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Stephen R. Schnetzer

ABSTRACT

We have measured the inclusive K" production cross sections at
angles from 15° to B0° in collisions of protons (2.1 GeV) and deuterons
(2.1 CeV/amu) on NaF and Pb, and Ne (2.1 GeV/amu} on C. NaF, KCl.
Cu, and Pb. The kaons were identified by measuring the time of flight
and the momentum in a magnetic spectrometer. and by detecting the
particles from the kaon decays in a Db glass Cerenkov counter. The
momenium range of the detected kaons extended irom 350 Mev/c to 750
Mev/sc. The muitiplicity of each event was measured by 2 set of
scintitlation counter telescopes which were situated around the target.

The differential cross section of the kaons falls off exponentially with
center ol mass energy in the nucleon nucleon center of mass frame. In
adgition. the angular distribution of the kaons is nearly isdtropic in this
trame even for pitNaF and Neilb collisions.

The data are compared with a row on row model and a thermal
modet. Neither are able ito explain all features of the data. The row
on row model does not reproduce the near isotropy in the nucieon
nucigon Irame, and the thermal model overpredicts the kaon yield by a
factor of approximately twenty.

Analysis of the A dependence shows that the increase in the cross
section for kaon production between NetNaF and Netlb coliisions is

greater than that between d4Nat and d'I'b. This may be an indication



of a collective efiect.

In NellPb collisions the associated multiplicity is approximately 10%
higher when a kaon is detected in the spectrometer than when a proton
or pion is detected. This ingicates that the kaons may come irom more

central collisions.
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CHAPTER 1

INTRODUCTION

1. Experimental

In this ihesis an experiment to measure kaon production in
relativistic heavy lon collislons is described. The Inclusive spectra of 'Y
mesans in collisions of 2.1 GeV/amu nuclei with various targets were
measured by means of a magnetic spectrometer. This spectrometer was
rotated betwaen laboratory angles of 15° and 80°. The momentum
range of the detected kaons extended from 350 MeV/c to 750 Mev/c. in
addition. the associated muitiplicity of each event was measured by 16
scintiiation counter tel@scopes which were situated around the target.
The purpose of the experiment was to learn something new about the
reaction mechanism of these collisons by studying a particle heretofore

+
undetected In these collisions. namely K mesons.

2. Theoretical

2.1.  Motivation

The main interest in relativistic nuclear collisons arises because ihey
may provide a means of studying nuclear matter under abnormai
conditions of density and temperature. This idea is basicaily a very
intuitive one. it we think of the nucigi as cOomposite systems with
collective modes ol behavior. then, when we violently collide them
together, we expect that they will undergo correspondingly viofent

disturpances.  Specifically. we expect the nuclel somehow to comprass



one another somewhat in analogy to colliding rubber balls. However.
when the collisions are examined in light of what is currently known
about nuclear physics, it remalns uncertain as to whether significant
compressions do actually occur. Nevertheless. the theoretical
speculations are sufficiently interesting that an experimental search for

evidence of this compression should be made.

The most intriguing of the theoretical speculations maintain that
shock waves may be set up during the colllsions.1'2 This is argued
from the fact that at projectile energies of a few hundred MeV/amu the
velocity of the projectile will be greater than the speed of sound. = c/3.
inside nuclear mattera. These shock waves might then lead to extremely
high density pile-ups which could be more than 10 times normal

4.5 However, this picture is probably correct only it the

density.
hydrodynamic approximatlone is valid. This approximation. which treats
the nuclet as interacting fluids. is rigorousty valid only if the nucleon
mean free path for interaction is much less than the size of the system.
For f{inite nuclei this is not the case. and several experiments which
have been designed to search for shock waves have not tound any
conclusive evidence for their existence. This may be due. however. to
the fact that detection of more than just a single particle must be made.
Such experiments wiil be conducted in the near tuture.

Even if shock waves are not produced it may still be argued that
densities up 10 about 3-4 times normal may be z-u:hieved.7'8 Most of
these speculations, also. depend upon the hydrodynamical approximation.
They assume that local equilibrium is attained during the collision and

that, therefore. the system can be described by an equation of state.



This equation in conjunction with the equatione of fluid dynamics is then
solved for the compressional energy and density. No great reiiability can
be attributed to these calculations, however. since little Is known about
the form to assume for the equation of state. In addition. it Is possible
that, at these energies. there may be a large amcunt of transparency
with no equilibration.

Obviously it is of primary importance to ascertain experimentally how
much compression, if any, does occur. Much effort Is currently being
expended to find the answer. This experiment is a part of this
endeavor. It cannot provide a complete answer, but. because of its
presently unique features. it should help to resolve some of the

ambiguities.

2.2, Abnormal States

It large compressions do OcCCur. then the exciting possibility exists
that new states of nuclear matter may be discovered. These
investigations are centered around gaining an understanding of the
bshavior ot the nuclear equation of state. This equation gives the
energy per nucleon as a function of density and temperature. The only
things currently known about this equation is that the normal density is
p = 0.145 !m"3 and that the energy per nucleon at this point is - 15.960
Mev. Even the secund derivative at this stable point which is related to
the compressibility is unknown. As mentioned above, this is one of theA
reasons why it is very difficult 10 predict whai will occur during the
collisions. Therefore. even it no new states are daiscovered. any
information which can be obtained abou! the parameters of this equation

will contribute to our understanding of the nature of the nuclear force.



On the other hand, there are theoretical specuiations which indicate
that things might be much more exciting. Specifically. there are
predictions that, at densities several times normal. nuclear matter may
unrirgo phase transllions.

One possibility for which there have been several theoreticai
calculations is the transition to a pion condensate state.g'w As the
nuclear density is increased the energy of particle-hole excitation states
which have the quantum numbers of the pion. JP=0—. decreases and
may become zero at some critical density, Peoy Since these particle-
hole states behave like bosons and. at the critical density. Poyr could ke
produced at no energy cost. these quasi-particles should then condense
out of the vacuum. This represents a phase transition of nuclear matter
from its normal “liquid” state to a “spin-isospin Iamce'.” it would
probably be a second order phase transition and would manifest itself as
a shoulder in a plot of the equation of state. There has not been
complete agreement among the calculations as to the value of Pey
However, a value of 2-3 times normal seems to be favored.
Unfortunately. most of the caiculations are for infinite nuclear matter at
zero temperature. The finite size effects and the large excitation
energies necessarily involved in the compression add many complications
and may even inhibit the transition from occuring. Also. even if the
condensate exists experimental detection may he extremely difficuit.
Indeed. theorists have had difficuity in agreeing on a signature. Thay do
agree however that the condensate will not lead to copious production of

real plons in the laboratory.



Another speculation is that at sufficiently high densities the nucleons
will lose their individual identities. Due to asymptotic frec.om the quarks
may act like free particles, and the nuclear matter may become a free
quark gas.m Calculations basad on the MIT bag model have shown that
the energy density of this quark phase should vary with mass density. p.
as p1/3’13 On the other hand. calculations tfor baryon matter show a
dependence linear with p. Once again the critica! density at which the
transition occurs is model dependeni but seems 10 be ~ 10 times
normat.

In addition to its interest from a purely nuclear physics viewpoint,
this benavior of nuclear matter is extremely important for astrophysics
and cosmology. The density in the center of neutron stars is expected
to be 3 to 4 times normal density. 14 Therefore, if they exist at these
densities. pion condensation and quark matter may have important
consequences ‘Jr the properties of these highly compressed. stellar
objects. It is also important to know what happened in the early
universe which. according to present big bang theories. was extremely
dense and not.M Relativistic, nuclear collisions probably provide the

only means of simulating these condiions in the laboratory.

2.3. Uniqueness of Kaons

Before making comparisons to models we wish to describe the
important teatures of the present experiment. The I(+ meson is
distinguished from the other pariicies previously detected in heavy ion
coltisions in that it has the quantum number of positive strangeness.
Since there are no known positive strangeness baryons the «* does not

rasonantly scatter with nucleons. Partly for this reason we «* has a



small cross section for scattering and undergoes almost no absorption.
Quantitatively, the k¥N cross section is less than 13mb for a kaon with

15 Thus. the mean free path Is »5im.

momentum less than 1 GeV/c.
This means that the kaons will tend to travel directly from their point ot
production to the detector. Nucleons and plons, on the other hand., may
undergo several collisions and. in the case of pions. be absorbed before
they escape from the nuclear material. For thls reason kaons may be
more retiable harbingers of the early. perhaps highly compressed and
very hot, stage of the reaction. Unfortunately, however. all may not be
this straight forward. Due to the K‘ resonance. the K*n cross section

16 Thus, it

at enargies of a few hundred MeV is relatively quite large.
there are real pions present in the interaction zone the kaons may have

a high probability to Interact with them before getting out.

Another important feature of kaons is that they can only be

produced in NN interactions via a three-body final state
+
N +t+N - N+Y + K

where Y is a baryon with negative strangeness. This fact. along with
the relatively large k! mass. 494 MeV. medns that the threshold for K
production is much higher than for pions. The highest Bavalac energy
of 21 GeVamu., the energy at which 1this experiment was run,
corresponds fo a center of mess energy for free NN collisions ot 2.73

GeV. |If we ignore Fermi motion. then the allowed processes are:
+ +
N NN -~ NAK 2) NN ~ NZK

The threshold center of mass energy for 1) is 2.55 GeV while that for
2) Is 2.62 GeV. Since a laboratory kinetic energy of 2.1 GeV/amu is

only sliyntly above these thresholds. these reactions have very small



cross sections. In addition, for free NN collisions the spectra can be
explained very well by simple phase space considerations.’’ Shown in
Fig. 1 is a plot oi total cross section as a function of PLAB for the
reactions pp «pAK' and pp—pZOK+. in Fig. 2 is shown the K1 spectra
for pp-oK'X for a proton kinetic energy of 2.54 GeV. Even though this
energy Is somewhat above the Bevalac energy of 2.1 GeV/amu. it can be
seen that phase space still gives a very good fit to the data. Tnese
two tacts:

n production is small

2} spectral shapes are explained by phase space
mean thal abnormalities may show up more clearly in thesg spectra than

in those for other particies.

Another caveat which should be observegd here. however. is ihe fact
that the K's can be produced via the interaction ﬂN-vK'X. This
interaction has a relatively targe cross section. it may, however. be
argued that most of the =n’'s come from decay of A’'s which., due to
Loreniz time dilation, often does not occur untii the A's are outside of
the reaction region. Nevertheless. this is clearly a phenomenon which

must be studied.

