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Abstract

In order to study the X-nucleus potential, we carried out an experiment at
the K6 beam line of the 12-GeV proton synchrotron in High Energy Acceler-
ator Research Organization(KEK) using the superconducting kaon spectrome-
ter(SKS) system. In the present experiment, for the first time we measured inclu-
sive (m~,K™*) spectra on CHg, Si, Ni, In and Bi targets with reasonable statistics
covering a wider excitation energy region. We extracted the information on the -
nucleus optical potential from the analysis of the spectral shape. The CH; target
was used to calibrate the excitation energy scale(horizontal axis) from the elemen-
tary process, p{w~, K*)Z~. The C spectrum was also able to be extracted from
the CH; target. The SKS, which has a wider momentum acceptance and good
energy resolution was helpful to obtain a good statistics data keeping a good en-
ergy resolution. The calibration of the energy scale was done successfully with a
precision of £0.1 MeV. The angular distribution of the elementary cross section
was found to be consistent with the previous bubble chamber data. All the inclu-
sive spectra were found to be very identical in shape from the X~ binding energy
threshold to around 90 MeV excited regions. The mass number dependence of
the cross section was obtained from the ratio of the cross section. Compared to
the eikonal approximation, present experimental data showed a rather weak mass
number dependence. A Monte Carlo simulation was done for the quasi-free Si
spectrum where no final state interaction of X~ to the residual nucleus was con-
sidered. The simulated spectrum could not reproduce the observed spectral shape.
The strength of the observed spectrum was found to be much suppressed, partic-
ularly, near the binding energy threshold. We compared the observed Si spectral
shape to the theoretical spectra calculated by using two types of phenomenologi-
cal potential in the framework of DWIA. One is based on the one boson exchange
potential(OBEP) describing the two-body Y N interaction, which represents an
attractive -nucleus potential, and the other one is obtained from the X~ -atomic
X-ray data, which represents a repulsive X-nucleus potential. None of the potential
could reproduce the observed spectral shape. In particular, the peak position of
the observed spectrum was found to be much shifted towards the higher excitation
energy from both of the calculated spectra. Energy dependence of the elementary
cross section was found to be very sensitive to the spectral shape. Taking into
account this effect, another DWIA calculation was done for Si. The spectral shape
was found to be significantly changed from that of the previous calculation by
using the same L-nucleus potential in both calculation, but still different from the
observed one. Then a detail analysis was done to reproduce the observed spectral
shape using Woods-Saxon type potentials. A strong repulsive potential of which
depth of the real part(Vg) > 90 MeV with a moderately absorptive imaginary
part(Ws) was favorable in reproducing the observed spectral shape.
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Chapter 1

Introduction

1.1 Nucleus to Hypernucleus

A nucleus is a central core of an atom that contains most of its mass, positively
charged and consists of one or more nucleons (protons or neutrons), where a hy-
pernucleus is the implant of a different type of baryon(s) (A, £, Z, AA) into an
ordinary nucleus. Upto now about 35 hypernuclear species of single strangeness
system (S=-1) together with double strangeness system (S=-2) have been discov-
ered.

So far the nucleon-nucleon (NN} interaction has been studied extensively and
many phenomenological NN potentials based on the one-boson-exchange {OBE)
mechanism describe successfully the NN force in the middle to long range. How-
ever, the short range repulsive force {hard-core) could not be explained by those
models which was revealed from the phase shift analyses. It was then thought to
be understood in terms of the quark picture. The origin of hard-core was visu-
alized by the quark cluster model(QCM} as occurring by the one-gluon-exchange
mechanism between quarks. It has been revealed that quarks play an important
role in the short range region of the NN interaction in contrast with the role of
the one-boson-exchange in the middle to long range.

A hypernucleus is a good tool to investigate the two-body ¥ N interaction for a
unified understanding of the general baryon-baryon interaction (i.e. nuclear force)
in terms of meson exchange forces and, ultimately in terms of the quark picture.
Many theoretical works have been done recently to extend the knowledge of the
nuclear force into other constituents of the baryon octet introducing a hyperon
to it. One of the main goal of these studies is to construct a unified model which
describes the interaction between the constituents of the baryon octet at low energy.
Experimentally, one way is to study the baryon-baryon scattering. But, mainly
due to hyperon’s short life time it is hard to accumulate hyperon scattering data
in the same level of NN data both in quality and quantity. Therefore, studies
of hypernuclei are vital to investigate the baryon-baryon interaction in extended
flavor space.




1.2 Physics Motivation

The history of hypernucleus study started with the investigation of the A hyper-
nucleus after its discovery nearly fifty years ago. As a result, our understanding
about A hypernucleus spectroscopy is relatively in advanced stage. For example,
high resolution magnetic spectrometer system and/or a germanium gamma-ray
detector array made it possible to resolve the state split by the AN spin depen-
dent interaction, such as the spin-orbit and spin-spin forces [1, 2, 3]. The (z* K*)
spectra reflecting the A major shell structures even in heavy nuclear systems like,
8Y or 2%Pb are observed clearly (figure 1.1). As a result, the binding energies of A
hypernuclei can be well reproduced by a simple Woods-Saxon type single particle
potential of which depth is 28 MeV [4].

On the other hand, our knowledge about Z-nucleus potential is very limited
both in quantity and quality. For example, only qualitatively we know that the
real part of the potential seems shallow and the imaginary part seems absorptive.
However, we do not know the real part is attractive or repulsive and even the finite
value of the imaginary part. The main cause is due to insufficient (and rather poor)
experimental data, as mentioned in details in the next section. £V interaction is
closely related to AN interaction through mixing as the 3’s mass differs only
about 80 MeV from A’s. Recently, a role of strangeness in a high density matter
of neutron star is being intensively discussed. The presence of hyperons such as A
or ¥ and also K~ play a significant role by softening the nuclear equation of state
at high density (figure 1.2, [5]). Abundance of hyperons in a neutron star is thus
very important in determining the maximum mass and radius of neutron stars. In
addition, they also play a significant role in understanding a formation-scenario
and a thermal and structural evolution-scenario of neutron stars [6]. Particularly,
the interaction of £~ is interesting since ¥~ is a hyperon expected to appear first
in dense nuclear matter due to it’s formation mechanism.

In order to reveal the E-nucleus potential, new experimental information has
been desired. We therefore carried out an experiment, KEK-PS E438, *Study of
Y-nucleus potential by the (7=, KT) reaction in heavy nuclei’ where we measured
the inclusive (= =, K1) spectra with reasonably high statistics on medium to heavy
nuclear targets.
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Figure 1.2:Neutron stars mass vs. central density mass-sequences for high
density matter with all hyperon species and with only A’s and Z's but no
%’s (for a repulsive L-nm interaction). See Ref.[5] in details.

1.3 Historical Background

Study of E-hypernucleus started around late 1970’s which was a bit late compared
to A-hypernuclei study and after a long investigation of the later one. At that
time a series of A-hypernuclear experiments (7, 8, 9] using in-flight (K=, 77)
strangeness exchange reaction gave details of the A-nucleus interactions which led
to a deeper understanding of the A single-particle properties inside the nuclear
medium. However, the spin-orbit splitting was found very small comparing the
observed }*C and {#O spectra in contrast to that of normal nuclei [7]. So the much
attention was then paid for the spin-orbit splitting in a 3-hypernucleus where the
Y-nucleus interaction was discussed mainly by using some X-N scattering data
obtained in old bubble chamber experiments, although they were very limited in
accuracy as well as in statistical quality compared to the very precise data on NN
system. Moreover, the measured energy range were also very limited (figure 1.3).
The short life time of ¥’s made it difficult to have high intensity 2 beams at low
energy. So the measurements on spin-dependent forces were almost impossible.

On the other hand it was also quite natural to attempt the X hypernuclear
spectroscopy by the same (K ~, 7~) reaction as it was quite successful in A hyper-
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Figure 1.3:Total cross sections for baryon-baryon scattering and reactions
as a function of incident lab. momentum [10].

nuclei. The first report came out by Saclay-Heidelberg Collaboration claiming the
possible existence of narrow ¥ hypernuclear states by the (K, 77) reaction on
9Be target using incident kaon momentum of 720 MeV/c (figure 1.4, [11]). They
claimed two narrow peaks(I' < 8MeV) above the ¥ binding threshold. Similar
claim was also reported 2 years later in $H hypernucleus [12] and again in 1984
about 12C and ¥Be by Saclay-Heidelberg Collaboration [13]. Both cases peak
widths were much narrower (I < 5MeV) than the first observation. It generated
much theoretical and experimental excitement as it was quite unexpected as well as
difficult to explain such narrow excitations since width of £ in nuclei was believed
to be much broader (about 25 MeV) [14].

