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OBSERVATION OF A-HYPERNUCLEI IN THE REACTION 12¢(nt,kh) Alzc
by

Edward Casteel Milner

ABSTRACT

The observation of A-hypernuclear levels in A12C by
associated production through the (ﬂ+,K+) reaction is reported.
Spectrometers used in the measurements are discussed. The AlZC
excitation energy spectra were recorded at laboratory scattering
angles of 5.60, 10.30, and 15.20. The spectra show two major
peaks —- one attributed to the ground state, and one about
11 MeV higher in excitation. The peak near 11 MeV excitation
energy is believed to be almost entirely composed of a multiplet
of three JT = 2% states. Relativistic DWBA calculations imply
support for the expectation that higher spin states are
preferentially populated in the (rt,kt) reaction, compared to

the (K7,77) reaction in which lower spin states are excited.




CHAPTER ONE

1. Introduction

Understanding the strong force, from fundamental principles,
has proven to be elusive throughout the history of nuclear physics.
The role of mesons as nuclear force propagators at long-range was
established soon after their discovery. Meson-exchange theories
have successfully explained a variety of nuclear phenomena, but fail
the important test of describing the strong force at short-range.
With the development of the quark model, quark-gluon interactions
between baryons have become viewed as more fundamental than
meson-exchange, particularly at short-range. If a quark theory
arises which can explain all aspects of the NN interaction, it will
provide the foundation for a comprehensive theory of the nucleus.
Such a theory, being more fundamental, would naturally encompass
meson-exchange processes, as well. In this context, it is appealing
to consider experiments designed to reveal the possible
contributions of quark-gluon interactions to nuclear phenomena.

A nucleus containing one or more hyperons is a generalized form
of nuclear matter -- a hypernucleus -- composed of baryons made of
u, d, and s quarks. This constitutes a unique laboratory for

exploring alterations to familiar nuclear phenomena arising from the
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presence of the distinguishable strange quark flavor. A fundamental
quark interaction description of hypernuclear phenomena would be
necessarily more general than one for the natural nucleus. A flavor
independent, or "“tasteless" theory, developed with insight gained
from the study of hypernuclei, would describa regular nuclei by
default. In this way, hypernuclear physics exposes new degrees of
freedom of the nucleus, making opportunities for enhancing the
information available for the eventual solution of the nuclear

interaction problem.

1.1 History

In a 1966 paper, Feshbach and Kerman [Fe 66] pointed out the
important "recoilless" feature of the A(K™,n7),A reaction: for a K~
momentum of about 550 MeV/c, the momentum transfer is zero, and the
A is produced at rest. They speculated that the reaction form
factor would have its maximum at this momentum, increasing the
likelihood of trapping the A in a bound state. These observations
encouraged the development of experimental facilities designed to
study the spectroscopy of in-flight production of hypernulcei.
Previously, hypernuclei could be studied only in stopped-kaon
reactions in emulsions [Pn 72]. The emulsion work yielded the
important A ground state binding energies for s and p shell nuclei.

The types of information it is possible to gather with the emulsion
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technique are limited because: 1) all the fragments of hypernuclear
decay must be uniquely identified in order to calculate the missing
mass, and ; 2) only the ground state is usually observed, since
excited hypernu:lear states decay electromagnetically much faster
than the hyperon decays.

Since there were many limitations in the stopped-kaon emulsion
technique, and it was 1likely hypernuclei could be produced at a
large rate by in-flight reactions, hypernuclear spectrometers were
developed, beginning in 1970, at CERN and BNL utilizing the new
intermediate-energy kaon beams. The first two counter experiments
vere at the CERN PS, with the (K°,n”) reaction at 9L=0°,
collecting hypernuclear spectra in AgBe, Alzc, A160 [Br 75}, and
Ao, ,27a1 [Bo 75], at By = 900 MeV/c and By = 390 MeV/c,
respectively. Neither experiment was performed‘ at zero momentum
transfer, but as figure 1.l.a shows, the momentum transfer is
relatively small over a broad range of incident kaon momenta. These
spectra emphasized the formation of "substitutional” states, in
which the A assumes the quantum numbers of the neutron it replaces.
Several spectra are shown in figure 1.1.b, and are typical of the
resolution obtained in the early experiments. Two fixed-angle (Oo)
spectrometers, with a scattering target between them were used to
measure the incoming and exiting particle momenta. Ground states
were not observed, since for a hypernucleus the A is in the 1sy,9

orbit, which is not generally a substitutional state. Excitation
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optimum angular momentum J for A-hypeérnuclear production as a
function of incident kaon momentum in the (K~,n”) reaction, and pion
momentum in the (n*,K*) reaction on 12C. The quantity J is
calculated by maximizing the overlap of harmonic-oscillator

vavefunctions, as described in the text.
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energies for the observed states could be reliably assigned because
missing mass was calculable knowing the binding energies from
emilsion experiments. The states were interpreted as arising from
neutron-hole A-particle couplings of simple structure, based on
their energy spacings.

At the BNL AGS C2 beam line, the first hypernuclear cross
section angular distributions were recorded [Ch 79]. These data,
for 12C(K‘,n‘)AnC, revealed the strength of various J' components
of the spectral peaks. In the 11 MeV excited peak multiplet (figure
1.1.¢), three 2*  and twvo 0% states arise from the
(AP3/2,1/2 X n93/2,1/2—1) coupling. Their energy separation is
small, because of the smallness of the A-hypernuclear spin-orbit
splitting of Vgo ~ 0.3 MeV. so the components are not separately
resolvable with a magnetic spectrometer. However, it was shown that
because the momentum transfer increases with angle, the marked
shoulder in the angular distribution was produced by the 2%
contributions, while at smaller angles the cross section strength
came mostly from 0% states.

The relationship between momentum iransfer and the probability
for forming certain angular momentum states, "momentum matching", is
closely counected to the choice of the reaction best suited to the
pliysics of interest. The preferred angular momentum can be crudely

estimated by maximizing the overlap of harmonic oscillator

vavefunciions [Do 80], to give
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Figure 1.1.c. Cross section angular distributions measured in the
(K7,n") reaction on 12C by the BNL hypernuclear group. In the 11
MeV peak data, the small angle strength is attributed to 0% states,

while at larger angles the shoulder structure arises from 2% states

[Ch 79].



J-.-;.(bq)z, eq. 1.1.a

vhere b = 1.63 fm for 120 and q is the momentum transfer. The
angular momentum plotted against incident projectile momentum in
figure 1.1.a was calculated using eq. 1.1l.a. Evidently, the
(K~,n”) reaction is constrained by the momentum matching condition
to observation of states with AL = 0 and 1, in contrast to the
higher angular momentum preference in the (n*,K*) reaction. For
experiments on hypernuclei beyond the p-shell, such as A_2851 and
AII’OCa, other reactions with higher momentum transfer are better
matched to the higher J "stretched" states which are expected to
predominate. Stretched states are states of maximum angular
momentum coupling of the particle and hole. In p-shell hypernuclei,
the A and hole can be separated by one shell, at most. But in
heavier hypernuclei, the possible angular momentum is greater. The
(n*,K*) reaction and the (K™,n”) reaction are therefore expected to
provide complementary information. In fact, using the (n*,K%)
reaction may be the only practical way to study the predominately

high spin states of heavy hypernuclei, including their ground state

binding energies.



CHAPTER TVO

2. Scientific motivation

Often, science progresses by accumulating enough data on a
particular poorly understood subject to allow the synthesis of a
systematic description. An example of this process was the
development of the periodic table by classification of the known
elements by reaction characteristics. The recognition of patterns,
spurred by the periodic scheme, led directly to the discovery of
several elements, and precipitated the formulation of the electronic
shell theory.

For hypernuclear physics, important binding energy and high
spin data necessary to completing a comprehensive picture can only
be obtained by reactions in which the momentum transfer is high.
Emulsion experiments give B, only for A<16, and little spectroscopy
has been done on hypernucleli with A»16. Since the study of
hypernuclei has been confined to the 1s and 2p shells by the low
momentum transfer inherent to the (K™,n”) reaction, it follows that
valuable information about the systematic variation of B, and
hypernuclear spin interactions beyond the p-shell can be obtained

only in high q reactions. Only with a full set of data on B, can
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the A-nuclear interaction be reliably described from fundamental
interactions.

Associated production >f hypernuclei inherently transfers a
large amount of momentum to the nucleus. The v+ p+ A+ K
reaction has been considered [Be 81], but the cross section is
thought to be impractically small, given present-day y-fluxes and
experimental techniques. The n* + n + A + K* reaction, however, was
predicted [Do 80] to have cross sections high enough, on the order
of tens of ub/str, to be of practical use, especially given the high

pion fluxes available.

2.1 Theory

There exist two theoretical motivations for studying
A-hypernuclei with the (r*,K*) reaction, both arising from the
inherently large momentum *ransfer: 1) the possibility of testing
descriptions of high-spin states, and ; 2) developing a systematic
treatment of A binding energies over a wide mass range sf nuclei.

The theoretical treatment of high-spin states potentially
addresses many problems. The spin-orbit strength has been observed
to be Veo ™ 0.5 MeV, in A;3C, compared to ~10 MeV in the nucleon
case. The smallness of the spin-orbit force was explained :in the
contexts of both meson-exchange and quark models ({Pi 79]. 1In a

stopped-K~ experiment observing leC [Ya 85}, however, the
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spin-orbit splitting was deduced to be about 5.5 MeV. This result
is not in agreement with meson-exchange (which predicts vso=0 MeV),
but is in the range of a prediction made in a quark-cluster model
[Mo 84]. The details of the spin-spin and spin-orbit interactions
in high-spin states in s-d shell A- and I-hypernuclei, are open to
study using the (n*,K*) reaction.

The A binding potential, at long range, arises from the
exchange of one kaon [Da 58]. This picture presents the opportunity
to develop a flavor-independent description of meson-exchange
forces, while working"iowards a tasteless quark-gluon model of the
interaction, which may be required at short range. The A in the
nucleus is a distinguist=ble baryon, so in the ground state it is
alvays in the 1s,,, orbital, since it is not excluded by the Pauli
principle. Therefore, B, is expected to be a more smoothly varying
function of baryon number A than in the nuclear case, where shell
effects play an important role. A fit to the observad B, (3 ¢ A £

16) values is obtainable with a simple square-well potential

[Ro 70], giving

202
By = Vo - -Jlli—_ a~2/3 y eq. 2.1.a
2
2 MAro

where Vo, is the well depth, r. is the well radius, and V, >> E,.

With the adjustable parameters ro = 1.1 fm and Vo = 28 MeV, the
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observed B, values are reproducible. However, theories specifying
meson-exchange mechanisms overbind the A. Speculative pictures in
which only the u and d quarks are Pauli-blocked from the 1s4/9
state, but the s quark is not, would give smaller By values.
Implied in this view is a departure from the standard concept of
total quark confinement, but other theories have also suggested in
similar spirit expansions of the usual bag models. Clearly a larger
body of data, including B, measurements for medium'gnd heavy nuclei
is necessary to the development of a correct theory of AN binding --

perhaps contributing to an understanding of the NN interaction.

2.2 Experiment

The surprises in hypernuclear physics have come from
experiment. Some examples are: the smallness of the A-hypernuclear
spin-orbit potential, the larger [I-hypernuclear spin-orbit
pot 1itial, and the narrowness of I-hypernuclear states. Since the
data primarily represent detailed studies of p shell nuclei, new
physics potentially exists in unexamined heavier hypernuclei. There
are several aspects c¢f the hypernuclear system which might be
governed by interesting and unique effects. Requiring study afe: 1)
the spin-spin interaction, with high resolution y detection in the
(K™yn"y) reaction ; 2) ground state A binding energies in medium and

heavy nuclei; 3) high spin states; and 4) mirror hypernuclear
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systems. All of these experiments are accessible to the energy
range of the present 500-1100 MeV/c BNL AGS C2 beam line. This is
an important consideration, since the C2 line is presently the only
facility in the world where in-flight reactions can be carried out
(the advent of the proposed [Ch 85] 2.0 GeV/c BNL separated beam
line would of course multiply the experimenial possibilities). Note
that studies of mirror hypernuclear systems (number four above)
require a n° spectrometer to observe (K',no) in comparison with the
(K™,n") data. Experiments one, two, and three can be performed with
the existing spectrometer, while numbers two and three are feasible
only using the (n*,K*) reaction, with momentum of the incident beam
at the high end of the C2 line capability.

For future facilities, the motivation to make hypernuclei with
the (n,K*) reaction might arise from practical considerations in
addition to the physics-interest. Typical n:K secondary production
ratios for ~30 GeV proton-nucleus collisions are higher than 100:1.
Although the (mn*,K*) differential cross sections are expected to be
in the 10 ub/sr range, compared to about 1 mb/sr in the (K7,n™)
case, the pion beam fluxes compensate the disparity so that the
event rates are expected to be similar. In the newly proposed
higher momentum kaon beam line (~ 2 GeV/c), a longer separator stage
is required, as Enge has shown [En 84] that the optimum separator
length is roughly twice the particle decay length. Therefore, if a

kaon beam is wused, the required separator can add cost and
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complexity to the experiment. However, if the (n*,K*) rsaction is
used, it may not be necessary to use a separator stage at all, an
advantage with respect to the alloc-:ion of resources.

In summary, there =re several effects unique to hypernuclei,
vhich are accessible only with the (n*,K*) reaction, because of its
innerently high momentum transfer. Because of the expected
preferential population of high spin states, the previously untested
(n*,K*) reaction might provide information complementary to the
lowver spin character of the (K7,n”) reaction data. The following
chapters describe the observation of spectral peaks in AIZC via the
(n*,K*) reaction, which are interpreted as arising from (,p x np'l)

coupling to the maximum J=2.
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CHAPTER THREE

3. The experiment

Since the goal of this experiment was the first observation of
the (n*,K') hypernuclear reaction, several fundamental problems had
to be explored before designing the apparatus. Ip this chapter the
unique details of the design and execution of this experiment are
presented. An explanation is made here of the determination of the
incoming pion momentum maximizing the hypernuclear production. Once
the beam requirements were set, the experimental facility was chosen
to satisfy them. The Brookhaven National Laboratory hypernuclear
spectrometers used in the study are discussed in this chapter, along
with the instrumentation, while pointing out some of the novel
design features of the high-rate drift chambers. Details of the
data acquisition system are also presented. In the fina) section of

the chapter, the live scattering target is discussed.
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3.1 Selection of the pion momentum
The event-rate for a nuclear reaction to a final state J% can

be estimated with the generalized expression

do
I, = IoNo[ Do NeffFj[3§]elem]Ag , eq. 3.1.a

vhere I is the scattered particle intensity, I, is the incident
particle intensity, No is the number of scattering centers per unit
volume times the target thickness, D is the exiting particle decay
survival rate, o accounts for kinematic factors, Negf is the
effective number of nucleons available for excitation to the state
J%, F allows for averaging over the nucleon Fermi-distribution,
(do/dQ)elem is the elementary 2-body cross section, and AR is the
detector solid angle. Only I,, No, and 4% do not depend on the
incoming projectile momentum (Pbeam) [{Do 80]. Therefore,
examination of the remaining factors allows estimation of the
event-rate as a function of incident momentum. Then the projectile
momentum maximizing the event-rate may be selected.

In the specific c~se of the (K™,n”) reaction, the choice of
Pheaym is not critical, because eq. 3.l.a can be qualitatively shown
to be a slowly varying function of momentum. Most experiments have
been done in the 700-900 MeV/c¢ range to avoid K~ flux decay losses;
losses which would be tco large at the ~550 MeV/c¢ "magic momentum"

where zero momentum transfer occurs. Pion decay losses are not
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overvhelming in the 500-700 MeV/c range. The elementary cross
section (figure 3.1.a) varies slowly over a wide (400-1000 MeV/c)
range of Pp..n» with a value of about 4 mb.

In contrast, the n* +n » A + K* reaction (figure 3.1.b) is so
sharply peaked at P, ~ 1050 MeV/c, one expects hypernuclear
formation to be maximized at that momentum, the other factors in eq.
3.1.a notwithstanding. Determination of the rate-function in the

A(n*,K*)AA reaction was initially giscussed by Dover et al.

ni
it
!

Al

[Do 80], and that treatment is c103eiy followed here. However,
previously undiscussed questions about the hypernuclear cross
section peak position (witih respect to Pu) varying as a function of
nuclear mass are raised in this section.

The most extensively studied mi + AK reaction is
T +p A+ Ko. Generally, 2-body reaction studies detect neutral
products at =zero degrees, igncring other channels by deflecting
charged products away from detectors with a dipole magnet. But

because of charge independence, the reaction of interest,

+

n" +n->A+ K, is equivalent. The structural behavior of the

cross section is typical of a specific 2-body channel; the peak in
the cross section occurs near threshold (0.89 GeV/c), because at
higher momenta, many other channels open. Comparatively, in the
K™ + n + A+ n” strangeness exchanging reaction, additional channels
lie much higher, and are more widely spaced, so the cress section is

not sharply peaked.
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Dover et al. wused this two-body cross section distribution,
along with other factors in eq. 3.l.a, to estimate the n" beam
momentum maximizing excitation of high spin "stretch states" in a
variety of nuclei, including the J" = 2% states in Alzc discussed
here. The kinematical factor o describes a transformation from the
2-body to the many-body lab system, in which the value of the A
recoil-momentum is altered. This is given (eq. 2.8 in ref.
[Do 80]) by o=1 - (Bp/Bg) - The effective number of neutrons
available to the reaction, Neff’ for a "stretch state" (eq. 4.7 in
[Do 80]) is given by Neff = BJZJe‘z, vhere BJ = 2/9 for the J = 2,
6-J symbol, Z = bq/2 with b =1.63 fm, a harmonic oscillator
parameter, and q is the momentum transfer. Noss is plotted versus
P, in figure 3.1.c. Ncte the strong P dependence for AIZC and also
that around Py = 1.1 GeV/c, Nggs for ,28si and ,1%C is similar.

0f the remaining factors, pion decay is not a strong function,
since the decay rate is only ~20 % smaller at 1300 MeV/c than at 700
MeV/c. Combining the 2-body cross section, o, and Nogg yields the
cross sections plotted in figure 3.1.d. This calculation indicates
the optimum event-rate is obtained with Pp = 1.05 GeY/c.