2.4. Model Descriptions

Since theory has not been able to indicate what the experimental
signatures of phase transiions mentioned in sec. 2.2 are. the search for
them is extremely complicated and ambiguous. Therefore. before much
eflort is expended in whai may be a futile search, we must first try to
discover whether the search is justified. That is. we should Iearn

whether the large compressions needed 1o achieve these densities



actually ¢o occur. To this end. we must study the reaction mechanism,
that is, how the parameters of the system change during the collislon.
A large number of models have been proposed to describe this behavior.
It would be tedious to describe all or even a large fraction of these.
However, based upon their underlying assumptions it is possible to
catagorize these models into several distinct groups. Below, therefore,
we shali examine the features of each of three groups which seem to
be the most important or are, at least. the most relevant in terms of
the experiment we are describing here. We do this primarily by
comparing with the existing data for proton and plon inclusive spectra in
Ne+NaF collisions at 2.1 GeV/amu. The three types ot models discussed
are: thermal, cascade. and hydrodynamics. We also discuss what we
may additionally iearn about each of these models by means of the x?
spectra measured in this experiment. We outline here only the
possibilities which may exist. in Chapter 3 the actual data are presented

and used to answer some of the questions which are posed here.

Since this experiment was carried out entlie!y at an energy of 2.1
Gev/amu we concentrate on a comparison of “the models with data at
this energy. One of the banes of relativistic heavy ion research is that
an extremely large number of parameters is involves. These include:
iarget and projectile  mass. projectile energy. fragment detacted.
associated multiplicity, etc. Perhaps by narrowing our scope we can

learn more and become less confused.

2.4.1. Thermal Models

The thermal or fireball modets are perhaps the most intuitively

simple and were among the first to give reasonable agreement with data.



The original fireball modelw‘w contained three important assumptions.

First, in a given collision it assumed thal the nucleons from the parts of
the target and projectile which overiaped formed a system calied the
participant piece. it further assumed that this participant piece became
completely thermalized. and that it he! the properdes of an ideal gas.
It could be therefore characterized by a temperature. T. which for the
non-relativistic case is given by kT=—§-‘n(1-'n)e. where m = (number of
participant nucieons from the projectile)/(totat number of participants)., and
€ is the the kinetic energy per nucleon of the projectile nucieus. in
the laboratory the fireball must move with a velocity. 8. in order to
conserve momentum. Nonrelativistically, this g is simply given by the

kingmatics to be. B=78 Finally. since there is no containing

beam’
pressure the firebalt freely expands. This leads to a momentum
distribution in itls center of mass which non-relativistically is the

Maxwett-Boltzman distribution,

2
AN . Nemmkn V2P /2T

To obtain the laboratory distribution then. one simply Lorentz transforms
to a system moving with the velocity, 8. Both 8 and T will depend
upon the ratio of the number of projectite-contributed nucleons to the
number of target-contributed ones which. in turn, depends upon the
impact parameter. Since. generally, the experiments are not able to
select the impact parameter. the measured spectra must be obtained by
integration.

For the case of kaon production it is Important to be able to
incorporate particle production into the model. This is achieved by

assuming that the diffarent speices of hadrons wihtin the fireball are in
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chemicai equlllbrlum.zo The nomentum distribution of a particle of type i

is then glven by

3 -1
TN, (2s,+nv[ fm+Top2; | |
—3 = TP I« Tty
dp tem® L ¢

is the spin and u, is the chemical potential of particle type I.

Here 8
V is the volume at which the flreball freezes out. That is. it is the
volume of the system when the density has become low enough so that
the particles may be considered to be no longer interacting. The + 1
refers to fermions and bosons respectively. There are 5 unknowns: the
proton, neutron and kaon chemical potentials. the temperature and the
freaze-out volume but there are also 5 conservation equations which are
to be soived:

£ = },:NIEf Q= ’,:NIQI 8 = ’I:NiBI

0 = ’;'lel P, = '\%I‘:Ni

where E=energy. Q=charge. B=baryon number. S=strangeness. and

pc=lreeze—out density.

The fireball mode! Is somewhat unsatisfying in that the assumption of
thermalization is very ad hoc. No macroscopic description of how the
thermalization occurs is offered. Also. if the fireball model is essentially
correct with all of the particies in thermal and chemical squilibrium, then
even if phase transitions occur it will be very difficult to tear. about
them since the emitted particles will be thermalized before they are
detected. Nevertheless. it is of course important to determine how much

truth there actually is in the modai.

Since the therma! models deal solely with contributions from the

participant region. we concentrate jor purposes Of comparison upon



n

da|a2.I at 90° in the center of mass. Here contributions from the

projectile and target spectators are expected to be small. Shown in Fig.
3 is a plot of invariant cross sections for protons and plons versus
center of mass energy in collisions of 2.1 GeV/amu Ne+NaF. One thing
that is immediately obvious Is that both spectra have an exponentlal
shape as the thermal modeis demand. However, the slopes for the
protons and pions are different. )f there is a unique freeze-out density
tor for both protons and pions, and it both types of particles are In
chemical and thermal equilibrium, then we expect the slopes to be equal.
Since, however. the mean free path of nucleons in this energy range is
generally larger than that of pions. RNN~2I while l”N~.5—2l, it may be
that the NN interactions decoupie before the wN interactions do. This
would lead to a larger freeze-out density and thus higher temperature
and a less steep slope for the nucleons. i this picture is correct,
then. since the KN cross section is even smaller. the K's should

freeze-out even sooner and have a still higher temperature.

2.42. Cascade (Row-On-Row) Models

The cascade modelze’eﬂ‘e4 approach is philosophically radically

different from that of the thermal models since no equation of stute is
assumed. instead, the nuclear collision is treated from an entirely
microscopic viewpoint. That is, the collision is assumed to be made up
of a superposition of individual. binary interactions. The history af each
particle is treated by Monte Carlo methods with the probability of
scatiering on another particte glven by the free particle cross sections.
Betwsen collisions the particles travel on straight line trajectories. AN

phase correlations between nucleons are neglected.



12

i the nuciei behaved classically like bags of marbles, and if the
calculation Is sufficiently complete 10 accurately trace out the evolution of
all of the particles then agresement with experiment is expected. Any
disagreement between the calculation anad the data necessarily implies
either that the assumptions of the model are Incorrect or that the
approximations used in the calculations are 100 simple or both. The
uncertainties arise in trying to incorporate quantum mechanics and the
effects of the nuclear environment. Specifically. Fermi motion. the Pauli
principle. and pion and resonance production must be treated. The
treatment of each of these effects can. as yet, only be approximate. and
each leads to some difticulty.

Since the cascade codes assume that the individual nucleon
collisions occur In isolation. they cannot be used to predict the onset of
phase transitions. It is, nevertheless, interesting to examine whether
compression stili occurs in these modets. In fact, in a recent model.
densities considerably larger than 2 times normal occur.23 Therefore,
even though cascade models do not incorporate phase transitions. they
may be able to describe the collision process up to the point of the
transition. A test of their validity is therefore important. Since phase
transitions probably occur, if ai all. in only a small fraction of the
events. the large majority of the events may be used to test the

cascade calculations.

5
The row-on-row mm:lels2 are a subset of the cascade models.

They reduce the fuil three-dimensional cascade problem to one
dimencion by assuming that one row of nucleons in the projectiie

scatters off of only one row of nucleons n the target. This



13

approximation becomes more valid at higher energies since there the NN
cross sections become more forwardly peaked. Obviously this type of
model cannot be more valid than a full scale cascade calculation. s
main virtue Is that the complexity of the computer code is considerably
reduced. The reason that we Introduce it here is that, currently. the
most extensive calcuiation which has been done for kaon production is
based on this moclel.26 ideally we would wish 10 compare our results
with the full three-dimensional cascade codes. but. unfortunately.
incorporating kaon production into these codes is a large task which
must be left to the future.

Fig. 4 shows a comparison of a row-on-row calculation26 with the
measured proton inclusive spectraQ.| for coliisions of 2.1 GeV/amu Ne on
NaF and Pb. It can be seen that the agreement is at best fair. It is
argued that this discrepancy may be accounted for by the fact that A
production has not been incorporated in this particular calcuiation.
Since. however. A’s probably do not glay a significant role in the
production of kaons. this may not be a serlous flaw in the ability to

predict the kaon spectra.

As mentioned, one of the interesting featurgs of the K's is their
ability to reach the detector relatively unperturbed. It is. therefore.
important 10 know what the probability of rescattering actually is. This
particular row-on-row calculation allows a certain amount of rescattering

27 It can, therefore. be used to test how much

to be built in,
rescattering Is required to best fit the k* spectra. As oullined above.
we may imagine that most events are unexotic and may be reasonably

described by this simple model. If. in the future. a means of triggering
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on the more exotic events is found. and if kaon detection is to be used

as a probe. then a knowledge of this rescattering wil be extremely

important.

2.4.3. Hydrodynamicai Models

The last class of models that we discuss are those based on
hydr0t1ynamlcs.28‘29 As mentioned previously, these models are based
on the assumption that the mean free path for interaction is much less
than the size of the system. Since the transparency ot the nuclei
increases with Increasing energy. these models should work best at
relatively low. bombarding energies. Indeed. these caiculations are
usually compared with data at an incident energy of 400 MeV/amu or
less. This experiment, however. was performed excliusively at an energy
of 2.1 Gev/amu. Nevertheless, coherent or collective effects may arise
which might cause the effective NN mean free path t0 be short enough
even at these energies. Since. at present, the hydrodynamic models
provide perhaps the only means of sludying the nuclear equation of
state. the comparison. even at these energies. is extremely worthwhite.

Generally these models consider two nuctear fluids, the target and
the projectile. The behavior of each of these fluids is determined by
the fluid dynamic conservation equations for nucleon number. momentum,
and energy. In addition. terms are introduced into these equations 10
allow for a coupling of the 1two fluids by means of energy and
momentum transfer. In addition, the equation of state is used to obtain
a relationship between the pressure and the energy density.

The goal. then, is to fit the data by selecting an appropriate form

for the equation of state. Of course. if disagreement with the daia
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occurs. one must decide whether this Is due to an incorrect equation of
state or to a failure of the hydrodynamical approximation. The ability of
these models to predict the kaon spectra could help distinguish these
two cases. Unfertunately, at the moment. these models do not
incorporate particle production. Perhaps the presentation of the data of

this experiment will be a stimulant for the theorists to try to do so.



CHAPTER 2

EXPERIMENTAL METHODS

This experiment was performed at the Bevalac accelerator of the
Lawrence Berkeley Laboratory. The Bevalac is able to accelerate heavy
ion beams of mass up to Fe to energies between 400 MeV/amu and 2.1
GeV/amu. it was conceived in 1974 from a marriage of the then two
Independent machines, the Bevatron and the HHac. The Hilac is a
medium energy. 8.5 MeV/amu. highly intense heavy ion accelerator. In
the Bevalac mode it is used as an injector of the Bevatron. The
Bevatron s an historic machine. As a 6.2 GeV proton synchrotron it
served at the frontiers of high energy physics from the mid '50'c to the
mid ‘60’s. Now. in the Bevalac mode, it Is used to acceierate the Hilac

injected. heavy ion beams 10 energies up to 2.1 GeV/amu.