Many theoretical models were later proposed in order to extensively explain
the existence of those narrow X hypernuclear states by a combined effect of Pauli
suppression and the spin-isospin selectivity of the XN — AN process [15, 16].
However, the Pauli Blocking effect was shown playing only a moderate role in
reducing ¥ widths but the major contribution was shown due to the polarization
of the medium by the spin-isospin interactions for the TN — AN transition [17].
Later at BNL at attempt was made to solve this problem searching for the X
hypernuclear states both above and below the ¥ emission threshold using the in-
flight (K, 7*) reaction on different light nuclear targets like 'H, 2H, i and °Be
with high statistics [18]. Direct comparison of both (K ~, 7¥) spectra on *Be with
the previously reported one [11] showed no such kinds of narrow peak either below
or above the &t or the £~ production threshold (figure 1.5). Spectra on other
targets also did not indicate any such kinds of structure. But, those experiments
gave no information to put forth on the & — N and/or Z-nucleus potential. As a
result, the sign of Vi cannot be determined reliably as well as the size of the well
depth for neither Vy nor Wg is known accurately.
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Another source of the information on the Y-nucleus potential was the ¥~-
atomic X-ray data [19, 20, 21] where the strong interaction effects had been ob-
served in the X-ray spectra of atoms formed with ¥~ hyperon over a wider mass
number region across the periodic table. When an exotic atom is formed by cap-
turing ¥~ hyperon into an atomic orbit around a nucleus, the X-rays emitted by
the way of £~ cascades down towards the atomic ground state. Due to the strong
interaction between £~ and the nucleus, the energy and the widths of the atomic
states differ from those calculated with electromagnetic interaction only (figure
1.6}. A naive analysis based on a £-nucleus optical potential linear to the nuclear
density to fit the energy shifts, widths and yields of the £~ atomic levels suggested
an attractive (Vy < 0) and absorptive (Wy < 0), and its central depth was given
approximately by —(25 ~ 30) MeV and — (10 ~ 15) MeV, respectively (label Batty
in figure 1.7, [22]). Later, the same authors reported a strongly repulsive Vs and

strongly absorptive Wy by taking the iso-vector term into account (label Batty
DD in figure 1.7.)
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Figure 1.7 shows the calculated several types of I single-particle potential for

the ©—28Si system from the ¥~ -atomic X-ray data by several authors. The folding
potential based on the YN one boson exchange potential(OBEP) is also shown
together [23]. Clearly seen in the figure that atomic data are sensitive only to the
tail region of the potential. As a result, various shapes of the potential in the
nuclear-central region were obtained.
Another calculation of Y-nucleus potential was also made by Yamada and Ya-
mamoto by a combined analysis of £~ atomic data and $He hypernucleus where
the density dependent effective YN interaction was calculated and folded with
finite nucleus in the local density approximation [24]. Their calculation is shown
in the figure 1.8. So whether the real part of the Z-nucleus potential is strongly
repulsive or weekly attractive is still an open question.

40 1 T { ¥ ¥ \

20 -

-
-
----------

V (Real Pant) MeV

s
.....

V (Imaginary Pant) MeV
o
Sl
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Figure 1.8:Calculated ¥ ~-28Si potential by Yamada and Yamamoto [24].
D, F and NSC represent Nijmengen OBEP Model-D, F and the Soft Core
based potential, respectively. Calculated potential from the ¥ ~-atomic X-
ray data by Batty is shown for comparison.

On the other hand, the observation of $,He bound state by the in-flight (K~, 7~}
reaction at BNL {figure 1.9, [25]) was one of the great success confirming of any
bound state of hypernuclei containing = hyperon which was first claimed in KEK
using (K ppeq: 7 7) reaction [26]. This makes us expect to open the spectroscopy
of ¥ hypernuclei that can contribute to the study of XV effective interaction.
Existence of this bound state in *He was also predicted in theory by Harada et
al. in 1990 [27]. According to their theory, a strong isospin-dependence of the LN
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interaction plays an important role in populating rather a narrow bound state.
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Figure 1.9:Excitation en-
ergy spectra of ‘He(K~, n 1)
and ‘He(K~, n~) at Px =
600 MeV/c and 0 = 4° [25].

Figure 1.10:3-nucleus po-
tential for A = 4 system
(23, 27} .

The calculative potential is shown in figure 1.10 and is generally expressed as

(0% - T¢)
—x

where A is the mass number. The first term, Uy is an isospin independent part
and the second term is isospin dependent, so-called Lane term. In the case of
4He(K~, ) reaction, both T = 1/2 and T = 3/2 states can be populated.
T = 1/2 state is attractive while the T = 3/2 state is strongly repulsive. So for

1
T = 1/2state, U = Uy — U, and for T = 3/2 state, U = U + §UT. As a result of

the cancellation between Uy and U, in T = 1/2, the potential has a weak attractive
pocket near the core nucleus surface, which suppresses the conversion width for the
bound state. While, no bound state was expected for the ‘He(K ~, 7F) reaction
which populates only T = 3/2 state as also in the experimental observation. The
only observation of bound state E-hypernucleus mentioned above may be very spe-
cial in light nuclear system but still we do not know the 3 single-particle potential.
Thus the new data on heavy nuclear system is necessary where Uy term in equation
1.1 becomes dominant and the Lane term becomes recessive.

U=Uy+ U, (1.1)

Nevertheless, many other attempts were made experimentally by that time

using (K=, n%) or (K, pq ) reactions in light nuclear systems (4 < 16).
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Unfortunately, almost all of them did not succeed to observe any narrow bound X
hypernuclear state for those systems. However, an analysis made with the inclusive
(K yoppea: ™) Spectrum on 20 was quite suggestive to-investigate the Z-nucleus
potential. Namely, 2C(K 5j,ppeq ¥ ) specttum measured in KEK gave a limitation
to the T-nucleus optical potential, which was, the real part, Us(in their notation)
> —12 MeV and the imaginary part, Wy < —7 MeV through their study on the

shape of the spectrum in unbound region (figure 1.11, (28]).

imaginary Pat W° (MeV)

" 10

) [
" Real Part- U (MeV)
: ®

Figure 1.11:Inclusive '2C{K~, 7 ™) spectrum and the results of full DWIA

calculation [29, 30].
(a) Calculated spectra with the real part Uy =0, —5,-10, —15 MeV and

the imaginary part Wy = 9 MeV are overlaid.
(b) Contour plot showing the allowed region of Us and Wx.
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Recently, it is demonstrated that the (7, K™*) spectrum is found to be sensitive
to the T-nucleus potential [31], where two types of potential are considered in the
calculation, which are derived phenomenologically (figure 1.12). One is based on
the one boson exchange potential (OBEP) describing the two-body Y IV interaction
(Nijmegen Model D (ND) equivalent) and the other one is obtained from the X7-
atomic X-ray data with assuming the non-linear potential shape with respect to
the nucleon density distribution. The calculated (x =, K*} spectrum on Si based
on the former potential is denoted as 'ND’ and the latter as "atom’ in figure 1.13.

The potential 'ND’ represents an attractive real part and moderately absorp-
tive imaginary part where the ’atom’ represents a strongly repulsive real part and
deeply absorptive imaginary part. Naturally, seen from the figure 1.13, the re-
sponse of the spectra both above and below the binding threshold are different
and opposite from each other. Experimental observation is needed to compare
with and so as to discriminate them.

In KEK-PS E438, we thus proposed to measure the inclusive (x7, K +) spectra
mainly in heavy nuclear systems with high statistics in order to extract the X
single-particle potential [32].

Another way of E-nuclear spectroscopic study named as Coulomb-assisted hy-
brid bound state (CAHBS) may be observed as a narrow peak for the medium
nuclear system, which was mentioned first by Yamazaki et al [33]. Later, in heavy
nuclear system Akaishi et al [34] also figured out the possibility to observe the
CAHBS as a narrow peak by using (7=, K*) reactions. Obviously, CAHBS could
provide invaluable information on the ¥-nucleus potential if it exists and can be
the next step of our present study.

1.4 Inclusive (7—, K) spectrum

In the present experiment, we have measured the inclusive (m~, K*) spectra on
CH,, silicon, nickel, indium and bismuth targets near the %7 production threshold.
Since the (x~, KT) spectrum reflects the low energy Y-nucleus scattering, the
analysis of the spectrum shape would give the Y-nucleus optical potential. The
framework of the Distorted Wave Impulse Approximation (DWIA) has been often
applied to calculate the inclusive spectra ([35, 52], for example). The differential
cross section of the (x~, K*) reaction in terms of DWIA can be expressed as
d*o

do
oaE " d_Q)de SE) (12)

where [ is the kinematical factor, (%) y is the Fermi-averaged differential cross
section for the elementary process (1~ +p — K™+ E7), and S(E) is the strength
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function. A gross feature of the spectrum is described by S(E) in this formalism,
where the strength function S{E) can be expressed as

S(E) = _?llmz f dr ] 4 £ (P) Gt (B 7y 1) foo (1) (1.3)

[a70

Here, f(c) is the form factor characterized with the distorted wave of the inci-
dent and outgoing particles and the residual nuclear state as in equation 1.4. Goo'
is the Green function for the Y-nucleus system in the coupled channels description.
f(a) and Ggor are usually expressed as

falr) = X" *(R)xT(R) < algn(r)li > (1.4)
R = (M./My,)r (1.5)

and !
Gow (Eyry7') =< a|1/)g(r)m1/)§(r’)|a’ > (1.6)

If H can be described with a single-particle optical potential Uy, G is given as a
solution of the following equation,

(h_zA + E—-Ug)G(E;ry 7'y = —8(r — 1') (1.7)
21

Therefore, S{F) is respondent to Us.
Further description of the Green’s function method is presented in appexdix A.