Two major factors were not included in the analysis by Dover et
al. The first is "broadening" of the cross section via the neutron
Fermi-momentum distribution; this is discussed in section 5.3. 1In
any case, this effect would not alter the cross section peak

position, and in fact would make the choice of Pn less critical.
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Figure 3.1.c. Effective neutron number Negg for excitation to high
spin states via the (n",K*) reaction, as a function of pion lab

momentum Pn (from [Do 80]).

However, a second effect, involving a shift in the cross section
peak attributable to kinematic factors is potentially critical. A
heuristic argument serves to illustrate the situation. The twvo-body
process T° + n > A + K* threshold of P, = 0.89 GeV/c lowers to
P, = 0.57 GeV/c for the reaction on 12C, under the assumption that
the reaction occurs coherently, with the entire 12¢ mass
participating kinematically. It follows that the threshold for
production of higher mass channels (K*, Y*, etc.) is also lowered.

Therefore, by the argument given earlier, that the existence and
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of high spin states in AIZC, A_ZBSi, A_Z'BCa, and A_9OZr via the (n*,k")

reaction, as a function of P (from [Do 80]).

position of the peak in n* + n » A + K* can be explained by the
onset of these channels, the peak in A}ZC(6L=O°) production should
shift to a lower momentum, below Pn = 1.05 GeV/ec. In fact, no
experimental determination of the cross section peak as a function
of incident momentum has ever been made for a hypernuclear process.
If the peak position shifts in the nuclear scattering case, there
are several implications for experiment: 1) better flux utilizaton
could be made in future experiments ; 2) such an effect might yield

information about the interaction -- for example, if the incident n*
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mainly interacts with a free neutron, or a neutron imbedded in 120,

an «, or a deuteron ; 3) measurement of lowered threshold production

might supply evidence for the existence or absence of a strangeness
production "hot spot".

In summary, although the proper choice for Pn is not clearly

dictated by analysis, calculations imply P, = 1.05 GeV/c would be

reasonable.

3.2 The AGS

The optimum experimental n* beam momentum of 1.05 GeV/c is
above the range of facilities in the "pion factory" class, such as
LAMPF, where the maximum available n* momentum is about 0.67 GeV/c
at the P3 line. However, the high energy proton beams at BNL, CERN,
and KEK are adaptable to pion and kaon secondary beam production at
intermediate energies suitable for hypernuclear formation, even
though this was not originally envisioned as their mission. Pion
and kaon beam fluxes at these facilities are sufficient to perform
spectroscopy in counter experiments.

Because pions are unstable, with a short (26 ns) lifetime, they
cannot be practically accumulated in storage rings, as for example
anti-protons are, but must be used soon after they are produced in

proton interactions with nuclei in a production target. The

production mechanism is
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p+A- nt + other

where "other" includes a possible multitude of particles such as n,
K, e, u, etc., with quantity and type constrained by the total
energy available in the collision center-of-momentum and by quantum
number conservation. Figure 3.2.a shows n* total production cross
sections versus incident proton momentum in p + Be collisions. It
is seen here that for production optimization, the incident proton
energy should exceed at least ~10 Gev, because of the sharp rise in
the cross section at that energy. But the effective secondary flux
is the result of several factors: incident proton momentum, and the
cross section for secondary production as a function of outgoing
momentum and angle. Figure 3.2.b shows the variation of pion
production cross section, in 23.1 GeV/c p-p collisions, as a
function of pion momentum. Note the fortuitous maximum at P
~1GeV/c, coinciding with the desired momentum for the (n*,K")
reaction. Even with the limitations imposed by beam sharing, the
AGS is capable of delivering on the order of 107 pions/second to the
C2 beam line.

Like other high energy proton accelerators, the BNL Alternating
Gradient Synchrotron (AGS) is composed of distinct accelerator
stages, involving different operational concepts. In the first

section, protons are accelerated to 200 MeV in an Alvarez-type
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Figure 3.2.a. Production cross sections for n* as a function of

incident proton momenta in p + Be collisions. Note the sharp rise

at Pp = 10 GeV/c. The figure is from reference [De 65].

linac. This "pre-acceleration” is required so the protons will
initially circle the synchrotron with a frequency above the minimum
synchrotron radio-frequency accelerating field. After injection
into the main 128m radius synchrotron ring, the beam containing
~1 x 1013 protons is accelerated to 29 GeV. The term "alternating
gradient" describes the concept used to constrain the phase-space of
the beam, known also as "strong-focusing" [Co 52]. The beam passes

through magnetic field gradients which alternate in focusing and
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Figure 3.2.b. Production cross sections for n* as a function of n*

momenta, in 23.1 GeV/c p-p collisions. The figure is from [De 65].

defocusing, but have the net effect of focusing, and therefore
containing, the beam. The situation is analogous to the optical
case of a light beam being focussed by passing through focusing and
defocusing lenses of equal strength.

only a fraction of the entire beam was (and could be) used by
the experiment. The beam was split by septum magnets into parts
delivered to the various simultaneously running experiments. In
typical 1.5s duration primary beam spills, occurring at 2.5s
intervals, -2 x 1012 protons were incident on the C2-line 10.16 cm

platinum secondary beam production target. Even though only ~20% of
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the main beam was directed to the C2 target, proton dE/dx losses in
the platinum caused enough melting and sagging to require
replacement of the target during the experiment. However, the

secondary beam flux of ~4 x 106 nt

particles per spill incident at
the scattering target was near the limit imposed by trigger counter

dead times.

3.3 Pion beam and hypernuclear spectrometer systems

Magnetic spectrometers are the primary tool of nuclear
spectroscopy because the trajectory of a charged particle in a known
magnetic field uniquely defines the particle 3-momentum. Once the
particle type or mass has been identified by time-of-flight, the
4-momentum is known. Combining this information for all particles
involved in a nuclear reaction allows the calculation of the amount
of "missing mass" in the reaction, a quantity equivalent to
excitation energy. Therefore, detailed and precise knowledge of the
magnetic field of the spectrometer is essential to the proper
extraction of the nuclear excitation spectrum -- the primary
experimental goal.

The mathematical treatment of charged particle trajectory
behavior in a magnetic field resembles the description of classical
optics, with similar formalism and terminology, except that particle

momentum has replaced the quantity of light frequency. A computer
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code embodying this €formalism, TR{ 'ORT, used in the design and
description of beam transport and spectrometer systems, is discussed
in this section.

The remainder of the section is devoted to explaining the
operational features of the beam line and spectrometer systems in
the language of TRANSPORT. Also, the "floating-wire" technique used

to obtain the absolute energy calibration of the magnets is

presented.

3.3.1 The mathematical model: TRANSPORT formalism -
The trajectory of a charged particle (known as a ray) in a

static magnetic field is defined by the familiar Lorentz force

equation
3 = E(va) , (3.3.1.a)

through integration, given B and initial conditions. Equivalently,
the momentum may be calculated if the trajectory and field are
known. In principle, this equation of motion could be integrated
for a multitude of particle initial cdnditions, reflecting the gross
behavior of a particle beam to arbitrary accuracy. This is the
strategy of “"ray-tracing" type programs [Ko], with the calculation

truncated at some point because most particle transport systems
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require only a few multipoles in g for effective modeling. However,
in applicaticns where a second order calculation is sufficient, and
ease and speed of calculation is desired, the TRANSPORT ([Br 69]
[Br 77] approach is feasible.

In TRANSPORT, the problem is reduced to a process of matrix
multiplication representing the phase space coordinates of particle
trajectories. The derivation of this formulation proceeds by first
eliminating time as an explicit variable in equation {3.3.l1.a), then
writing the solution as a power series. This procedure is discussed
in detail elsewvhere [Br 69]. The result is cast in a matrix form
which is easy to physically interpret, and establishes a language

for discussion of magnet and beam optics.

At any point in the system, a charged particle is represented

by the column vector

[

~«

<

8 ) (3.3.1.b)

where x is the  horizontal displacement from the central

trajectory(CT), © is the angle of particle trajectory with respect
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to the CT in the horizontal plane, y is the vertical displacement
from the CT, ¢ is the angle of particle trajectory with respect to
the CT in the vertical plane, ? is the path difference from the CT,
and 8§ is Op/p, the deviation from the central momentum. These
variables are defined in ;he' curvilinear co-ordinate system
schematically shown in figure 3.3.1.a. Every beam line
element--magnet, drift space, etc.-- is represented to first order
by a square matrix R, describing the effect of the element on the
passing ray. An initial ray X, is expressed as the final ray X

after traversing element Rqs written
X = Rlxa . (3.3.1.c)

Given a matrix for every one of n elements in a beam line, the final

ray X, is:
XC = Rn"'Rlexa = RtXa . (3-3-1-d)

This procedure is extensible to second order by including a three

index matrix T so that components of the final vector are:

& =§Rijxj * }_ TiyeXiXe - (3.3.1.e)
i jk

TRANSPORT truncates the solution here at second-order.
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TRANSPORT variables are defined.
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coskL %sinkL 0 0 0 0
-ksinkL coskL 0 g 0 0
0 0 coshkL %sinhkL 0 0
R ={ O 0 ksinhklL  coshkL 0 0
0 0 0 0 1 0
0 0 0 0 0 1

Figure 3.3.1.b. Matrix R for a horizontal (x) plane focusing

quadrupole magnet, with variables explained in the text.

An example of this construction is the matrix R (figure
3.3.1.b) for a horizontal (x) plane focusing quadrupole magnet shown
in figure 3.3.1.c where L is the effective magnet length,
k2=(Bo/a)(1/Bp), a is the radius of the magnet aperture, By is the
field at radius a, and Bp is magnetic rigidity of the central
trajectory Bp=Po/e. Note that for a vertically focusing (y-plane)
quadrupole, the first two submatrices are interchanged. The
physical significance of the terms in this matrix become evident

vhen they are identified with coefficient labels used in practice in
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Figure 3.3.1.c. Schematic drawing of a vertically focusing
quadrupole magnet, showing pole face orientation, and various

dimension labels dicussed in the text.

TRANSPORT (figure 3.3.1.d). Doing the multiplication for the first

two components of the final position column vector gives

(coskL)xo + (%QinkL)So ,

"
]

i

(xlxo)xo + (Xleo)eo

(0]
[}

(8]%0)%0 + (9]90)60 (-ksinkL)xo + (coskL)8® .(3.3.1.f)
Given the initial conditions (for Q9) xXo=10 cm, 80,=10 mr, Bo=10.° G,
a=10.2 cm, L=35.6 cm, po=.8 GeV/c, and k=1.16, calculation with

equation 3.3.1.f yields x=-i2.1 em, and ©=-6.06 nmr,
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(x]x0)  (x]8)  (x|ye)  (x[$0)  (x|%)  (x]|&)
(8]x0)  (B18)  (Blye)  (Bl$a)  (B]Re)  (B]80)
(YI%e)  (yv18)  (¥lye)  (yl#e)  (¥[%)  (¥|&)
R =| (¢]|x0) (6180) ($1y0) (¢]90) ($]%) (4180)
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(8]%0) (8]60) (8]yo) (8]40) (8]%) (8 &)

Figure 3.3.1.d. General coefficient labels for the first-order
R-matrix used in TRANSPORT. This is the same matrix as in fig.

3.3.1.b.

demonstrating a change in the trajectory by focusing in the x-plane.
Note that a ray having %o = 0, and 8 = 0, the initial conditions of
the central trajectory ray, is not deflected by the quadrupole.
Also, the element (it|d8) = 0, meaning the quadrupole does not
introduce any dispersion into the beam.

Rather than tediously catalogue examples of magnetic lenses, it
is better now to discuss the physical significance of elements in

the general first-order coefficient matrix R, represented in figure

3.3.1.d.
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The first order spatial dispersion of a systenm.

dx = Ryg = (x|8¢), is generated only in elements where the central
trajectory may be deflected, such as in a dipole magnet. The

x-position after a dipole is (to first-order)

X = (X]Xe)Xo + (X|80)0s + (x]80)8 . (3.3.1.g)

Suppose that for a group of rays (i. e., a beam) X0 = 8 = 0, but
that 8 takes on a range of values (-&.,+80). Then the dipole acts
to disperse the initially spatially compact beam in a range of
x-positions, 1like a prism disperses white 1light into color
components.

The first order angular dispersion d; = Ryg = (0]|80), is vieved

similarly by considering © after a dipole,

0 = (9|X0)Xo + (e'eo)eo + (elao)ao . (3.3.1.h)

For the same conditions given above, the meaning of the angular
dispersion is also apparent.

Categories of beam imaging conditions are also simple to
outline in first order. Point-to-point imaging in the x-plane
occurs vhen x=xo (that is, (x|xe)=1), for any value of 6o, implying
Ry7=(x|80)=0. The parallel-to-point imaging condition Ry1=(x|%0)=0

means that a parallel beam will be made to converge at a point.
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Conversely, the point-to-parallel imaging condition is R22=(e|eo)=0.
Imaging constraints in the y-plane are written in a similar fashion.
The power of the TRANSPORT program lies in the ability to fit
optical parameters, such as field strengths, constrained by a
variety of R-matrix requirements, including desired imaging. Thus
TRANSPORT has two uses: 1) the calculation of the R-matrix and
T-matrix, given data on the beam line elements; and conversely, 2)
the calculation of parameters required of a beam line to meet
desired optical imaging conditions. The operational characteristics
of the beam line and spectrometer systems will now be discussed from

the viewpoint of the currently well wunderstood TRANSPORT

calculations.

3.3.2 Experimental system overview

The primary components of the experimental apparatus are shown
in figure 3.3.2.a. There are three main sections: 1) the pion beam
line (Low Energy Separated Beam line >r LESB-I), from the platinum
secondary beam production target to the mass slit, 2) the pion
spectrometer (Spl) from Q5 to Q7, and 3) the kaon spectrometer (Sp2)
from Q8 to Ql1. Note that in the discussion of the three main
systems, the distance scale, z, is maintained separately, e.g. is

not accumulated for the overall system.
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Pigure 3.3.2.a. Primary components of the experimental apparatus.
Quadrupoles are indicated by convex lens shapes while dipoles are

represented by wedge shapes. The other elements are various

detectors, described in the text.



38

Secondary particles produced in the platinum target were
collected at an angle of 10 degrees from the incident proton beam.
The purpose of the LESB-I was to select a desired particle species
(pion or kaon) component of this secondary beam, using an gxg
velocity selector, and focus it on a gap in the mass slit.
Individual particles in this purified beam were then identified by
time-of-flight (TOF) between scintillators S1 and S2, and then
momentum analyzed by calculating their deflection in the system from
positions in drift chambers DCl, DC2, and DC3. After interacting in
the scattering target, particles in Sp2 were identified by TOF

between S2 and S3, with momentum analysis derived from positions in

DC4, DC5, DC6, DC7 and proportional chambers labelled CMU.

3.3.3 The LESB-I beam line

The principal function of the LESB-I was to provide a purified
beam of charged pions or kaons. Since the many different
experiments performed at the C2 beam line require beams of different
particles and momenta, thz LESB-I was designed to supply beams in a
vide variety. For the current experiment, both n*t and K* beams at
716 MeV/c and 1054 MeV/c were used. The accurate tuning of the
LESB-I required knowledge of its optical properties. TRANSPORT

input data for LESB-I are included in appendix 3.3.3.a. The general
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imaging condition in LESB-I was point-to-parallel-to-point, as the
beam proceded from production target to separator to mass slit.

Collecting the secondary beam at an angle of 10 degrees from
the incident proton beam, dipole septum magnet D1 crudely selected a
momentum bite of +5 % in bending the beam through an angle of 11.5
degrees. The quadrupole doublet Q1Q2 served to confine the beam by
focusiag it to be parallel in y and slightly diverging in x. This
condition was required by the geometry of the next element, the
E X ; velocity selector known simply as the "separator". The
operating principle of the separator was elementary: in a region of
perpendicular E and E fields, the trajectory of paticles with
velocity 3 = E/B is not deflected. In the LESB-I, the E field was
maintained at 550 kV across a 4 inch gap formed between two plates
in t. lane. The g field, generated by a dipole with pole faces
in the y-plane, was varied in order to select the desired velocity.
The separator was 324.4 cm leng, so the parallel beam condi..on was
necessary tn prevent loss of the beam in collisions with the
separator walls. Also, the angular separation of mass species by
the quadrupole doublet Q3Q4 was more effective for an initially
parallel beam.

Figure 3.3.3.a summarizes the evolution of the beam profile in
x and y as a function of distance over the length of the beam line,

illustrating the behavior in the separator (~4m to ~7.5m) and the

focusing effects of the quadrupole doublets. The second quadrupole
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Figure 3.3.3.a. Beam profile in the LESB-I as a function of

distance (meters) for: x-plane (top), y~plane (middle), and

divergence in x (bottom).

doublet, Q3Q4, created a dispersed double focus at the mass slit,
wvhere the final beam purification occurred. Figure 3.3.3.b shows
how the separated mass species were incident on the mass slit; data
wvere collected for both pion beam and kaon beam triggers over a
range of BOl magnet settings. The tails of species distributions
overlap, so that the beam is not entirely pure. Another property of
the mass slit separation arrangement was that the rejected beam
scattered into the mass slit access '"cave" showering nearby

detectors with background particles. This was a significant source
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Figure 3.3.3.b. Pion beam and kaon beam triggers (transmitted

through Spl) as a function of separator magnet (BOl) setting.

of spurious single-count rates in the detectors DCl, S1, and HI1
(hodoscope).

LESB-I was used to provide either a n* beam (~1000:1 n:K ratio)
or a K" beam (~15:1 m:K ratio). Both beams were used with
spectrometers set for elastic scattering at 716 MeV/c and 1054
MeV/c. This allowed calibration of the momentum setting in Spl by
knowing the momentum setting of Sp2 from a wire orbit study. Then
the beam line céﬁld be accurately set at the incident n* momentum of
1054 MeV/c required for the (n*,K*) reaction.. Also, extensive

studies of TRANSPORT type optical coefficients for Spl and Sp2 at
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near elastic scattering conditions required flexibility of the beam
line. Spectrometers Spl and Sp2 and their calibration will be

discussed in the following three sections.

3.3.4 The pion spectrometer -- Spl

As discussed earlier, the incident pion beam momentum that
maximizes hypernuclear production in the A(n*,K*)Aﬁ* reaction is
expected to be about 1050 MeV/c. The experimental problem was to
produce a beam in that momentum range and measure the momentum of
individual pions in the beam. The momentum of the pion is
calculable if the following quantities are knowi 1) the central
momentum of the spectrometer dipole ; 2) an optical description
(elements of matrices R and T) of the system with which to calculate
8§ ; 3) position at one end, and position and angle at the other end
of the spectrometer ; and 4) TOF identification of particle type.
The acquisition of this information is discussed in this section.
The name Spl refers to the spectrometer from elements DCl to S2
(figure 3.3.2.a), a nomenclature intended to avoid confusion since
it is not exclusively a pion spectrometer.