1. Beam
Three types ol beam particles were used: neon at 2.1 GeV/amu.
deuterons at 2.1 Gev/amu. and protons at 2.1 GeV. The beam intensity
used depended upon the angle at which the spectrometer was set. With
the spectrometer at 15° the intensity used was typicaily = 3x106
particies per puise while, with the specirometer at B0°. it was typically
8

~ 10" particiles per puise. For a description of beam characteristics

see Table |.

2. Targets

The targets used were C, NaF. KCI. Cu. and Pb. The thicknesses

in gm/cm2 were: C - 1.13, NaF - 1.20, KCl - 1.10, Cu - 092, Pb -
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1.58. The thicknesses were chosen to be approximately 1 gm/cm2 in

order t0 provide a sufficient Interaction rate while keeping the probiem of

multiple scaitering within the target smatl.

3. Intensity Monitoring

in order 10 monitor the beam intensity we positioned an ionization
chamber in the beam 1.5m upstream of our target. This chamber was
in the beam during all phases of data taking. It consisted of 10 gaps
filed with a gas mixture of 80% Ar and 20% CO, at 1.05 atmospheres
of pressure. Before each period of data taking the chamber was
calibrated by piacing scintillation counters in the beam. For details of

this calibration see Appendix A.

4. Particle Detection

Our detaction apparatus consisted of 1two parts: a magnetic

spectrometer and a set of scintillation counter telescopes.

4.1. Magnetic Spectrometer

The spectrometer is sketched in Fig. 5 with a vertical view shown in
Fig. 6. The geometrical parameters of the various elements of the
spectrometer are summarized in Table 1. it consisted of the following

elements.

4.1.1. Scintiltation Counters

These consisted of counter G1, the five counters G2(A.B.C.D.E), and
the three counters G3(U.C.D). All together they served five functions.
First, counter G1 defined the solid angle acceptlance of the spectrometer

for particles emitted from the center of the target. Second. the logic
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G1+(G2A+G2B+G2C+Q2D+G2E) - (G3U+G3C+G3D) defined the basic event
srigger. This Is what we call the iInclusive trigger. Third, the velocity of
the particle traversing the spectrometer was deter:mined by measuring the
time of flight between counters G) and G3. The path length was 210
cm. and the FWHM of the raesolution was 500ps. Founth, the pulse
heights in counters G1 and G3 were recorded In order to aid in particle
identification and to determine if thase counters sufferad muitiple hits.
Finally. the five elements of G2 tngether with MWPC PS5 helped to
determine a “MATRIX" conditton. The details of this will be discussed

later.

4.1.2. Bending Magnet

This was a standard Bevatron C magnet with a gap spacing of 6°
and pole tip dimensions of 13" x 24" As the charged particles
traversed the magnetic field they were horizontally bent in accordance

with the formuta:
pc = zerB

where p is the momentum and ze is the charge of the particle. B is
the field strength, and r is 'hc radius of curvature. A measurement of
r, therefore, determins the particle’s rigidity, p/z. The radius was
determined by measuring the angle into and out of the magnetic field.

The reiationship is:
L = r(snnel + slneo)

where L is the effective length of the magnet and ©;, -d eo are.
respectively, the angles into and out of the ragnet. Tne ..agnstic field

was mapped and was found to be uniform enough so that it could be
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approvximated by a constant field. 6.5kG. over a volume of 70.4cm x
33.0cm x 15.2cm. The error in the momentum arises from two sources.
First, the finite wire spacing of the chambers led to some uncertainty in
the angles. Second. muiltipie scattering of the particle. particularly while
traversing G2. caused the outgoing angle to differ from its ideal value.
Table )l shows the momentum resolution as a function of the momentum
as determined by a Monte Carlo simutation. The resolution is typically *

10%.

4.1.3. Wire Chambers

These provided for the ftracking of the particle through the
spectrometer and. thereby, determined the Ingoing and outgoing angles
mentioned above. The ingoing angle was deter:nined by PI1X and P2X

and the outgoing angle by P3X and PS5.

A typical plot of TOF = (velocity of the particle)—] vs. bending angle
= (charge/momentum) is shown in Fig. 7. KW can be seen that for
momentum up to 1 GeV/c the separation between protons and pions is
very clean. However. in the region where we expect to see kaons we
find no easily discernible events. The reason for this is that the yield
of kaons is = 1000 times smaller than that of protons and pions. Thus,
in order to acquire satisfactory statistics on the kaonic events we would
simullaneously acquire an exceedingly large quantity of events with
protons and pions. More impartantly, since the number of events which
our data acquisition couid handle was limited to = 300 events/pulse. the
amount of beam time required 1o accumulate these events would be
exceedingly large. We. therefore. employed triggers which raequired mare

stringent criteria for determining acceptable events. In a hardware
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sense, we incorporated a lutite Cerenkov countar and an array of lead

glass blocks.

4.1.4. Lucite Cerenkov Counter

We wished to aetect kaons in the momentum range of 350 MeV/c ta
750 Mev/c. This corresponds to a range of beta. 0.58¢8¢0.84. On the
cther hand, we wanted to reject pionz with momentum as low as 300
MeV/c which corresponds to a beta of 0.90. We therefore needed a
Caerenkov counter which responded when beta was between 0.84 and
0.90. For a threshold counter this would have required a material with
an index of refraction between 1.12 and 1.19. There is no readily
available material with this property. We chose. therefore. to use lucite
which has a threshold beta of 0.67 and to use the principle of total
internal refiection.

Consider a particie which is normally incident upon the counter.
The Cerenkov light {5 emitted at an angle, Bc=cosv1[%n]. On the
other hand, the angle for critical reflection is given by (-)c,=sin_.I I;l,-l
Thus, if 9c<9cr‘ the light will pass through the face ot the counter and
be absorbed by opaque papsr. Only if oc>oc’ will the light be rotally
Internally refiected and reach the phototubes al the end. Thus the

effective thrgshold beta, ﬁth' is given by:
cos V[ 15sin" [l]
18" "
Which implies:

8, [ncos [sln"1 [%] ] ]—13.91

if the particle is no! normally incident but enters at an angle 8, then
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the threshold beta Is lower. Here ac“’l)acr for total internal reflection.
Thus. because low momentum pions will be strongly bent in the magnetic
field they will enter at a large angle and will, therefore. be easily
rejected. A difficulty arises in that we wish to accept K's with beta up
to 0.84. From the above., we see that this requires that ;7'.<5.2°. For
a parficle emitted from the center of the target the ertrance angle. Bl.
ranged from 9.1° to 16.0°. For a particle with a momentum of 750
MeV/c the corresponding outgoing angle. 90. ranged from 1.4° to -5.3°.
As a rgsull, in orger to minimize the number of kaons rejected. the
lucite counter was placed at an angle of -2.5° with respect to the axis
of the spectrometer. This counter then allowed wus to reject

approximately 99% of the pions and except =~ 80% of the kaons.

4.1.5. Lead-Giass Blocks

The array o! lead glass blocks was used 1o detect the kaon decay
products. Kaons with a momentum up to 750 Mev/Cc stopped in the
array ol blocks which was 162 gm/cm2 long. The kaon has a lifetime
of 12.4 ns. and decays 65.5% of the time to uv with pu=236 MeV/c and
30.8% of the time to stafes containing 110. Both of these types of
decays created pulses in the lead glass. The u‘'s produced Cerenkov
tight directly while the mn’'s decayed to two 7¥'s which in turn produced

showers of electrcns and positrons which produced Cerenkov light.

These elements fitered out many of the unwanted particles.
However, because the phototubes had stow nise times, it was not
possible to use timing information to accept only signals from delayed
ascays. Therefore. high momentum protons which produced direct

Cerenkoy light in the Pp-glass blocks were accepted. In order to get
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rid of these protons two additional trigger elements were adopted.

4.1.6. MATRIX

For a given entrance angle to the spectrometer. low momentum
particles. being bent more than high momentum ones, hit MWPC PS5 at a
position closer to the beam axis. Counter G2 and chamber PS5 were
divided into 5 and 16 sections respectively. This division of G2 allowed
a rough determination of the particle’s entrance angle. For each of
these five ranges of entrance angle there is a maximum distance from
the x-axis at which a particle with momentum less than 750 MeV/c hits
P5. We used a "MATRIX" to accept only events in which the particle hit
closar 10 the beam axis than this maximum. This consisted of a 5 x 16
matrix of electronic gates. The inputs were the five G2 outputs and the
16 PS5 outputs. Only events which had a G2-P5 combination which
corrasponded to a particle with momentum less than 750 MeV/c were
accepted.

This eliminated some of the high momentum protons. but an
unacceptable number were still getting through. The reason for this was
two-fold. Firsl. because each G2 segment accepted a large range of
enirance angles, the position at P5 for particles of a definite momentum
was quite dispersed. Therefore. if we set the "MATRIX" 1o accept with
high efficiency particles with momentum less than 750 MeV/c. we would
also accent quite a few particles with momentum greater than this since.
even tor 1 Gev/c. the minimum distance from the beam axis could be
less than the maximum for 750 Mev/c particles. Second. if there were
two particles in the spectrometer. we wished to accept the event jf

either one was in the acceptable momentum range. However. there
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would then be a total of four possible G2-P5 combinations. and one of

these would be apt to satisfy the criteria.

4.1.7. MBD

Finally. then. we employed an on-line. software cut based on an
MBD (microprogrammable branch driver). The MBD was able to read the
TOF and P3ax and P5 wire chamber information before the event had
actually besn recorded. Based on this, it could then decide whether the
event would fall above or below fhe dashed fine shown in Fig. 7. I it
would fall below the line. then the event was accepted. The MBD cou'd
make this decision in = 100 ugs. The resutt of this cut is shown in Fig.

8. Herg the kaons are very clearly seen.

There was one difficulty associated with this cut. During a certain
set of runs the cut rejected too many events. We compared nartlicle
spectra acquired In "normal” runs to those acquired in runs with the
targer rejection in cases where the run conditions (beam, target. and
spectrometer angle) were the same for the iwo types of runs. ([t was
found that. to within 10%. the spurious rejaction was independent of the
momentumn or type of particle. The data taken under these conditions

were corrected accordingly.

4.2. Scintiltation Counter Telescopes

Sixteen tag counter telescopes. each of which consisted of three
scintillation counters. were situated around the target. Their function was
to measure the associated multiplicity when a particle was detected in
the spectrometer. They were situated symmetrically in azimuthal angle

except for a section on one side which was feft open in order not to
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shadow the spectrometer. The 8 and ¢ angular ranges and the solid
angle subtended are shown in Table IV for each telescope.
4.3. Trigger Logic and Electronics
For a detailed discussion see Appendix B. The important point to
mention here is the nature of the various triggers that were used. FEach
run had six triggers:
1 inclusive trigger: G1:G2-G3 = G
2) Pion trigger: G -Lucite
3) Kaon trigger with MBD cut.
G+ (Pb-glass) - (Lucite-veto) - Matrix+ (MBD cut)
4) Kaon trigger without MBD cut.
(G - (Lucite—veto) - (Pb-glass) » Matrix)
The following triggers varied from run to run so that the efficiency of
the various trigger elements could be detarmined.
5) Kaon trigger with MBD cut missing one of the foliowing:
(Lucite-veto, Pb-glass. Matrix)
6) Kaon trigger without MBD cut missing the same eftement as in

5 above.

