability

for carbon was subtracted from that for polyethylene, the remainder was the

charge-exchange interaction and detection probability for hydrogen,'.

N                 N

KH =[:5 . fl    - [:5 . fi .
K        CH2     K

The two separate measurements of the K- charge-exchange cross sec-

tion on hydrogen were made with slightly different placements of the anti

counters AL, AF, and AR. This resulted in a difference in detection effi-

ciencies during the two measurements. The measurements were therefore considered

separately.  One of the measurements had three times more statistics on the

polyethylene target and two times more statistics on the carbon target than the

other measurement. The higher statistics measurements will be treated here

first.

For the higher statistics measurement,

fK CHK = (1.32 i .09)Xlo cm .
-29   2

.

KThe overall detection efficiency f.is taken to be the product of two separable

K          K            K
efficiencies € and e -   is a. factor which is:dependent.onDECAY APPARATUS 2   DECAY
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the placement of the anti counters AL, AF, and AR and on the branching ratio

-0    + -K
              for K  decay into n and n; E is taken to be the overall efficiency,

APPARATUS
K

apart from 5 of the apparatus for detection of the charge-exchange pro-
DECAY'

+-
duction of neutral kaons and their decay into n  and n .

K
The magnitude of € was determined by examination of an accumulatedDECAY

histogram of the number of F -* TT+Tr- events vs. Ko lifetime. The histogram

was accumulated for all of the runs with CH2 and with C to determine the higher
L:,

statistics charge-exchange cross section of hydrogen. See Figure 5.  By

taking the ratio of the area beneath the experimental points, AE' to the area

beneath a straight line (on a semi-log plot) with slope equal to -(1/Ts) nor-

malized to the experimental points in the 4-6 lifetime region, AT' one obtains

K
a measure of €

DECAY 

AK       12    E

EDECAY =2'5.A  '

where the factor 1/2 represents the fraction of  K   in an initially pure K'
S

beam, and the factor 2/3 represents the branching ratio for
K 'decay to. Trt

and     n     .

For the higher statistics measurement

K
EDECAY,1

2  .042  .

K
The factor € was estimated early in the planning stages of

APPARATUS

this experiment to bel/

K
€          2 .08 .APPARATUS

Consequently,

fK 2 ( .042) (.08) = 3.36 x10-3 (for higher statistics data)

and
-29   2

a K e (1.321.09)X10    cm
H             Kf
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Kc  n (3.91.3)mb ,H

where the error shown is only the statistical standard deviation.

The value of the cross section on protons for 850 MeV/c K charge-
llc

exchange that is quoted in the literaturelb  is (4.01.3)mb. The experimental

value determined above agrees well with the "known" value of the cross section.

Working backwards, the "known" value  of the cross section  can  be

K
used to obtain an experimental value for € and its uncertainty:APPARATUS

-29   2
K    K      K (1.321.09)Xlo cm

f  = €        €             =DECAY APPARATUS -27   2
(4.01.3) x10 cm

= (3.3t.3)X10-3

-3K                  (3.31.3)x10
€             =APPARATUS       K

€DECAY

- (3.31.3)x10             -2-3

-               = (7.91.7)*10
.042

where the error quoted includes the uncertainty in the "known" value of the

cross section and the statistical standard deviation in the value measured for

K   K
f aH

Now, for the lower statistics measurement of the cross section,

K
E      had a different value than determined above. Determined in the same
DECAY

way as described above, its value for the lower statistics measurement was

EX          = .1   .  f  ·   (.080)   .DECAY   z

K                        K
Using this value for € and the value of € determined

DECAY APPARATUS

above, the value of the overall detection efficiency during the lower statis-

ties measurement can be determined:

K   1                 -2
f - 3(.080)(7.9+.7)x10
fK - (2.11.2)X10 (for lower statistics data) .

-3
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K
This value for f will be used in later sections of this thesis to calculate

+
K- charge-exchange cross sections on complex nuclei.

It is important to note that the value derived above for fK does not

+take into account the fact that for K  charge-exchange a proton is produced

together with a neutral kaon; and the proton will in some cases pass through

the anti-counters, causing the event to be vetoed.  Only crude measurements

were made of the effect of such proton vetoes. These indicated that fK for K 
\J

charge-exchange could be -35% smaller than stated above.

c.  Lambda Production from Hydrogen

In this experiment, whenever a K  beam was incident on the target,

a large number of lambda hyperons were detected, since the production of a A

and its subsequent decay into p and M  often satisfied all the master trigger

requirements described in section II.A.3.a.  A K  interaction which resulted

in a master trigger was identified as a"A event," e.g. K- + zNA -+ A t x
L p+rr ,

if the following conditions were satisfied:

I) ahd 2)  I itefsection ind doplanarity conditions. These were the

same as conditiona.1)land 2) in section II.B.1.

3) The opening angle 8 between the intersecting tracks was required

to be 8 < 54'; or, if 0 > 54', the angle that one of the tracks          I

made with respect to the A direction had to be < 13'.

Two separate measurements of the cross section cHA for K- lambda

production on hydrogen were made, one with higher statistics than the other.

The A production measurements were done concurrently with the K- charge-

exchange measurements. The procedure for extracting the cross section for

lambda production from hydrogen from the measurements taken with the carbon
.

and the polyethylene targets was the same as has already been described for
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the charge-exchange case, except, of course, in this case the total number of

events NA accumulated in a histogram of the number of A events vs lifetime

was the number of particular interest,

The A production and detection probably, L, from hydrogen was given by

M              Ml    NAlI'l, - bit · -  - E-J   --8-1 '
K      CH     K      C

2

\,J

The A production cross section on hydrogen, multiplied by an overall detection

A                A A
efficiency for A's, f, was given by f a  =L/n . where. n ..was the :number of

H H' H

hydrogen nuclei/cm2 that the polyethylene target presented to the beam.  Due

to slightly different placements of the anti-counters AL, AF, and AR during the

A
two separate measurements, f  for the higher statistics measurement was slightly

different  ftom :f .for the.lower:-atatistics·measurement.