The central momentum of Spl was not measured directly, but by
reference to the known (from wire orbit studies, discussed in
section 3.3.5) central momentum of Sp2, the kaon spectrometer. With

Sp2 set to a known momentum value, no scattering target present, and
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Sp2 set at zero degrees (so-called "straight-through" condition),
the dipole field in Spl was varied until the beam profile was
centered at the rear of Sp2. Under these conditions, the central
momenta of Spl and Sp2 were equal. The setting in Spl was
reproducible independent of this method because a hall probe was
used to monitor the field in dipole D3. Hall probe versus momentum
calibration tables for various magnets in the system are included in

appendix 3.3.4.a.

Because dispersion in Spl was primarily in the x-plane, & (to

first-order) was given by

1
8 = ﬁIE[xf - Ryp¥p - Rlzer] , eq. 3.3.4.a

where f and r refer to front (at DCl) and rear (at DC2,3) of Sp2,
and Rll’ R12' and R16 are first-order TRANSPORT coefficients. The
TRANSPORT input data, together with a completed calculation for Spl
are include in appendix 3.3.4.b. Figure 3.3.4.a shows the evolution
of the beam profile in Spl. Note the focus in y, and the slight
divergence in x at the end, near the scattering target. The design
imaging condition was a "waist", covering the target.

Not all unwanted beam particles could be "tuned-out" of the
beam in the separator-mass-slit stage -- kaon beams typically
contain ~15 times as many pions as kaons, while pion beams contain

primarily pions, with other particle contaminants. Therefore, the
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Figure 3.3.4.a. BEvolution of the beam as it passes through Spl.
Note the waist at the end of the system, confining the beam to the

scattering target volume.
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flight path in Spl must be sufficiently long to separate pions and
kaons by 1 ns (the typical time resolution) in TOF over a wide range
of beam momenta (700 to 1100 MeV/c). In figure 3.3.4.b, data taken
from the "Qvt" time bin recorder shows p, XK', and n* components of
the n-beam at Py, = 1054 MeV/c, in an S1-to-S2 TOF spectrum. The
kaon peak was 1 5 ns from the pion peak, and was therefore separable
in fast electronic circuitry. For the n-beam tune, the percentage
of p and K* particles was only about 2% of the total beam flux. A
positron contamination of the n* peak of about 30%, which is not
visible in figure 3.3.4.b hecause the TOF was too short over the
51-52 path at Pbeam = 1054 MeV/c, is discussed in section 4.2.

The hodoscope e.ement Hl was used in coincidence with DCl1 to
reduce in software the considerable singles rate in DCl associated

with background in the mass-slit cave.

3.3.5 The kaon spectrometer -- Sp2

For an incident pion of Py, = 1054 Mev/c, kaons emitted in
the formation of the ground state in AIZC have Py = 716 MeV/c. The
mass of A12C is

n(,1%c) = m(}2c) + m(A) - m(n) + BE(n) - BE(A) . eq. 3.3.5.a

In this expression, m(A) = 1115.6 MeV, and m(n) = 939.6 MeV. The



46

I
L

T 1 TTTIT]
L1 1 vl

T T TTTTT]
L1 i

L0 #O0 B0 80 200 220
BN NUMBER (100 PS/BN)
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binding energy of the neutron, BE(n) = 18.7 MeV, is known from the
reaction threshold for 12C(y,n)llc, and the A binding energy,
BE(A) = 10.9 MeV, is known from emulsion studies [Bo 70]. These

values give

n(,12¢) = m(*%c) + 183.8 MeV eq.3.3.5.b

equivalent (for kinematic purposes) to viewing the hypernucleus A12C

as a 12¢ nucleus excited by 183.8 MeV. The commonly used

relativistic kinematics program, KINREL, 1lacks the ability to
conserve strangeness in input reactions, so hypernuclei must be
treated as excited nuclei. The reaction 12C(n*,K*)IZC, with
excitation energy 183.8 MeV, was used as KINREL input, yielding
715.8 MeV/c for the outgoing kaon momentum at €., = 10°. The
magnetic fields in all elements in Sp2 were monitored by Hall-effect
probes, and the probe voltages corresponding to various momentum
settings are tabulated in appendix 3.3.4.a. Most of the
12C(n+,K+)AlzC data were taken with Sp2 set at PSpZ = 716 MeV/c.

The optical characteristics of Spl and Sp2 were different
because of the type of beam each spectrometer transported. In the
case of Spl, a small phase space in the vertical direction and
larger phase space in the horizontal direction was accepted from the

mass slit to be refocused in a small volume at the scattering

target. In contrast, Sp2 accepted scattered beam with a large phase
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space in both the vertical and horizontal directions, and dispersed
it over x and y in large chambers at the rear. Therefore, the
quadrupole magnets in Sp2 were set at a relatively higher field to
produce a convergence in y in the region of the dipole magnet, in
order to confine the beam within the vacuum system.

Dispersion in the y-direction in Sp2 was minimized in
first-order, so that Sp2 is described by eq. 3.3.4.a, like Spl.
The TRANSPORT input deck for Sp2 is included in appendix 3.3.5.a.
In figure 3.3.5.a, the beam profile in Sp2 is plotted as a function
of distance. Note the y-convergence beginning at z = 2.2m, at D4,
and the increased dispersion in x, beginning at about 2=6.2m, at the
rear of Sp2, between P3 and P4.

At Pgro = 716 MeV/c, TOFy - TOF; = 0.66 ns/m, so that the n*
and K* components of the scattered beam should be separated in TOF
by 4.95 ns over the 7.5 m path between S2 and S3. In figure
3.3.5.b, a TOF spectrum between S2 and S3, pion and kaon groups are
separated by about 5 ns (50 ps/division). The TOF histogram shown
here appears free of background, but that is because test 117, which
all these events have passed, includes many cuté requiring proper
vertex projection, sensible drift chamber information, etc. In
figure 3.3.5.c, however, these cuts are not present, and the kaon

signal is not discernable in the background.
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The pions in Sp2 had a

kaons.

Beam profile evolution in Sp2.

7 8

digher relativistic velocity than the

This fact was exploited in using a liquid nitrogen (LNZ)

filled threshold Cherenkov light detector (an array of 7 PMTs

surrounding an LNZ filled cavity) at the rear of Sp2 to distinguish

pions from kaons.

Cherenkov radiation is

The threshold condition for the emission of
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Figure 3.3.5.b. TOF spectrum in Sp2, showing only events which pass

all good (n*,K*) tests (test 117), except TOF (gate 2).

g> = , eq. 3.3.5.c

vhere B = v/¢, the relativistic velocity, and n is the index of
refraction of the medium. For liquid nitrogen, n = 1.205, implying
particles with B » .83 are above the emission threshold. For kaons,
8 = .84 for Py = 765 MeV/c, while for pions, B = .84 for Pn = 217
MeV/c. VWith Sp2 set to transport particles with P = 720 = 4% MeV/c,

a bur. of light in the LN, detected by at least 5 of 7 PMTs in the
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Figure 3.3.5.c. TOF spectrum in Sp2, for events with no cuts

applied. The kaon signal is not apparent.

Table 3.3.5.a

PMTs in (n)AND(Cherenkov)/(n) (K)AND(Cherenkov)/(K)
coincidence = I efficiency = K efficiency

N>1 .998 .630
N> 2 .997 .298
N>3 .995 .122
N > 4 .994 .046
N>5 . 989 .012
N> 6 949 .004
N>7 .684 .002
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Cherenkov detector at the rear of Sp2 identifies a particle with
less mass than a kaon, namely a n*, u'*, or et.

There are ways in which the information £from this simple
detector may have been misleading. A kaon decaying in a forward
angle, near the Cherenkov detector produces a u* or a u*t with
sufficient momentum to trigger the detector. Delta rays, or
knock-on electrons, also could have sufficient B to produce a
trigger. These two effects serve to reduce the number of valid
(n*,K¥) triggers by vetoing genuine K' signals. In addition,
inefficiency in the PMTs would increase the number of invalid
(n*,K*) triggers by not vetoing (n*,X) events. The total efficiency
of the Cherenkov detector was measured by varying the number of PMTs
required in coincidence with the pion signal- in Sp2 (results are
displayed in Table 3.3.5.a). By requiring simultaneous signals in
at least 5 of 7 PMTs in the detector, pions were identifiable at the
99% level, while kaons produced a signal about 1% of the time. This

allowed a vast decrease in the fast electronics dead-time.

3.3.6 Momentum calibration of Spl and Sp2

Because the spectrometer magnets were to be operated at several
different central momenta, it was necessary to obtain a calibration
over a wide range of fields. Magnet currents were monitored and

controlled through a computer system called DIBBUK maintained by the
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AGS staff. In addition, Hall-effect probes monitored most magnets
in Spl and Sp2, allowing a more precise control of field settings.
The calibration strategy involved measuring the central magnetic
y salds directly by the "floating-wire" technique, while noting the
Hall-probe voltage, producing a table of momenta versus
Hall-voltage.

The basis of the floating-wire technique is conceptually
simple: a current carrying wire under tension T in a magnetic field
will assume a shape and position identical to the trajectory of a
charged particle of momentum P moving in the field. The relation is

expressed

P = 2.9388 % , eq. 3.3.6.a

with P in #4eV/e¢, T in grams, and i in amperes, for convenience in
units. Figure 3.3.6.a shows the circuit diagram and principal
equipment used in the measurement. The current in eq. 3.3.6.a
arises from the voltage across resistor R, the sense of polarity
chosen to correspond to a positively charged particle beam moving in
the positive z-direction. The wire was BeCu alloy (2% Be), 4 mils
in diameter, kept under tension by a mass of 50 grams, and for some
measurements, 80 grams. Since the wire was deflected in the
x-direction by the magnet, the pulley had to be attached to its

support by a hinge oriented along the y-axis, with the pulley free
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Figure 3.3.6.a. Sketch of circuit and equipment used to perform the

floating-wire calibration of the Sp2 magnets.
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to pivot about the y-axis, as well as rotate in its usual motion
about the x-axis, so as not to hinder the motion of the wire. An
aluminum pulley and support were used, so for convenience, the cable
from the voltage supply was connected directly to the pulley
support. The fixed end of the wire was bound to a flange bolted to
the face of magnet Q8, at the entrance of Sp2. The voltage
connection here was made directly to the wire, completing the
circuit. Mounting flanges for the pulley structure and stationary
end were electrically isolated from the magnet bodies. All of these
mechanical and electrical considerations were necessary to avoid
interference with the wire, so that tension came only from the
suspended mass.

A wide range of momenta were measured; from 500 MeV/c to the
dipole maximum of roughly 1100 MeV/c, in 50 MeV/c steps.
Previously, BNL workers had obtained several values of the dipole
magnetic field, and corresponding Hall-voltage, by the "flip-coil"
method. These settings were used as a guide in finding the 50 MeV/c

steps. The magnetic field is related to the central momentum by

B = 33.356 g : eq. 3.3.6.b

vhere B is in kGauss, P is in GeV/c, and s = 1.7056 m, the length of
the D4 magnet. Using equations 3.3.6.a and .b, voltage in the power

supply was set to approximately produce a desired "momentum setting"
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in the floating wire. In practice, the voltage was varied slightly
until the wire was centered in the dipole according to a transit
survey alignment with scribe marks, defining the actual magnet
momentum setting.

Appendix 3.3.4.a contains the data used in generating the

polynomial curve fit (x2/N = 2.4)

Vpa11 = (<2.65 x 10°1) + (2.26 x 1073)%p + (-2.77 x 1076)xp?

+ (2.38 x 107)*p3 + (-6.59 x 10713)xp? ,eq. 3.3.6.c

where P is input in MeV/c, giving a functional form for the
Hall-voltage, useful in setting the spectrometer during the
experiment. The data in appendix 3.3.4.a are plotted in figure
3.3.6.bh, graghically showing the smoothness of the measurement and
combining both 50 and 80 gram points. Because of electrical power
limitations at the time, only the dipole magnet D4 was operating
while collecting these data points. However, since misalignment of
a quadrupole magnet could introduce a "steering" component or a
third-order optical aberration, it was necessary to perform the same
measurement after the completion of the experiment, but with all
four quadrupoles in Sp2 operating at field strengths used while
collecting (n*,K*) data. First, data were collected with only D4
operating for a comparison with earlier measurements. The D4 data

wvere approximately reproduced, and when the quadrupoles were turned
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Figure 3.3.6.b. Data collected in the floating-wire procedure,
giving a calibration of SpZ, in the momentum range 500 to 1100
MeV/c. A curve fitting this data is given by equation 3.3.6.a,

useful in setting the spe._trometer at fields other than those

directly measured.
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on, the wire was not deflected, indicating there were no aberrations
arising from these magnets. A polynomial fit to this second set of

data (appendix 3.3.6.b, x2/N = 0.27) giveu

vhall = (-6.74 X 10-1) + (5065 X 10-3)*P + (—1.38 X 10_5)*P2
+ (1.96 x 10-8)#p3 4 (-1.38 x 10-11)#p4

+ (3.90 x 10°19y%pd | eq. 3.3.6.d

systematically giving momenta ~2 MeV/c¢ higher than eq. 3.3.6.c, for
the same Hall-voltage. This corresponds to 0.23 grams of added
tension in the wire, which could be attributable to: 1) increased
friction in the pulley; or 2) soldering a lead to the floating wire
to make the electrical circuit, instead of connecting to the pulley
mount, as wvas previously done. A good electrical connection could
not be made directly to the pulley mount during the laiter set of
measurements.

While collecting the final set of Hall-voltage calibration
data, a problem with the computer control of D4 was discovered.
Using the /LI command (to list magnet parameters on the CRT) on the
DIBBUK system caused the D4 magnetic field to vary by ~:1%¥ for 2-3
seconds. The problem had potentially serious implications for the
da.a, since DIBBUK was usually placed in automatic monitoring mode
during data collection, issuing the /LI command every 30 seconds.

Magnet specialists from the AGS traced the problem to a faulty
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electronic controller which oscillated when interrogated by DIBBUK.
The malfunctioning circuit was replaced, and D4 control was
regained.

The effect of this variation of the D4 fleld on the
spectrometer energy resolution is calculable as follows. Consider a
central ray with D4 at the expected setting; then xg¢ = x. =0,
8 =6, =0, and & = 0. Now consider this same particle entering
Sp2 after an excursion in the D4 field. Under this condition,
Xg = o, ef = 0, but X, and er are non-zero. When the /LI command on
DIBBUK was used, the floating wire was observed to move about 1/2
inch from the central position. This yields an approximately ~0.5 %
spurious change in &. This result is smaller than the ~1 X%
variation observed in the Hall-voltage, but the frequency of
oscillation of the field was probably short~r than the time constant
for the oscillation modes of the wire, so that the wire did not
reach full amplitude in response to the field. Finally,
fluctuations were observed to last about 3 seconds. If the /LI
command was issued every 30 seconds, this means ~10 % of the good

events were displaced by as much as 8 = 1 % or ~4 MeV in excitation

energy.
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3.4 Detectors

Magnetic spectrometars provide a physical basis for measuring
the momentum of a particle, depending on the phase space coordinates
of the particle both before and after the spectrometer. Using pairs
of pbsition measuring detectors, these phase space coordinates are
determinable.

Additionally, the mass of the particle must be known to
calculate the total relativistic energy. Mass species are
identifiable by TOF differences over a known path length, for a
ziven momentum. TOF differences are measurable by recording the
time between pulses in scintillators at the front and rear of the
spectrometer. Since they are simply required to measure the
presence of a particle, timing scintillators are in the trigger
counter category. A Cherenkov detector is also a trigger counter,
but because the threshold and angle of Cherenkov light production
depend on the B of the particle, this detector can be used alone to
distinguish between particle species, under certain conditions. The
Cherenkov counter used in this experiment was discussed in section
3.3.5.

In this section, it is explained i9ov trigger counters and
position measuring detectors yield data used to calculate the

momentum and energy of a particle which has passed through the

spectrometer.
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3.4.1 Trigger counters

Particles passing through matter collide with electrons and
nuclei. Collision cross sections with electrons are much higher
than with nuclei because of the following classical considerations:
the interaction is coulombic, and electrons £fill a much greater
volume, on the order of angstroms in diameter, while nucleons are
confined to fermi diameters in their motion. The cross section for
incident particles with charge is much higher than for neutrons,
since neutrons can interact coulombically only via a magnetic
moment. For incident charged particles more massive than electrons,
the qualitative effects of collisions with electrons and nuclei are
quite different. In collisions with electrons, a more massive
particle loses energy without appreciable trajectory deflection.
But in a nuclear collision, the more massive nucleus, with multiple
charge, absorbs little energy, but significant alteration of the
trajectory occurs because of the coulomb interaction. Therefore,
charged particles 1lose energy passing through matter almost
exclusively in collisions with electrons: this energy is converted
by various processes into photons.

Scintillators are made of materials which have a high photon
yield for these processes, and transmit photons well. A
scintillator is optically coupled to a photomultiplier tubs (PMT),
so that the photon signal is amplified, giving an electronic trigger

signal indicating the passage of a charged particle.
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The underlying processes for energy loss are the same in the
Cherenkov effect, but the emitted photons constructively form a
wavefront which is observed as a strong flash of light by a PMT.
There is a threshold and angle associated with the wavefront;
properties which can be exploited to increase the information

derived from the detector.

3.4.1.1 Time-of-flight scintillators

The scintillators used were 1/4 inch thick NE102 plastic, large
enough in area to intercept all eof the beam at their position.
Since the beam covers a large area at the exit of Sp2, segmentation
of both S3 and S4 into two sections, to maintain light gathering
efficiency, was required. Also, each timing scintillator was
monitored by two PMTs: one at each end fed into common coincidence
circuitry to give a meantime signal for each pulse. This technique
cuts extraneous background, particularly in high contamination areas
such as the mass slit cave, where S1 was located, producing a more
stable timing trigger. For the position of the scintillators, refer
to elements labelled Sn in figure 3.3.2.a.