4.4, Data Analysis

The data analysis was accomptished off-line on a CDC 7600
computer. This analysis took place in three silages:
1) determination of efficiency corrections
2) track reconstruction
3) kaon decay corrections

4) determination of the invariant cross sections
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4.4.1. Efliciency Corrections

As mentloned in the previous section, the primary trigger consisted
of the following elements: spectrometer, lucite Cerenkov veto. lead glass.
and MBD. Here we analyze the corrections necessary for each of these
elements.

Spactrometer . The spectrometer had a certain  geometrical
acceptance as determined by the size and position of the G-counters.
wire chambers, and magnet gap. This acceptance was calculated by a
Monte Cario program with the above parameters as input. it determined
whether particles which were emitt~d {from the target at various angies
and momenta passed through ali of the elements. The result of this
calculation is shown in Fig. 9 for particles emitted from the center of
the target. In addition. however, there is a dependence upon the source
distribution within the target. Therefore. on a run-by-run basis the
observed target distribution was determined by extrapolating the particle
trajectories back to the target using the front wire chambers. The
actyal target distripution was then determined by dividing by the
geometrical acceptance for each target position. This distribution was

then input to the Monte Carlo program to determine the final acceptance.

Although they were not a part of the trigger. the wire chambers
werg needed in order to accomplish the off-line tracking. Therefore. if
any chamber did not fire, the event was rejected off-line. There was a
total of nine plangs of wire chambers. The efficiency of each plane was
determined by requiring that all of the other planes tired and then
checking the percentage of time that the plane in question also fired.

The firing of the other eight planes guaranteed that the particle passed
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through the plane in question. The efficiency of each plane was
between 0.97-1.00. and the overall efficiency was 0.80-0.85. This varied
somewhat from run to run depending primarily upon the Iinstantaneous
rate so, thersfore, this procedure was carrled out for each run.

Lucite Cerenkoy veto. As mentioned above. we made some runs in
which, in addition to the primary trigger., we also had a trigger with all
alements except the luclte veto. By checking whether kaons which
satistied the latter trigger also satisfied the former. we could determine
the fraction of kaons being rejected by the lucite veto. The result is
shown in Fig. 10.

In order to accumulate pions we also had a f#rigger in which the
lucite counter was used in a positive rather than a negative mode. It
was found that for the pions in the momentum range of interest the
efficiency was 99%.

Pb-glass. Some runs had a trigger with only the Pb-glass missing.
The efficiency for kaons thus determined is shown in Fig. 11. Here the
geometrical acceptance of the Pb-glass is also incluged. The efficiency
is generally between 80% and $0%.

MBD cut. The MBD cut was always set conservatively so that even
a few of the protons would satisfy the cut. Thus. no significant number

of kaons were rejected by this part of the trigger.

4.4.2. Track Reconstruction
In order 1o select real particle tracks from the wire chamber data
we required five criteria:

1) particle must originate from within certain
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horizontal limits at the target (P1X.P2X)

2) particle must originate from within certain

=

vertical limits at the target (PiY. P2Y)

3) horizontal trajectories as determined by
(P3X, P5) and (P1X, P2X) must meet at the magnet
center within certain limits

4

<

vertical trajectories as determined by
(P3Y. P2Y) and (P2Y. P1Y) must have the same
slope within limits

5) the 45° P3 coordinate (P3U) must agree

within limits with that expected

from the P3X and P3Y coordinates.

Using these criteria, we were able to reject enough spurious tracks
so that clean particle separation could be made and so that the
background was sufficiently small. However. application of each of these
critera led to some inefficiency. in addition. because of multiple
scattering in the G2 counter. those criteria involving the rear chambers,
P3. P4, and PS5, had a pf dependence. In order to determine these
efticiencles the events were required to satisfy the four criteria other
than the one beling tested. Fue  those criteria which had a pg
dependence the spectrum of protons in a range equal to that of the
kaons was comparad before and after application of the criteia. Al of
the studies were made on a run by run basis. Table V shows lypical
efficiencies for each of the criteria and Fig. 12 shows the combined pa

dependence.
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Once the trajectory was determined. the bending angle and therefore
the momentum was determined. Then, by examining the bending angle

versus TOF. a clean identiflcation of the kaons could be made.

4.43. Decay of Kaon in Flight
Kaons have a proper lifetime of 12.4 ns. Therefore. the number
that decay before reaching G3. which is 249 cm from the target. is nol
insignificant. The procedure for making this correction. however. is very
simple. The correction factor is given by:
exp (L/Bvct)
where B¢ is the kaon velocity, ¥t is the Lorentz dilated lifetime. and L
is the distance the kaon must travel in order to be detected. Table VI
shows these corrections factors as a function of the kaon momentum.
One possibie complication is that the ux from the K-decay may make it
through the system and mimic the kaon. This problem was studied. and

it was lound that the chance of this happening was iess than 1%-2%.

4.4.4. Invariant cross seclion

The invariant cross sections were determined by the formula:

Edo _ Enargy (# K's detected per pulse:
2 efficiency v px + x N x 11

2
p dp {(Momentum}

Where p is the density ot nucleons in the target. L is 1the length of the
target. N is the number of beam particies per puise. and Q1 is the sofid

angle subtended by the spetrometer.
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4.5. Sources of Error

Table VI summarizes the corrections made to the data and the
assoclated errors. These are separated Into those which have little or
no momentum dependence and those which do depend upon momentum.
The overall absolute error is ~ 30 %. The relative errors for the cross

sections at different vaiues of momentum are less than 10%.



CHAPTER 3

RESULTS

In this chapter we present the experimental results. We cover the
following features of the K+ data: comparison with thermal and cascade
models., comparison of the momentum spectra for pp, p-nucleus, and
nucleus-nuciaus collisions. A-dependence. estimate of the relative values
of the cross section for x* production in pp, p-neutron. neutron-neutron
collisions, a measurement of the total «t production cross section for
Ne+NaF and its relation to the nucleon-nucleon cross section. and

associated multiplicities.

1. Model Comparisons

We first compare the experimental data with the models (row-on-row,
and thermal) described in chapter 1. Shown in Figs. 13 to 18 are the
measured momentum spectra of k* for several projectile and target
combinations. We begin with model comparisons to the NetNaF and

prNaF spectra.

1.1. Row-on-Row Models

The kaon momentum spectra from Ne+NaF collisions as calculated
using the row-on-row mov:lel26 are shown in Fig. 17. The calculations
have been muitiplied by a factor of two in order to bring them more
into agreement with the data. i this model the constituent nucleons of
the nuclei are assumed to have a momentum distribution of the form of

a Fermi sphere with a sharp cut off. The calculated kaon yields are

too low, but, more importantly, the siopes of the spectra are 100 steep.

30
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and their fall off with laboratory angle is too greal. The dashed curves
are based on the same model. but now the K's are allowed to scatter
oftf of the calculated proton dislrlbulions.&‘)7 Again, the calculations have
been multiplied by a factor of two. The average number of scatterings
is estimated by considering the k'n cross sections and the number of
nucleons in the colliding system. For Ne+NaF this average number of
scatterings is 0.68. The fall off with lab angle and the slopes of the
spectra now agree well with the data although the slopes are still
somewhat too steep. There is also an overail normatization dgifference of
a factor of = 2, but, since the NN-KTX cross sections are not very well

xnown at these energies. this difference may not be significant.

tn Fig. 19 is shown a piot of the differentiai cross section vs.
energy In the nucleon-nucleon center of mass. There is an exponential
fall off with energy. In addition. the data at different laboratory angles
tend to lie all on the same curve. This indicates that the cross section
is a function of ECM only and does not depend strongly on the angle
in the nucleon-nucieon centar of mass frame. Also shown in the figure
are the calcuiations of the row-on-row model with kaon scattering.
These show an exponential trend. but they are not isotropic. The
calculated cross sections are smaller for angles closer to 90° in the
nucleon -nucleon center-of-mass. Fig. 20 shows a similar plot in the
nucleon-nucleon frame for p+NaF. Once again. we see an isotropic.
exponential behavior. Also plotted are the row-on-row calculations.
Since the number of nucieons in the system is half that in the Ne+NaF
case. the average number of kaon scatterings Is smaller. In addition,
here, the K’s are assumed to scatter off of the stationary target

nucieons. Due to this fast fact, the calculated cross sections are even
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more anisotropic and more In disagreement with the data.

Thus. the row-on-row model has so far been unable to give a
satisfactory explanation of the data. In order to reproduce the
momentum spectra some amount of kaon scattering is required. This,

however. leads to far more anisotropy than is observed in the data.

1.2. Thermai Models

The simple thermat models, which ignore the effects of angular
momentum, predict isotropy in the center of mass for Ne+NaF collisions.
Also. If the kaons are assumed to be in thermal equilibrium. then the
kaon scattering is necessarily Incorporated. Fig. 21 shows the

0 which assumes that the N's. K's, 7's,

calculation of one such model3
A’s, L's, and A’s are all in both thermal and chemical equilibrium. The
calculated shapes agree well with the data. particularly at 35° and 55°.
In addition. the exponential behavior observed in Fig. 19 is what a

thermal model would predict. Nevertheiess. there are various difficulties
with this mode).

First. the absolute values of the calculated cross sections are a
factor of 20 too high. This is a result of the fact that this modetl
assumes that the kaons are in chemical equilibrium. However, since the
absorption cross section of the kaons is very small, there is probably
not enough time during the coltision for the kaons to come to chemical
equilibrium.

Secondly. it seems that, the interpretation of the exponential slope in
Fig. 19 im terms of a temporature is not valid. If we do make this
interpretation, we obtain a kaon temperatura of 122 MeV for Ne+NaF. |If

we. then, make a similar plot for Ne+Pb as in Fig. 22, we again obtain
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an exponentlal but here the temperature is 160 MeV. However, the
fireball should have the largest temperature for collisions In which the
target and projectile masses are egqual since. then. the energy per
nucleon avalalable to the fireball In the fireball rest frame is largesi.
Finally, as proviously mentioned, the p+NaF dala also show an
isotropic. exponential behavior in the nucleon-nucleon center of mass.
Here the siope corresponds to a temperature of 111 MeV. However, the
simple fireball model which does not incorporate the complexities
introduced by anguiar momentum considerations predicts isotropy in the
fireball rest frame. For the case of p+NaF this is very close to the
target rest frame. The mode! would therefore predict a large anisotropy
in the nucleon-nucleon CM frame. Also. since thermalization requires a
large number of collisions, the thermai assumption wouid not see:n to be
appropriate for p-nucleus collisons. Thus, since the exponeniial behavior
is common to both p-nucleus and nucleus-nucleus collisions. it probably

retlects some mechanism other than thermalization.