Following the procedure that was already described in the K' case,

A
f  can be calculated for both the high statistics and the low statistics measure-

ments of lambda production from hydrogen.  For the higher statistics measurement,

A  A
f c   was measured to be

H

A A -27
f cH  = ('07481.0048)x10

From the literature14/

A
CH  = (2.71.2)mb.

Therefore

fA = (2.771.27)X10-2 (for higher statistics data)

A A Af  = €
DECAY eAPPARATUS '

AFor the higher statistics measurement € determined just as was describedDECAY'
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K
above for € was found to be

DECAY'

A         2
€          % -( 42) .

„                                                             DECAY, 1      3

Thus,

A                         -26       - (10.Oil.0)xlo
'                               APPARATUS

 „          Then, for the lower statistics data, for which

A         2

 DECAY,2 - 3( 36) ,

the value of fA is

fA = (2.4t. 2)X10-2 (for lower statistics data).

A                         
    ·

This value for f will be used in a later section of this thesis

to calculate A production cross sections from K  inci
dent on complex nuclei.

d.  Lambda Production from Complex Nuclei, Relative to
 Carbon

The values of

.''a'' = 4' = [:l- . NA]  . [Ml- . N ]
K        N     K       TARGET EMPTY

were computed for the carbon, aluminum, copper, tin, an
d lead targets.  The

values of fACNA, the cross sections for lambda produc
tion, relative to carbon,

and the data from which the results were computed are 
tabulated in Table 6.

3.  Comparison of Relative Cross Sections

+-
It is interesting to compare the K  and K  charge-exc

hange and A

production cross sections on complex nuclei, relative
 to carbon.  The relative

cross sections tabulated in Tables 4, 5, and 6 are plo
tted in Figure 6, vs

A2/3, where A is the mass number of the complex nucle
ar targets used.

The striking feature to be noticed in Figure 6 is the r
elatively

+
steep and apparently linear increase in the K  charge-exchange cross section
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Table 6

Relative Cross Sections for A Production

4                                                                                                                                                                                                                                                                                                A        A

; Target       N        M       G     N n f a
GN/CC-           1                      A                             NK

6                               23         -27
(Xlo ) (Xlo ) (Xlo   )

(1) 16.01 3180 2226 1089
Empty

(2) 15.3 2785 2079 929

(1) 40.05 22693 18650 9145 fACH =     CH/CC =
CH 2.901 .077+.004 .20+.01

2 (2) 15.78 8348 6546 3113                              -
d)

(1) 39.29 17998 14423 7352Carbon 2.923 .377+.006      1.0
(2) 23.04 9803 7337 3387                 -

(3)

Aluminum 16.00 6446 5259 2418 1.855 .56 +.02 1.49+.05
-         -

Copper 16.45 5933 4692 2254 1.160 .79 +.03 2.10+.08
-         -

Tin 16.00 5002 3984 1890 .7674 .88 +.04 2.3 +.1
-         -

Lead 15.79 4454 3349 1554 .4839 1.03,f.06 2.7.+.2

(1)  High statistics measurement.

(2)  Low statistics measurement.

(3)  Average of (1) and (2), (with different detection efficiencies taken
into account).
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1.,

1

Figure 6. Cross sections on Al, Cu, Sn, and Pb
relative to C for K+ and K- charge-exchange

and A production from K-.
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2/3
as A increases.  This, in contrast to the very small dependence on A of the

K- charge-exchange and A production cross sections.

Qualitatively, the explanation of this result is a conseguence of
,«

available reaction channels and the conservation of hypercharge in strong inter-

actions.  For kaons, hypercharge equals strangeness.  In the case of K 's

incident at 850 MeV/c on nuclei, the only strong interaction channels of signi-

4 ficance that are energetically allowed are elastic scattering and charge-

15/              +                                         +
exchange.- The S = +1 K  must come out of the target either as a K  or an

S = +1 K'.  In contrast, K-'s incident at 850 MeV/c on nuclei have several

16/               -alternate interaction channels energetically available., The S = -1 K can

+
interact with protons or  neutrons to produce A's and z"s, and also Ires, in

addition to charge-exchanging to produce P's.  The distribution of the S = -1

quantum number among the various available final states evidently results in a

much slower increase with A in the cross section for a given K- interaction

+channel than the K  charge-exchange results would naively lead one to expect.

4.  Absolute Cross Sections on Complex Nuclei
+

In this section, absolute cross sections for K- charge-exchange

and A production are presented, and then a discussion of results and models

follows.  As will be seen in the Monte Carlo section, III, the values

obtained are dependent on experimental cuts that are A-dependent.

a.  K  Results

+
Again, the K  results are presented first.  The mean values of the

K  K
cross sections are obtained by dividing the mean values of f aN  in Table 4

by the mean value of fK = (2.lf. 2)*10-3 which was determined in section

II.C.2.b .  The cross sections are plotted in Figure 7.  The error bars in

Figure 7 represent the root-mean-square of the statistical errors on the values

K  K
of f aN  and the statistical and experimental errors on the value derived for fK.
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-,

D,

+
Figure 7.  Cross sections for K  charge-exchange, plotted.

versus A2/3

(The results presented in Figs. 7-10 were cal-
culated with the assumption that any momentum

and angular dependence of the experimental
efficiencies of sections II.C.2., b. and c., did
not affect the A-dependence of the cross
sections.)
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2/3The abscissa in Figure 7 is·A , and the straight line is a least-

squares fit to the data, with slope=(2.741.12)mb and intercept=(-3.8il.3)mb.