1.5 Present experiment

The present experiment was carried out at the K6 beam line of KEK 12-GeV
Proton Synchrotron (PS) with the SKS spectrometer system. SKS, which has a
wide momentum acceptance, satisfies our experimental requirement well so as to
obtain high-statistics data. The elementary process of

T +p—o KT+ X7 (1.8)

was used to produce a £~ hyperon which we denote here by p(z~, K*)X~. The
incident pion momentum was chosen to be 1.2 GeV/c. As shown in figures 1.14 and
1.15 the elementary production cross section decreases rather smoothly according
to the incident beam energy, while the recoil momentum of the produced X~ rapidly
decreases to ~ 400 MeV /c at around 1.2 GeV /c. Rapid change of recoil momentum
makes the spectrum analysis complicated. Larger recoil momentum requires wider
momentum acceptance for the kaon spectrometer. Therefore, we compromised
between the yield and sensitivity to select beam momentum 1.2 GeV/c as an
optimum.

The calibration of the energy scale is one of the key point of the present exper-
iment as the shape and yield of the spectrum near the binding threshold is most

13
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sensitive to the & --nucleus potential. In order to calibrate the energy scale so as
to determine the &~ binding energy threshoid with high precision, we put a CH,
target 25 cm upstream from the scattering target. We could always monitor the
energy scale from the elementary process, p(m~, K +)¥- throughout the experi-
ment. The intrinsic momentum resolution of SKS is already achieved to be ~ 2
MeV in FWHM in previous experiment, which is very much helpful to check the
sensitivity of the imaginary part of the potential, because a bad resolution may
cause a spectrum to smear out. However, as the imaginary part, Wy, is expected
to be less than -7 MeV [22], putting CH, target together with the scattering tar-
get would not affect the present purpose. The mass-number dependence of the
quasi-free £~ production cross sections is important to understand the reaction
mechanism. Moreover, as discussed earlier in the heavy nuclear system where
neutrons dominate in number, the iso-vector term may appear in the ¥ ~-nucleus
folding potential, since the £~ -p potential is different from the ¥7-n one. In or-
der to cover a wide mass-number region we used CHy, silicon, nickel, indium and
bismuth targets.

The present thesis is arranged by the following order.

The experimental setup and the obtained data summary are discussed in chapter
2. Detail procedures of data analysis together with energy scale calibration are
described in chapter 3. Experimental results are presented in chapter 4. Discus-
sions on the present results, comparison of the Si spectrum to the Monte Carlo
simulation as well as comparison with theoretical spectra are presented in chapter
5. Conclusion is in chapter 6. A brief description of the Green’s function method
is presented in Appendix A. (7%, K7)quasi-free spectra on CH, and Si targets
were also measured in the present experiment. Observed spectra on C and Si are
presented in the appendix B. In Appendix C, procedure of the eikonal approxi-
mation is described. A brief description of the Monte Carlo simulation is given in
Appendix D. Inclusive (7, K*) spectra are presented as tables in Appendix E.
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Chapter 2

Experimental Setup

2.1 Overview

The present experiment was carried out at the 12 GeV proton synchrotron(PS) in
High Energy Accelerator Research Organization(KEK) by using the K6 beam line
together with the Superconducting Kaon Spectrometer(SKS) system.

As the beam momentum of negative charged pion was fixed to be 1.2 GeV/e, K6
beam line was the most suitable place to have good pion beam in this momentum
region. In addition, the large acceptance(100 msr) of SKS together with good
momentum resolution of 0.1%(FWHM) in a momentum range of 1 GeV/c was one
of the unique choice of this experiment mainly in terms of statistics as well as in
momentum resolution. The experimental setup consists of mainly two parts: The
beam line spectrometer system, in order to measure the incident beam momentum
and the SKS spectrometer system for that of scattered particles. Figure 2.1 shows
the whole experimental setup of the present experiment (KEK-PS E438).

The detail description of the whole experimental setup is organized as follows: The
design of K6 beam line is described in section 2.2. Beam spectrometer is mentioned
in section 2.3 and the scattered particle spectrometer is in section 2.4. Trigger type
is in section 2.5 and the data-acquisition system is in section 2.6. Experimental
targets and the details of data summary are presented in section 2.7.

2.2 K6 beam line

The K6 beam line is located at the north counter hall of KEK 12-GeV proton
synchrotron(PS) which is a general-purpose high-intensity beam line. It supplies
mass-separated secondary beams in the momentum region of around 1 GeV/ec.
Figure 2.2 shows a schematic diagram of the k6 beam line. The beam line consists
of two dipole magnets(D1, D2), ten quadrupole magnets(Q1 - Q10), a sextuple
magnet(SX), an electrostatic (DC) separator with two correction magnets{CM1,
CM2) and four slits. The name and locations of these slits are specified in table
2.1. The primary proton beam was extracted for ~0.7 second in each 3.0 seconds,
synchronized to the KEK 12-GeV PS operation cycle.
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EXPERIMENTAL SETUP
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Gas Cerenkov
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Figure 2.1: Experimental setup of the present experiment(KEK-PS E438)

o Central momentum of the 7~ beam spectrometer was 1.2 GeV/c.

o Central momenta of the SKS were 0.63 GeV/c (1.9 T mode), 0.72 GeV/c (22 T
mode) and 0.78 GeV/c (2.4 T mode).
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The production target to produce secondary pion by the primary proton beam
was located at the most upstream of the k6 beam line. A platinum rod of ¢6x60
mm? was used as the production target. The intensity of primary protons on the
production target was typically 1.2x 102 protons/spill.

The mass and momentum of the secondary pion was then selected and achro-
matically focused on the experimental targets. The measured beam size was typi-
cally 5.2 mm (horizontal)x 8.5 mm (vertical) in rms, as shown in Figure 2.3. In the
present experiment, the central beam momentum was set to be 1.2 GeV/c where
the threshold momentum of the p(x—, K*)Z~ reaction is at 1.035 GeV/c. Beam
intensity at the experimental targets was adjusted around 1.5 ~ 2.3 x 108 /spill,
to avoid detection efficiency drop due to high counting rates as well as to avoid
deterioration of the momentum resolution.

K6 Beam Line

Production

Figure 2.2: K6 beam line

2.3 Beam spectrometer

The beam spectrometer system is the end part of k6 beam line which is used
to analyze the beam, particle by particle. Figure 2.4 shows a schematic view of
the beam spectrometer. It consists of a QQDQQ magnet system together with
four sets of drift chambers(BDC1 ~ BDC4) for the momentum reconstruction
and three trigger counters. The trigger counters comprise a Freon-gas Cerenkov
counter{eGC) and two sets of segmented scintillation counter(BH1,BH2). In order
to maintain a momentum resolution of 0.1%(FWHM) at around 1 GeV/c, a third-
order transport matrix was used for the momentum reconstruction. To minimize
multiple-scattering effects on the momentum resolution, the < z | § > term of
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Figure 2.3: Typical beam profile at the experimental target

Table 2.1: List of slits on K6 beam line

name located between...
acceptance slit D1&Q1
intermediate focus slit Q2&Q3
momentum slit DC&Q5
mass slit Q6&QT

Table 2.2: Design specification of the beam spectrometer

momentum resolution  0.1% (FWHM)

momentum bite +3%
maximum momentum 1.2 GeV/c
bending angle 60°
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the transport matrix was tuned to be zero. In addition, the beam pipe in the
QQDQQ system was evacuated with a Kapton window of 100 gm thickness, and
the tracking chambers were made as thin as possible in substance. The magnetic
field of the D2 magnet was monitored during the experiment every spill with a
high-precision Hall probe in order to correct its fluctuation in the off-line analysis.
Design specifications of the beam spectrometer are listed in table 2.2.

Figure 2.4: Schematic view of the beam spectrometer

2.3.1 Trigger counters

Trigger counters of the beam spectrometer consist of a Freon-gas Cerenkov counter
(eGC) and two sets of scintillation counter(BH1, BH2). Specifications of these
three trigger counters are listed in table 2.3.

The eGC was located just downstream of the mass slit. The electron contami-
nation in the pion beam was rejected with this counter by a rejection efficiency of
better than 99.9%.

The BH1 was a segmented scintillation counter, which was located just down-
stream of eGC. Figure 2.5 shows a schematic view of BH1. It was segmented into
seven vertical pieces of 5 mm-thick plastic scintillator in order to reduce the count-
ing rate. The size of each segment was adjusted so that the single-counting rate in
each segment could nearly be equal. To avoid any dead space, each segment was
overlapped with its adjacent segments by 0.75 mm. Each segment was equipped
with phototubes having three-stage booster on both ends.
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The BH2 was located just close the the experimental target to define the beam
hitting the experimental target. Figure 2.6 shows a schematic view of the BH2
counter. This counter was used as a time-zero counter for timing measurement of
the scattered particles. It was segmented into five vertical pieces of 3 mm-thick
plastic scintillator. Each segment was equipped with phototubes having three-stage
booster on both ends. Since BH2 was placed between the beam spectrometer and
the scattered particle spectrometer, it was made as thin as possible in order to
minimize the energy-loss straggling in this counter. By requiring timing coinci-
dence between BH1 and BH2, the contamination in the pion beam was rejected
sufficiently.
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Figure 2.6: BH2 configuration
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Table 2.3: Specifications of the trigger counters

name sensitive area PMT etc.
(cm) (Hamamaatsu)
GC 20 x 20% R1584-02x1 Freon-12, n=1.00245

BH1 19% x off x .57 R1450x14 7-segments, 3-stage-booster
BH2 14.8% x 107 % 0.37 R5010x10 5-segments, 2-stage-booster

TOF  105% x 1007 x 3% R1949x30 15-segments
AC1 105" x 1207 x 9%  R1584-02x18 n=1.06