We conclude from the above that. ailthough the k»nn specira show
some characteristics of a thermal distribution, there is no compelling
evidence that the K's are indeed thermalized. Thus. at this time, there
is no model which satisfactorily reproduces all of the significant features
of the data. it would, therefore. be very interesting to incorporate
particle production into the hydrodynamic models so that a comparison

with the data couid be made.

2. Comparison of pp. pA. and AA Collisions

Fig. 22 shows plots of the differential cross section for Ne+Pb and

p+NaF vs. ECM as measured In this experiment. Also plotted are data
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on pp-K'X at a laboratory kinetic energy of 2.54 GeV from a different
taxperlment.]7 We see that there is a large difterence between the pp
and the p-nucleus data. On the other hand, the p-nucleus and
nucleus-nucleus spectra look qualltatively the same. The main difference
is a slight change in slope. 1. therefore. seems that, al least at this
gross levet of description. the ftransition from pp to p-nucleus may
contain the most interesting physics.

Shown in Fig. 20 are plots of caiculalions:'n made by extrapolating
the pp-K'X data down f{rom higher energies to 2.1 GeV. The lower
curve is with no Fermi momentum while the other is obtained by giving
one of the nucleons a Fermi distribution of the form of a sharp sphere
with pF=270 MeV/c. It can be seen that, the curve with Fermi motion
is still off by a factor of ten at the larger center of mass energies. In
the previous section we have seen the effects of allowing the K's to
scatter oft of the target nucleons. As we saw, this led to a large
amount of anlisotropy. Therefore, neither conventional Fermi motion nor
kaon scattering can account for the anomalously large production of high

momentum kaons.

Since the p-nucleus data is fundamental to understanding the
nuclgus-nucleus data, and since the physics here may be very
intgresting, much of the current effort shouid be expended toward
explaining its features. Specifically,. we should examine whether the
disagreement of the row-on-row calculation with the p-nucleus data is
due to bad assumptions in the salculation or whether there is something

unexpected and interesting happening here.
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One possible mechanism to consider is the production of kaons via
the reaction rrN-I(*X. The threshold center of mass energy for this
reaction s 1.61 GeV. This implies that. for a pion incident upon a
s:ationary nucleon. the pion momentum must be >900 Mevsc. The cross
section is largest for pions with momenta between 1 and 2 GeVsc, and.
here. it varies from 100 to 500 xb. From existing data we estimate the
cross section for production of pions of this momentum to be ~ 5 mb
per NN collision. We therefore estimate the cross section for kaon

production via this mechanism to be:

+
o(TN =K X} 0.5
- ALl Bad S S =2 = 0. .
ag(NN 71X ,1GeV/c KP_K2GeV/c). TR =) SmI:;30 0.08mb

The cross section for NN-K'X is = 0.05 mb. Therefore. we find that
production via pions may be significant. Note that in these estimates we
have made a couple of assumptions. One leads to an overestimation
and the other to an underestimation of the number of effective pions.
First. we have ignored the fact that most pions praobably come from A
decay. Since the & has a finite lifetime, some will decay outside of the
reaction volume. and the resulting pions will not be available for the
production of kaons. On the other hand, we have neglected the etfect
of Fermi motion in the target nucleons. This will reduce the threshoid

pion momentum and. therefore. lead to more pions being effective.

Having determined that this may be an important production
mechanism, we next examine whether the produced kaons are in the
appropriate kinematical region to account for the data. Specitically, we
are interested In kaons with large energy in the nucleon-nucleon center

of mass.
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As noted. the cross section Is largest for pion momentum between 1
and 2 GeV/~. In fact, the cross section has a sharp peak at around
1.5 Gev/c. This corresponds to a center of mass energy.’"s-. equal to
1.93 GeVv. For simpticlty, we assume that it is a delta function here.
Fig. 23 shows a rapldlty-PT plot indicating the kinematic region covered
by this experiment. Curves are drawn indicating where the kaons would
lie for three different cases. These are for a pion incident upon a
nucleon where the nucleon has: no Fermi momentum. 270 MeV/c of
Fermi momentum parallel to the incoming pion. and 270 MeV/c anti-
parallel to the pion. In each case we select the pion momentum such
that the center of mass energy is 1.93. We see that kaons are
produced in the region of relatively large energy. This is where the

simpte NN production model greatly underpredicts the cross section.

3. A - Dependences

We next study the A-dependence of the kaon production. We
integrate the kaon cross sections over the momenium range covered in
this experiment. 350 MeV/c to 750 MeV/c. for each lab angle. The
result is shown in Fig. 24 for Ne incident on various targets. If we
assume that the cross section is proportional to some power ot the
target mass, Ag, then, as seen In Fig. 24, a increases from 0.80 at
15° 10 1.28 at 80°. We plot the values of a vs. the energy o! the
kaon in the NN center of mass in Fig. 25. AlIso plotted are the values
with the deuteron projectile. We see an increase of a with ECM tor
both cases. However. the values of a are consistently higher in the

case of the Na projectile.
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In Fig. 25 we also plot the valuas of @ when a pion is detected.
For smali values of ECM' a is approximately the same for both Ne and
d. At larger values of ECM‘ a is somewhat higher in the case of Ne.
Here, however, the dilference is tess than in the case of kaon
production. We conclude that the target mass dcpendence for kaon
production with the Ne projectile is anomalously large when compared to
that with the deuteron projectile. This effect can not be explained in
terms of simple geometry. It must. somehow, be related to a dilference
between the d+A and the Ne+A systems. There are at least three
important differences.

First. the relative increase in the size of the system from Ne+NaF to
Ne+Pb is less than that between d+NaF and d+Pb. This means that
changes in absorption and muitipie scattering etfects could be Jdifferant
in the two cases. Kaons. however. suffer less absorption and muitiple
scattering than protons and pions. Since the effect is the largest for
kaons. we conclude that absorption and multiple scattering are not the
cause.

A second possibiiity arises from the difference in Fermi momentum
between deuterons and Ne. As the nucleons interact with one another,
their retative velocity decreases due 10 elastic scattering and energy loss
in inelastic collisions. Since the incident energy of 2.1 GeV/amu is oniy
slightly above threshold for kaon production. this energy loss s
important. H may be. therefore, that in a large target ail of the N‘N
collisions may not be eftective in kaon proguction. Therefore. the extra
energy that the Ne nucleons have compared to those of the deuteron

may lead o a larger number of ecffective collisions in the Pb 1arget.
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We have made a rough calculation of this effect and find that the trend
is in the right direction.

The last effect that we mention may be the most interesting. This
is the possibility of collective effects. It Is possible that the initial
interactions between the Ne and Pb nucleons will set up some sort of
condition such that kaon production in succeeding collisions is enhanced.
For exampie. the initial interactions may set up a high density region in
which several nucleons may interact coherentiy. Also, the two-step
process mentioned in section 2, NN-wN followed by aN-K'x, may be

an example of this.

4. Relative Cross Secti for pp. pn. nn

@
P
calculated by comparing the kaon yield with a proton projectile to that

In Fig. 26 we show the projectile mass dependence. A which is
with a deuteron projectile. We see the interesting feature that at smali
angles the ratio of cross sectlons with a deuteron to those with a proton

projectile is comparatively small. Az

with a~.35. We believe that this is
ratated to the relative vatues of the pp. pn. and nn K*—pruduclion cross
sections.  Taking into account the probabiltiy of the various NN collisions
and neglecting shielding effects. we expect ihe ratio of o(d+NaF k' 10
ot +NaF ~ktx) 10 he:

10 + 2'|an * “Rnn

10 + 1A
pn
where
* +
Hpn - 8n -'K.'X_) and Rnn - o(nn-KfX)_
opp-K X) olpp =K X)
Here we have assumed that Hpn =H"p. The possible reactions are:
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pp - pAI(“L pn - nAKf an - az k!
- pr%* -~ ag%*
- agtkt -~ pr k'

We follow the procedure of reference 26 to estimate the retative values
of these cross sections.
The one-pion-exchange model is assumed. This gives the fotlowing

rglation for the cross section:

The interierence term is ignored. We then find the relations shown in

1
Table VII. Here, G, is the square of the #N-YK coupling constant with

an intermediate, isospin state of isospin = | Existing dalaa2 show that:

+
alpp ~pAK ) a(pp-p):ol(f) : a(pp-pZ*KO) = 25 :1:1

These relations imply:

772NN v BV B
NGy Gy 5:2 ;0.

G

Using thses values. we find that an=1.510.4 and Rnn=0.l7:t.09A Since
. + P R

the reaction. nn *K° AN . cannot occur. it is reasonable that H"n is quite

small. Finally we predict:

+
gg__f_NaF;KfX) =16 ¢ O,
olp + NaF - K X)

At 15° we find this ratio to be = 1.310.2.
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Al 60* the ratic of olp+A-K'X) to otd+A-k'X) is targer with
@=0.93 for the Pb target and a=0.81 for NaF. This is probably because
this region is partially beyond ths kinematical limit for kaon production if
only one of the nucleons has conventional Fermi momentum. Therefore.
the Ferm! momentum of the deuteron is probably important in this

region.

§. Total Cross Sections

We wish tc measure the total K+ production cross section in the
nucleus-nucleus collisions and compare with the cross section In pp
collisions. Unfortunately. this experiment covered a very narrow
kinematical region. Therefore, it is unfeasible to attempt to determine
the total cross section by simply extrapolating the fitted curves of the
spectra without using any assumptions. The uncertainties wcu'd be too
large. We can, however, use the observation thal the cross sections are
approximately isotropic in angle and exponential with energy in the NN
cente of mass. We obtain, then. a measurement of the the total «*
cross section by integrating curves such as those in Figs. 13-18. We
extrapolate the exponential and then integrate over angle by assuming
tsotropy. The values s0 obtained are shown in Table IX. Because this
experiment covered only a small part of the totat kinematic region
avaifable fo the kaons., for the cases of unequal target and projectile
masses. the wvalidlty of this technique is somewhat quastionable.
However. for the case of Ne+NaF the assumption of isotropy is more
realistic, and the obtained values are much more reliable. We

concentrate, therefore, on this case.
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The value of the total cross section for «* production that we
obtain for Ne+NaF is 238 mb. Fig. 1 shows the pp data for the
2.89 Gev/c. we

0+
reaction pp-opN(+ and pp-pL K . When pbeam
estimate that
+.o 0, .+ _
olpp-pAK' ) = 20210 pub and olpp-pL K') = 55 ub.