·                            2
x  for this fit equals 3.6, and for three degrees of freedom results in a confi-

2
4 dence level of .31,  On a X -basis,alone, this fit is quite acceptable.

However, another aspect must be considered.  Plotting the data vs.

2/3A    implicitly assumes a model for the cross sections, such as aNK =
.

1/3 2
TT(rIA   ) +const. s where r  is a nuclear unit radius, Upon assuming such a

0
..1

model, the value of r  is determined from the slope of the straight-line fit to
0

the data.  In the case presented in Figure 7, the result is r  = (.295k.006)fm.

17/This  value  is far different  from the expected valuei-   -1.3  fm.

Consequently, another model which was used by others to fit data for

·20/A production from negative pions incident on complex nuclei-- was tried.  In

this model the data are plotted versus ( &)Al/3.  The fit is displayed in
2

Figure 8.  An acceptable confidence level equal to .11 results from X = 6,1

for 3 degrees of freedom.  The full expression for the cross section is aNK.=

21Tr Al/36(AXZ)+const.: The cross section for hydrogen-like charge-exchange
0

production of K"s from complex nuclei is given essentially by the area

21Tr Al/36, of a narrow rim around the edge of a spherical nucleus, multiplied by
0

the fraction (6.XZ) of collisions which occur with neutrons.  6 is the "effec-

tive' rim width" and is assumed to be independent of Z or A.

The least-squares-fitted straight line in Figure 8 has slope =

18/
(31.211.4)mb and intercept = (-26.lf2.2)mb. ·Assuming r  =.1.3fm,-  the·value

for 6 is (.38f. 02)fm.  This value for 6 will be compared to values found from

A production and K- charge-exchange in succeeding sections of this thesis.

b.  K- Results

The K- results will be presented in two subsections, one on A produc-

0
tion and one on K  production.



42                                                            -

I.

..

Figure 8.  Cross sections for K  charge-exchange, plotted

A-Z 1/3versus (A)A

'
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i.  A Production

The mean values of the cross sections and their error bars were cal-

+
culated as described in the previous section for K  Results, except that the

values of fACNA
were taken from Table 6, and the value of fA = (2.43:.2)X10-2

was that derived in section II.C.2.c.

1/3 .The cross sections are plotted versus A    in Figure 9.  Also shown

is a straight line fitted by least-squares to the data..  Its slope =

(9.39+.20)mb; intercept = (-6.11.3)mb.  With 2 = 16.0 and 4 degrees of freedom,

the straight line fits the data with a confidence level of .0035.

The model leading to this particular choice for the abscissa is

+similar to the second one described in the section on K  Results, except that

the cross section for hydrogen-like production of Aes from K-vs on neutrons

16/-            was taken to be equal to that on protons, Symbolically,

A Z 1/3 A*Z 1/3
aN     =   (x) 2nroA         6  +   (-r) 2,TroA         6  +   const.

1/3
= 2TTr A   6+ const.

19/
Again r  was taken to be 1.3 fm,- and from the slope of the straight

line in Figure 9, the effective rim width 6 = (.115+.002)fm was computed.

ii.  K- Charge-Exchange

The mean values of the cross sections and their error bars for K

charge-exchange were calculated in the same way as has already been described

for K+ charge-exchange. The values of fKCNK
were taken from Table 5.

Z  1/3
Figure 10 shows the cross sections plotted versus x..A   , and a

straight line has been fitted by least-squares to the data, with slope

(8.9+1.3)mb and intercept = (-4.8il.5)mb.  The )8 confidence level for this
.

fit is <10-41
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-

Figure 10. Cross sections for K  charge-exchange, plotted

Z   1/3
versus (-) AA



48

1                                            
                  1

20
*EXPERIMENTAL POINTS

18 -

16 -

14 -

K
9N        1 2  -

mb
10 -

8-

*

6-

4-

2-

0                             1                           1
1.0 2.0 3.0

ZA 



49

The hypothesis leading to this particular choice of A dependence
1/3

was the same as the second one described for K  charge-exchange, except in

this case the fraction of collisions that occur with protons is substituted

for that with neutrons.  Symbolically,

Za K = (f) 2lr A    6 + const.
1/3

Again, with r  - 1.3 fm, the slope of the line gives
t.

6 = (.111.02)fm.

c.  Comparison and Discussion

The "effective rim width" model used in the preteding sections for

the hydrogen-like production  of  K" s,   A's,   and  P' s  has been proposed previously

20/by  Frankel,   et  al·,- who found  a good linear  fit to cross sections   for  A

production from I- interactions in nuclei when the data were plotted versus

Z  1/3
(I)A       . In their  case, a value was extracted   for  6  =   .2 5  fm. (No error  was

quotedl  Nor was it clear what value was used for r .)

6 represents an "effective rim width" for the hydrogen-like produc-

tion in nuclei of particles which are eventually detected in a coincidence-type

experiment.  In this spirit of this model, one expects to detect only the

fraction of the particles of interest that are produced on nucleons at the

periphery  o f a nucleus,  so  that the incoming charged ka'ons  or the product

particles have small probability for multiple strong interactions with the

remaining nucleons.

It seems reasonable that the effective rim width should be dependent

             on partial production cross sections and on the mean free paths (m. f.p.) of

the incident and product particles in nuclear matter.  Qualitatively, such a

dependence could account for the significant difference between 6 = (.38f.02)fm

for Ko's produced from K 's with m. f.p. - 6.6 fm and the 6's for 2°'s and
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A's, (.1 lf. 02)fm and (.115f. 002)fm, respectively, produced from K- 's with

m. f.p. - 2.2 fm.