Several essential event signals were constructed using
information from S1, 52, and S3. Basically, they were of two types;
S1-to-S2 TOF and S2-to-S3 TOF. Both a pion beam and kaon beam

signal vere derived from the S$1-S2 coincidence. The K/n ratio was
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typically less than 1/1000, so that the K* component was not an
important factor in the allocation of event processing priorities.
A "loose" coincidence, giving the scattered event signal in Sp2, was
formed by timing-in both pion and kaon signals over a la.ge energy
range; the pions could later be rejected by the Cherenkov counter,
or in software. This strategy facilit:ited quickly changing the

event trigger between nB-nS, KB-KS, nB:-KS, etc., as required.

3.4.2 Position measuring detectors

Detecting the position of a particle is usyally done in omne
coordinate: a strip of scintillator, or a wire aligned along a
coordinate direction detects the passage of a particle. Since the
z-position of the detector is known from an optical survey, this
measurement gives 2 of 3 coordinates of the particle. Various
strategies exist to economically measure the third coordinate; in
this particular experiment, an identical drift chamber, rotated by

90°, vas placed adjacent to the first detector.

3.4.2.1 Scintillator hodoscope
A scintiilator hodoscope was employed between scintillator S1
and drift chamber DCl in the mass slit cave. It consisted of 20

overlapping scintillators, each with dimensions 9mm x 1.25" x .125"
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(x by y by z). The overlapping was done to give 3mm x-position
resolution -- the elements were arranged in two rows, with 3mm gaps
between each element, with elements in each row centered over gaps
in the other row. The detector covered 5 inches in the x-direction.
Position information derived from Hl, in coincidence with DC1
position information, was used in software to eliminate spurious
extra hits in DCl1, arising in the high back-ground rate environment
of the mass slit cave. Small PMTs (RCA 8575) were used to amplify

the raw signals.

3.4.2.2 High-rate drift chambers (DCn)

Drift chambers developed and constructed by the BNL members of
the experimental collaboration were used for the first time, in the
(n*,K*) experiment. Seven chambers, designated DC1-7 (figure
3.3.2.a), vere used in the highasr data-rate arsas of the mass slit
cave and scattering target region.

Each chamber was composed of two planes of 24 wires each,
separated by 4.5 mm. A charged particle passing through the first
plane (X) (figure 3.4.2.2.a) was sensed by ionization collecting on
signal wires, shown as dots; the anode, or potential wires, are
indicated by circles. In the second, adjacent wire plane (¥’), the
wires were offset by one drift distance from the first wire plane.

This geometry improved the resolution of the detector, since
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X o ® o|—we o e 4.5mm

Figure 3.4.2.2.a. Diagram of the drift chamber, showing a cross
sectional view of the two planes, x and x', with a particle incident
from the top of the page. Signal wires are shown as dots, potential
wires as circles. For perpendicularly incident particles,
t; + t; = constant. The two planes are offset by one drift distance

allowing the resclution of wire hit-side ambiguities.
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information from two planes was used to pinpoint the side of the
wires on which the particle passed. A common-base pre-amplifier
with emitter-follower formed a hybrid pre-amplifier which was
compact and connected 2.5 cm from the aciive wires. The input
capacitance was therefore low, minimizing both pre-amplifier noise
contributions to the signals and discharge energy in the event of
chamber arcing. The 2.2 mm cathode plane-to-wire spacing was
possible because gas seals were made by coating the chamber with a
mixture of 50 % beeswax, 10 X parafin, and 40 ¥ rosin, eliminating
the need for thick o-ring seals. The chamber active area was 5 cm
by 12 cm, easily covering the typical 2 by 10 cm beam spot size.
Signal wires were 10um Au-¥W alloy, while potential wires were 5Cum
Cu-Be zlloy. The distance between signal and potential wires (drift
distance) was 2.54 mm. The cathode planes (also serving as gas
seals) were 25.4um thick kapton sheets made conductive by a 2000 A
evaporation layer of Cu, held at -1250 volts. The anode wire
voltage was -1350 volts.

Initially, the chamber gas was a mixture of equal parts argon
and ethane. But after only a few hundred hours of operation,
chamber efficiency began to fall, and so a small amount of methylal
was introduced to the gas mixture to inhibit material deposition on
the wires. Soon aftervards, two chambers failed when kapton
windows, dissolved by the methylal, allowed air into the wire

region, resulting in catastrophic electric discharges from the wire
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anodes to the plane cathodes. The kapton window failure was caused
by a reaction of the methylal with type of kapton polycarbonate used
in three of thz drift chambers; the other chambers were free of this
problem. However, it was discovered that in all of the chambers,
carbonaceous crystal filaments had grown perpendicularly from the
anode wires, following the electric field lines. These were most
likely the original source of the falling chamber efficiency,
alloving currents to develop from wire to plane which disrupted the
potential patterns. The source of the carbon material was
identified as a soft urethane glue used to bond the chamber frames.
After this material was covered with a hard epoxy, the filament
problem did not return. The chambers were cleaned, reactive kapton
vwindows were replaced, and the ch:mbers re-installed. In subsequent
experiments it was found further "aging" of filament growth on wires
was inhibited by changing the chamber gas to 75 % argon, 20 %
isobutane, and 5 ¥ methylal.

The signal processing was accomplished with electronics mostly
built or modified by the BNL group [Pi 84). From the pre-amplifiers
mounted on the chamber chassis, the signal traveled 3 meters on 93Q
ribbon coaxial cable to a modified LeCroy 2735
amplifier-discriminator card with 16 channels. The amplifiers on
these circuit boards were grouped in four chip housings -- four
amplifiers to a circuit package. The modifications by the BNL group

mostly involved capacitative filtering to isolate all 16 circuits
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from one another, eliminating cross talk. Also, the cards were
housed in NIM-standard modules and wrapped in copper foil to shield
from stray electric fields. The amplifier introduced a *4 ns
variation in propagation time through the circuit, which was
corrected in software, for each channel.

Figure 3.4.2.2.b shows a typical signal shape at the
discriminator input, measured with a re x-ray source triggering
the chamber. The potentials were somewhat lower than in practice,

with the cathode plane at -1000 V and -1100 V on the anode wires.

200 mv/div
1

1 1.1 1 11
5 nsec/div

Figure 3.4.2.2.b. Typical signal shape from the hybrid
pre-amplifiers going to the LeCroy ‘iscriminators, measured with a

55Fe source triggering the chamber [Pi 84].
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The LeCroy 2735 produced ECL-standard pulses, which were routed
through 6 m of 100 Q twisted-pair cable to "homebrew" CAMAC
multi-hit TDC units [Fa 81]. Lata from each wire were cyclically
clocked at 250 MHz into individual 128- or 256-channel TDC memories
until an external stop signal (e.g., good n-K TOF) was supplied. 1In
¢ .ct, a snapshot in time of all wire events was stored in the
TDCs. The TDC required only one clock pulse (equal to 4 ns) between
the trailing edge of one signal and the leading edge of the next, so
it was virtually free of dead time.

The performance of the chamber system can be seen in histograms
of parameters measured with an incident pion beam of 5 x 10% n*/s at
P, = 1050 MeV/c. Figure 3.4.2.2.c shows the average output pulse
width to be 38 ns, giving the single-wire double-pulse resolution.
Also shown is the histogram of ion drift time averaged over all (14
X 24 = 336) wires in 14 drift planes. This figure gives an average

reciprocal drift velocity of 18 ns/mm.

3.4.2.3 Multi-wire proportional chambers (P3,P4)

The chambers labelled "CMU" in figure 3.3.2.a were proportional
chambers P3 and P4 constructed by the Carnegie-Mellon University
group. The 1large active areas of 33.8 x 15.2 cm for P3 and
33.8 x 33.8 cm for P4 (horizontal by vertical) were required to

cover the large beam phase-space at the rear of Sp2. Electronic
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Figure 3.4.2.2.c. Average output pulse width from wires in the
drift chamber. The width is 38 ns, giving the effective single wire

double-pulse resolving time [Pi 84].

read-out was by PCOS amplifier cards mounted directly to the chamber
frame. The sense wire spacing was 1.058 mm. The chambers were
replaced after the (n*,K*) experiment by drift chambers of the type

discussed in the previous section.
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3.5 Data acquisition
The division of labor in acquiring data is naturally organized
into two categories: hardwvare and software. Hardware includes all
the electronic units which process and guide the flow of raw data
from various detectors onto magnetic storage tapes. In principle,
electronic hardware alone is sufficient . perform experiments and
gather data. However, experimental complexity dictates using a
computer to monitor and control magnetic field settings and proper
detector function, £for example. Also, quantities dealing with
spectrometer optics and excitation energy spectra are calculable
"on-line" during data gathering, providing procedural decision
guidance. The reduction of vast volumes of data is possible only
with a computer. Software has therefore become an indispensible
experimental tool because it allows the experimenter to verify

on-line the proper operation of an othervise unmanageably complex

experiment.

3.5.1 Hardware

Two types of hardware were used: 1) logic modules, hardwired to
produce a signal only when specific event trigger conditions were
present, and 2) programmable units, the micro-programmable branch
driver (MBD) and the PDP-11/40 computer. The vast majority of

incident pions did not produce a scattered kaon -- these "“beam
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only" events were rejected by fast logic, with only (n*,K*) event
triggers being passed along to the computer for processing and
storage. The task of fast legic in general was: using TOF
information, identify the small fraction of events of actual
interest. When an event trigger was present, and the computer was
not busy processing a previous event, the computer interface called
computer automated acquisition and control (CAMAC) signalled the MBD
to read all data for the event. The MBD then passed the data to the

PDP-11 where it was stored on magnetic tape for later analysis.

3.5.1.1 Trigger electronics

The event trigger wvas based on TOF information. A time
coincidence was formed between S1 and S2 for pions in Spl, giving
beam pion triggers, denoted nB. Similarly, a looser time
coincidence between S2 and S3 was formed for pions and kaons ia Sp2,
called KS. Note that tightening the KS trigger in future
experiments to exclude pions would improve trigger dead time. The
coincidence nB:-KS defined the event trigger. In addition, other
triggers were formed for dianostic use: KB, nS, nB-nS, and KB-KS.

Figures 3.5.1.1.a, .b, and .c are schematic diagrams of the
circuitry used to form nB, nS, KB, and KS with signals from S1, S2,
and S3. Abbreviaticns appearing in all three figures are defined in

figure 3.5.1.1.a. Timing scintillator pulses were read by two PMTs;
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one at each of two opposing ends. Timing circuits formed the
"meantime" ol the signal in the scintillator by merging the two PMT
signals in a LeCroy 624 meantimer. A signal in S2 defined the start
of timing. At the exit of Sp2, S3 covered a large space, requiring
the use of two large paddles, S3U (upper) and S3L (lower), which
were treated as logically distinct timers.

When a nB-KS signal arose, it would be vetoed if a signal was
present in the liquid nitrogen filled Cerenkov threshold counter,
since such a signal would come from a pion, not a kaon. In figure
3.5.1.1.d, the circuitry processing the Cerenkov counter information
is shown. The core of this circuit is the "multiplicity logic
unit", which gives output according to a preset level of "N" input
coincidences. In the present experiment, N=4, so that the KS signal
was vetoed only if 5,6, or 7 of the PMTs monitoring the 1liquid
nitrogen chamber simultaneously produced a signal. Additionally,

the same signal level was required in coincidence with the #S

definition.

3.5.1.2 CAMAC, MBD, and PDP-11/40

The final steps in data acquisition occur when the trigger
electronics signal the presence of an event through the LAMPF
trigger module (LTM): data reading by CAMAC modules is halted, and

all data is read by the MBD. When the computer is ready, it reads
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evgnts.
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Figure 3.5.1.1.c. Schematic diagram of circuit used to process raw
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Figure 3.5.1.1.d. Schematic diagram of the circuitry used to
process rav data from t*- PMTs in the liquid nitrogen filied
threshold Cerenkov counter. The multiplicity logic unit was used to

define the number of PMT pulses required in a coincidence to tag a

pion event.
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the MBD buffers, storing the event on tape for later analysis, then
passes an enabling signal back to CAMAC when it is finished, so the
entire process can be respeated. As time allows, physical quantities
like scattering ongle and missing mass are calculated and stored in
histograms.

CAMAC is a derfined standard electronic system providing an
interface between electronic modules and a computer. Scalars, TDCs,
and ADCs reside in the CAMAC crates. An event trigger, in
coincidence with a "run gate" (figure 3.5.1.2.a) signaling
computer-not-busy, causes scalar inhibit and trigger hold-off
signals to be issued. All data in the CAMAC scalar, TDC, and ADC
registers are then frozen. In principle, the computer could now
read this data directly over the CAMAC branch highway, using FORTRAN
callable FCNA routines which operate on specific crates, slots, and
channels in CAMAC. But an MBD provides a more efficient way of
reading this data. The MBD is a 4K micro-computer with eight
partitions capable of running micro-code on the command of the
PDP-11 or a CAMAC look-at-me (LAM) signal. The MBD is alerted to
the presence of an event by a signal in input EV6 of the LTM issuing
a LAM. This causes the MBD to execute the Event 7 micro-code which
reads all event data from CAMAC modules into an MBD data buffer.
Running micro-code for Event 4 transfers the contents of the data

buffer tc the PDP-11.
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3.5.2 Sottware

The Q-system software is _.scribed in documents available from
the LAMPF data analysis center. The discussion here includes a
brief overview, along with a presentation of specific codes used for
this experiment. The replay-reduction-analysis program was nearly
identical to the one used for data acquisition.

The main driver program, known as the analyzer, was named
PROC7X. Event data buffers were allocated as arrays within the
analyzer task. ihen the MBD completed a data transfer to this
buffer, the PDP-11 wrote data to tape along with header information
of date, time, etc. The analyzer recognized three different event
modes: "must piocess", "mav process", and "no process". During
(n*,K*) data collection, the "may process" mode was used, meaning
the computer was allowed to reduce data whenever it was not busy
vriting to tape, or reading an event. Both raw data and calculated

quantities were then distrib - to various histogram files.

3.5.2.1 The analyzer

An znalyzer is a driver program that calls subroutines to
calculate software corrections to raw data in addition to final

kinematic quantities. The flow chart in figvre 3.5.2.1.a gives the

was taken.
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1
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1
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and TOF
L
Calc. Hodo. Position
1
Execute Block 1
of Tests
-+ Exit if TOF Bad
1
Fetch and Correct. Position
Data from all Chambers
1
Calc. Angles and Projections
1
Calc. Multinomials:

8 8
Sp1’¢ Sp2

Calc. Ki::zmatics (CALKIN)
1
Execute Block 2
of Tests

+ End

Figure 3.5.2.1.a. Flowchart fo- the one-pass Analyzer, PROC7X.FTN.

First, rawv even® data from the buffer was distributed to arrays

accessible mnemonically. All relevant ©pulse height and TOF

quantities were then calculated. Hodoscope informaticn was

converted to x-position. A wide TOF cut for kaons was imposed in

BLOCK 1 of data word testing (described in the next section);
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further calculation was aborted if the particle did not pass the TOF
cut.

Next, processing of position information began by correcting
position data for all chambers according to measured individual
drift wvire characteristics and TDC calibrations. Knowing positions,
angles and position projections were calculable. These were
straightforwvard calculations: using z-positions for chambers, and
measured x- and y-positions, ©® (x-angle), and ¢ (y-angle) were
computed at the exit of Spl, and at the entrance and exit of Sp2.
In addition, x-position at th:z scattering target was projected from
position and angle information. With all positions and angles
computed, GSpl and 88p2 vere calculable using TRANSPORT-like
coefficients contained in the sgecial parameter file POL.DAT. The
advantage of &§-polynomial coefficients residing in a called file is
flexibility; they can be changed easily during spectrometer optics
studies. Using 85p1~ GSpZ’ reaction participant masses, energy
losses, and spectrometer central momenta values, the reaction
missing mass was calculated with the kinematics routine, CALKIN.
This routine was identical to the one used at HRS and EPICS at
LAMPF, except for an exchange of © and ¢ to account for the
orientation of Spi and Sp2 being rotated by 90° in the scattering
plane (these spectrometers lay on their "sides" compared to HRS).
Finally, BLOCK 2 of the tests was executed, in which good

hypernuclear events were positively identified.



83
3.5.2.2 Data-vord testing

Several hundred data-words, residing in real and integer
arrays, were separately testable. These words included chamber hit
information, TOF, and all calculated positions, projections, and
angles. The tests which could be applied to the data words included
GATE(True if the data-word value is within specified bounds), EQUAL
(True if value is equal to a specified constant), and logical tests
on two or more data-words: AND, OR, EOR (Exclusive OR), e:z. Tests
wvere combined logically to define (n*,K*) event validity out of the
set of trigger events passed to the computer.

The tests, or cuts, applied to the events passed to BLOCK 2 eof
PIKNEW.TST (Appendix 3.5.2.2.a). were: 1) one possible hit in DC1
AND DC2 AND DC3; 2) one possible hit in DC5 OR DC7; 3) exactly one
hit in "CMU" multi-wire proportional chambers P3 and P4; 4) proper
vertex projection (insuring the scattering occurred in the target);
5) kaon TOF in S2 to S3; 6) +27 mr window on 8 at the exit of 3pl;
7) -1.3 cm to +1.6 cm window on y-direction at the exit of $p2; and
8) #5 mr vindow on 8 projected to the entrance of Sp2 with rear 5p2
information, minus © measured at the entrance of Sp2 -- called

"theta check”. Good (n*,K*) events passed a test requiring passage

of an AND of all eight cuts.
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3.6 The scattering target

The lifetime of the A particle bound to the nucleus is about
0.2 ns [Gr 85], effectively in coincidence with the (n*,K*) event
trigger. A large amcunt of energy is released in the A decay,
fragmenting the nucleus and ejecting energetic nuclecns, or a
nucleon and a pion. Observation of this decay can be exploited to
provide a confirmatinn, in combination with the normal event
trigger, that hypernuclear form .ion occurred. The simplest method
is to use a plastic' scintillator with PMT readout as a scattering
target. This is known as a "live target", since in addition to
serving as the scatterer, it detects the energy loss of products of
the A decay.

Ihe beam spot size at the ﬁivot position between Spl and Sp2
vas about 8 em x 2 cm (x-direction by y-direction), defining the
minimum required target dimensions. An NE102 scintillator measuring
1"x2"x4" (z by y by x) was used as the scattering target. It was
attached to a PMT by optical glue and shielded from exterior light
in the usual way by a wrapping of aluminum foil and black electrical
tape.