The isospin analysis of the previous section with GA:G;:/Q:G:::/2 =25 :

-

: 1 implies that

c(pp-'nsz*) = 15215 ub

glving

olpp~K'X) = 40£19 ub.

Since both Ne anfl NaF have approximately equai numbers of neutrons
and protons, we wish to compare with the isospin averaged NN cross
section. Using the vatues of Hpn and R”” found in the previous
section, this cross section is 1.04 times the pp cross section. We find.
then, that:

aiNe + NafF -~ K' )

Y = 5751338.
oN + N = K X)

2 then

Therefcre, if the cross section can be parametrized by (APAT)
@=1.05+0.1. It is equal to one within the errors. A value of a greater

than one would imply some form of collective effect.

6. Multiplicity

We next turn to a sludy of the multipliclty of charged particles in
the events in which a kaon, pion or profon is detected in  the
spectromater. It should be recalled that we had 16 tag counter

telescopes surrounding the target. These telescopes were sensitive to



42

charged particles. However, in order to be detected by these
telescopes. the particle must have passed through approximately 5.5
glcm2 of materlal. Thus, protons with energy less than 100 MeV and
pions with energy Iess than 25 MeV were not detected. The telescopes
consisted of two sets. A sel of seven counters covered polar angles
from 24.1° to 36.0° In the laboratory frame whlle a set of nine counters

covered polar angles from 36.0° to 58°.

The method described in reference 33 relates the measured
N

experimental quantities, P, = =, tu the moments of the actual
S

E-]
h-]

NP

p-+]

multiplicity distribution. Here, Rg is the rate of coincidence between the
spectrometer and p of the N tag counters. and HS is the singles rate
of the spectrometer. The quantities acivaily determined are:

M-130. <M-TM-2D0°. CM-DM-DM-30°. etc.

Where M is the average multiplicity. The quantity N is the effective solid
angle of each counter. It is defined by:

) cos8 m

max ax

f (8)dcos Bd ¢
P min “°%%min

2p
!If (8)dcos 6d ¢
-1

N = 4n x

where (@) Is the angular distribution of particies and the angles.

] . @

min are determined by the size and position

max' Pmin’ 2"9 Prax
of the counters. The largest uncertainty in this analysis is due to the
difficulty In estimating the function. K6).

if we assume that the angular distribution of alf particles is the

same as the angular distribution of the Inclusive particles measured in a
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-0/
previous exparlmem.a‘ we find that fi@) can be approximated by Ae o7y

where ¥~29°, and @ is the lab angle. The sixteen counters were
divided into a set of seven and a set of nine. We expect the
distribution to be forwardly and backwardly peaked in the nucleon—-nucleon
center of mass system, Thus, there may be some deviation from the
exponential hehavior in the vicinity of 180° in the ,ab. However, the
number of particles here is quite small compared to the total number

and will not seriously effect the results.

Because of a difierence in size and angular placement. the eftective
solid angles of the counters in the two sets are different. We measure
<M-13" for the set of seven counters and <M-1>{1"" for the set of
nine. We find that /0 = 123, We know the difference In
geometrical solld angle for the two sets of counters and can factor it
out. To account for the remaining difference. we find that a value of
y=29° is required. This gives us confidence that the assumed
distribution is not too unrealistic. On the other hand, because there are
many fewer events with kaons, the statistics for these events are worse.
From run to run the I’/ ratio varies by a significant amount. We
have assumed the angular distribution for kaons to be the same as for
protons and pions. However, it can be significantly different and still
agree. within errors, with the observed fY'/f1"" ratio. The multiplicity

could then differ by approximalely 10% form the tabulated values.

Table X shows the values of the multiplicities obtained by this
method. For the case of Ne+Pb we see that the multiplicity when a
kaon is detected Iin the spectrometer is systematicaily slightly higher than

when a pion iIs detected. In most models the multiplicity monotonically



increases with decreasing impact parameter. Here. impact parameter
means the distance between the centers of the colliding nuclel at their
point of closest approach. Interpreted in this light. Table X indicates
that, as compared to protons. kaons tend to come from more central
events whlle pions are blased toward more peripheral ones. Since pions
have a relatively large absorption cross section. it may be that those
produced in the central reglon tend 1o be absorbed before they get out.
white those produced on the periphery. which 1traverse less of the
nuclear matter, have a lower probabillty of being absorbed. For Ne+NaF
we see that the muitiplicities are. within errors, approximately all the
same. This. however, may be consistent with the above since the
difference between central and peripheral evems is not as great for

Ne+NaF as for Ne+Pb.

Unfortunately. it seems very difficult to draw any more substantial
conclusions from the multiplicity data al this time. This is partially due
1o the fact that the difference in multiplicity for the various particies is
not very large. For Net+Pb the muitiplicities differ by avout 10%. Also.
however. because of the uncertainty in the angular distributions, the data

are ambiguous.

7. Conciusions
We may summarize the results of this chapter as follows.

26.27 incorporating conventional Fermi

D A simple cascade model
momentum and kaon scattering Is able to reproduce the general trends
of the data. Howaver, it predicts to0 much anisotropy in the nucleon-

nuctgon center of mass system.
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2) A thermal modelso can be constructed which fits the shape of the
observed specira. The agreement is probably fortitous, however, and
the thermal model s rejacted for the following reasons. The calculated
yields of the kaons are too great by a factor of 20. The temperature of
the kaons measured from the exponential slopes of the energy spectra Is
much higher than that of protons and pions. The thermal-like features of
the exponential spectra are also observed in p-nucleus collislons. The
p-nucleus data are not isotropic in the fireball rest frame which is

contrary to the thermal model prediction.

3) One of the most interesting features of the data is the difference
between the spectra in pp and p-nucleus coklisions. For p-nucleus
collisions the excess of kaons with a large momentum in the nucleon-—
nucieon center of mass is of particular interest. No model has yet
been able to explain this difference satisfactorily. Kaon production via
7N -K'X is one feature which has not been incorporated into the models

and which may be important in explaining the data.

4) The A-depandence of the kaon vyield has the interesting feature that
the target mass dependence is greater for heavier projectiles. Also. the
projectile mass dependence Iis greater for heavier targets. This is not
what one expects from models based on simple geometry with
independent NN collisions. It may. therefore, indicate some form of

collective behavior.

5} The westimated, total cross section for k' production in Ne+NaF
collisions be characterized by lAPAT)a with @ ~ 1.0520.1. The cascade

mode! incorporating muitipie scattering predicts a=1. Within the errors.
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the measured value agrees with this.

6) Measurement of the assoclated multipliriiles. MK M_. Mp in which a

”
K, #. or proton is detected In the spectrometer show that for Ne+Pb
MK - Mpf'l ~ M'+2 while for  Ne+NaF MK ~ Mp M, . This
suggests that events In which a kaon Is detected are biased more
toward central collisions while those in which a pion is detected are
biased more toward peripheral ones.

As mentioned in Chapter 1, one of the primary goal;, of the study
of k* mesons in heavy ion collisions is to learn about the early stage
of the reaction. This depends upon the fact that the K's have a long
mean free path. However. before undertaking such an ambitious
program. we must first develop a better understanding of the basic k!
production mechanism and determin. whether the assumption of a tong

mean free path is indeed valid. This experiment has given a start at

answering these questions.

We have found that simple nugleon~nucleon collisions  with
conventional Fermi momentum distributions cannot explain the iata. i
seems that a two-step process of the type NN-mX followed by 1rN—-K*Y
is a possible alternative production mechanism. However, at this time
we cannnot make a definitive statement on this but must wait for its

incorporation into the cascade codes.

The near isotropy of the kaon spectra in the nucleon-nucfeon center
ol mass indcates that, as expected, the kaons suffer only a small
amount of scattering. Since. however. this experiment covered only a
limited kinematical reglon, future work is needed to see if this isotropy

exists over the entire region. If it does. then this will be very strong
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evidence that the kaons, as hoped. can be used as messengers of the
early stages.

Another question which deserves greater study Is that of the A-
depandence. As mentioned in 5) above, we have observed what may be
an interesting effect. However, this is based on comparisons between
neon and deuteron projectiles. Because of small Fermi momentum the
deuteron is an unusual nucleus. It is not known now whether this is
the cause of the observed effect. The uranium beam soon to be

developed at the Bevalac may be particularly useful in this study.

Finally, we mention that since 'Y and A are closely related by the
principie of associated production, the study of A production in relation
to K+ production is of some interest. Recently A’'s have been measured
in a streamer chamber experiment.35 Large number of A’S with momenta
much larger than that expected from free nucleon—nucleon collisions were
observed. Although the statistics on the A production are low. [t would,
nevertheless, be Intergsting to study whether the k' and A spectra are

consistant.

We expect. then. that. particularly with the heavier beans scon 10
be available at the Bevalac. the measurement of strange particle
production should be a very interesting endeavor. Hopefully. the present
experiment wiil have piayed a wuseful role by helping to lay the

groundwork.



Table I. BEAM PARAMETERS

Size at Targut (FWHM)

Spill  -~----- =~ 2 sec

Repetition Rate ------- =~ 6 sec
Transmittance (FWHM) ~------ AxAﬂx =
AyAD, =

48

7 mmV, 7 mm H

0.8 inch mrad.

1.5 inch- mrad
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TABLE ll. SPECTROMETER ELEMENTS

Element Position Dimension
x(cm) z(cm) x(ecm) y{cm) z(cm)
C Magnet 26.67 165.4 33.0 15.2 61.0
G1 8.57 38.35 5.08 3.8 0.64
G2 (5 vertical 17.5 73.81 2.7 7.62 0.32
G3 (3 horizontal) 14.0 249.0 55.9 26.7 0.95
Lucite Cerenkov 14.0 254.1 6.0 30.5 5.08
Pb- Glass 14.0 322.5 60.0 45.0 45.0
Wire Chamber Position # of Wires Wire Spacing (mm)

x(cm) z{cm) x y

P1 8.64 41.22 64 64 1

p2 14.81 69.16 64 64 2

P3U 19.6 167.4 192 - 2

P3XY 19.6 187.3 192 192 2

P4 16.74 213.4 256 - 2

PS 16.96 228.6 256 - 2

For a oefinition of x. y. and z axes see Fig. 6
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Table Ill. MOMENTUM RESOLUTION
P (Mev/c) Ap/p resolution due to Ap/p resolution due to
multiple scattering wire spacing
300 7.8% 2.5%
400 6.0% 3.8%
500 5.0% 4.8%
600 4.3% 6.0%
700 3.9% 7.1%

800 3.6% 8.3%
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TABLE . TAG COUNTER PARAMETERS
Counter Gmm Gma‘ ®Pmin ? max Solid Angle (mstr)
1 24.1 36.0 331 56.9 3.43
2 24.1 36.0 78.1 101.9 3.43
3 24.1 36.0 123.1 146.9 3.43
4 24.1 36.0 168.1 191.9 3.43
5 241 36.0 213.1 236.9 3.43
6 24.1 36.0 258.1 281.9 3.43
7 24.1 36.9 303.1 326.9 3.43
8 42.4 57.6 50.1 69.9 5.57
9 42.4 57.6 1101 129.9 5.57
10 42.4 57.6 140.1 159.9 5.57
1 42.4 57.6 170.1 189.9 5.57
12 42.4 57.6 200.1 219.9 5.57
13 42.4 57.6 230.1 249.9 5.57
14 42.4 57.6 260.1 273.9 5.57
15 42.4 57.6 290.1 300.9 5.57
16 42.4 57.6 320.1 330.9 5.57




TABLE V. TRACKING EFFICIENCIES

52

Crheria” 1 2 3 4

Total

Effictency 0.91 0.97 0.96 0.93

0.77

* For definition of criteria see page 26 of text.