In reference 20, lambdas were produced from 1055 MeV/c n-'s with

m. f.p. % 1.6 fm incident on complex nuclei. The reactions were M-tp -• A+KI,

cAK 0 .57 mb, and n-+p - I'+K, I' -• Aty, aEK R .35 mb.  It is not evident

how to account even qualitatively for the fact that the 6 for A production

found in reference 20 was larger than that found in the experiment for this

thesis.

Apart from the preceding qualitative speculations, more quantitative

tests of the data were applied.  The production cross sections were plotted

against a variety of different dependences on the power of A.  These are
.

indicated in the top line of Table 7.  In each case, straight lines were

fitted   to  the  data by least-squares, and values  of  X2 were computed.     The
2

values of X and the corresponding confidence levels are tabulated in Table 7.

1/3 2/3In the K' case, plots of the data versus an A   -  or an A   -type

dependence appear  to  give  good  fits, with acceptable X2 confidence levels.

In order to determine a preference for one type dependence or the other, one

can resort to the values of the parameters associated with models, as done in

section II.4.a. Possible models behind the different abscissas of Table 7

are indicated in the top line of Table 8.  As pointed out in section II.4.a,

2/3                                                        *the A models result in values of r  which seem unreasonably  small, while the

1/3A    model results in a value for 6 which is reasonable.

*
It may reasonably be argued that the values computed for ro should be

              multiplied by a factor that takes into account the ratio of the number of
K"s produced to the total number of K+ interactions.  In the.K++K' cas*,
one estimate oflthe factor could be [ ((A-Z)/A) (c(K+n-,Kip)/a(K' n-•all))]-6
8 [(.5)(.475)]-6 x 2.  Even when multiplied by this factor the values of
ro remain less than 1 fm.
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Table 7

-

Abscissa

(A-Z)                                                                                                         A             A213     A-Z.213   A-Z·.213     k113       k          Z      Z-·Al'31-·Al'3A        A

0 2K X= 21.1 3.6 6.1 5.1

3 Degrees      *           -4
of C.L. = 1.3x10 .31 .11 .16

Freedom

2
A X= 269. 16.0 739. 641. 325. 253.

4 Degrees                            -4                                       -4    < 10-4        -4   < 10-4.0035 < 10 < 10
of C.L. = < 10

Freedom

r X= 14.9 21.0 26.3 16.82

4 Degrees                                                                             -4       -4
of      C.L. = .005 3.5X10 < 10 .0025

Freedom

* 2
C.L. = x confidence level.

42
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Table 8

\Model · 0      (1)
1/3 -            (A Z)

0(K-N-*AX) a (K -K n )  2 Trr A   O       ( )
(1) - -0    (1)  1/3.

N  0(1*KP
) 2 2/3   2nroA o 1/3.                             0

\    (A-Z)   "%*       (9)     «/3      0          A          Z        *      "r :*2/3TIr A 0
0

\
C= r = 6= r =

0 0

K'  (.76 .03) (.295£.006) (.381.02) (.380f. 008)
mb                   fm                   fm                  fn

r = 6= a= 0= 6= r =

0 0

,

A (.237+.003) (.1151.002) (.316f. 008) (.792.02) (.46t.11) (.377
+.004)

fm                                  fm           m
b          mb         fm          fm

r -
0= 6= r =

0 0

Ko (.123: .001) (.231.03)  (.11£.02)  (.1931.001)

fm                                                                                     -                                  mb                   fm                     fm

(1)  ro is assumed equal to 1.3 fin.

:S
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1/3                                 2In the A case, only the A dependence is acceptable on a X basis.

See Table 7.  Listed in Table 8 are the values of various model-dependent

parameters computed from the fits of straight lines to the A production data.

Again, only the values for 6 have reasonable magnitude.  Because the sum of

cross sections for A production from 850 MeV/c K-'s incident on neutrons is

16/
about equal to that on protons,-  the model which neglects A production from

neutrons does not seem sensible.

 '. In.the F case, none of the least-square fits of straight lines to

2
the data are acceptable on a X basis.  See Table 7.  Primarily to maintain

consistency with the preferred models for the K' and A cases, the effective

rim width model is preferred in this case also.  Furthermore, as shown in

2/3Table 8, this model yields a reasonable value for 6 whereas the A -type

. 14

models yield uncomfortably small values for r .

9/
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III. MONTE CARLO CALCULATIONS

A Monte Carlo computer code was written using a simple impulse

approximation model for the charge-exchange production of neutral kaons and
,.

for the production of lambda hyperons from charged kaons incident on complex

nuclei. Monte Carlo calculations similar to the ones described here have been

performed previously in studies of intranuclear cascades initiated by protons--

18,21/and neutrons and pions, but to the author's knowledge, the calculations

described here are the first attempt of this type to treat the interaction and

production of strange particles inside complex nuclei.

A.  Nuclear Model and Input Information

The nuclear model used here was that of a Fermi gas of nucleons con-

fined with uniform density within a volume of (t).R'' where R=r Al/3,0

r  = 1.3 fm, and A = mass number of a given nucleus.  The target nuclei studied
0

were C, Al, Cu, Sn, and Pb. For each of these nuclei, appropriate maximum

22/
Fermi momenta were assigned.-- After each collision inside a nucleus, the

kinetic energies of the target nucleons were required to be greater'than the

corresponding Fermi energy, or the collision was forbidden.