Scintillator plastics (such as NE102) are made of polystyrene,
a large organic molecule with an atomic ratio of H/C = 1.10 [Ba 80].
Using this information, and assuming additive densities, the density

for the 120 constituent in the target may be extracted:
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Pc = Pgeint ~ PH = 0.940 g/cm3, eq. 3.6.a

vhere pscint=1‘032 g/cm3, and pH=0.092 g/cm3. Using this density,

the effeztive scattering center area wvas

= 8.39 x 10724 cn?, eq. 3.6.b

vhere No is Avogadro’s number, A is 12 g for the atomic weight of
12C, and d is 2.54 cm for the thickness of the target. Note that
the presence of hydrogen in the target was relevant only as a
consideration in this density calculation, since the (n*,K*)
reaction cannot proceed on the hydrogen nucleus.

Energy lost by charged particles reaches a minimum at 8 = 0.96,
almost independent of the medium. However, for Py = 716 MelV/c,
By = 0.823, and for P, = 1054 MeV/c, Br = 0.991, so that one would
expect th2 energy loss for these particles in the target to vary
from the "minimum ionizing" condition. For relativistic particles,

the energy loss is given by

2,2
Dp 2 2. 2m_y“B
L _V"‘_'“(_l)z{qn( € ) - 32}, eq. 3.6.c

I

where the subscripts m and i refer to the medium and the incoming

particle, respectively. Also, D=4nNorgme = 0.307 MeV-cmZ/g and
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I = 16(Zm)0'9 eV for Z 3 > 1, to account for binding of atomic
electrons. For Z = 1, the ionization energy is I = 13.6 eV. 1In a
target such as NE102, which is a chemical mixture, the energy loss

may be approximated by

N
dE dE
& _‘E &, eq. 3.6.d

n=1

where (dE/dx)n corresponds to the nth chemical constituent, using
pms Zpy €tc., as the "partial" density, charge, etc., of the medium.
Using eqs. 3.6.c and 3.6.d gives dE/dx = 2.50 MeV/cm for K* at
PK = 716 MeV/c, and dE/dx = 2.25 MeV/cm for n* at Pn = 1054 MeV/c.
These numbers reflect the mean energy loss of an energy loss
distribution function. In calculating the missing mass, these
numbers were used, together with the simplifying assumpticn that the
“wpernuclear interaction always occurred at the middle of the 1"

thick target. For n*, this constitute = 2.86 MeV, and for

Bloss

K, Epgs = 3-17 MeV.

The signal from the live target was fed into both a TDC and an
ADC. The voltage on the PMT was set low, at =1300 V, since only
large pulses were of interest.

A live target is useful only if it gives information positively
correlated with an event. 1In the present experiment, the 1live
target yielded ambiguous data on the formation of hypernuclei. This

can be seen by histogramming the - tio of: (good events lacking a
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Figure 3.6.a. Fraction of good ev~nts vhich weres nof coincident
with a large pulse height in the live target. The positions of two
spectral peaks observed in other histograms, are indicated. The
absence of counts in the peak region suggests the live target may

have been working as intended, although not decisively.
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large live target pulse height)/(gcod events), as a function of
hypernuclear excitation energy. This histogram (figure 3.6.a) chows
a flat distribution of good events for which there was no large
pulse height. This implies that the live target pulse height
softvare cut served only to reduce the effective hypernuclear event
rate, and therefore intrcduced greater statistical counting error.
In the spectra presented in section 4.1, the live target pulse

height cut was not used.
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CHAPTER FOUR

4. Experimental resuits

The experimental results consist of three excitation energy
spectra for the 12C(n*’,l(*‘)AIZC reaction, collected at spectrometer
settings of 5, 10, and 15 degrees. Prominent structures in the
spectra are discussed in this chapter, along with the associated
topic of spectrometer energy resolution. Errors connected with
knovledge of peak strengths are presented, leading to a calculation

of the differenvial scattering cross sections for each spectrometer

setting.

4.1 Hypernuclear spectra

Excitation energy (E,,) spectra recorded for A?Zc for
laboratory angles of 5.6, 10.3, and 15.2 degrees are shown in figure
4.1.a. These angles are the centroids of empirically determined
kaon spectrometer accep*ances corresponding to spectrometer angle
settings of 5, 10, and 15 degrees. The determination of these

angles is discussed later in this section.
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Figure 4.1.a. Excitation energy (Eex) spectra for AlzC excited in

the (n*,K*) reaction at laboratory angles of 5.6, 10.3, and 15.2
degrees. The incident pion momentum is 1054 MeV/c. These spectra

have been shifted 4 MeV to the right as described in the text.
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Several features are common to all three spectra. Mest
important are the two peaks, at about Eex = 0 MeV and Eex = 11 MeV.
They appear with the same energy spacing reported in the previous
studies [Ch 79} of 12C(K',n')A12C, as expected. As shown, the
spectra have been shifted 4 MeV to the right (that is, the ground
state originally appeared at E,, = -4 MeV). The sources for this
error in the energy scale most likely arise from the rather large
momentum difference of the two spectrometers of ~330 MeV -- this is
discussed more fully in section 3.3.6, "Momentum calibration of Spl
and Sp2". Because of the similarities in the energy level spacing
wvith the 12C(K‘,n')AIZC case, it is reasonable to identify the peak
at 0 MeV as the ground state. The original, unshifted spectra data
tables, from which the graphical spectra are generated, appear in
appendix 4.1.a.

In the negative E,, regior appear events arising from pole-face
scattering, particle misidentification, and perhaps other extraneous
contributions. This distribution is presumably present throughout
the full range of the spectrum. It is hoped that in future
experiments, increasing the number of x-direction drift planes to
three at the entrance of Sp2 will reduce the vertex projection
ambiguities that allow these events to pass all the cuts. This is
especially important for observation of states in 28Si and 40Ca, for
example, vhere the cross seciions are expected to be in the 1 ub/sstr

range, similar to the strength of the background signal seen here.
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Above Bex ~ 11 MeV, in the wunbound A region, the broad
distribution results from the quasi-free process n* + n 3 A + K.
The 1limitation of the spectrometer acceptance causes the
distribution to decrease in magnitude after E,, =20 MeV. An
interesting feature in the eLab=5.6° spectrum is the possibility of
a faint peak near E,, = 1t ‘eV. This possible state is discussed in
section 5.1 along with shell rodel configuration assignments for the
other states.

Dashed lines under the two peaks represent an extrapolation
from the background region to the continuum region for the purpose
of background subtraction. These lines were chosen subjectively and
do not contain any physics.

The centroid of the spectrometer acceptance is not the same as
the relative angle formed by the centerlines of the two
spectrometers. To understand this, imagine a spectrcmeter with
acceptance *2 degrees, and set with its centerline at zero degrees
with respect to the incident beam. In this case, the acceptance
centroid differs from zero degrees for two reasons: 1) the
x-direction centroid must have some value corresponding to
0 < je} < 2°, depending on how the reaction cross section strength
varies across the acceptance; and 2) in general, the particle has a
non-zero ¢ scattering-angle. In the subroutine CALKIN of PROC7X,

THTSCT (scattering angle relative to the spectrometer lab setting)
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is computed by transforming the actual scattering angle (a function
of both 6 and ¢) to an angle 6 in the x-z plane.

The effectiva centroid of the spectrometer lab angle is
equivalent tc the centroid of THTSCT. But using the raw THTSCT data
to compute the centroid would be incorrect. In general, the cross
section intensity varies across the spectrometer acceptance, and
THTSCT must be corrected for this in order to calculate an accurate
centroid. The raw THTSCT distribution was subsequently corracted
using the theoretical cross section distribution in calculating the
centroid. The THTSCT distribution at eLab(10°) (not yet corrected
for cross section fall-off) is shown in figure 4.1.b. Events in
this histogram pass all of the regular (n*,K*) requirements-- and in
addition, fall into the ground state peak region, and within a solid
angle defined in software by -27 mr < © < +27 mr, -80 mr < ¢ < +80
mr. Using this method, the THTSCT centroids for the three lab
settings are ;. (5 ) = 5.6 £0.9", ©;,,(10°) = 10.3°£0.9°, and
OLah(15°) = 15.2°t0.6°, wvhare the "uncertainty" limits refer to an
angular interval required to encompass 67% of the events in the
histogram. It should be noted that this calculation is
statistically poor, since only 69 events were used at 5 degrees, 238

events at 10 degrees, and 20 events at 15 degrees.
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Figure 4.1.b. Histogram SOLGS showing the uncorrected distribution
of eLab(1o°) of particles passing good event, ground state gate, and
solid angle requirements. Zero in this plot is equivalent to the

nominal 10 degree setting of the spectrometer.
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4.1.1 Energy resolution

The resolution of a spectrometer system is determined by three
factors: 1) the optical properties of the magnet system; 2) the
spatial resolution of position measuring detectors; and 3) energy
loss uncertainties in the passage of the beam through matter. The
first contribution can be designed to any order of precision, but
often this is not the case--usually second and higher order
imperfections are known to exist in the design. These optical
effects are correctable in software analysis--but often the design
TRANSPORT coefficients do not match the measured ones, in which case
the spectrometer is said to be "not understood" and the resolution
suffers. In the second factor, the finite spatial resolving
capability of drift chambers places a limit on achievable energy
resolution. Thirdly, the beam and scattered particles are confined
to a vacuum system in the spectrometers, so only vacuum windows,
scintillators, drift chambers, the target, and air near the target
contribute to energy loss uncertainty.

In figure 4.1.l1.a, the measured resolution for x-position is
shown for DC2. This corresponds to uncertainties Axo = 48X = 2.1 mm
fwhm (0.9 mm rms), and 6, = 6 mr, for the 15.4 cm chamber
separation. The expected, or design resolution is calculated to
first order using these parameters together with the Sp2 TRANSPORT

coefficients (appendix 3.3.4.a) Ryp = 1.06, Ry =0.02, and
R16 = 2.66, in



282 = [R_;_] [Rl%(Axo)z + Ry3(880)% + (Ax)z] . eq. 4.1.1.a
16

This gives A8 = 0.067%, or AE = .39 MeV for kaons at 700 MeV. The
inclusion of second order terms(A8 = .0442), and the effects of
multiple scattering distributions in scintillators(l MeV, or 0.14X),
drift chambers, etc., added in quadrature, increases this estimate
to 1.15 MeV. These TRANSPORT coefficients were generated using
measured magnet field maps and the assumption that the fringe field
extends one-half the magnet aperture radius beyond the magnet.
Important optical quantities were therefore included by estimate,
not detailed measurement. Achieving this expected resolution was a
goal sought through tuning the magnet elements. This estimated
optical description resembles reality enough to permit using it as a
starting point for an iterative optimization technique known as
"§-fitting".

There were two approaches used in the optical optimization and
description of the specirometers: 1) the "LAMPF way", relying on the
8-fitting process, and; 2) the "BNL way", using a matrix inversion
of TRANSPORT coefficients generated from detailed magnet maps, to

give §.
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In optimizing the polynomial coefficient fit of §, the main
assumption is an elastic scattering condition, so that sspl = GSpZ‘
Given 8Sp1’ and rays written for sspz =0, 1%, 2%, a fit
describing SSpZ is generated. Then a new SSpl is defined by
GSpl = 8Sp2’ and more rays are written for Sp2. The process is
repeated to convergence. Although it is reasonable to expect
success with this technique, there were two problems in the present
experiment. First, it is questionable if beginning the process with
7 MeV resolution, the elastic scattering assumption is valid. And
second, &-coefficients for pion elastic scattering at Py = 1054
MeV/c descibing Spl, and §-coeificients for kaon elastic scattering
at Py = 716 MeV/c describing Sp2, were combined to calculate &’s for
(n*,K%) events. The large momentum mismatch in this case could have
contributed resolution uncertainty through constant terms in the
polynomial expressions.

The best energy resolution obtained for any type of scattering
vas 2.2 MeV. This was for pion elastic scattering at 8Lap = 10°
with P, = 716 MeV/c on the 12C component of a "finger-shaped"
scintillator with dimensions 3mm x 19mm x 9mm (x by y by z). This
situation greatly restricted the effective beam phase space, giving
a "point source" for scattering. However, for (n*,K*), count-rate
requirements dictated that the full phase-space be utilized with a
target encompassing the entire beam. Only an energy resolution

limit of greater than ~11 MeV for (n*,K*) using &-coefficients
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produced with the 8-fitting technique can be stated, since no peaks
were seen. Therefore, the &-fitting technique met with failure.
The reason for this was not understood, however, it was suspected
that a mismatch of constant-terms in the &-expansion for the two
spectrometers was the culprit. But &-coefficients (generated from
magnet maps) supplied by the BNL members of the collaboration, which
had been successfully used in in previous (K7,n”) experiments,
yielded the spectra shown in figure 4.1.a, with energy resslution of
~3.2 MeV fwhm. not the resolution design goal, but sufficient for

an observation of states in 12C, expected to be ~11 MeV apart.

4.2 Error analysis

Before differential cross sections can be calculated,
experimental errors must be identified and assigned a numerical
factor, as they will enter as overall cross section corrections.
The following systematic uncertainties exist, and also contribute
mulplicative corrections to the cross sections (calculated in
section 4.3): 1) drift chamber efficiency (+10%); 2) e* and u*
contamination of the n* beam (+17%) 3) subtraction of estimated
background under the peaks (+10%); and 4) uncertainty in kaon

decay-length corrections (+10%).
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A drift chamber does not always register a hit when it
should--it is not 100% efficient as a detector. Using drift chamber
pairs, the efficiency is calculable, since when a hit exists in one
chamber of :he pair, it should exist in the other; absence of the
expected hit is attributed to chamber inefficiency. There are two
classes of contributions to chamber inefficiency. The largest is a
"geometric" inefficiency, present in the Sp2 front chambers DC5 and
DC7. These chambers intercepted some portion of the unscattered
incident pion beam; DC5 more than DC7. Therefore, an unscattered
particle passing through DC5 might possibly miss DC7 altogether, but
scatter on the SpZ vacuum pipe, loosing sufficient energy to have
proper kaon TOF. This condition would appear as an inefficiency in
DC7. Moreover, one would expect this geometrical effect to vary
vith the angle setting of Sp2. The second class of inefficiency is
a true inefficiency; it arises from the physics of the chamber, but
is also calculable. Finally, note that the percent of inefficiency
in the Spl chambers (DCl, DC2, DC3) was irrelevant, since the
analysis required a beam trigger to have one hit in each of these
three chambers, so by definition, the class of beam events for which
the chambers were 100% efficient was selected.
The chamber efficiency calculation for DC5 and DC7 is now shown
for 8, = 5.6 . In this example, the notation (DC5,DC7) is used to
represent the percentage of the total hits for the specified case of

number of hits in DC5 and DC7; that is, (0,2) = 0.2 means 0.2% of
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the total hits had zero hits in DC5 and two hits in DC7. The zero
hit efficiency is defined as the zero hit efficiency in DCS times
the zero hit efficiency in DC7. This joint zero hit efficiency
definition is intended to remove geometrical inefficiency efferts.

Using the notation above, this is written

DC5 (0,1) + (0,2)

= . . 4.2,
2D + (LD + (5D + (5D & 2
Similarly,
(1,0) + (2,0) .
= . 4.2.b
Tl v ) R W) I R ) e
Then the joint zero hit probability is
(0,0) = (DCS,) - (DC7,) . eq. 4.2.c

In table 4.2.a, the results of applying eqs. 4.2.a, .b, and .c to
data at all spectrometer angles are shown. Note that for a given
angle, the measured percentages do not add to 100%. This is because
of small non-zero (3,1), (2,3), etec. contributions, not considered
here.

Using data in table 4.2.a, drift chamber efficiencies can be
calculated, once certain hit conditions are defined as usable or

unusable. Defined as unusable are (0,0), (2,0), (0,2), and (2,2).
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Rit condition ©,=5.6"(%)  ©9=10.3(X)  6=15.2" (%)

(0,0) meas. 2.9 14.1 30.7
(0,0) cale. 0.8 2.3 3.8
(0,1) 9.2 5.6 4.6
(0,2) 0.2 0.3 0.2
(1,0) 6.1 18.8 22.0
(1,1) 75.2 52.9 37.0
(1,2) 2.0 2.1 0.8
(2,0) 0.3 1.5 1.6
(2,1) 3.3 3.7 2.8
2,2) 0.7 0.9 0.3

Table 4.2.a. Drift chamber (DC5 and DC7) hits satisfying specific
hit condition as a percent of total hits, where a good hit is

defined as (exactly one hit in Spl chambers)AND(good TOF in Sp2).

Usable hits are then (0,1), (1,0), (1,1), (1,2), and (2,1), since
all that is needed is one hit in the front of Sp2 for track

reconstruction. Then the drift chamber efficiency at the front of

Sp2 is

usable 2.
usable + unusable eq. 4.2.

The results »>f this calculation for the three spectrometer settings

are Eg(5.6 ) = 98.0%, E¢(10.3°) = 94.3%, and E£(15.2°) = 91.9%. The
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therefore persists, probably because of geometrical effects present
in cases not calculated here -- but this problem should be unraveled
in the future with data taken specifically for that purpose.

The efficiency in the Sp2 rear wire chambers PC3 and PC4 is
defined in the same way as for the front drift chambers, except that
only the condition (1,1) is defined as usable, since this
information must be used to project backwards through Sp2 in
calculating eSpZ,front‘ The resulting Sp2 rear efficiencies are
E.(5.6 ) = 91%, E.(10.3") = 85%, and E_(15.2°) = 82%.

Combining these efficiency results yields an overall chamber
efficiency for Sp2 given by Egp = E¢E.. The results are
Ep(5.6°) = 89%, Bp(10.3°) - 80%, and Ep(15.2°) = 75%. It is these
percentages that enter into the cross section as corrections. Since
there is roughly a *10% variation in the efficiencies, that is the
uncertainty assigned to their determination.

A large correction to the cross section and also the greatest
uncertainty, is attributed to an e' contamination of the incident n*
beam. This was discovered during data analysis, after the
completion of the experiment. The contamination was an inherent
quality of the beam, and therefore could not have been eliminated,
but could have been measured more precisely if it had been
discovered during the experiment. So the analysis here is

unfortunately crude.
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For a given momentum, n*, u', and e* have differing TOF through
the system. At the incident beam momentum of 1054 MeV/c, these
three particle species all have B > .99, so the TOF difference is
not measurable. But at the lowver Pbeam = 716 MeV/c, By = .982,
wvhile Be = .999, so that over the 12.59 m flight path from S1 to §3,
one expects a TOF difference of .79 ns between e* and n*. With a
TOF resolution of about 1 ns, the TOF spectrum would not show two
distinct peaks, but rather would display a skewing to the fast TOF
side associated with the e* component of the n* beam. The u*
component would not be observable with this technique, but it is
shown later that there is good reason to believe the wu”
contamination was small.
Since the presumed e* and n* peak positions are nearly the same
at Pyoan = 1054 MeV/c, the TOF spectrum at this momentum was used to

establish a reference peak shape by £fitting to a Gaussian
distribution.