53

TABLE VI. CORRECTIONS FOR KAON DECAY IN FLIGHT

-
Correction Factor

Momentum
350 0.38
400 0.43
450 0.47
500 0.5
550 0.54
600 0.57
650 0.60
700 0.62
750 0.64

* Correction factor defined by: N

true =Ndal‘eclad

/Correction Factor
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TABLE Vil. EFFICIENCY CORPECTIONS AND ERRORS

Type of Correction

-
Corraction to
cross section

%
Error in
cross section

Absolute Beam Intensity 0% 5%
Dead Time 30% 1%
MWPC Efficiency 20% 10%
Track Reconstruction 25% 10%
%XE scafter plot cut 10% 3%
Decay in Flight 30% 1%
Speciromseter Acceptance 0% 5%
Pp- Glass Efficlency 15% 15%
Anti- Lucite Efficiency 30% 15%
Total 30%

* Correction value is defined as the per cent of the events lost due to

the specified ltem. ** Error is in percent of cross section. not in per

cent of correction.
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Table VII. RELATIVE VALUES OF VARIOUS k¥ FRODUCTION REACTIONS

IN TERMS OF COUPLING CONSTANTS

pp -~ pZoK* - %G;:/Q + 2%62/2
op -~ nc'k = %Gi/a
pn - nakt o« gGA
pn = nz’k* 56y % + g6y
R R
an « nL K e %G;:/z + 54762/2
oo - p}:fKO « 5476;:/2 N ‘24—76:;/2

Table IX. VALUER® OF THE TOTAL CROSS SECTION FOR K’ PRODUCTION

Reaction 90T
p 1 NaF 1.8 1 0.6 mb
p+ PD 11 4+ 4 mb
d + NaF 24 = 0.8 mb
d - Pb 14 1 5§ mb
Ne + Naf 23 1 8 mb

Ne + Pb 250 1+ 90 mb
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Table X. ASSOCIATED MULTIPLICITIES

NE + NaF
%148 Mp My My
ase 60 £ 0.5 62 & 0.5 61 4 0.5
55° 62 £ 0.5 7.2 + 06 68 £ 0.6
80° 6.1 £ 0.5 70 % 06 7.4 £ 0.6
Ne + Pb
oLAB Mp Mﬂ MK
150 18.5 ¢ 1.5 133 & 1.7 185 1 1.5
ase 201 t 1.6 17.9 + 1.4 224 £ 1.8
55° 221 £ 18 198 1 16 231 4 1.9
80° 211 £ 17 196 + 1.6 226 + 1.8

average 205 = 1.0 17.6 = 0.9 228 1 1.1
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FIGURE CAPTIONS

Fig. 1 olpp »pAK‘) and o(pp--p}:ol(“ as a function of ‘laboratory
momeantum,

Fig. 2 9% vs. p_. for pp~K'X with T =2.54 GeV.

dpdfl CM 14
a2a

Fig. 3 ';;i' vs. TCM for NeiNaF-'piX and NetNaF-miX at aCM=90°.

Fig. 4 Comparison of the row-on-row calcuialion with data for 2.
GeV/amu NerNaF and Net+Pb rp+X.

Fig. 5 Sketch of the spectrometer

Fig. 6 Vertical view of the spectrometer.

Fig. 7 Scatter plot of TOF vs. bending angle for events satisfying the
inclusive trigger. Also shown is dashed line indicating the
location of the MBD cut

Fig. 8 Scatter Plot of TOF vs. bending angle for the full kaon trigger.

Fig. 9 Acceptance of the spectrometer as a function of momentum.

Fig. 10 Percentage of kaons rgjected by the lucite counter veto as a
function of kaon momentum.

Fig. 11 Pb -glass efficiency as a functlion of the kaon momentum.

Fig. 12 Efficiency of those off-line track reconstruction cuts which
depand upon pg (multiple scattering) as a function of
momentum.

Fig. 13 Invariant cross section for d+NaF--k1X vs. K momentum for lab
angles of 15°, 35°, and 60°.

Fig. 14 Invariant cross section for din»Kix vs. K1 momentum for lab
angles of 15°, 35°, and 60°.

Fig. 15 Invarlant cross section for ptNaF-kK'x vs. k' momentum for lab

angles of 15°, 35°, 6u”, and bJ°.
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16 Invarlant cross section for p-th--K'X vs. k' momentum for lab
angles of 15°, 35°, 60°, and 80°,

17 lInvariant cross section for Ne*-NaF-'Kix vs. Kt momentum for
lab angles of 15°, 35°, 55°, and 80°. Also shown are
calculations of the row-on-ro'y model with and without
kaon rescattering for lab angles of 35°, 55°. and B80°.
The calculaticns have been muitiplied by 2.

18 Invariant cross section for Ne+P)Y -K1X vS. K+ momentum for fab
angles of °5°, 3&°, 55°, and 80°. Also shown are
calculations of the row- on- row model with kaon
rescattering for lab angles of 35°, 55°, and 80°. The
calculations have been multiplied by 2.

19 Triple differential cross section vs. ECM in the nucleon- nucleon
centor of mass for NerNaF -Kix. Also shiwn are the
calculations of the row-on-row model incorporatin-
scattering of the kaons. Data are at lab angles of 15°,
35°, 55°, and 80°. Calculations are for lab angies of
35°. 55°, and 80°.

20 Triple differential cross section vs. ECM in the nucleon: nucleon
center ¥ mass for ptNaF -K’XA Also shown are the
calculations of the row -on-row model incorporating kaon
scattering and calcutations tor NN colisions with and
without Fermi momentum. Data shown are for lab angles
of 15°, 35°, 60°. and B0°. Row on-row calculations are
for lab angles of 15°, 35°, 45°, 60°. and 80°. The NN
calcutations have been multiplied by a Jactor of ten In

order to place them on the sama scale.
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Fig. 21 Comparison of the thermal model to the data for NetNaF- k' x.

F

E

Fig.

Fig.

Fig.

Fig.

Fig.

9.

g.

The calculations have been divided by a factor of 20.

22 Tripte differential cross section for Ns+Pb 'K'X. piNaF--K"X, and

prp »K’X vs. ECM in the nucleon--nucleon center of mass.

The NeftPb data has been divided by a factor of 10.

23 Rapidity vs. PT scatter plot showing the kinematical region

24

25

26

27

e

Kaon

a

a

as

as

covered by this experiment and the region populate¢ by
kaon's produced via the reaction ﬂN--K"X. Dashad curve
shows the kinematical limit with a maximum Fermi
momentum of 270 MeV/c.

yie)! as a function of AT for Ne+AT—vKJ'x at lab angles of

15°, 25°, 35°, 45°, 55°, and 80°.

a function of center of mass energy where a is defined by
ag_,a
EF‘AT for kaon and pion yields.

a function of tab angle for NaF and Pb targets where a is

defined by (kaon yleld)cA:.

lon chamber voitage vs. T+B coincidences.

lon chamber vaitage vs. © tag counters.

Fig. 29 Measured charge on the lon chamber per Deam particle vs.

charge calculated from the physical parameters of the
4

chamber.
4
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APPENDIX A
IONIZATION CHAMBER CALIBRATION

At the beginning of each set of runs. that is. whenever the
projectile was changed. the ionization chamber. IC, was calibrated. This
was was done by placing two scintillation counters directly in the beam.
One counter. B. was sltuated Immediately downstream of IC while the
other counter, T, was situated near the target position. A puise by
pulse plot of the charge of the IC vs. the number of B:T coincidences
«as made for pulses covering a wide range of intensity. This plot for
the Ne projectile is shown in Fig. 27. We see that the curve is non-
linear. This is due to the fact that at ~100,000 particles per puise the
scintillation counters begin to saturate. In Fig. 28 we piot the IC-charge
vs. the sum of the tag counter counts. This curve shows that the IC

itseif is linear even up to very high intensities.

The quantity of interest, the iC-charge per beam particle. is given
by the siope of the curve in Flg. 27. Because of the saturation of the
scintillation counters. this slope is a tfunction of beam intensity. We.
therefore. calculate the true value bty extrapolating to zer0 beam intensity.
For hc Ne projectile this gives a value of 4.03“0']5 coulomps per
beam particle. In Fig. 29 we plot this point together with points
obtained in a previous experimemex‘x which used the same IC. These
vafugs are piotted versus values calculated trom the physical parameters
of the chamber. It can be seen that for all points the measured and
calculated values agree to within 5%. In addition it shows that the IC

follows the expected 22 dependence. We Jeel that these results indicate

that we understand the chamber to within a few per cent.
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Appendix B
TRIGGER ELECTRONICS

Below we describe the trigger electronics. That is, the electronics
which used the signals from the various counters (G. Pb-glass, etc.) to
determine if there was an acceptable event and., if so. lo issue the
proper gate and reset signals. For simplicity of discussion we divide the

circuitry into several sections.

1. G-Counters

The fundamenta! trigger was determined by G1-G2-G3. In order to
obtain this signal the outputs from each of the G-counter phototubes
were discriminatet and then applied to varigus coincidence circuits. In
order 1hat the timing of this signal wouwld not depend significantly upon
the velocity of the particle. its timing was designed to be determined
always Dy the timing of the G1 pulse. The distance from the target to
G1 was only 3835 cm so that the timing difference between a particle

with #=1 and #=0.3 was only 2.5 ns.

2. Dead Time

Since the "G" coincidence was common to all of the trigger. the

computer dead time was incorporated in it. The oulput signal was "GD".

3. Pb-Glass and Lucite

The lucite and Pb-glass signats were used in conjunction with "GD"
to form the additional triggers. The signals from the phototubes were
amplified. discriminated. and then mixed in the case of both the fucite

and the Pb-glass. The Pb-glass signal was then sent directly to tno
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trigger ceoincidence circuits, while the lucite signal was used to make two

signals: L-G3 and L-G3.