The collisions with nucleons inside a nucleus were assumed to occur

just as if the nucleons were free. The elementary cross sections used for the

Monte Carlo calculations are shown in Table 9.

B.  Course and Mechanics of the Calculation, and Results

The Monte Carlo calculations were carried out on the University of

Illinois High Energy Physics I.B M. 7094.  A block diagram showing the course

of the Monte Carlo code is shown in Figure 11.

The incident kaons were distributed uniformly over the geometrical

cross sections of the nuclei. Their distances of travel, d, in nuclear matter
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Table 9

Elementary Cross Sections Used in Monte Carlo,Calculations
.

Interaction Cross Section Interaction Cross Section

(mb) (mb)

K(S=+1)+N -·Total        14
+     +                             +     +

K +n -+ K +n 7.3 K tp-+K +p      20
S Ko+p 6.7

12- ...    N +N -* Total        31

K(S=-1)+N -* Total        41

A +N + Total         20
2   +N    +   T o t a l                             3 1

TT +N -* Total         30
-         -

K-+p -* K-+p 23.7 K tn =Ktn 29.0

-* A+Trc+Trc 4.4 -+ A +Trc 7.3
.- -0+ K·.tn 4.2 -* A  TTC TTO 3.0

-* A +Tro 3.7 -* E-+TTO 1.7

-* E++rTc 2.1

-* A+TTO+TTO 1.4

-* r-+Trc 1.4
--

2+n -* Kotn 23.7 Ko+p -* KV+P 29.0

-* A+Trc+Trc 4.4 -* A +rTc 7.3

4 K +P 4.2 -* A  nc  o 3.0

-* A+TT0 3.7 -+ E-+NO 1.7

-* f+Ic 2.1

-* A+TTO+TTO 1.4
+ C-* I +Tr 1.4

A +p  + Atp                   20                                 A tn  + Atn                   20
+     +                              E++p - Eftp 31I tn + 2 +n 18.6

-+A -1-p 12.4

E-+p -* 2-+p 18.6 E-tn -+ E-tn 31

-+ A+n 12.4

MC+P + IC+P         30                 ncfn -* Ic+n 30

M.--
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"

Figure 11.  Block diagram showing the course of the
Monte Carlo codes.

\

.
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1.     '
START A CHARGED KAON.

t
2.

PICK THE MOMENTUM OF THE
INCOMING CHARGED KAON
FROM A FLAT DISTRIBU-
TION, (850*17) MEV/C.

'1

3.

PICK THE IMPACT PARAMET-
ER OF THE CHARGED KAON
WITH RESPECT TO THE CEN-
TER OF THE NUCLEUS. THE
TOTAL PATHLENGTH THRU
NUCLEAR MATTER IS THUS
DEFINED.

D
4                 4

4.                              5A.
DISTANCE OF TRAVEL BE- IF THE TOTAL DISTANCE OF
FORE A COLLISION IS TRAVEL OF THE PARTICLE
CHOSEN ON THE BASIS OF ----* AND ITS DIRECT "ANCES-
TOTAL ELEMENTARY CROSS TORS" IS GREATER THAN
SECTIONS AND NUCLEON THE TOTAL PATHLENGTH

.DENSITY.  DEFINED IN STEP 3), THE

                   PARTICLE HAS
 ESCAPED THENUCLEUS; ITS IDENTITY,

5.                             ENERGY, AND VECTOR MOMEN-

IF THE TOTAL DISTANCE OF TUM ARE RECORDED.

TRAVEL IS LESS THAN THE
TOTAL PATHLENGTH DEFINED                 _
IN STEP 3), CHOOSE AN
INTERACTION PARTNER,

5B.

NEUTRON OR PROTON. A STORED PARTICLE IS
FOLLOWED, IF ONE IS

4 -1 A NEW SEnUENCE IS BEGUN 
AVAILABLE. (OTHERWISE,

t.1.1. ™ VE„OR „B„, WITH ANOTHER CHARGED
KAON AT STEP 1).)

|NOMENTUM OF THE NUCLEON.

4&

1.
PICK THE REACTION PRO-
DUCTS ON THE BASIS OF
ELEMENTARY PARTIAL
CROSS SECTIONS.

&
8A.                            8.
IF THE REACTION IS CALCULATE, RELATIVISTI-
FORBIDDEN BECAUSE OF CALLY, THE MECHANICS OF

<- FERMI ENERGY RESTRIC- THE COLLISION. CHOOSE

TIONS, A NEW DISTANCE OF
4-

THE C.M. SCATTERING                       TRAVEL WILL BE CALCU- ANGLE FROM AN APPROPRI-
LATED FROM THE POINT OF ATE ANGULAR DISTRIBUTION
THE FORBIDDEN COLLISION. FOR ELEMENTARY INTER-

ACTIONS. TRANSFORM THE
RESULTING ENERGIES AND
DIRECTIONS OF MOTION
INTO THE LAB FRAME.

1
-                                                                                                                         9.

IF THE REACTION IS
ALLOWED, ONE PARTICLE
(OR MORE) IS STORED FOR

-                                                            LATER TREATMENT, AND THE
OTHER IS FOLLOWED.

)
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were computed according to the formula

d  - -k  41  X,

where X is a random number between zero and 1, and k was the mean-free-path of

the kaons in nuclear matter,

3

A=-1= 4'tro
na   30(KN) i

.

and 0(KN) was the total kaon-nucleon cross section.  The distances of travel

of other particles in nuclear matter were computed in the same way, with the

appropriate total particle-nucleon cross sections substituted for a(KN).
'

The percentage of kaons that should pass through a spherical nucleus

without interacting is (ignoring a small correction for Pauli exclusion effects)

2TY     R

*11 rd0 .1.0 exp[-2 (R2-r2)*/A]dr
P =          2n     R

      rd*      dr
0 0

2R

= --A2 [1-e--i (2A + 1)] ,
2R

where R is the nuclear radius.  This expression provides a check on part of the

Monte Carlo program.  It predicts percentages only about 3% lower than the

percentage of non-interacting kaons in the Monte Carlo results.