Using

ul2
G(X) = A-exp{-[f?g] } , eq 4.2.d

the fit shown in figure 4.2.a was obtained with w = 2.07 ns and
f = (.87ns)(.603) = .53 ns. The nominal software conversion was 2
units/1l ps, but by looking at the TOF peak shift as a function of

momentum, this conversion was found to be 2.38 units/1 ps, because
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Figure 4.2.a. Time of flight distribution from S1 to S3, no target,
n-beam. This peak was used to establish a standard line-shape for

use in the beam contamination calculation.
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of TDC calibration. Using the corrected relative positions for e*
and n* at Ppaam = /16 MeV/c, and the reference Gaussian line shape,
the fit in figure 4.2.b was obtained. The amplitudes are A, = 42
and Ap = 110, so that the percent of e® contamination in the beam
vas 28%. But this vas the contamination at Py, ., = 716 HeV/c, not
Pheanm = 1054 MeV/c, the actual beam momentum. Since this type of
TOF measurement cannot distinguish between e* and n* at 1054 MeV/c,
the only resort is to state that: the percent contaminatior is known
to fall with rising momentum [Am 82}, there‘-re the contamination is
estimated to be 14:14%, taking the mid-point in an extrapolation to
zero.

The estimate of u* contamination is essentially a
back-of-the-envelope calculation. Over the approximately 17m flight
path from the production target to the scattering target, only about
25X of the pions decay to muons. Since the accaptance solid angle
of Spl is less than 20 msr, a very liberal estimate of u*
contamination assigns a 6% level. Together with e* contamination,
this brings the total beam impurity to 17#17%.

The background was determined subjectively by extrapolating a
straight line from the unphysical region of Egx £ -2 MeV to the
continuum region. No physics is contained in the estimate. In the
8, = 10.3° spectrum, the background estimate is about 10 events/1l

MeV bin. The uncertainty assigned to this is *20%, equivalent to *2

events.
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Figure 4.2.b. Fit to TOF distribution at 716 MeV/c using the

line-shape shown in figure 4.2.a. The e* contamination of the m*

beam is revealed as a shoulder on the fast TOF side of the curve.
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The largest correction to the cross section arises from the
in-fiight decay of ka;ns in Sp2 from the scattering target to the
LNy Cerenkov counter. Only about 23.3% of the kaons survived over
the 7.85 m central path £flight length, so that the cross section
must be multiplied by 4.29 to correct for decay. There are two
classes of error in the determination of the decay-length
correction: 1) ? = 7.85m is the central path length, but there are
many others; 2) particle identification becomes less reliable if the
particle decays near one of the detectors in the rear of the system.
The first class of error can be estimated by calculating the maximu:

first order path difference in Sp2:

A = RSIXQ + Rszeo + R568 ’ eq. 4.2-@

using TRANSPORT coefficients from appendix 3.3.4.a. This gives
8% = +.12m, or *2% error in the decay-length correction of 4.3. The
second class of error arises from particle misidentification:
consider a kaon that decays within the Cerenkov counter volume. It
is not clear how far the K-decay products must travel in the LNy
volume to generate a signal. The demarcation of the Sp2 end-point
is therefore ambiguous with respect to what value is used to
calculate the decay-length. Assuming a liberal value of #5350 cm in
the knowledge of the decay-length of the kaon contributes #%¥% error

in decay correction, so that overall, a +10% error is assigned. 1In
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future experiments, this problem could be studied in greater detail
by examining the measured decay rate with no target at 8 = 0°, as a
function of kaon momentum.

In summary, the various data corrections and errors are: 1)
drift chamber efficiency (%10%); 2) e* and u* contamination of the

+

R" beam (17+17%); 3) subtraction of the estimated background under

the peaks (+20%); and 4) uncertainty in decay-length corrections
(£10%).
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4.3 Differential cross sections

The scattering probability can be expressed as,

2;; :; eq. 4.3.a

vhere I is the number of scattered particles, d® is the solid angle
subtended by the detector, F is the incident flux, N is the number
of scattering centers in the target per unit volume, and do is a
constant of proportionality called the differential scattering cross
section, having units of area. Practical expressions for F and N
are, F = Io/a where I, is the number of incident particles and a is
the beam area, and N = a(Nop/A)d where No is Avogadro’s number, p is
the target density, A is the target atomic weight, and d is the
target thickness. By suitable arrangement of these quantities, the

usual expression for the scattering cross section is written

do 1(1s A
35 - EE[T:]{E:BH] . eq. 4.3.b

For this particular experiment, several cross section correction
factors have been discussed which must be incorporated into eq.
4.3.b. They are corrections for: 1) kaon decays in Sp2 (D); 2)

total chamber efficiency (Ep); and 3) e' and u* contamination of the

n* beam (C). Including these factors, eq. 4.3.b becomes
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Only Ig, Io, and Ep varied with angle, and will be presented
shortly in tabular form. The “"constant" factors have been
previously discussed, but are restated here. The solid angle, d%,
wvas defined by a software cut (which good events were required to
pass) at the front of Sp2 with 6 = -27 to +27 mr and ¢ = -80 to +80
mr for totals of 4808 =54 mr and A4¢ = 160 mr. This gives
dQ = (86)(A¢) = B.64 x 107 mr® = 8.64 x 1073 str. As discussad in
section 3.6, (A/Nopd) = 8.39 x 10724 cm?, with p for the carbon
component of the scintillator target. To account for kaons missing
from the gocd event spectrum because of decay over the 7.85 m flight
path in Sp2, D = 4.29. Finally, the percent of actual n* particles
in the incident beam I. is included in the factor C = .83, arising
from a subtraction of the deduced 17% e* and u* beam contamination.

The scattering differential cross sections are presented in
table 4.3.a, along with the various angle-dependent values.

Figure 4.3.a shows the differential cross sections for the
ground state and excited state multiplets, along with a theoretical

cross section curve discussed in the following chapter.



o(deg) Eex(HeV) do/dQ(ub/str) Ig I, Eq
5.6 0 13.12 55  2.36 x 1010 .89
11 16.46 69
10.3 0 9.07 156 1.08 x 1011 .80
11 9.24 159
15.2 0 5.26 14 1.78 x 1010 .75
11 4.51 12
Table 4.3.a. Differential scattering cross sections

angle-dependent values for variables in eq. 4.3.c.
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and
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Figure 4.3.a. Differential cross sections for the multiplet peaks

20

near 0 MeV and 11 MeV in Eex'
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CHAPTER FIVE

5. Theoretical calculation of the cross sections

The theoretical calculation of the 12C(ll*',l(*')/\l?‘c differential
cross sections follows the spirit of the (K7,n") p-shell
calculations performed by Auerbach et al [Au 83]. First, expected
shell model couplings were identified in a simple A-particle, n-hole
picture. Then, using a DWBA program CHUCK [Ku 78], cross sections
wvere calculated for all the specified particle-hole configurations.
The potentials used in this calculation came from fitting elastic_u+
and K* scattering. A major correction to this calculation arose
from averaging over the Fermi-momentum distribution of the struck

neutron, an important consideration in the sharply peaked (n*,K%)

reaction.

5.1 Shell model configurations

The 1?‘C(ll’k,l(’“)j\l?‘c reaction proceeds by converting an s- or
p-shell neutron to a A which is free to occupy any s-, p-, or
s-d-shell state, since it is not excluded from any state by the
Pauli principle. Several of the possible neutron-hole, A-particle

couplings may be eliminated from the outset. These are states
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coupling to unnatural parity, in all cases calculated to have little
strength; spin-flip is required, and the states are suppressed.

Energetically, the ground state configuration is
(AS1/2 X np-13/2,1/2)' This coupling gives rise to two J" = 1
states, in (ASI/Z X np'13/2) and (A§1/2 X np-11/2)' depending on the
state of the neutron hole. The excited state multiplet at Eex = 11
MeV results from the configuration (Ap3/2,1/2 X n9—13/2,1/2)
coupling to three JV = 2% states and two J" = 0* states.

In the 5.9 degree spectrum it is interesting to note weak
evidence for a peak appearing near an excitation of about 18 MeV.
There are several excitations which might plausibly appear at that
energy; the deeply-lying (,si, X ns_11/2) substitutional state is
one and the (Ad5/2,3/2 X np'13/2’1/2) is another. DWBA predictious
strongly favor the latter candidate, but a definite identification
avaits further experimental work. Since the quasi-free spectrum in
the (n* K*) reaction is broader than the more peaked distribution in
the quasi-free region of the (K™,m”) reaction, such continuumn
hypernuclear states, if they exist, might be more clearly observed
in the (n*,K*) reaction [Do 80].

The main goal of this experiment was to show that the (n*,K%)
reaction preferentially excites the higher spin 2* states in a given
shell model configuration, complementing the lower-spin admixture of
the (K7,n”) reaction. Such a difference would not be evident in the

ground state, but in the excited state multiplet one expects to
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observe differences in the spin states for the two reactions since
both 2% and 0% are possible. Support for this conjecture must come
from theoretically predicted cross section strengths and
distribuiions, as no experimental measurement of J® vas sought via

observation ovf de-excitation y-rays.

5.2 The DVBA

The distorted-wvave-Born-approximation (DWBA) computer program
CHUCK [Ku 78] was used to gélculate the cross sections, closely
folloving the calculations;ﬁerformed by Auerbach et al [Au 83] for
the (K7,n”) reaction ogf'a series of p-shell nuclei. In this
approach, potential pag&ﬁeters which fit n*-elastic scattering were
used to describe the/incoming channel, while potential parameters
fitting K*—elastic‘ﬁéattering were used to describe the outgoing
channel. In both ﬁgses the elastic data was from the experiment of
Marlow et al [HQ;BZ] [Ma 84], performed at the BNL C2 beam line.
Fits to this dqia are shown in figures 5.2.a and .b. The optical
model parametgés showvn in the figures were the ones used i :he
CHUCK calcuiétion. Input decks for the various calculations
employing nqélear structure information as in reference [Au 83] are
included iﬁ,appendix 5.2.a. CHUCK calculates only the form factor
]TBiflz iﬁvequation 2.1 of reference [Au 83], so table 5.2.a gives

the resqlts of the CHUCK calculation for J" = 17, 0%, and 2%, after

multiplication by the remaining kinematic quantities. These
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Figure 5.2.a. Optical model fit to the n*-elastic 800 MeV/c data of

Marlow et al [Ma 84].
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Figure 5.2.b. Optical model fit to the K'-elastic 800 MeV/c data of

Marlow et al [Ma 82].
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corrections include J = 1.43 (the Jacobian), (A/(A—l))6 = 1,69,
Fermi-factor of .53 (see next section), and spectroscopic factors
for the various states: 17, 0.615; 2%, 0.57; 0%, 0.64. Note that
the program coherently adds the scattering form factors for each Jn

. component in a multiplet before squaring to give do/dR. The

do/dQ(ub/str)

Bp,ap (deg) 1” 2t o*
0 16.8 18.3 .32
1 16.7 18.3 .32
2 16.5 18.1 .33
3 16.1 17.7 .35
4 15.5 17.3 .37
5 14.9 16.7 .40
6 14.1 16.0 .43
7 13.2 16.0 .43
8 12.2 14.4 .51
9 11.2 13.5 .55

10 10.2 12.5 .59
11 9.1 11.5 .63
12 8.1 10.5 .65
13 7.1 9.4 .67
14 6.1 8.4 .68
15 5.2 7.4 .68
16 4.4 6.5 .67
17 3.6 5.6 .65
18 3.0 4.7 .61
19 2.4 4.0 .57

Table 5.2.a. Results of the DWBA calculations after applying

corrections described in the text.
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smallness of the magnitude of the O distribution is seen as a

confirmation of the higher spin selectivity of the (n*,K*) reaction.

5.3 Fermi-momentum averaging

Because the peak in the elementary n* + n + A + K* cross
section as a function of momentum is narrover than the average
neutron Fermi-momentum, it is expected that the distribution of the
cross section is broader in the nucleus. The CHUCK calculation was
performed using the two-body valué of 0.95 mb/str as the forward
peak cross section. "Fermi-broadening" was accounted for afterwards
by a simple kinematics calculation: for each incident n* momentum in
a range 700-1300 MeV/ec, incrementing through the Fermi-momentum
distribution, the cross section was  computed for that
center-of-momentum case and stored in a momentum array. The
resulting cross section peak strength gives the reduction in (n*,kK*)
strength caused by Fermi-momentum broadening. Three momentum
distributions were wused: 1) uniform, with K¢ = 220 MeV/c; 2)
Voods-Saxon, p(k) = po(l + exp(k—kn)/Ak)'l, wvhere ko 100 MeV/¢ and
8k = 50 MeV/c; and 3) Gaussian, p(k) = po(kb)Zexp(-k%b?), with
b =1.64 fm. These distributions were normalized so that
ZJ:ﬂkap(k) = 1. The results of this calculation reduce the
elementary peak of 0.95 mb/str in the three different calculations

-

to: 1) 0.49; 2) 0.50; and 3) 0.47 mb/str. Accordingly, the final
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cross section calculations displayed along with the data in figure

4.3.a include the Fermi-averaging factor .50/.95 = .53.
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CHAPTER SIX

6. Conclusion

There were two goals of the (n*,K*) experiment: determine if a
hypernuclear signal could actually be seen in the high nt
background-flux environment, and attempt to verify the expectation
of preferential population of higher spin states. The first goal
was clearly met with the observation of two strong spectral peaks.
And within the framework of a DWBA calculation, the other objective
of demonstrating the higher spin selectivity was achieved. Since
only 12C wvas studied, the systematics of high-spin hypernuclear
states cannot be discussed, but the‘reaction wvas establishad as a

promising tocl for studying heavier nuclei in the future.

6.1 Comparison with (K™,n”) reaction results

Further evidence for higher spin preference of the (n*,K")
reaction can be established by comparison with the (K~,n”) results
on the same nucleus. Figure 6.1.a shows the measured and calculated
cross sections for the 12C(K',n')AIZC reaction [Ch 79]. 1In both
reactions, the J% = 1 ground state is produced by a AL =1

transition transforming a p-shell neutron into an s1/2 lambda. But
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in the (K7,n”) reaction, the E,, = 11 MeV peak is believed to
consist of [Ch 79] [Do 79] several unresolved contributions with Jn
of 0% and 2* arising from the (AP3/2,1/2 % np§}2,1/2) coupling. The
calculated curves displayed in figure 6.1.a show how the components
are believed to separately contribute to the observed total
strength. Because the momentum transfer in the (K™,n”) reaction is
small, the AL = 0, J" = 0* substitutional component dominates at
zero degrees. At larger angles, a shoulder develops, corresponding
to the 2% strength, so that the ground state and 11 MeV
substitutional state are populated with comparable intensities. The
situation in the (n*,K*) reaction, where the momentum transfer is
higher, is similar to the larger angle (K™,n”) data, in that the 0
MeV and 11 MeV peaks are of comparable strength (but at all angles).
This leads to the conclusion that in the (n*,K*) reaction, the 11
MeV peak is a relatively pure multiplet of same J" states, since the
ratio of the intensity of the cross section with the ground state is
relatively constant, and the ground state is known to be a nearly
pure AL b multiplet. Therefore, the J% = 2+ assignments are made
in the (n*,K*) reaction, while J" = 0%, 2% assignments are made in
the (K7,n”) reaction, in agreement with the expected higher spin

selectivity of the (n*,K*) reaction.
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6.2 Future prospects
The next step in using the (n*,K') reaction should be a
systematic study of heavier nuclei, beyond the p-shell. These
hypernuclei have not been studied because their ground states, in
particular, are usually non-substitutional states of larger J, and
therefore not well matched to the momentum transfer characteristic
of the (K7,n7) reaction. In 2881, for example, the ground state is
a J® = 2% state in the (xS1/2 X ndg}z) configuration. Also in that
nucleus, a possible substitutional state formed in the
(pdg5/9 X ndg}z) configuration with J"® = 4% might be observable —-
approaching the category of a truly high spin state.
Figure 6.2.a shows a remarkable feature of the total
accumulated hypernuclear data -- A binding energies have not been
reliably measured for A > 15 (the A = 40 measurement is a limit,

stated for A approximately 40). Clearly, with the (n*,K*) reaction,

othervise inaccessible binding energy measurements are possible,
leading to a systematic study of hypernuclear properties beyond the
p-shell, and possibly new physics.

A natural extension of the present work would be the study of
A(n*,K*) %A reactions, where A*(1520) is the obvious first choice
because of a narrow (15.5+1.5 MeV) decay-width. One can envision a
research program analogous to the present-day A-nucleus work. It is
possible that the decay-width is significantly suppressed in the

nuclear environment -- as is the case in I-hypernuclei -- further
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improving the experimental situation. This kind of experiment will
not be possible until the establishment of a meson beam line at
higher momenta than presently available -- in the 2 GeV/c range.
Also, improved background rejection techniques and better

spectrometer resolution will be necessary.

6.3 Summary

In conclusion, the viable production of hypernuclei is
achievable with the (n*,K*) reaction. The observed cross sections
are significantly lower than for the (K7,n") reaction, but this is
compensated by the larger available beam flux. A comparison of the
observed cross sections with theoretical predictions 1is
satisfactory. Calculations indicate that the larger momentum
transfer of the (n*,k') reﬁction predominantly matches to states of
higher spin, implying the feasibility of populating "stretched"
hypernuclear configurations. The (n*,K*) reaction is therefore an
important new spectroscopic tool, complementary to the (K7,n7)
reaction, offering the possibility of extending detailed

hypernuclear studies to heavier nuclei, beyond the p-shell.