AC2 140" x 140" x 12F  R1584-02x20 n=1.06

LC  140% x 1407 x 4F H1949x 28 14-segments, n=1.49

2.3.2 Drift chambers

The properties of the drift chamber are summarized in tables 2.4 and 2.5. The
beam line drift chambers, BDC1 ~ 4, had the same plane configuration and cell
structure as shown in figure 2.7 and figure 2.8, respectively. In order to operate
under high counting rates of several M /spill, the sense-wire spacing was made to be
short(5 mm). Furthermore, read-out electronics of the pre-amplifier/discriminators
are equipped with two-stage pole-zero cancellation and one baseline restorer. Each
chamber has six layers of sense-wire planes (zz'uu've’), where vertical and £15°
tilted-wire planes are denoted by z,u and v, respectively. In each pair plane,
the sense-wire position is shifted by a half of a cell size of 2.5 mm in order to
solve any left/right ambiguity, as shown in figure 2.8. The sense wire is a gold-
plated 12.5 pum-diameter tungsten wire and the field wire is a gold-plated 75 pm-
diameter copper-beryllium wire. The cathode planes are made of 7.5 pm-thick
kapton, both sides of which are coated with 0.1 pgm aluminum and 0.0025 pm
chromium for preventing oxidization of the aluminum coating. The gas mixture
was Ar(76%)+CysH10(20%)+Methylal(4%) at atmosphere pressure.
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Table 2.4: Specifications of the drift chambers I

name area drift space wires thickness resolution
(cm) {mm) (in Lg) (rm.s. in um)
BDC1-4 24" x 157 2.5 zzuuvy’  1.79 x 1073 300
SDC1 24% % 157 2.5 ww'vy’  1.79 x 1073 300
SDC2 56W x 207 2.5 rr'uw'vy’ 1.79 x 1073 300
SDC3  90% x 90 21 rr'yy  0.53 x 1073 250
SDC4X  100% x 1007 21 zx6  1.05x107* 250
SDC4Y  100Y x 1007 21 yx6  1.05%x1073 250

Table 2.5: Specifications of the drift chambers II

name gas wire material

BDC1-4 Ar 76%+Cy4Hio 20% sense: gold-plated tungsten, ¢ = 12.5um
SDC1-2 4+ Methylal 4%(STD) field: gold-plated copper beryllium, ¢ = 75um

SDC3  Ar 50% + C.Hy 50% sense; gold-plated tungsten, ¢ = 20um
SDC4 (STD) field: gold-plated aluminum wire, ¢ = 80um
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2.4 Scattered-particle spectrometer(SKS)

The scattered particle spectrometer known as superconducting kaon spectrome-
ter(SKS) is comprised of a superconducting dipole magnet with four sets of drift
chambers(SDC1 ~ SDC4) for the momentum reconstruction and three kinds of
trigger counter for the particle identification. The trigger counters comprised of
a scintitlation counter wall(TOF), two silica aerogel Cerenkov counters(AC1,AC2)
and a Lucite Cerenkov counter wall{(LC)(figure 2.1).

Design specifications of the SKS are summarized in table 2.6. The character-
istic feature of the SKS is to have a good momentum resolution of 0.1%(FWHM)
together with a large acceptance of 100 msr at around 1 GeV/c. Simultaneously,
it keeps the flight path as short as 5 m for the central trajectory in order to mini-
mize kaon decay-in-flight, and has a powerful kaon identification ability. The SKS
enables us to perform the present experiment with a good energy resolution and
in high statistics. Figures 2.9 and 2.10 show schematic views of the SKS.

2.4.1 The superconducting magnet

A single sector-shape dipole magnet with a large aperture of 50 cm was adopted
in order to realize the specifications mentioned above. The magnet is so large
and powerful that the bending angle is as large as 100°. Unlike conventional high-
resolution spectrometers used in nuclear physics, the SKS has no well-defined focal
plane. The sector-shape gives the SKS an approximate focusing property, which
makes the large acceptance possible with the large aperture. Table 2.7 shows
design parameters of the superconducting magnet {38, 39].

The scattered-particle momentum was obtained particle by particle by recon-
structing a particle trajectory with the Runge-Kutta tracking method using a
precisely measured magnetic field map [1]. In order to reduce multiple scattering
effects on the momentum resolution, the tracking chambers were made as thin as
possible in material, and the spaces along the particle trajectory were filled with
helium bags.

In the present experiment, SKS was excited at 1.9 T (210 A}, 2.2 T (272 A)
and 2.4 T (320 A), correspond to the central momenta of 0.63 GeV/c, 0.72 GeV /¢
and 0.78 GeV/c, respectively. Table 2.8 shows a relation between the SKS current
and momentum of a central trajectory. The magnetic field was monitored with an
NMR probe and the field fluctuation was within £0.003% throughout the beam
time.
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Table 2.6: Design parameters of the SKS [37].

Momentum resolution 0.1% FWHM at 720 MeV/c
Maximum central momentum 1.1 GeV/c
Momentum bite +10%
Bending angle 100° for the central trajectory
Solid angle 100 msr
Flight path ~5 m for the central trajectory
Pole gap 49.75 cm

Table 2.7: Design parameters of the SKS superconducting magnet.

Maximum magnetic field 3T
Stored energy 16.6 MJ
Conductor NbTi/Cu
Ampere turns 2.1 MA-T
Maximum current 500 A
Total Weight 280 t
Heat leak at 4 K 5W
Content of Ligq. He 156 ¢

Table 2.8: SKS current, central momentum and magnetic field

current central momentum central magnetic field

[A] [GeV/(] [T]
210 0.63 1.9
272 0.72 2.2
320 0.78 2.4
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Figure 2.9: Schematic top view of the SKS.
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Figure 2.10: Bird’s-eye views of the SKS.
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2.4.2 Trigger counters

Table 2.3 shows the specifications of the trigger counters. A combination of three
kinds of counter in the trigger label selected the scattered pion, kaon and proton.
Trigger counters are a scintillation counter wall {TOF), two silica-aerogel Cerenkov
counters (AC1, AC2) and a lucite Cerenkov counter wall {LC). TOF is sensitive
to the charged particles, AC1 and AC2 are sensitive only to pion and the LC is
insensitive to proton.

Table 2.9:Sensitivity of SKS counters for 720 MeV /¢ particles

Table 2.9 briefly shows the sensitivity I |7 | K| p|
of those counters for the scattered par- TOF (OO0
ticle of momentum 720 MeV/e. Scat- LC OO0 x
tered particles were roughly identified ACIL2 | O x | x

by these counters in the data taking
stage. () : sensitive X : insensitive

The TOF counter was used for the scattered particle identification by measuring
the time-of-flight from the reaction point. It was located just behind of the SDC4Y.
As shown in Figure 2.11, it is segmented into fifteen vertical pieces of 7x100x3
cm? plastic scintillator. Each segment is equipped with fast phototubes on the top
and bottom sides. The timing resolution is good enough to separate the scattered
pions, kaons and protons.

The LC is a threshold-type Cerenkov counter comprising fourteen vertical
pieces of 10x140x4 cm?® lucite radiators, shown in Figure 2.12. Each segment
is equipped with fast phototubes on the top and bottom sides. It was installed
just after the TOF counter. A wave-length shifter of bis-MBS was mixed by 10
ppm in weight in the lucite radiator in order to enhance the direction efficiency for
pions and kaons with various incident angles. The refractive index of a lucite was
1.49. Proton slower than 0.85 GeV /c were mostly rejected because of the Cerenkov
light threshold, as shown in figure 2.14.

The AC1 and AC?2 are silica aerogel Cerenkov counters used to veto pion with
a threshold of 0.4 GeV/c, as shown in figure 2.14. The refractive index of a silica
aerogel was 1.06. They were installed behind the LC wall. Figure 2.13 shows
a schematic view of AC1. The structure of AC2 is essentially the same as that
of AC1, except for the size. The sensitive area of AC1 is 105x120x9 cm® and
that of AC2 is 140x140%12 c¢cm?. To realize uniform efficiency without any dead
space over a large sensitive area, we adopted a two-layers counter system. For AC1
(AC2), we used 18 (20) phototubes which were sensitive to single photo-electron.
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Figure 2.11: Schematic view of the TOF counter.
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Figure 2.12: Schematic view of the LC counter.
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2.4.3 Drift chambers in the SKS

Specifications of the drift chambers in the SKS are listed in table 2.4 together with
the beam line drift chambers.

SDC1 and SDC2 were placed at the entrance of SKS. They had the same
configuration as BDCs since they were exposed to the beam. The SDC1 had four
sense-wire planes(uw/,vv) and the SDC2 had six sense-wire planes(zz’ un’,vv").

The location of SDC3, SDC4X and SDC4Y were at the exit of SKS. They
had a large drift space of £21 mm, because they were installed at the exit of the
magnet and the counting rate there was not so high. The size of the sensitive
area of SDC3, SDC4X and SDC4Y was larger for covering the wide angular and
momentum acceptance of the SKS. The SDC3 had four sense-wire planes(zz’,yy’).
In each pair plane, the sense-wire position was shifted by a half of a cell size in
order to solve the left/right ambiguity.

The SDC4X and SDC4Y had six anode planes, as shown in figure 2.15. In each
cell, the sense wires were staggered alternatively by +200 pm in order to solve
the left/right ambiguity. The staggering of the sense wire can be clearly seen in
figure 2.15. Figure 2.16 shows a distribution of %(3:2 + x4) — 3, where z, means
the drift length of the nth plane of SDC4X. The two peaks correspond to the left
and right-hand sides of the sense wire. The width of the peak shows the intrinsic
position resolution of less than 250 um in rms. In the off-line analysis, the two
outermost sense wires in a cell were not used, because they were noisy due to their
incomplete field shapes.