4. Divido Boxes

As mentioned in the text. in order to get appropriate ratios among
the various triggers. they were each divided by some appropriate factor.
The "GD" signal was applied to the input of a *+ box". Tie box would
count N of these pulses and wouid then transmit the Nth one and then
stop. This signal was then taken in coincidence with a "GD" signal in
order to wmaintain the original *GD" timing. There were then three
outputs from this coincidence. One went t0 the appropriate trigger. A
second went to rese! the divide box so that it would start counting

again. The third went to the next "+ box". By so cascading four “+

boxes” we could obtain four signals divided by factors fram 1 to (16)4.

5. Heart of the Trigger Logic

The heart of the trigger logic was a set of four coincidence circuits
and an "OR" circuit. By use of the coincidence circuits the various
triggers (G. G-L. etc) were formed. These were then or'd. and the
resulting output was sent to the computer indigcating that an event was to
be processed. In addition. this pulse was 1t1aken in coincidence with
either G1 or G3 1o form the various gates and strobes needed for the

pattern units, ADC’s, TDC's and wire chambers.

6. Wire Chambers
When a particle traversed cne of the wire chambers a “tast-out*
signal was generated. This signal was then strobed with either the

G1-trigger signal or the G3-trigger depending on whether it was a
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forward or backward chamber. |f there were a coincidence then a “wrlte
gate” signa! was generated which was sent back to the chamber causing

the wire hit pattern information to be encoded.
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piNaF GI = 15°

Momentun (MeV/c)

Ed?g  [_Gev-mb )

2

pdpdn lsr-(Gev/c)

3y

350
400
450
500
550
600
650
700

750

32 1 08

2.3
2.7
2.7
2.8
2.8
2.3
2.9

2.3

E3

0.5
0.5
04
0.4
0.4
0.3
0.4

0.3
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piNaF 0l

2

Momentun (MeV/c) gd o [ _Gev-mb 3]
pdpan lsr-(Gevsc)® |

350 19 1 05

400 1.8 t 0.4

450 18 1 03

500 14 1 02

550 12 £ 0.2

600 14 1 02

650 12 % 02

700 1.2 1 0.2

750 10 1 02




p tNaF 9l = 60°

Momentun (Mev/c)

2

Ed“a [ GeV -mb ]

2

p°dpdn lsr-(Gevsc)

3

350
400
450
500
550
600
650
760

750

0.70
0.43

0.60

0.50

0.27
0.21
0.20
06.12

0.10

Ed

0.22
0.13
0.13
0.10
0.07
0.05
0.05
0.03

0.03
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ptiaF BI = 80°

Momentun (Mev/c)

2

£d“ o [ GaV -mb ]

pzdpdn bsr-(Gevse)

650
700

750

0.31 + 0.08

0.14

0.14

0.14

0.03
0.02

0.03

+

0.04
0.03
0.03
0.02
0.01
0.01
0.01

0.01

100
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piPb 9! = 15°

o
Momentun (MeV/c) gd o [_Gev-mb 3]
p dpdn lsr~Gev/e)” |

350 95
400 2 + 4
450 15 1 4
500 9+ 2
550 9 % 2
600 9+ 2
650 10 1 2
700 11 2 2




ptPb GI = 35"

Momentun (MeV/c)

Efo  [_Gev-mb ]

pPapan sr-Gevse)

3y

450
500
550
600
650
700

750

8.5 = 3.0

1.7 + 2.8

9.6
9.0
78
7.4
7
6.9

4.3

E3

E3

t

ES

2.1
1.7
1.5
1.3
1.2
1.2

0.8
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ptPb GI = 60*

Eio_ [_Gev-mb ]
pZdpda lsr-Gevser

Momentun (MeV/¢)

350 9.0 + 22
400 48 1 1.2
450 50 t 1.0
500 29 1 0.7
550 1.6 £ 0.4
600 1.6 1 0.4
650 1.1 1+ 0.3
700 1.1 1 0.3

750 06 1 02
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ptPb &, = 80°

ptPb &, = 80°

Momentun (MeV/c) f:de a_ [_Gev-mb 3|

pdpdn lsr-Gev/sc)” !
350 25 1 0.6
4co 25 t 0.5
450 1.3 1 0.3
500 0.87 1 0.2
550 0.82 1 0.2
600 0.45 1 0.1
650 0.22 1 0.
700 0.27 1 0.1
750 0.07 1 0.03




d +NaF 9I = 15

Momentun (MeV/C)

2

Ed“a [ GeV--mb ]

p2dpdnr lsr-(Gevse)

3

350
400
450

500

600

650

700

750

27 + 06

2.6
3.1
3.6

3.2

3.3

2.8 :

3.7

Ed

0.5
0.5
0.5
0.4
0.4
0.4
0.3

04
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diNaF 8, = 25°

Momentun (Mev/c) 125‘120 [_Gev-mb |

pdpdn lsr-(Gev/c)™ |
350 25 £ 05
400 33 1 05
450 33 1 04
500 31 2 04
550 29 & 04
600 27 + 03
650 28 % 0.3
700 25 & 0.3
750 2.1 t 0.2
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d+NaF 9! = 35°¢

Momentun (MeV/c)

Ed o [ GeV -mb ]

2

p“dpdnt lsr-(GeV/c S

350
400
450
500
550
600
650
700

750

20 1 04

2.2
2.4
2.0
1.6
1.7
1.5
1.2

1.1

4

0.3
0.3
0.3
0.2
0.2
0.2
0.2

0.1
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d+NaF 9! = §0°

Momentun (MeV/c)

Efg [ Gev-mb__ |

Pzdpdn lsr-(Gev/e)

EX]

350
400
450
500
650
600
650
700

750

1.08

1.26

0.89 1

0.78
0.44
0.31
0.28
0.23

0.18

+

+

0.30
0.26
0.18
0.14
0.09
0.07
0.06
0.05

0.04
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d+Pb OI = 15°

Momentun (MeV/c)

Edlo

[ GeV-mb ]

p2dpd i

Isr-(Gev/c)

3

450
500
550
600
650
700

750

11

17

15

13

Ed
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d+fb OI = 25*

Eio  [_Gev-mp )

Momentun (MeV/c) 7 3
pdpdnt lsr-Gev/c)” |

350 18 3

400 16 23

450 132

500 1412

550 LRI

600 13 2 2

650 911

700 9 11

750 9 11




d+Pb 9! S

Edzo [ GeV -mb ]
P2dpdn lsr—(Gev/e)“ |

Momentun (MeV/c)

350 16§57 2 25
400 149 = 2.0
450 140 = 1.8
500 94 1 1.2
550 90 1 1.1
600 90 1 1.1
650 75 1 09
700 58 + 0.7

750 5.0 + 0.6




d+Pb 91 = 80°

Momentun (MeV/c)

2

Ed"0  [_Gev-mb ]

2

pdpdn lsr-(Gev/c)

3y

350
400
450
500
550
600
650
700

750

86 1 22

8.9
7.3
4.7
4.0
3.5
2.2
2.8

13

3

3

1.8
1.3
09
0.8
0.6
0.5
0.5

03
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Ne tNaF 9[ = 15°

2
Momentun (MeV/c) gd o [_Gev-mb 3]
p“dpdn lsr-(Gev/e)" |

350 26 1 5
400 24 i 4
450 23 1 4
500 29 1 3
650 24 1 4
600 31 1 3
650 25 1 3
700 25 1 3

750 30 1 4




Ne +NaF 9I = 25*

Momentun (MeV/c) §d2 o [_Gev-mb |

pedpdn Lsr-Gevsc)2 |

350 26 1 4
400 ' 30 + 4
450 24 1 3
500 20 1 3
550 o4 3
600 23 1 3
650 21 % 2
700 2142

750 20 + 2



file:///_GeV_mb__

Ne tNaF el = 35°*

2

Momentun (Mev/c) -gd g [_Gev-mb s]

pdpdn lsr-Gevse)” |
as50 22 & 3
400 21 % 3
450 214 2
500 21 & 2
550 18 & 2
600 1812
650 14 1 2
700 13 %1
750 13 )
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Momentun (MeV/c)

Edo [_GeV -mb }

pedpdn lsr-(Gev/e)

3

350
400
450
500
650
600
650
700

750

13.8 £ 3.8

15.0
12.2
13.8
10.5
8.6
8.4
6.7

6.6

F 4

3

E3

i

E3

i

t

3

2.7
2.0
2.0
1.6
1.3
1.2
1.0

1.0
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Ne tNaF Gl = 55°

Momentun (MeV/c)

£ [_Gev-mb )

2

p“dpdn lsr-(Gev/c)

3

350
400
450
500
550
600

650

750

116 14 1.9

8.7
7.3
71
4.8
4.9
34
3.4

2.7

4

1.3
iR
1.0
0.7
0.7
0.5
0.5

0.4

nz



Ne tNaF GI = 80°*

Edg [ GaV ~-mb ]
pdpdn lsr-Gevsc)® i

Momentun (MeV/c)

350 3.28 £ 0.60
400 3.20 1 0.49
450 1.90 1+ 0.30
500 1.50 1 0.23
550 1.03 1 0.17
600 0.97 2 0.15
650 0.71 1 0.12
700 0.55 1 0.10

750 037 1 0.07




NetPb 8

l=15.

Momentun (Mev/c)

2

Ed°o [ GeV--mb ]
dpdnt lsr-(Gevsc)" |

2
p

350
400
450
500
550
600
650

700

253
186
193
202
168
201
169

162

+

+

t

57
38
34
32
26
28
24
23

26

19



Ne +Pb BI = 25°

Momentun (MeVv/c)

Eda [ GeV -mb ]
p2dpdn lsr-Gev/e)®

350
400
450
500
550

600

700

750

153 + 29

210
210
171
156
159
135
137

133

E3

30
28
22
20
19
16
16

16
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Ne +Pb 6I = 35¢

Momentun (MeV/¢)

2

Ed“o [ GeV-mb ]

pedpdn Lsr- @evser? |

350
400
450

s00

600
650
700

750

251 + 38

166
153
126
135
129
112
107

83

+

+

+

+

24
20
16
17

16
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NetPb 0, = 45°

2

Momentun (MeV/c) :'d o [_Gev-mb 3]

pdpdqt lsr-Gev/ci™!
350 146 1 24
200 16 ¢ 17
450 117 1 16
500 90 1 12
550 86 1 11
600 74 4 9
650 63 1 8
700 68 1 8
750 7819
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Ne +Pb 9! = 55°

2
Momentun (Mev/c) —g—di [_G_a\/_mb_g]l

pdpdn lsr-(GeV/c)

350 28 + 22
400 102 ¢ 16
450 90 + 13
500 76 = 11
550 64 + 8
600 64 t 8
650 : 43 + 6
700 43 t 6

750 4 1 6
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Ne +Pb OI = 8o*

Eo [_Gev-mb )
p2dpdn lsr-Gevse)“ t

Momentun (Mev/c)

350 . 88 2 9
400 40 = 6
450 32 + 5
500 24 £+ 3
550 17 £ 3
600 16 £ 2
650 12
700 15 4 2

750 721