A  typical run consisted  of 4000 K ' s  or  8000 K-'s incident  on  each  o f

the five nuclei studied.  The type, energies, and vector momenta of all of the

escaping particles was recorded on magnetic tapes for later analysis by Univer-

sity of Illinois-Cern SUMX routines.

There were significant differences in the complexities of the com-

puter codes which handled  the  K   and  the K- incident particles; therefore,
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they will be discussed separately.

+
1.  K

+The code for the K  runs was the simpler of the two.  For K  incident

with -850 MeV/c momentum on complex nuclei, the only interactions of importance

15/
are elastic scattering and charge-exchange.--

The elementary particle cross sections which were used in the program

+
were the total kaon-nucleon and the total nucleon-nucleon and the K n charge-

exchange cross sections.

The C.M. angular distributions of all the elementary collisions weve

+0
given.by the angular distribution appropriate. to K n + K p in the center-of-

22/mass frame.-- This was not considered a serious fault in the code, since the

angular distributions of the neutral kaons were the only angular distributions

-.

of major importance.

For comparison with the experimental data, cross sections were computed

for the total production of K"s from complex nuclei relative to the cross sec-

tion on carbon. The relative cross sections were computed according to the

formula

'N = #K'N AN2/3

aC  #K0c A c
2/3.  '

where N stands for the nuclear type, #K' was the total number of K"s produced,

+-
and A was the mass number of the nucleus.  (For the K  and K  studies, a total

of 4000 and 8000 charged kaons, respectively, were incident on each nuclear

type.)  Then two cuts, which corresponded to the real experimental situation,

were made on the Monte Carlo data.  Only K"s with momentum > 400 MeV/c and

with production angles < 1.05 radians were accepted, and the relative cross

sections were recomputed.  The results of both these computations and the
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appropriate statistical error bars are shown in Figure 12.  Also shown in

Figure 12 are the experimental data points.  It is clear that the Monte Carlo

cross sections with no cuts, which show a linear dependence on the number of

neutrons in the complex nuclei from carbon through lead, do not fit the

experimental data.  Interestingly, however, the Monte Carlo calculatiens with

cuts do match the data well.

Other angle cuts, .84 rad. and 1.26 rad., were tried, resulting in
.

less than one standard deviation change in the relative cross sections. Other

momentum cuts were tried.  A 300 MeV/c cut resulted in increases in the rela-

tive cross sections by about one standard deviation; a 500 MeV/c cut resulted

in decreases by about one standard deviation.

Keeping track of events in which the K'ps were accompanied by energetic

protons that might have vetoed the events in a real experiment gave results

which were the same, within statistics, as those for which no attention was

paid to the protons.

When the total KN cross section was changed from 14 mb to 20 mb, the

relative cross sections tended toward smaller values. The relative cross sec-

tion for lead was more than two standard deviations smaller for 0(KN) = 20 mb

than for a(KN) = 14 mb.

2.  K

The code for the K- runs was complicated by the fact that so many

channels of interaction are available for negative kaons incident at 850 MeV/c

on protons or neutrons.  In all, 32 possible interactions were allowed within

,I
the K code. See Table 9.

Also, there was provision in the K  code for four different angular

distributions in the center-of-mass frame.  One was appropriate for elastic
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+
Figure 12. Comparison of K  Monte Carlo results

toexperimental data.                                            -

.
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12/
scattering of kaons from nucleons-- ; another was appropriate for kaon charge-

12/
exchange on nucleons-- ; a third was for production of lambdas with one pion

'h

13/from kaons on nucleons--  ;  and the fourth,  a uni form distributiog was  used' for

all the other interactions.

a. K- -* Ko

In order to compare the Monte Carlo production of F's to the experi-

mental data, cross sections for the total K' production from complex nuclei,

relative to the production from carbon, were computed as described in section

III.B.1.  Again, the Monte Carlo cross sections with no cuts do not fit the

data.  Neither, in this case„ do they exhibit a linear dependence on the number

of protons in the complex nuclei.  See Figure 13. The lack of linearity with

Z is the result of two factors.  One is that the mean-free path of K-'s in

nuclear matter is about 1/3 of that for K 's, so that the production of KI's

tends to "saturate" earlier  as a function  of  Z  than the production  of K''s  as

a  function  of  (A-Z). The other factor  is the "competition", in succeeding

collisions of the K"s, from the A and I production channels for the one unit

of negative strangeness provided by each incident K-.

+
However, as in the K  case, when relative cross sections were com-

puted from just the K"s that had momenta > 400 MeV/c and production angles

< 1.05 radians, the agreement of the Monte Carlo results with the experimental

data, displayed in Figure 13, is satisfactory.

b.  K  + A

Lastly, efforts were made to understand the lambda yields, for which

there were many production channels available.  See Table 9.  In this case,

the agreement between the Monte Carlo results and the experimental results was

not very good.
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Figure 13. Comparison of K- -*.KI Monte.Carlo results
to experimental data.
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The relative cross sections for the total production of lambdas were

computed in the same· way as described for K"s.  In Figure 14, the relative

cross sections have been plotted versus A, since lambdas can be produced by

16/850 MeV/c K 's on neutrons with about the same cross section as on protons.--

The dependence is not quite linear, but the Monte Carlo cross sections do

increase sharply with A, with the cross section for A production about twelve

times larger from lead than from carbon.