APPENDIX 3.3.3.a

(PLOT)

"LESB1 TRANSPORT DECK FROM PRODUCTION TO MASS SLIT"
0

MSEC" 17.:

“BEAM" 1. .6 60, .06 8. .0 2. .8;
"DGAP" 16. 5. 2.54;

"K1" 16. 7. .45;

WK2" 16. 8. 2.8;

6. .0 1l.:

“TGD1" 3. .608;

"D1R" 2. 5.75:;

“D1PA" 4.000 .61 8.78 .0;
"D1R" 2. 5.75;

"D1Q1l" 3.0 .1764:

“DIAP" 16. 5. 7.62;

"QlPA" 5.00 .356 10.91 10.16:;
"Q1Q2" 3.0 .2031:

“Q2PA" 5.01 .457 -4.5 10.16:
"Q2D2" 3.0 .6045;

“D2R" 2.0 14.7:

“D2PA" 4.000 1.118 12.248 .0:
"D2R" 2.0 14.7;

"F1" 10.0 -4. 4. .0 .001;
"SEP" 3.0 1.664;

13. 4.;

"SEP" 3.0 1.58;

"Q3PA" 5.01 .457 -5.31 10.16;
"Q3Q4" 3.0 .2288;

"Q4PA" 5.00 .457 6.95 10.16;
"Q4LP" 3.0 .4256;

“LPMS" 3.0 .616;

"Fi¥ -10.0 -1. 2. .0 .001;
"F1" 10.0 -3. 4. .0 .001:
13. 1.:

13. 4.;

-6. .0 1.

SENTINEL

SENTINEL

The following is the TRANSPORT input file for the LESB-I beam line.
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floating-wire

DATA FOR SP2 D4 FROM THE FLOATING WIRE MEASUREMENT

1.06819,.0005,1097.8,.1
.42871,.0005,500.9,.1
.61733,.0005,700.2,.1
.82305,.0005,897.3,.1
.72000,.0005,801.6,.1
.52050,.0005,599.6,.1
1.05247,.0005,1084.5,.1
.94453,.0005,998.8,.1
1.05237,.0005,1084.3,.1
.42456,.0005,496.3,.1
.67364,.0005,756.9,.1
.760&,.0005,840.4,.1
1.05523,.0005,1086.1,.1
.68708,.0005,770.6, .1
.68721,.0005,771.5,.1
.47708,.0005,554.2,.1
.56755,.0005,650.2,.1
.87643,.0005,944.8,.1
1.01503,.0005,1052.4,.1
.42908,.0005,501.6,.1
.61754,.0005,700.7,.1
.72200,.0005,804.1,.1
.82557,.0005,900.2,.1
1.06827,.0005,1097.2,.1

D4: MOMENTUM, HALL; FROM JUN-83 WIRE DATA.

506.18,0.1,.43200,.0005
556.34,0.1,.47815,.0005
605.86,0.1,.52484,.0005
655.84,0.1,.57240,.0005
701.70,0.1,.61670,.0005
718.50,0.1,.63320,.0005
752.03,0.1,.66655,.0005
801.93,0.1,.71794,.0005
852.74,0.1,.77132,.0005
903.47,0.1,.82665,.0005
953,.67,0.1,.88434,.0005
1002.08,0.1,.94456,.0005
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Q9: MOMENTUM, HALL VOLTS
541.5,0.1,.17188,.0005
632.9,0.1,.20317,.0005
720.2,0.1,.23439,.0005
819.3,0.1,.27171,.0005
998.%,0.1,.34360,.0005

Ql0: MOMENTUM, HALL VOLTS
844.4,0.1,.17875,.0005
760.6,0.1,.16040,.0005
676.6,0.1,.14217,.0005
592.5,0.1,.12405,.0005

CALIBRATION OF Qll HALL VOLATAGE VS MOMENTUM
.3327,.0001,700.,1.

.3845,.0001,799.4,1.
.4375,.0001,901.1,1.
.4879,.0001,997.7,1.
.5282,.0001,1078.,1.
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CHANNEL=1051.4 MEV/C ::
IDSETPOINT CURRENT HALL VOLTS

Dol 3ls81l. 3178.

Q01 3047. 3048.

Qo2 896. 670.5

Do2 3139. 1963.

Q03 3al9. 2385.

Q04 2616. 1636,

Q05 2498, 889.5

D03 13780, 2767.

Qo6 2975. 173.3

Q07 2980. 157.7
SPECTROMETER= 716.3 MEV/C ::

Qo8 8209. 1904. .3120

Q09 7409. 1532. .2342

D04 8853. 1538. .6330

Qlo 7900. 7901. .1542

Q11 6116. 6119. «3327
CHANNEL= 716.3 MEV/C ::

DOl 2103. 2101.

Qo1 2030. 2028.

Qo2 565. 422.2

Do2 2052. 1281.

Q03 2627, 1643.

Qo4 1745. 1092.

Q05 1650. 588.

DO3 8685. 1567.

Q06 1955. 116.3 .1628

Q07 2000. 107.5 .2003

USE @HALL TO GET SETTINGS FOR D04 BASED ON FLOATING
WIRE MEASUREMERT. HALL.COM EXISTS ON THE BNL VAX
UNDER [MILNSER] PASSWORD: NUCLEAR



The following is the TRANSPORT file for Spl,

completed calculation.

"SPEC 1 IN POS Z DIR;

0

17.
1.000000
3.0

.
oo
o

L]

WWWUWURWwoONAENO WL
o
[=]

o

0O00O0CO0000OO000OO0
o

-
w
.

13.

13.
-10.
-10.
-10.
-10.
-10.
-10.
-10.

SENTINEL

"INPU"
“D1FB"
"QSPA"
"Q5Dav
"BROT"
|IDJR1 "
"D3IPA"Y
"D3R2"
"BROT"
"page"
"Q6PAY
"QeQ7"
"Q7PA"
"Q7D2"
"D2D3"
"D3ITG"

"FITL"
"FIT2"
"FITa"
"FIT7"
"FITA"
"FIT5"
"FIT6"

APPENDIX 3.3.4.b

0.60000
0.24500;
0.71100
0.28960;
180.00000;
18.40000;
1.11800
18.40000;
=180.00000;
0.25040;
0.71100
0.19500;
0.71100
0.24100;
0.36500;
0.32900;
1.00000;
4.00000;
30.00000;
1.00000
3.00000
~3.00000
=-1.00000
-4.G0000
2.00000
4.00000

13-JUN-83, FROM S BART FIT

60.00000

-3.23100

16.49000

5.43100

-4.76080

1.00000
3.00000
4.00000
2.00000
3.00000
1.00000
3.00000

0.06000

10.16000;

0.00000;

10.16000;

10.16000;

2.00000
0.06000
0.00000
0.00000
0.00000
0.00000
0.00000
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along with a

8.00000

0.01000:
0.01000;
0.00100;
0.00100;
0.00100;
0.00100;
0.001G0;



SPEC 1 IN POS Z DIR; 13-JUN-8],

*2ND QRDER* 17.

*BEAN® 1.
0.000 M
*DRIFT# 3.
0.245 N
*QUAD* S.
0.956 M
*DRIFT® 3.
1.246 M
*Z RO® 20.
1.246 M
*ROTAT# 2.
l.246 M
*BEND* 4.
2.364 M
*ROTAT* 2.
2.364 M
*2 RO* 20.
2.164 M
*DRIFT» 3.
2.6l4 M
*QUAD® 5.
3.3238 N
*DRIFTe 3.
3.520 M
*QUAD» S.
4.21 M
*DRIFT* 3.
4.472 M
*DRIFT* 3.
4.837 M
*DRIFT* 3.
5.166 M
*TRANSFORM L*
~2.14538
=-20.90%520
0.00000
0.00000
1.4795%
0.00000

*2ND QRDER TRANSPORM®*
1 11 2.884E-02
112 4.377E-03

13 0.000E+00

14 0.000E+00

1S 0.000E+00

16 9.390E-02

-
i ko

FROM S BART FIT

GAUSSIAN DISTRIBUTION

~INPU" 0.80000
"D1FB® 0.24500
"QsPA® 0.71100
"qspI® 0.28960
- WBROT"  180.00000
“D3IRL" 18.40000
“DIPA® 1.11800
"DIR2" 18.40000
“BROT®  -180.00000
"D3Q6™ 0.25040
"QEPA® 0.71100
"q6Q7" 0.19500
"Q7PA” 0.71100
"Q7D2" 0.24100
*D2D3" 0.36500
"DITG" 0.32900
-0.18782  0.00000

~2.00397 0.
0.00000 ~1.
0.00000 9.23646
0.16829 0.
0.00000 0.

22
2]
24

S.943E-04
0.000E+0Q0
0.000E+00
0.000E+00
1.136E-02

00000
79999

00000
0Qo00

1133
134
1138
1136

GEV

|

M -3.21100
M

DEG

DEG

| 16.45000
DEG

DEG

5.43100

-4.76080

0.00000 0.00000
0.00000 0.00000
0.16443 0.00000

=1.39942 0.00000

0.00000 1.00000
0.00000 0.0000%

3.977E-03

1.204E-03 1 44
0.000E+00 1 48
0.000E+00 1 46

0.000
0.000
0.000
0.000
0.000
0.000
KG 10.16000 C
KG 0.006000
RG 10.16000 C
X6 10.16000 ¢
2.131
14.256
0.000
0.000
=3.471
0.300
-1.275%41
-5.53156
0.00000
0.00000
-0.08684
1.00000
-4.509E~-08
0.000E+00 1 5%
0.000E+00 1 56
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2 11 1.984E-0l
2 12 5.694E-02
2 13 0.000E+0C
2 14 0.000E+00Q
2 15 0.000E+00
2 16 S8.933E-01
3 11 0.000E+00Q
3 12 0.000E+00
3 13 2.224E-02
3 14 1.347E-04
3 15 0.000E+00
3 16 0.000E+00
4 11 0.000E+00
4 12 0.000E+00
4 13 ~1.646E-01
4 14 -2.943E-02
4 15 0.000E+00
4 16 0.000E+00
5 11 -6.628E-02
5 12 -~1.538E-02
5 13 0.000E+00
5 14 0.000E+00
5 15 0.000E+00
5 16 -1.392E-02
*LENGTH®*

F o o D NN N

[ NV RO NURE ]

22
23
24
2s
26

22
2]
24
23
26

22
23
24
235
26

22
23
24
25
26

3.973E-03
0.000E+00
0.000E+00
0.000E+0Q0
6.638E-02

0.000E+00
J.256E-02
2.652E-08
0.000E+00
0.000E+00

0.000E+00
=2.248E-02
-6,13135E-04
0.000E+00
0.000E+00

~9.485E-04
0.000E+00
0.000E+00
0.000E+00
-5.179E-04

5.16600 M

-~ ("R RN (SR NN

Luawu

33
4
38
36

3]
4
a3
36

1
34
33
36

3
34
35
36

1.757E-02
9.841E-0)
0.000QE+00
0.000E+Q0

0.000E+00
0.000E+00
0.000E+00
=4 .349E-0)

0.000E+00
0.000E+00
0.000E+00
-3.938E-01

~2.918E-02
4.977E-03
0.000E+00
0.000E+CO

o b & W W [ SN N

[V RV NT ]

44
43
46

44
45
46

44
45
46

44
45
46

=31.705E=-04
0.000E+40
0.000E+0Q0

0.000E+00
0.000E+00
4.922E-03

0.000E+00
0.000E+00
1.410E-02

-3.230E-04
0.000E+00
0.000E+00
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&> >

55
56

55
56

5%
56

55
56



DISTANCE LABEL

0.000
0.245
0.956
1.246
1.246
2.364
2.364
2.614
3.325
3.520
4.231
4.472
4.837
5.166

" INPU"
"D1FB*
"Q5PAn
®Q5D3"
"D3IR1"
“D3IPA"
"D3IR2"
"D3Q6"
"QEPAN
"Q6Q7"
"Q7PA"
"Q7D2"
"D2D3"
"D3ITG*

X

0.6000
1.5877
6.6897
9.3773
9.3774
18.8269

.18.8356

21.0491
16.5623
12.5933
2.6715
2.8162
6.5411
10.4375

Y

0.0600
0.2050
0.6547
0.7757
0.7758
1.0685
1.0690
1.9798
1.7109
2.0773
2.3689
2.0990
1.6904
1.3225

134



APPENDIX 3.3.5.a

135

The following is the TRANSPORT input file for Sp2, along with a

completed calculation.

"Spactrogater II- 12Q30,12Ql5,18D36,12Q130,8Q24
0

17.
1.000000

SENTINEL

"TGDS"™
"DSD7"
"D7FC™
"QBPA"
IIQann
"Q9PAM
"Q9D4"

"D4RO"
"D4PA"
"FIT1"

"D4PA"
“D4RO"
WFITL®
"DQ1o"
"Qlop"
"Qoll-
"Qllp®
|IQPJ L]

“FIT2"
“FITI

2.00000
3.00000:
0.00000
0.16100;
0.21500;
0.22300;
0.88870
0.10160;
0.53400
0.64300;
4.00000
1.00000
7.00000
8.40000Q
5.00000
17.50000;
0.52070
=3.50000
4.00000;
0.52070
17.50000¢
-3.00000
0.708130;
0.88870
0.10160;
0.71100
0.31800¢
4.00000;
30.00000;
-1.00000
~3.0C000

35.00000

1.00000;

-10.04450

8.34000
22.86000;
0.00002;
0.4757G;
4.40000;
7.62000;

15.64500
4.00000

15.64500
4.00000
4.64500

-8.77800

2.00000
4.00000

1.00000

15,24000;
15.24000;

0.00000;
0.00000

0.00000;
0.00000
15.24000;
10.16000;

0.00000
0.00000

140.00000

0.00100;

0.00100;

0.00100;
0.00100:

2



136

Spectrometer II- 12Q30,12Ql5,18D36,12Q30,8Q24

*2ND ORDER# 17. GAUSSIAN DISTRIBUTION
*FTAM® 1. 0.80000 GEV
0.000 M 0.000
0.000
0.000
0.000
0.000
0.000
“UPDATE® 6. (0.) 1.0
*DRIFT#* 3. "TGD5" 0.16100 M
.161 M
*DRIFT* 1. "psp7" 0.21500 M
0.176 M
*DRIFT#* 3. "D7FC" 0.22300 M
5399 M
*QUAD* 5. "QaPA" 0.88870 ¥ =10.04450 KG 15.24000 ¢
l.488 M
*ORIFT* 3. "Qage" 0.10160 M
1.589 M
iQUAD; 5. "Q9PA" 0.53400 ¥ 8.34000 KG 15.24000 C
2123 M
*DRIFT* 3. "QoDa® 0.64300 M
2.756 M
*PARAM#® 16. d. 0.22860E+02
“BETA® 16. 1. 0.16000E-04
* Kl » 16. 7. 0.47570E+00
* K2 @ 16. a. 0.44000E+01
* G/2 * 16. 5. 0.76200E+01
*ROTAT* 2. "D4RO™ 17.30000 DEG
2.766 M
*BEND# 4. “D4PA" 0.52070 M 15.64300 KG 0.00000
3.287 M
*BEND® 4. "D4APA" 0.52070 M 15.64500 KG 0.00000
l.808 M
“ROTAT* 2. "D4RO" 17.30000 GEG
3.808 M
*DRIFT#* 1. "DQlo" 0.70837 M
4.516 M
“+QUAD 5. "Qlop” £.8887C M 4.64500 KG 15.24000 C
5.405 M
*DRIFT» 3. "QQ11” 0.10160 M
5.506 M
*QUAD#* 5. "Qlip® 0.71100 M -B8.77800 KG 10.16000 C
6.217 M
*DRIFT* 3. "Qpy " 0.31800 M
6.535 M
*TRANSFORM 1#

~-0.66971 0.02481 0.00000 0.00000 0.00000 2.12124
=15.21447 -0.92946 0.00000 0.00000 0.00000 20.93383
0.00000 0.00000 =2.11665 -0.01974 0.00000 0.00000
0.00000 0.00000 130.09334 0.74110 0.00000 0.000Q00
-1.82535 -0.24910 0.00000 0.00000 1.00000 -0.06351
0.00000 0.00000 0.00000 0.00000 0.00000 1.00000

#*2ND ORDER TRANSPORM*
1 11 -3.163E=-02
1 12 -8.36%3E-03 1 22 =5.661E-04
1 13 0.000E+00 1 23 0.000E+00 1 33 1.916E-03




-
-
o

11 -
12 -

NN R
M
>

WWLWL W

12 ~

TR YRR I A W A
-~
-

16

*LENGTH*

0.000E+00
0.000E+00
1.140E-01

2.968E-01
8.034E-02
0.000E+00
0.000E+00
0.000E+QQ
1.167E+00

0.000E+00
0.000E+00

13 ~1.750E-02

6.T64E~05
0.000E+00
0.000E+00

0.000E+00
0.000E+00
1.128E+00
2.396E~04
0.000E+00
0.000E+00

~4,952E=-02

1.264E-02
0.000E+00
0.000E+00
0.000E+00
2.203E~-02

24
23
26

-

22
2]
24
a3
26

[SE SN SN Y ]

22
21
24

WU LWLL

26

Y RN N
»
-~

[E R RV RV NE
N
-

0.000E+00
0.200E+00
1.550E=-02

=-5.564E-01
0.000E+00
0.000E+00
0.000E+00
1.35Q7E-01

0.000E+00
=2.645E-01
2.698E-06
0.000E+0Q0Q
0.000E+00

0.000E+0Q0
1.575E-01
3.773E-04
0.000E+00
0.000E+00

-8.911E-04
0.000E+00
0.000E+0Q0Q
0.0Q00E+Q0
7.771E-04

6.53%330 M

- s W W RN

34
335
36

3]
34

36

1
34
3
36

=1.004E-03
0.000E+00
0.000E+00

1.301E-01
=-8.866E-0]
0.000E+00
0.000E+00

Q. 000E+00
0.000E+00
0.000E+00
=7.391E-02

0.000E+00
0.000E+00
0.000E+00
=2.613E+00

=-5.931E-01
-7.870E-03
0.000E+00Q
0.000E+00

wWww

LR K

44
43
46

44
43
46

44
43
46

44
43
46

44
45
46

=3.822E-06
0.000E+00
0.000E+00

-4.617E-05
0.000E+00
0.000E+00

0.000E+0Q0
0.000E+00
1.619E-03

0.000E+00
0.000E+00
=1.498E-01

-8.221E-05
0.000E+Q0Q
0.000E+00

[N Y]

s

[C AT

55
56

55
56

55
56

55
56

55
56
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DISTANCE LABEL

0.000
0.161
0.376
Q.599
1.488
1.589
2,123
2.766
2.766
2.766
2.766
2.766
2.766
2.766
3.287
l.a08
3.a08
4.516
5.403
5.506
6.217
6.538

" "
nrGDs Y
“Dsp7*
"n7ECH
"QBPA"

X

2.0000
2.0779
2.3941
2.897%
9.7317
11.34%0
15.2616
15.1%02
15.1502
15.1502
15.1502
15.1%02
15.1%02
15.1508
15.7206
14.940%
14.9394
15.1517
9.5760
8.3873
7.8470
11.1986

Y

1.0000
2.4659
5.3581
8.4434
10.2380
9.170)
5.923%9
4.9648
4.9648
4.9648
4.9648
4.9648
4.9648
4.9649
4.5711
5.0810
5.0498
6.2134
11.9708
13.1404
9.79137
1.6814
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APPENDIX 3.5.2.2.a

The following is the Q data acquisition system test file used

in data collection and replay.