The sense and field wires of SDC3, SDC4X and SDC4Y are a gold-plated 20
um tungsten wire and a gold-plated 80 pm aluminum wire, respectively. The gas
mixture was Ar(50%)+CyHg(50%) at atmospheric pressure. These properties are
summarized in table 2.5.
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2.5 'Trigger

In order to reduce a lot of background particles produced through various pion-
nucleus reactions, such as {m,p)X and (7,7)X, whose cross sections are typically
a few order of magnitude larger than that of the (#~,K*) reaction, a good and
powerful trigger system was required. In the present experiment, the (7 =, K*)
trigger was comprised of three kinds of counters in the beam spectrometer(BHI,
BH2 and eGC), and three kinds of counters in the SKS spectrometer(TOF, AC1.2
and LC), as shown in figure 2.17.
Data was taken using the following three kinds of triggers mixed at a time:

BEAM = BH1 x BH2 x eGC,
PIK = BEAM x TOF x LC x AC1 x AC2,
PIP] = BEAM x TOF x LC.

Mean timer modules were used for BH1 and BH2 and had two PMT’s at both
ends so as to remove the incident-position dependence of the trigger timing. The
proton contamination in the beam was rejected by a timing coincidence between
BH1 and BH2 with a coincidence width of about 5 nsec.

The BEAM and the PIPI triggered data were used for calibration and ef-
ficiency estimation of the detector system. Mean timer modules were used for
TOF and LC and had two PMT’s at both ends so as to remove the incident-
position dependence of the trigger timing. The PIK trigger rate was typically 400
counts/spill for a beam rate of about 1.5 M/spill. Most of these events came from
background pions and protons from the target and other materials, such as BH2
and chamber support pillars.

The BH2 timing was used as the STOP signal of TDC’s for BDC’s, SDC1 and
SDC2, while the TOF timing was used for SDC3, SDC4X and SDCA4Y because a
flight time from BH2 to the exit of the SKS varies according to the flight path and
momentum of a particle.
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Figure 2.17: Trigger.logic diagram.

2.6 Data-acquisition system

Figure 2.18 shows a diagram of the data-acquisition system. Raw signals from
the detectors were digitized with TDC and ADC modules in the TKQO boxes.
The TKO is a standard developed at KEK. In a VME box, six VME-SMP’s(Super
Memory Partner) were installed. The VME-SMP was an interface module between
a TKO bus and a VME bus, and had a local memory which could be access by
a CPU module. During a beam spill on, event trigger signals were fed into the
ACCEPT input of the VME-SMP’s. Then the VME-SMP’s read out the data of
the TDC and ADC modules and stored them into their local memories. At the
spill-end, the stored data are read out by the CPU module(HP743rt) which was the
host computer. The CAMAC scalers in one crate were also read out via a VME-
CAMAC interface(CES-8216) connected to a K3922 CAMAC crate controller. The
data were written on DVD after being processed by the host computer. During
the data-taking, most of the data were also transfered to a Linux workstation for
an online monitoring. The data-acquisition task in VME was independent of the
data-monitoring task in the workstation.
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Figure 2.18: Schematic diagram of the data-acquisition system.

2.7 Experimental Targets and Data Summary

Table 2.10 represents all the targets used in the present experiment together with
obtained data with specific SKS current setting condition according to the exper-
imental strategy. The data were taken in two separated experimental cycles also
mentioned in the table 2.10. Specifications of the targets are summarized in table

2.11.
’ 250mm I

' +
n Kc,
_ K*
n =____..--—-""°’
CH: target

Figure 2.19: A schematic view of the target configuration
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Table 2.10: Data summary of E438

(n~, K*) data

target(s) SKS current irradiated m cycle

[A] [x10°]
CH,&5i 210 15.8 QOct., 1999
CH2&Si 210 86.5 Dec., 1999
CHo&Si 272 228.7 Oct., 1999
CH,&Si 272 16.0 Dec., 1999
CH,&Si 320 101.6 Dec., 1999
CH,&Ni 272 252.6 Dec., 1999
CHo&In 272 352.3 Dec., 1999
CH,&Bi 272 225.2 Oct., 1999
CH,&Bi 272 120.7 Dec., 1999
CH, 272 22.5 Oct.. 1999
CH; 272 24.8 Oct., 1999
CH, 272 19.8 Dec., 1999
CH, 272 19.6 Dec., 1999
(m*, Kt) data
targets SKS current irradiated m cycle
Al [x107]
CH,&Si 272 25.3 Oct., 1999

Table 2.11: Specifications of the experimental targets.

target size thickness pdz
[cm] [g/cm?]

CH, 20.0 x 10.0 x 1.07 0.95

C 8.8 x 87 x 1.07 1.72

Si 10.0 x 7.5 x 2.87 6.53

Ni  10.0 x 10.0 x 0.87 7.16

In 100 x10.0 x 1.17 7.93

Bi  10.0 x 10.0 x 1.07 9.74
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As shown in table 2.10, two targets were placed in tandem where CH; target was
almost always common to other nuclear targets. The CH; target was placed about
250mm upstream from the nuclear target. Figure 2.19 shows a schematic view of
the target configuration. The calibration of the horizontal axis to determine the
¥~ binding energy threshold was one of the key point of the present experiment.
The CH; target in this configuration was used for this purpose by referring the
elementary process, p(n~, Kt)X~. Moreover, we could also monitor the stability
of the whole system throughout the experiment by the elementary process both
in energy scale mentioned above and in vertical scale(cross section). The detailed
description of the calibration procedure is discussed in chapter 3. Moreover, from
the CH; target we could also extract the C spectrum so as to discuss the mass
number dependence of the £~ production cross section by the (7~ ,K*) reaction.
However, some data were taken by putting only the CH, target in the same position
in some intervals of the data taking period mainly to check the consistency of the
calibration process as well as to check the elementary cross section as the energy-
loss straggling in this case is sufficiently smaller. The SKS current setting of 272A
could cover the momentum region of around ¥~ binding threshold sufficiently.
Moreover, using three different SKS current settings namely, SKS 210A, SKS 272A
and SKS 320A, data were taken on CHs and Si. These three settings together cover
a very wider momentum acceptance of SKS which would enable us to understand
the gross feature of the whole spectrum shape more quantitatively. The number of
irradiated pions on different experimental target were decided to have almost the
same number of yield in the missing mass scale of unbound region.

It is also important to mention here that some data were taken by using the
(7% K*) reaction on CH, and Si as shown in table 2.10. Beam momentum was
fixed as 1.2 GeV/c which was same as {7~ ,K') data in order to measure the
inclusive (7 *,K*) spectra on C and Si so as to compare the DWIA framework for
the {m*,K*) reaction in the present experimental condition. The observed (7t K*)
spectra are presented in Appendix B.

38



Chapter 3

Data analysis

3.1 OQOutline

In this chapter, analysis procedures of the present experiment for the event re-
construction and to obtain the hypernuclear mass spectra from the raw data are
described in detail.

The hypernuclear mass (Mgy) from the {(x~, K*) reaction is obtained as a
missing mass and is given as follows;

My = (Ex + Ma — Ex)? — (02 + P — 2pspic cosbr) (3.1)

where E, and p, are the total energy and momentum of a pion, Ex and py are
those of a kaon, M, is the mass of a target nucleus and . is the scattering angle
of the reaction. Thus, we need to measure three kinematic variables, p., px and
8. x through the momentum reconstruction event by event. The observed inclusive
(m~, K*) spectra are presented in this thesis as function of the binding energy of
the £~ hyperon(Bx-) and is thus obtained as

ng = MA_1 + Mg— - MHY . (32)

where M4_; is the mass of a core nucleus at its ground state, and Mg- is the
mass of a £~ hyperon(1197.449 MeV/c?). Figure 3.1 shows a schematic flow chart
of the off-line analysis. First, a good (7m~, K) event was selected from the larger
background event in the PIK trigger. An incident 7~ was selected by using the
time-of-flight between BH1 and BH2. At this stage a scattered K* was roughly
selected by only using the TOF and LC counters information. Then, the 7~
momentum and the K+ momentum were reconstructed from the track information
of BDC’s and SDC'’s, respectively. In the tracking process, first, straight-line track
candidates were defined both at the entrance and the exit of the spectrometer
system. Then, the combination of the straight-line tracks which gave the least chi-
square in the momentum reconstruction was assigned as the best track candidate.
A third-order transport matrix was used in the beam spectrometer for the beam
momentum construction, while, for the scattered momentum reconstruction in
the SKS, a precisely measured magnetic field map was used. Then, the vertex
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Figure 3.1: Flow chart of a (m~, K¥) event reconstruction
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point where the (7~ ,K*) reaction took place was obtained from the 7~ and K¥
trajectories. Finally, by using the time-of-flight information between BH2 and TOF
and the reconstructed momentum, identification of K* was carried out precisely.

The hypernuclear mass spectra obtained by the present analysis could be char-
acterized in terms of the precision of the horizontal(excitation energy) scale, ver-
tical(cross section) scale and also by the background level. These factors are also
discussed in this chapter.