In contrast, the experimental data indicate that the cross section

for A production from lead is only 2*-3 times larger than that from carbon.

As in the K' and Ko cases, cuts corresponding to real experimental

detection requirements were made on the Monte Carlo data, and the relative
./

cross sections were re-computed,  When the lambdas were required to have momen-

tum > 700 MeV/c and production angles < 1.05 radians, the relative cross sec€

tions "turn over" rather sharply, suggesting the even more drastic trend of the

experimental data, as shown in Figure 14. Still, there remains about a factor

of 2 difference between the experimental results for lead and the Monte Carlo

results.

As in the case of K' production, it was found that varying the pro-

duction angle cut by f .21 rad. resulted in less than one standard deviation

changes in the relative cross sections.  Other momentum cuts of 600 MeV/c and

800 MeV/c resulted, respectively, in increases and decreases in the relative

cross sdctions by about one standard deviation.

For K' and K' production it was found that keeping track of Monte

Carlo events in which a proton was present, with proper direction and suffi-

cient energy to register in imaginary anti counters surrounding the target,

            made no significant difference in the relative cross sections. For lambda

production, however, it was expected that charged pions would have a significant
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Figure 14.  Comparison of K  =A Monte Carlo results
to experimental data.

.
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effect when attention was paid to which events they could have vetoed.  When

events which could have been vetoed by charged pions, or protons, were removed

from the A production events surviving the momentum and production angle cuts,

the results shown in Figure 14 were obtained.  The pion and proton vetoes had

a 2-3 standard deviation effect in decreasing the relative cross sictions for

nuclei heavier than aluminum.

Still, the Monte Carlo relative cross sections for lambda production

do not agree well with the experimental cross sections,  The neutral pions that

are often produced with lambdas, as indicated in Table 9, provide a possible

explanation for much of the discrepancy.  About 41% of all the lambdas produced

by 850 MeV/c negative kaon interactions on protons or neutrons are produced
*

together with one or more neutral pions.  The neutral pions decay very rapidly

+-
into two Y's which can convert into e e  pairs while still in the target.

The percentage of the Y's that convert in the lead target, for

example, is much greater than in the carbon target, because even though both

targets contained about 0.1 collision lengths, they differed significantly in

pair-production lengths,  The pair-production lengths that each target

presented to the beam are shown in Table 10, together with the probability

+-
that a photon would convert to e e  in passing through the entire length of

the target.  To obtain a rough estimate of the size of the effect, it was

assumed that each pion gave one photon which would veto a lambda event if it

converted when passing through the entire target length,  The relative Monte

Carlo cross sections after the cuts and after the removal of proton and pion

vetoes were adjusted according to the formula

 a A '   aNA [l-R'PNj

<01 - aCA Il-'.,Cl  ,
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Table 10

A
pair-               1=1aNA     GNA 1     aN

Target Production ;Conversion
7                  73Lengths Probability     ac        C         C (EXPT.)

Carbon .107 .101 1.0 1*0 1.0

- Aluminum .269 .236 1.8 1.7 1.50+.05

Copper .793 .545 2.8 2.3 2.1 +.1

Tin 1.32 .733 3.7 2.7 2.3.+.1

Lead 1.99 .863 4.8 3.2 2.7 +.2

.
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where R is the fraction of A's produced together with n"s, and P is the con-

version probability.  The values of (aNAlacA)  and the experimental values of

¢             the relative cross sections are tabulated in Table 10.  With the rough adjust-

ments described above, the Monte Carlo relative cross sections for A production

are very near the experimental values.

I.

.'

.

:
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IV. SUMMARY AND CONCLUSIONS

Measurements of cross sections have been presented for the charge-
*,

exchange production of K' and 2 mesons and for A production from charged kaons
*

incident on several complex nuclear targets.

An "effective rim width" model for the hydrogen-like production of

the neutral kaons and lambdas has been applied to the experimental data; and

from least-squares fits of the model to the data, values of the effective rim
'

width parameter, 6, have been derived.

The values of 6 probably are dependent on the partial production

cross sections and on the mean-free-paths of the incident and product particles

in nuclear matter. Therefore, for other incident energies or other incident

or product particles than those discussed in this thesis, the values found

here for 6 would not be likely to be very useful in estimating expected cross

sections from complex nuclei, though the model itself should remain applicable.

An A2/3-type model was found to fit the data for K' and F cross

2
sections  as  well  as the "effective rim width" model,   on  a X -basis, However,

the A models led to unusually small values for the nuclear unit radius r .
2/3

A Monte Carlo study of the production of neutral kaons and lambdas

from charged kaons incident on complex nuclei was done.  In general, the total

particle yields from the Monte Carlo programs lead to cross sections, relative

to carbon, that were much larger than those·found experimentally.  However,

when the > 400 MeV/c momentum and > 1.05 RAD. production angle cuts that were

present in the experimental data were applied to the Monte Carlo results, as

on pages 59 and 63 , the two were in reasonably good agreement, for neutral
.

kaon production.

One very interesting aspect of the Monte Carlo study is best illus-

trated in the·K' results.  Before the cuts.are applied, the K' production shows
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an essentially linear dependenc#  on  (A-Z) . After  the cuts corresponding  to

experimental detection requirements were applied, the results show a curved

4             dependence similar to the experimental data which were in agreement with either

2/3 1/35:             an A - or A -type dependence.  In other words, the experimental efficiency

2/3and cuts may have led to the A -type dependence for the experimental cross

sections.
.

One of the main motivations for this experiment was to determine which

1.

target materials were best for copious charge-exchange production of neutral

kaons, with the restriction that the target would be limited to some maximum

1/length.  For Experiment E-256-  the maximum target length was about 7 centi-

meters.
.