THIS IS A TEST FILE TO BE USED FOR PI,K EXPERIMENT
(CAS) 29-JUN-83, MOD TO ACCOMODATE CHANGES FOR CHMBER REQS.

IT IS INTENDED TO WORK WITH .HST FILE PIKNEW.HST
TE:200/BL:2/1G:10/IB:5

~e N\ ms np e we we ma

; WE DO NOT USE BLOCK 1 WHICH REFERS TO TOF, P.H. AND
;AND HODOQSCOPE STUFF.

; HOWEVER IN ORDER NOT TO CAUSE ANALYZER TO CRASH WE MUST
;AT LEAST GIVE BLOCK DEFINITION.

i*dhkes TNSERTION OF THE BIT TESTS TO DETERMINE
;WHETHER THE EVENT WAS A (PI,K) TRIGGER

;OR A PI-BEAM TRIGGER INTO BLOCK 1 IS DONE

;SO THAT FURTHER PROCESSING OF PI-BEAM

;EVENTS CAN BE HALTED BY SETTING
;hkeke*TFLAG(B)=1!TST # TO PASS

;1-JUN-B3 (ECM) INSERTED GATE ON THTCHK IN GOOD KAON REQ
BLOCK, 1

1BIT,3,0;:;PIK EVENT

2BIT,3,3;PI BEAM EVENT

3GATE, 615,142,165 ;TOF23U
AGATE, 616,140,158;TOF23D

SEOR, 3,4 ;EXCLUSIVE OR KAON TOF

’
.

BLOCK, 2

11EQUAL405,1
12EQUAL406,1
13EQUAL407,1
14EQUALA408,1

i1 HITS DRIFT PLANE
;1 HITS DRIFT PLANE
i1 HITS DRIFT PLANE
71 HITS DRIFT PLANE
15EQUAL409,1;1 HITS DRIFT PLANE
16EQUAL410,1;1 HITS DRIFT PLANE
17EQUAL411,1;1 HITS DRIFT PLANE
18EQUAL412,1:1 HITS DRIFT PLANE
19EQUAL413,1:1 HITS DRIFT PLANE
20EQUAL414,1;1 HITS DRIFT PLANE 10
21EQUAL415,1;1 HITS DRIFT PLANE 11
22EQUAL416,]1;1 HITS DRIFT PLANE 12
23EQUAL417,1;1 HITS DRIFT PLANE 13
24EQUAL418,1;1 HITS DRIFT PLANE 14

WENORLE W



’

31GATE
327ATE
JIGATE
3J4GATE
35GATE
36GATE
37GATE
38GATE
39GATE
40GATE
41GATE
42GATE
43GATE
44GATE

405,1,1000;1 OR MORE HITS PLANE
406,1,1000;1 OR MORE HITS PLANE
407,1,1000;1 OR MORE HITS PLANE
408,1,1000;1 OR MORE HITS PLANE
409,1,1000;1 OR MORE HITS PLANE
410,1,1000;1 OR MORE HITS PLANE
411,1,1000;1 OR MORE HITS PLANE
412,1,1000;1 OR MORE HITS PLANE
413,1,1000;1 OR MORE HITS PLANE
414,1,1000;1 OR MORE HITS PLANE
415,1,1000;1 OR MORE HITS PLANE
416,1,1000;1 OR MORE HITS PLANE
417,1,1000;1 OR MORE HITS PLANE
418,1,1000;1 OR MORE HITS PLANE

S1EQUAL303,1:SINGLE HIT PC PLANE 7
S2EQUAL304,1;SINGLE HIT PC PLANE 8
S3EQUAL305,1;SINGLE HIT PC PLANE 9
S4EQUAL306, 1;SINGLE HIT PC PLANE 10
S5EQUAL307,1;SINGLE HIT PC PLANE 11
S56EQUAL308, 1;SINGLE HIT PC PLANE 12
S7TMAT 2,51,52,53;SINGLE HIT
S8MAJ 2,54,55,56;SINGLE HIT

61GATE303,1,1000;AT LEAST
62GATE304,1,1000;AT LEAST
63GATE305,1,1000;AT LEAST
64GATE306,1,1000;AT LEAST
65GATE307,1,1000;AT LEAST
66GATE308,1,1000;AT LEAST

72GATE
73GATE
74GATE
75GATE
76GATE
77GATE
78GATE

531,2,10000;2
532,2,10000;2
533,2,10000;2
534,2,10000;2
535,2,10000;2
536,2,10000;2
537,2,10000;2

HFHPP P

OR MORE
OR MORE
OR MORE
OR MORE
OR MORE
OR MORE
OR MORE

PCOS3
PCOS4

VOO &s LN

HIT PC PLANE 7
HIT PC PLANE 8
HIT PC PLANE 9
HIT PC PLANE 10
HIT PC PLANE 11
HIT PC PLANE 12

POSSIBLE,
POSSIBLE,
POSSIBLE,
POSSIBLE,
POSSIBLE,
POSSIBLE,
POSSIBLE,

CHAMBER
CHAMBER
CHAMBER
CHAMBER
CHAMBER
CHAMBER
CHAMBER

79AND 72,73,74:2 OR MORE TRACKS IN CHMBS 1,2,3

80AND 72,73,74,75,76:;2 OR MORE

81EQUAL,S531,1;1
82EQUAL,S32,1;1
B3EQUAL,S533,1;1
84EQUAL,S34,1;1
85EQUAL, 535,1:1
86EQUAL,S536,1;1
87EQUAL,S537,1:1
88AND ©1,82,83;1 POSSIBLE UPSTREAM DRIFT CHMBRS

POSSIBLE
POSSIBLE
POSSIBLE
POSSIBLE
POSSIBLE
POSSIBLE
POSSIBLE

CHMBR
CHMBR
CHMBR
CHMBR
CHMBR
CHMBR
CHMBR

N bs WM

89IOR 84,86;1 POSSIBLE AND/OR DC4,DC6
90IO0R 85,87;1 POSSIBLE AND/OR DCS,DC7

~None Wi

TRACKS IN 1,2,3,4,5
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91EQUAL,531,0:0
92EQUAL,532,0:0
93EQUAL,533,0:0
94EQUAL,534,0;0
95EQUAL,535,0;0
96EQUAL,536,0;0
97EQUAL,537,0:0

sekked NQTE: AT

101AND 88,90;1 POSS‘'BL DRIFT CHMBRS 1,2,3,(5.7)
102AND 57,58 ;EXACTLY 1 HIT, CMU 7&8,
103AND 101,102;'GOOD EVENT' CHAMBERS

POSSIBLE
POSSIBLE
POSSIBLE
POSSIBLE
POSSIBLE
POSSIBLE
POSSIBLE

THE TIME

CHMBR
CHMBR
CHMBR
CHMBR
CHMBR
CHMBR
CHMBR

OF THIS WRITING WE ARE ONLY
;USING DRIFTS 1,2,3,5,7 AND PCOS 7,8,10,11 *akan

~NonmesWwh e

10,11

104IBOX 1;BOX 1 SET ON ZCLOSE.VS.XTGDIF

105GATE 727,-270,270 : SOLID ANG IN THT VS. X
106GATE 729,-800,800: SOLID ANG IN PHI VSs. Y
9 , PID ON STGT+S3U
108IGATE,8;GATE 8 , GATE ON RXTGTU

107IGATE,9;GATE

109IGATE, 1;GLTE

111IGATE, 3 ;GATE
112IGATE, 4:GATE
1131IGATE, 5;GATE
114IGATE, 6 ;GATE
115IGATE, 7 ;GATE

1, SET ON PLSHT LIVE TGT
110IGATE,2:GATE 2 , SET ON KAONS IN TS23U

» SET ON KAONS IN TS23D
» SET ON THCHNR
» SET ON YSPCR
, DEFINES PHI FOR SOLID ANG

+SET ON THTCHK
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116E0R

117AND

118AND

119AND

120AND
121AND

122AND
123AND

124AND
125AND
126AND
127AND
128AND

129AND
130AND

132 AND 131,116,102
133 AND 132,-85
134 AND 132,-87
135AND 90,102,116;PID*DOWNSTREAM CHAMBERS

136 AND 135,131 ;PID*IOR DOWN*UP ONE HIT
137 AND 133,134 /NEITHER DC5 NOR DC7 FIRED WHEN ONE SHQULD
138 AND 102,116 sTEST TO GET CMU EFF

139 AND 131,116 ;UPATOF

140 AND 131,116,90 ;UP*TOF*IOR 5 7

; SOLID ANGLE BOX

141 IBOX 2 :SET ON THSPCF VS RXTGTU
142 AND 118,106,141 ;K*PHI*THT*X

143 EQUAL 303,0;NO HIT PCP7

144 EQUAL 304,0;NO HIT PCP8

145 EQUAL 305,90 ;NO HIT PCF9

146 EQUAL 306,0 ;NO HIT PCPlO

147 EQUAL 307,0 :NO HIT PCPll

148 EQUAL 308,0 sNO HIT PCP 12

149 MAJ 1,143,144,145 ;ONE ZERO HIT IN PC3
150 MAJT 1,146,147,148 ;ONE ZERO HIT IN PC4
151 MAJT 2,143,144,145 :TWO 2ERO HITS IN PC3
152 MAJ 2,146,147,148 :TWO ZERO HITS IN PC4
153 MAJ 3,143,144,145 ;THREE ZERO HITS IN PC3
154 MAJ 3,146,147,148 ;THREE ZERO HITS IN PC4

;TWO HIT TESTING:

EQUAL 303,2 -
EQUAL 304,2 Hr ]
EQUAL 305,2 HY ]
EQUAL 306,2 Hr ]
EQUAL 307,2 :2
EQUAL 308,2 72

158
156
157
158
159
160
161
162
163
164
165
166

1,155,156,157
1,158,159,160
2,155,156,157
2,158,159,160
3,155,156,157
3,158,159,160

110,111;EXCLUSIVE OR ON KAON TOF
103,104,112,113,115;GOOD EVENT= CHM*BOX1*THCHNR*YSPCR*THCK
116,117:;GO0D TGT EVT * KAON TOF
118,114; GOOD EVENT*TQF12
109,118 >>>>GOOD KAON<<<<
103,104:SIMPLE EVENT TEST=CHMBRS * TGT BOX
88,112: (UPSTR CMBRS * THCHNR)=GQOOD BEAM
122,108;G00D BEAM * XTGT

118,-109;GO0OD KAON * NOT PLSHT
118,105,106;GO00D KAON * SOLID ANGLE
125,108;KAON SOLID * XTGTU

118,108 ;KAQN * XTGTU

103,116;CHMBRS * TOF

121,116;CHMBRS * BOX1 * TOF
88,89,90;ALL CHAMBERS

131 AND 11,12,13,14,15,16

i UP*TOF *CMU
FUPHTOF *CMU*=DC5
UP*TOF *CMU#=DC7

HITS PCE7

HITS PCP8

HITS PCP9

EITS PcCPlo

HITS PCPl1l

HITS PCPl2
;SING 2 HIT IN PC3
7SING 2 HIT IN PC4
;TWO 2 HITS IN PC3
;TWO 2 HITS IN PC4
73 3 HITS IN PC3
73 3 HITS IN PC4

JjONE HIT ONLY IN UPSTREAM
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;1 HIT TESTING:
167 MAT 1,%1,52,53
168 MAT 1,54,55,56
169 MAT 3,51,52,53
170 MAT 3,54,55,56

; MAJ LEVEL=2 CMU EVENT CASES:#HIT PC3, $HIT PC4

175 AND 139,151,152
176 AND 139,151,58
177 AND 139,151,164
178 AND 139,57,152
179 AND 139,57,58
180 AND 129,57,164
181 AND 139,163,152
182 AND 139,163,58
182 AND 129,161,164
¢ THTISCT TESTS

184 GATE 746,60,130
185 AND 118,184

186 AND 185,105,108

1 HIT PC3
1 HIT PC4
1 HIT PC3
1 HIT PC4

me %e me we wp Ve s s s
NNMNMFHEMHHFOOO
QONM-O

L T T L T T

1T NHFONP

:GATE ON EX PEAK
1Q IN EX
Q IN EX AND SOLID

He3

¢ GATE EFFICIENCY TESTS

190 AND 103,-104;NOT BOX

191 AND 103,-~112:NOT THCHNR

192 AND 103,-~113;:NOT YSPCR

193 AND 103,-115:NOT THTCHK

194 AND 103,104,-115;YES BOX, NO THTCHK
195 EQUAL 729,0 ;PHTGTD IS ZERO

196 AND 118,-195 ;DONT USE PHTGTD EQ ZERO

197 GATE 746,-80,0
198 AND 118,197
199 AND 198,105,106

!GATE ON GS

iQ IN GS

;Q IN GS AND SOLID
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APPENDIX 4.1.a

The following table displays the unshifted 12c(n*,k*),!2c
spectra data from the histogram QSOLID. These events passed all
good event requirements, and fell into the software restricted solid
angle region. Counts appearing after the "/" symbol represent the

estimated background for that bin.

Spectrometer Angle

o o o
Egy(MeV) 5.6 10.3 15.2
-20 1 3 0
-19 0 1 0
-18 1 6 1
-17 0 7 0
-16 2 7 0
-15 0 3 4
-14 3 9 0
-13 0 8 2
-12 3 6 1
-11 0 9 3
-10 1 9 0
-9 2 15 1/1
-8 0/1 7 3/1
-7 1/1 12/10 4/1
-6 3/1 29/10 /1
-5 11/2 52/10 5/1
-4 15/2 49/11 6/1
-3 2472 43/11 ’z1
-2 8/2 25/11 4/1
-1 7/3 21/12 1/1

0 3/3 12712 0
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1/1
4/1
572
5/2
9/3
5/3
5/3
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APPENDIX 5.2.a

The following are the three CHUCK input files used to calculate
the J% = 2%, 1-, ard 0' contributions to the Zc(m*,k*) 1%

differential scattering cross sections.

(PI+,K+) JPI=2+ FROM (3/2,3/2), (l/2,3/2), (3/2,1/2)

10000000011100

20.0 ,0.0,1.0 ,0.17

50,2,0,4

0.05,10.
919.67,0.1498,1.0,12.0,6.0,1.3
1,1
-1.0,-47.32,.9443,.5288,0.,-44.63,.9443,.5288
-548.9,.5302,1.0,12.208,6.0,1.3
2,2
-1.,24.83,.857,.4727,0.,~38.84,.857,.4727
-2,1,2,0,4,2,2,0,78.27,0.0,0.0,1.3,0.0
2.,6.,0.,1.1547,3.,0.,4.
-18.7,1.,0.,11.,6.,1.3
-1.0,-50.0,1.15,.63
0.0,1.0,3.0,1.0,1.
-~.6,1.1976,0.,11.,6.,1.3
-1.,-40.,1,15,.63
0.,1.,3.,1.,1.
2.,6.,0.,.8165,1.,0.,4.
-16.7,1.,0.,11.,6.,1.3
-1.,-50.,1.15,.63
0.,1.,1.,1.,1.,0.,0.
-.6,1.1976,0.,11.,6.,1.3
-1.,-40.,1.15,.63
0.,1.,3.,1.,1.,0.,0.
-2.,6.,0.,-1.1547,3.,0.,4.
-18.7,1.,0.,11.,6.,1.3
-1.,-50,,1.15,.63
0.,1.,3.,1.,1.
-0.1,1.1976,0.,11.,6.,1.3
-1.,-40.,1.15,.63
0.,1.,1.,1.,1.



10000000011100 PI+,K+ GROUND STATE, JPI=l-
20.0 .0.0,1.0 ,0.17

50,2,0,=2

0.05,10.

919.67,0.1498,1.0,12.0,6.0,1.3

1,1
-1.0,-47.22,.9443,.5208,0.,~44.63,.9443,.5288
-537.8,.53,1.0,12.198,6.0,1.3

2,2
-1.,24.83,.857,.4727,0.,~-38.84,.857,.4727
-2,1,1,0,2,2,1,0,78.27,0.0,0.0,1.3,0.0
2.,6.,0.,.8165,1.,0.,2.
-16.7,1.,0.,11.,6.,1.3
-1.0,-50.0,1.15, .63

0.0,1.0,1.0,1.0,1.
-11.,1.1%76,0.,11.,6.,1.3
-1.,-40.,1.15, .63

0.,0.,1.,1.,1.

-2.,6.,0.,1.631,3.,0.,2.
-18.7,1.,0.,11.,6.,1.3

-1.,-50.,1.15, .63

0.,1.,3.,1.,1.,0.,0.
-11.,1.1976,C.,11.,6.,1.3
-1.,-40.,1.15,.63

0.,0.,1.,1.,1.,0.,0.
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(PI+,K+) JPI=0+, FROM (1/2,1/2), (3/2,3/2)

10000000011100

20.0 ,0.0,1.0 ,0.17

50,2,0

0.05,10.
919.67,0.1498,1.0,12.0,6.0,1.3

1,1
-1.0,-47.32,.9443,.5288,0.,-44.63,.9443,.5288
-548.9,.53,1.0,12.208,6.0,1.3

2,2
-1.,24.83,.857,.4727,0.,-38.84, .857,.4727
-2,1,0,0,0,2,0,0,78.27,0.0,0.0,1.3,0.0
2.,6.,0.,.8165,1.,0.,0.
-16.7,1.,0.,11.,6.,1.13
-1.0,-50.0,1.15,.63

0.0,1.0,1.0,1.0,1.
-.1,1.1976,0.,11.,6.,1.3
-1.,-40.,1.15, .63

0.,1.,1.,1.,1.
-2.,6.40.,1.633,3.,0.,0.
-18.7,1.,0.,11.,6.,1.3
-1.,-50.,1.15, .63

0.,1.,3.,1.,1.,0.,0.
-.6,1.1976,0.,11.,6.,1.3
-1.,~40.,1.15,.63

0.,1.,3.,1.,1.,0.,0.



(Am

[Au

(Be

[Bo
[Bo
[Br
[Br
[Br
[Ch
[Ch

[Co

82]
83]

81}

70}
75]
691
751
771
79]
85]

52]
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