3.2 Beam Momentum reconstruction

As stated earlier, the beam momentum was reconstructed from the BDC’s infor-
mation. The. detail procedure is as follows. First, straight tracks were defined
Jocally at the entrance and exit of the QQDQQ system by BDC1-2 and BDC3-4
respectively, by using the least-squares method. For multi-hit events, a pair-plane
hit condition was required, which was equivalent to solving the left /right ambigu-
ity. Those straight tracks were connected using a third order transport matrix [1].
Then the particle momentum was determined by minimizing the following reduced
x? value. The x? value of each track is defined as

X?(G _ ZH (P f:( )) + ZH ( ( aut))2 ,

wi i=13 i

24
n = ZH,‘,
i=1

15 1 if +th plane had a hit
P 0 if +th plane had no hit ,

—

Xout = M()_(.imd):

where P, and w; denote the hit position and resolution of the #th plane in BDC.
The estimated positions with the transport matrix at the i-th plane are filXin)
and g;(Xout), where X, and X, are the horizontal and vertical positions (z,y)
and their derivatives (‘;x,g ) at the entrance and exit of the QQDQQ system.
The operator M denotes the transport matrix which combines the Xm and Xom
For multi-hit events, the only combination which gave the least x? was chosen.
Figure 3.2 shows a typical x? distribution for a 1.2-GeV/c n~ beam. The tracks
whose x? were less than 20 were accepted as good events. The accepted region is
indicated by the arrow.

Typical momentum distribution for the 1.2-GeV/c 7~ beam is shown in fig-

ure 3.3. The momentum bite was typically 3 %.
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3.3 Scattered Particle momentum reconstruction

The momentum of a scattered particle was reconstructed from the SDC data.

Using the least-squares method, straight tracks were defined locally at the
entrance and exit of the SKS magnet by SDC1-2 and SDC3:4 , respectively. Since
the pair-plane hit condition was no use in case the trajectory had a large angle to
the chamber planes, all combinations of the left/right ambiguity were examined
in finding the SDC1-2 track. For multi-hit events, all possible combinations were
examined, and events whose chi-squares were less than 10 were accepted.

Then, the momentum of a scattered particle was determined by reconstructing
a trajectory from the hit positions by the Runge-Kutta tracking method for particle
by particle using the measured magnetic ficld maps [40]. The magnetic field maps
had been measured at various current settings with an accuracy of 1074 using
high-precision hall probes [1]. The trajectory and momentum were optimized by
minimizing the following x? value with iteration. For multi-track events, the only
combination which makes the least x* was chosen. The x? value of each track was
defined as

: 2
1 n xl?‘racking _ Idam
2 1 i
- , 3.3
XSKs _ 5 ; ( W (3.3)
where n is the number of the chamber planes with a hit, z7°*™9 and £ are hit
1 1

positions on the #-th plane in the tracking and the data, respectively, and w; is the
position resolution of the #-th hit plane. The convergence criterion in the iteration
is 6x% = (x3.1 — x#)/(x3) < 107, where k is the number of iterations and xj is
the tracking x? value for the kth iteration. Figure 3.4 shows a typical SKS x?
distribution from the CHp&Si(n~,K*)} data. In the present analysis, tracks whose
x? were less than 60 were accepted as good tracks considering high efficiency and
a good momentum resolution as well as sufficient decay background rejection.

3.4 Particle identification in the SKS

The first priority in the off-line analysis was to select the good PIK event from the
huge background mainly came from the fast protons which fired LC. The pions were
well suppressed in the trigger level by AC1 and AC2. These background particles
were roughly identified by using ADC’s or TDC’s of TOF and LC. In order to
reduce the required CPU time in the Runge-Kutta tracking routine , TDC cut of
both TOF and L.C were applied in the first stage of the off-line analysis.

After the tracking, the mass of a scattered particle My, was calculated as

Micer = %\/ 1- ﬂ2 ) (34)

where 3 is the velocity of a scattered particle obtained from the time-of-flight and
the flight path length between BH2 and TOF, and p is the momentum obtained
from the event reconstruction. Figure 3.5 shows a typical mass distribution of
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scattered particles for the CH,&Si(n~,K*) data obtained after a x%xs analysis
explicitly. Kaons are clearly separated from the pions and protons.

3.5 (7n,K") event vertex and scattering angle

The scattering angle and event vertex were obtained from a local straight track
in BDC3-4 for the incoming pion and a track obtained in the momentum recon-
struction of the scattered particle in SKS. The horizontal and vertical angular
resolutions in r.m.s. were 0.188° and 0.319°, respectively as shown in figure 3.6.
The horizontal resolution was comparatively better than the vertical one due to
the special wire configuration of the drift chambers.

Figure 3.7 shows a typical distribution of the scattering angle obtained from
the CH2&Si(n~,K ") data. To reject the background events coming from the BH2
counter as well as to improve the Z-projected vertex resolution, we selected the
scattering angle greater than 4 degrees as good events as indicated by an arrow in
the figure.

Figure 3.8 shows a scatter plot between the Z-projection of the event vertex
and the scattering angle without the scattering angle cut from the CHo&Si(m~,K*)
data . The Z-axis is defined as the beam direction. It is clearly seen in the figure
that the events scattered at the two targets, as well as in the BH2 counter can be
clearly identified. However, the Z-vertex resolution around the forward scattering
angle region was not good as seen in the figure. Then, by applying the scattering
angle cut (# >4°) the resolution was improved very much as shown in figure 3.9.
The arrows indicated in the figure 3.9 were the accepted regions of the CH, and
Si events in the analysis.
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3.6 Energy scale calibration

The calibration of horizontal axis is one of the very important point of the present
experiment. For that purpose, the elementary process, p(m~, K7)Z~ from the
CH, target is used so that elementary peak position stands always at mg- —m, =
259.177 £ 0.029 MeV/c® in the missing mass scale [41]. The calibration process
mainly consists of two parts:

First, to estimate the momentum loss of incident pions and outgoing kaons in the
target(s) beam through runs with and without target was taken with different
momenta of 7+ beam and second, correlations between scattered momenta and
incident angles are needed to be solve in order to determine the SKS offset values.

3.6.1 7" beam through run

In the beam through run, m* beam was conducted through the SKS magnetic
field both with and without a target. The beam through runs were taken in sev-
eral periods of the whole experimental cycle mainly when the experimental target
was changed as well as in any other change of the experimental condition. Table
3.1 shows such a list of the beam through runs taken in the present experiment.
Beam through run with target was taken with each experimental target individu-
ally. For the target energy loss estimation, beam through data of momentum 0.72
GeV/c taken with and without a target were used. Another purpose of the beam
through runs without a target was to calibrate the hodoscope parameters(ADC’s
and TDC’s) where several beam momenta were chosen to cover the overall re-
gion of the SKS counters uniformly to optimize the momentum resolution of our
experimental setup.

The beam through run for the 1.2-GeV /¢ beam could not be carried out because
of the limit of the SKS magnetic field.

3.6.2 Target energy loss and straggling

The difference of the beam momentum measured by the QQDQQ spectrometer
system and the SKS with a target reflects the energy loss in the target. However,
without a target that reflects the momentum resolution of the whole experimental
equipment. Beam through data of momentum 0.72 GeV /¢ with and without target
were used for those purposes.

Figure 3.10 shows the momentum difference dP = Py¢ — Psxs from without(a)
and with(b) the silicon target(6.53 g/cm?) for a 0.72-GeV/c 7% beam, where Py
is momentum from the beam spectrometer tracking and Psyg, that from the SKS
tracking. A fitting with a Gaussian function, figure 3.10(a) gives a value of g4p =
0.98 &+ 0.01 MeV/c. The energy loss was obtained as the shift of the centroid.

Figure 3.11 shows a relation between the observed encrgy loss values and the
target thickness where, the obtained values are compared with the calculated mean
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Figure 3.10:Distributions of the momentum difference between the two
spectrometers without{a) and with(b) the silicon target(6.53 g/cm?) for a
0.72 GeV/c n* beam. In (b), the centroid is shifted and the width is widen
because of the target energy loss and its straggling.
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and most probable energy loss values. The mean energy loss is calculated by the
Bethe-Bloch formula and the the most probable energy loss is calculated by using
Landau’s distribution. Experimental mean and most probable energy loss values
are obtained from the mean and and peak value of the energy loss distribution.
The calculated mean energy loss values are agreed well with the observed mean
energy values. Hence, we used mean energy loss values in our analysis.

Energy loss obtained with various targets are summarized in the table 3.2 where
different calculations are also shown for comparison.

In case of our calculation for the 7~ beam of 1.2 GeV/c and the scattered kaon,
the reaction point was assumed at the center of the target. Then, the momentum
loss of pion was calculated by scaling the observed momentum loss of 0.72 GeV /c
7t beamn to the ratio of the averaged energy-loss values at the beam momentum(1.2
GeV/c) and the beam through run momentum(0.72 GeV/c). Kaon energy loss in
the target was calculated by the Bethe-Bloch formula.