The  ratio  o f the number  of  Ko' s produced  to the number  of  K ' s

incident on the target of material N is given by

+AO
1/Ko              aN (K  +ZN--K +X) -na t

T
0-4-) =   c (1-e      )
#K' N         T

where n is the density of nuclei, and t is the target thickness; eT is assumed

equal to Trro A
with r  = 1.3 fm; and the value of aN is read from the

2 2/3

straight line in Figure 8.  Similar expressions give the ratio of K"s and Aes

to incident K-'s, with the values of aN read.from Figures 10 and 9, respectively.

In Figure 15, the number of K',K', and A particles produced per inci-

dent charged kaon, as measured in this experiment, are plotted for a 7 cm target

length.  It is clear that the greatest numbers of the particles of interest

could be produced on copper.

Another important concern for E-256 was to keep the background from

A events and ill-defined, or "JUNK", events as low as possible in the K' sample.

                     It was found  that  the  best K'/ (A+JUNK) detection ratio was obtained for carbon,

the target for which A/K- was lowest.
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Figure 15.  Number of K', K', and A particles produced
per incident charged kaon, for a 7 cm target
length.

9 1



75

11111111
20 -                                                                         -

,\/\
/    \

\
\/\

/         \                      .KO\ /
15-        /     \ 1 -

./ /.\  \\ /(ir)       / : .. 'h--00-5        iii\4      1! \(AM             \
L. 9                           1, /           i..
-JW ·.
Ue              \H aze < 10- , /  Cu    i                 -<I              1 :            ..0- U .../\
L. 4.                   f 0.-..I'--.. 0.0...

IM-
00

.-0../O0
Z Z                         I-                      1
T                                     Pb
9   :// Al  -

Sn

X  5-         /  \                -1 ---

C         /.j\.
0-.,

.....-.-. •K°

lilli       l       l      l.

5 10 15 20 25 30 35 40

Af



76

Therefore, it was decided to take·all of the 2 data for·E-256 with
-3 -0.          -3                   -

a carbon target, with which about 3x10 K 's and 8x10 A's per incident K

a             were produced.  In order not to frequently disturb the position of the target,

0<            most of the K  data was also taken with a carbon target, yielding about

5X10-3 K'ps per incident K .  Some of the K' data was taken with a copper tar-

get, with which K' production was best:  about 19X10-3 per incident K .
(-,

For experimentalists who may wish to estimate particle yields in

different experimental situations, a Monte Carlo technique similar to the one

described in this thesis is probably indispensible.  The Monte Carlo code could

be improved by the inclusion of energy-dependent total cross sections and the

careful treatment of as many differential cross sections (angular distributions)

as are available.  Furthermore, this thesis has shown that it is very important

'r           to incorporate the Monte Carlo code for the nuclear interactions into a larger

program that includes the effects of all experimental constraints and cuts.
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APPENDIX :.

MAGNETOSTRICTIVE DETECTION APPARATUS

e,

Each of the wire spark chambers had two magnetostrictive wire pickup
'.

wands attached to it, one for the high voltage plane and one for the ground

plane of the chamber.

<                     The wands were cut from.3/16" flat aluminum sheet. Each wand was

*"  wide,  and the length varied  to  fit the chamber for which  it was intended.
8

A cross section, perpendicular to the length of the wand, is shown in Figure 16.

A 3/64"X.930" groove was cut along the entire length of the wand.

Into this groove was fitted a piece of "PE 50" .023"x.038" polyethylene tubing,

and a length of .015"X.004" magnetostrictive ribbon was threaded through the

tubing.  The ribbon was purchased from the Wilbur B Driver Co., Newark,

New  Jersey and carried the trade name "Remendur  P. "

The wand, tubing, and ribbon assembly were wrapped with one layer of

. 002"   Mylar    tape.

At one end of the wand, the ribbon was clamped and damped between two

tiny pieces or rubber, to prevent reflections of acoustic signals from the end

of the ribbon.

At the other end of the wand a Science Accessories Corp. (S.A.C.) pre-

amplifier, model 1001, in an aluminum housing, was attached.  The magnetostric-

tive ribbon passed through a hole in the preamp housing and through a plastic

sleeve wound with a wire coil positioned over a small permanent magnet.  The

coil on the plastic sleeve consisted of 6 turns of 6 mil dia. copper wire.  After

passing through the coil the ribbon was clamped and damped between small felt

.
and rubber pads. See Figure 17.

/
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.

Figure 16. Cross section of pickup wand assembly.

*

*

Figure 17.  Details of magnetostrictive pickup and
damping.

f1
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The coil was attached to a step-up transformer, 4 turns:  60 turns

of 15 mil dia. copper wire, wound on a 3/8" O.D. ferrite core, which was connec-

*                ted to theti·nput stage of the preamp. See Figure 18 for a circuit diagram of

,                          the  preamplifier.

With a pickup wand constructed as described above, tripolar pulses of

the general shape and size shown in Figure 19 were typically produced when the
:1,

wand was placed directly over a 10 mil copper wire carrying current from the

.
discharge through 2200 of 2000 pfd at 5 KV.

Attenuation of the magnetostrictive pulses over the length of the

longest wands used for E-256, 55 inches, was negligible (< 10%) so long as one

was careful not to induce pulses in the last:t" to *" of the wand at the end
4

opposite the preamp.  Within that distance attenuation of any pulse was usually

-             severe due to contact between the magnetostrictive ribbon and the polyethylene

tubing.»
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..,

*

Figure 19. Typical tripolar pulse from a magneto-

strictive pickup wand.

D
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