Table 3.1: Beam through data taken in the E438 experiment

QQDQQ  SKS

[GeV/c] [mode]

with targets 0.720 22T
without target 0.720 22T
without target  0.756 22T
without target  0.774 22T
without target  0.792 22T
without target  0.810 22T
without target  (0.828 22T
without target  0.684 22T
without target 0.666 22T
without target  0.648 22T
without target 0.630 22T
without target 0.90 27T
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Table 3.2:Summary of the energy and momentum loss estimation for 0.72
GeV/c nt beam. 'b.thr’ indicates the present beam through data. ’ene.loss’
means the energy loss in the target, 'mom.loss’ is the momentum loss and
'm.p.’ is the most-probable loss. The quoted errors are statistical. Calcu-
lated mean energy loss values were obtained by using Bethe-Bloch formula

{42].
target ene.loss {mm.p.) ene.loss {mean) mom.loss (m.p.) monm.loss (mean)
b.thr cale b.thr cale b.thr calc b.thr calc
[MeV] [MeV] [MeV] [MeV] [MeV/e] [MeV/c] [MeV /¢] [MeV/c]
CH, 1.55+002 1.05 2,24+ 0.02 1.98 1714 0.02 1.07 2.27+0.02 2.02
C 2.50+£002 162 3.25 £ 0.03 3.04 2.50 £ 0.02 1.65 3.30+0.03 3.10
Si 9.67+£0.10 6.353 |[11.22+0.11 11.04 9.97+ 0.10 6.472 11.42 + 0.12 11.25
Ni 930+0.10 5802 (1095012 10.69 9.60 + 0.10 5.92 11.14 £ 0.12 10.89
In 8934010 5545 |1041£011 1054 9.05 +0.10 5.65 10.59 £ 0.11 10.74
Bi 9.80+0.13 5836 [11.41+0.15 11.32 10.00+ 0.13 5.966 11.61 £0.15 11.53
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3.6.3 Momentum correction

The expected peak position for the elementary process, p(n~, K7}~ is at 259.177
MeV as explained earlier. The missing mass spectrum for the elementary process
in the CH; target from a typical CH,&Si data is shown in the figure 3.12, where
target energy loss was not taken into account. As a result, the elementary peak
position was not found to the expected position and moreover a small satellite peak
can be seen appeared close to the prominent peak. These events were found to be
come for larger scattering angles from the CH, target which did not pass through
the downstream target (here Si) as also can be seen in the figure 3.13(a). As a
result, these events from the CH, target did not suffered the energy loss like other
events which passed through the Si target. At first, these two separate events were
identified and different energy loss were taken into account for the corresponding
event. Later, in addition to the target energy loss, the measured beam momentum
as well as scattered momentum were also corrected by the following ways;

Scattered kaon momentum correction

In order to optimized the energy resolution, in addition to the energy loss effect

higher order correlations were removed by looking scatter the plot between missing

mass energy from the elementary process and ‘j—j or %g of scattered kaon’s as shown

in figure 3.13, where % and %ﬁ are the derivatives of the horizontal and vertical

positions, respectively at the target.

In the SKS, the scattered momentum correction was made with second-order poly-
dz

nomials in £ and %E together with the energy loss correction and can be expressed

by the following equation;

2 2
Py = Pé'}%gudpsxsil.%d—x) +(d—'y)
4z / spes 4z} sxs

2 2
d
+a- (—d‘r) +b. (—dx) fec- (—y) +d- (de) te
dz | g s dz } gxs dz ) gps 4z ) greq

(3.5)

where P5%g is the corrected kaon’s momentum which represents the kaon’s mo-
mentum at the reaction point. P¢%¥ and dPsks are the reconstructed kaon’s
momentum and the momentum loss, respectively. z, ¥ and z denote the horizon-
tal, vertical and the beam direction at the reaction point, respectively. a, b, ¢
and d are the correlation coefficients and e is the energy offset determined finally.
After taking into account the target energy loss correctly and by solving the cor-
relations, the two elementary peaks were found to be combined into one and the
peak position was found to be at the expected position (figure 3.13(b)). Values of
these coeflicients were kept same with all combination of data set and the precision
of the energy scale was found to be = 0.10 MeV. The obtained elementary peak

position for each set of data is presented in section 3.6.4.
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Beam momentum correction

The beam momentum was corrected by the the following equation;

FRY i\
e = Phe — dPrsy| 1. + (E) + (a) (3.6)
K6 K6

where P is the corrected pion’s momentum which represents the pion’s mo-
mentum at the reaction point. PZ2* is the reconstructed momentum by the beam

spectrometer and dPxg is the estimated momentum loss.

I T X Y
[ B o N = }

L

Cross section (b/sr)

AR R R L AR RE AN R

L1 J_;-I b, 1 J ) N R llJLﬂ_
220 240 260 280 300 320

M - M, (MeV)

2

Figure 3.12:Elementary distribution from the CH, target (CH2&Si data)
without momentum loss correction. The small satellite peak seen in the
figure was from the events with larger scattering angles from the CH, target
which did not not pass through the Si target. Events from the C target in
CH; can be seen scattered at the lower part of the histogram.
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% or 5 dy 7 of scattered kaons for the CHg&Si data without(a) and with(b} SKS
mornentum correction, where ‘f and are the derivatives of the horizontal
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3.6.4 Result of the energy scale calibration

Combination of all those procedures mentioned above for the energy scale cali-
bration gave calibrated energy scale spectra for the elementary process with all
combinations of target(s) setup. In figures 3.14, 3.15, 3.16, 3.17, 3.18 and 3.19
results of the energy scale calibration are shown. In all cases, the scattering angle
cut was fixed to be 4° - 8°. The elementary peak position was always obtained to
the expected position with all combinations as well as in two data taking cycles.
The obtained energy resolution is sufficient to discuss the spectra from all nuclear
targets rather fairly even near the ¥~ binding threshold as the depth of the imag-
inary part of the ¥-nucleus potential is supposed to be more than 7 MeV [28].

The elementary peak position and peak width with all setup are summarized
in table 3.3.
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Figure 3.14:The peak of the elementary process from the CH, only data.
The peak position was found to be at : 259.13 4+ .10 MeV and the width
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are seen at the lower part of the histogram.
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Figure 3.15:The peak of the elementary process from the CHo&Si
data(SKS 210A).

The peak position was found to be at 259.23 + 0.13 MeV with a
width{FWHM) of 3.31 £ 0.33 MeV.
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Figure 3.16:The peak of the elementary process from the CH,&Si
data(SKS 272A).

The peak position was found to be at 259.27 £ 0.14 MeV with a width
(FWHM) of 3.32 + 0.29 MeV.
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Figure 3.17:The peak of the elementary process from the CH2&Ni.
The peak position was found to be at 259.45 + (.19 MeV with a width
(FWHM) of 4.43 + 0.42 MeV,
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Figure 3.18:The peak of the elementary process from the CH&In.
The peak position was found to be at 259.3% & 0.24 MeV with a width
(FWHM) of 4.79 & 0.50 MeV.
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Figure 3.19:The peak of the elementary process from the CHo&Bi.
The peak position was found to be at 259.62 £ 0.26 MeV with a width
(FWHM) of 5.16 £+ 0.53 MeV.
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Table 3.3:Elementary peak position and energy resolution from the differ-
ent sets of data. The quoted errors are statistical only.

Expected peak position mg- — m, = 259.177 £ 0.029 MeV/c? [41]

Data Elementary peak position Energy resolution(FWHM)
(MeV) (MeV)

CH: only 259.20 £ 0.10 2.06 +-0.20
CH2&Si(SKS 210A} 259.23 £0.13 3.31£0.33
CH2&Si(SKS 272A) 259.27 £0.14 3.32 £0.29

CH,&Ni 259.45 £ 0.19 4.44 £ 0.42

CH,&1In 259.39 £ 0.24 4.79 £+ 0.50

CH,&Bi 259.62 £ 0.26 5.16 £ 0.53

3.6.5 Linearity of the SKS momentum

In order to examine the linearity of the SKS momentum over a wider momentum
region, 77 beam through data without a target were taken at the SKS current
setting of 272A(2.2T) for several central beam momenta of 630 MeV/c to 830
MeV/c. In table 3.1, typical beam through data taken in the present experiment
are summarized. In the beam through data without a target, we assumed that
the central momentum of the beam spectrometer was exactly proportional to the
magnetic fields of the beam line magnets. Figure 3.20 shows the mean value of the
momentum difference between the two spectrometers as a function of the central
momentum of the beam spectrometer. It was found that the linearity was kept
within +0.072 MeV/c in the momentum range.
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Figure 3.20:Mean value of the momentum difference between the SKS and
the beam spectrometer as a function of the central momentum of the beam
spectrometer.

3.7 Cross section

In order to obtain the vertical axis in terms of cross section, (i) experimental
efficiencies and (ii) SKS acceptance should be estimated. In this section brief
procedures of the efficiency estimation together with SKS acceptance estimation
are described. In table 3.4, definition of each experimental efficiency factor together
with other constant variables are listed.
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Table 3.4: Definition of experimental efficiency factors and constant.

variable or constant name typical values
s hit position —
i +th run o
k k-th event —
6 scattering angle of the event —
P reconstructed momentum of the event —

Y yield —

Nieam scaler count of the BEAM trigger —
I; number of irradiated 7~ —
A mass number of the target —

(px) target thickness in g/cm? —

Na Avogadro’s number —
€DAQ DAQ efficiency 80.4 + 0.1%
€EBDC BDC efficiency 88.9 £ 1.6%

€ Kétrack K6 tracking efficiency 96.5 + 1.4%
€sDC12 SDC12 efficiency 92.2 +1.2%
€5DC34 SDC34 efficiency 852+ 1.7%
€SK Strack SKS tracking efficiency 92.2+2.9%
Evertez Z vertex cut efficiency 92.9 + 2.8%
€PID PID cut efficiency 99.4 + 1.6%
€ETOF LC mul.cut TOF-LC multiplicity cut efficiency 98.7 + 1.3%
fdecay K™ decay factor ~ 429,

dst (6, p) simulated solid angle —

fac Accidental veto factor of AC 99.1 + 0.2%
foeam beam normalization factor 89.7 + 1.5%

60




3.7.1 Efficiency estimation

In this section, brief procedures of the efficiency estimation are described.

Data-acquisition efficiency

The dead time of the data-acquisition system caused a finite efficiency(€4aq) of the
data-acquisition. The data-acquisition efficiency was obtained by the ratio of the
number of events accepted by the data-acquisition system to that of triggers. The
typical value of epag was 80.4 +0.1% for the CH,&Si data.

Beam normalization factor

The beam normalization factor feeem represents the fraction of #~ beam out of
Niearn. By the excellent performance of the eGC, the e ~ contamination was rejected
with an efficiency of better than 99% in the trigger level. The proton contamination
was also rejected by requiring a good timing coincidence between BH1 and BH2.
However, muons in the beam, which are the decay products of pions, could not be
separated from pions. Here, we assumed it as 6.2% which was found for the 1.05
GeV/c 7t beam in previous E369 experiment [2]. Since the 5 of 1.2 GeV/c 7~ is
very close to that of 1.05 GeV/c nt, it can also be use in our case.

The accidental coincidence rate foe., between BH1 and BH2 was estimated by
using the BEAM trigger events mixed in the (7=, K*) data and was defined
as (Noeem — NBu12)/Noeam, Where Npgi.o is the number of events for which the
time of flight between BH1 and BH2 are proper for 7~. fy.. was estimated by
using the BEAM trigger events mixed in the {(x~, K*) data. Typical value of
face was 4.4 £ 1.7% for CH,&Si data with SKS 272A setting. Thus the value of
foeamn = (1= fu) - (1 — face) was found to be 89.7 £ 1.5%.

BDC efficiency and K6 tracking efficiency

The efficiency in the beam momentum reconstruction was estimated as a ratio of
the number of events accepted as a good trajectory to that of good beam particles
defined with BH1 and BH2, Nyeam - (1 — faee). It is composed of the BDC efficiency
egpc and the K6 tracking efficiency €xetrack- They were estimated by using the
BEAM trigger events mixed in the (7=, K*) data. The BDC efficiency is the
total efficiency to get straight tracks at the entrance and exit of the QQDQQ
magnet, which was found to be 88.9+1.6% for the CHy&Si data. The K6 tracking
efficiency is the analysis efficiency to reconstruct a particle trajectory in the beam
spectrometer, which was typically 96.5 + 1.4%.

TOF and LC multiplicity cut efficiency

In the analysis of the trigger counters in the SKS, events with more than two hits
on TOF and LC were rejected in order to reduce background. A part of the (7~,
K*) events were also rejected by this cut. The efficiency of this cut was estimated
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from the ratio of the accepted events with and without multiplicity cut and was
thus obtained to be 98.7 £ 1.3% for the CH,&Si data.

The intrinsic detection efficiency of TOF and LC was over 99% in the previous
experiments ([2]). Thus we took it as 1.

AC1-2 accidental veto factor

Because of high counting rate of AC1-2, some of the PIK triggers were killed
accidentally. The coincidence width between AC1-2 and BEAM x TOF x LC was
56 4+ 5 nsec, which is the dead time in the PIK trigger. Therefore, the accidental
veto rate was estimated as 1 — fac = Rac X (56 £ 5) x 107°, where R4c is the
single counting rate of AC1-2 and its typical value was 15 x 10°. Thus the value
of fac was obtained to be 99.1 £ 0.2%.

SDC1.2 efficiency

The SDC1-2 efficiency, espcie, is the total efficiency to get straight tracks at the
entrance of the SKS magnet. It was estimated in a similar way as that of BDC’s
by using the BEAM trigger events mixed in the (w~, K*) data. For the estima-
tion, tracks which should pass through the effective area of SDC1-2 were defined
by extrapolating from straight tracks defined by BDC3-4. In SDC1.-2, the beam
counting rate per one wire was quite high, because the beam was focused at the
target position. Therefore a degradation of the efficiency near the beam spot was
observed. Figure 3.21 shows the efficiency as a function of the incident positions,
Xin and Yi, estimated for the CH2&Si data. It has a dependence on the horizontal
position X;,. A solid curve was obtained by fitting the position dependence of ef-
ficiency and was used in the analysis for the event by event correction as shown in
equation 3.8. The value of egpc1.2 averaged on the incident position was typically
92.8 - 1.2%.

110 ETT T T T T I T[T T I T[T T T[T 110 S IR B B B A R
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Figure 3.21:Typical SDC1-2 efficiency. Left: horizontal position (X;,),
right: vertical position (Yin).
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SDC3-4 efficiency

The SDC3-4 efficiency, €spcaa, is the total efficiency to get straight tracks at the
exit of the SKS magnet. It was estimated by using the (77, p)X events in the
PIK trigger, since the proton will not decay in flight. For the estimation, tracks
which should pass through the effective area of SDC3-4 were reconstructed by using
TDC and ADC information of TOF and four sense wire layers of SDC4X.Y(those
4 layers of SDC4X-Y were not used in the good event reconstruction). Figure 3.22
shows the efficiency as a function of the incident positions for the CH,&Si data.
It has a strong dependence on the horizontal position, X,,. It was caused by
some noisy channels in the z and z’ planes of SDC3. The solid curve was obtained
by proper fitting and was used in the analysis for the event by event correction.
Typical SDC3-4 efficiency was 85.2 £ 1.7%.
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Figure 3.22:Typical SDC3-4 efficiency. Left: horizontal position {X put),
right: vertical position (You:)-

SKS tracking efficiency

In the tracking routine, at first a loose x% ¢ cut was applied to reconstruct the
particle trajectories in the SKS. However, a tight cut was applied in the final stage
of the analysis procedure to reject the unwanted background sufficiently. The x%,.¢
cut efficiency here estimated by the (7=, p)X events mixed in the PIK trigger.
Taking a ratio of the reconstructed good protons with and without the x%ys cut,
SKS tracking efficiency was thus estimated to be 92.2 £2.9% for the CH,&Si data
and particularly for the events gated with Si position. x%y¢ cut efficiency for the
CH, events was also found to be almost same as this value. Figure 3.23 shows
the reconstructed PID mass without(a) and with(b) the SKS x%,s cut. The PID
resolution was improved with a proper x%s cut and the PID cut efficiency for
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the kaon selection was found to be 99.4 &+ 1.6% in case of CHo&Si data. Figure
3.24 shows the typical SKS chi-square distribution from the CH,&Si data selecting
(m~,p)X events.
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Figure 3.23:Typical PID spectra in the event reconstruction without(a)
and with(b) SKS x%yg cut.
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Figure 3.24:Typical distribution of the SKS x? for the (7™, p)X events
from CH,&Si data.
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K* decay factor

Since the Bver of 0.72-GeV/c KT is almost 5.4 m, a part of the kaons produced
in the target decays before they reach the detectors. The survival rate of SKS
momentum reconstruction process was studied in detail with a Monte-Carlo simu-
Jation by T.Hasegawa {1]. Most of the K decay events were rejected in the event
reconstruction. The correction factor fgeesy due to the decay was estimated to be
42% using an event by event correction taking into account of the momentum and
the flight path length as faecay = exp(—{/8vc7), where [ is the flight path length.

Event vertex cut efficiency

As the Z-vertex resolution around the forward angle region was bad due to the
multiple scattering effects, a very careful treatment was needed to estimate the
event vertex cut efficiency. In order to estimate it a Lorentz function was used
which fitted well the Z-vertex distribution for the scattering angle from 4° to 8° as
shown in figure 3.25. Then, the event vertex cut efficiency was estimated typically
as 92.9 + 2.8% for the Si events from the CH,&Si data, whereas 90.4 £ 3.9% was
obtained for the CH, events from the same set of data.

BH2 counter
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Figure 3.25:Typical Z-vertex distribution from the CH»4&Si data fitted by
a Lorentz function.
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3.7.2 The SKS Acceptance

The SKS acceptance was calculated by a Monte-Carlo simulation code, GEANT
[43]. The geometrical configuration of the present experiment was kept same in
the simulation and effect of multiple scattering, scattered particle’s profile cut
conditions were taken into account. Moreover a TOF timing cut was applied to
the low momentum side of the TOF wall by comparing the timing spectra from the
simulation and the analysis. Typical time distribution for the TOF slab number
12 from both of the simulation and the analysis is shown in figure 3.26. As seen
in the figure the time distribution is sharply cut in the faster side on the data. It
was also found by checking the raw TDC spectrum. This happened in the trigger
level. In figure 3.6(a), the horizontal angular distribution is shown. The negative
and positive side of the distribution in figure 3.6(a) we denote as the 6_ and 4.,
respectively. In SKS, particle having a comparatively low momentum and a large
6_ from the reaction point has a long trajectory as compared to the same one in
the other side. So the particle having a 0, in the same condition as above is much
faster. In the trigger label the time window for those faster kaons in the ¢, side
was very tight as we wanted to suppress the faster pions as much as possible. The
TOF slab number 12, 13, 14 and 15 were found affected by this problem. For
the other TOF slabs the time spectra both from the simulation and analysis were
found similar. Hence, we applied a TOF timing cut by looking at the time spectra
from the analysis.

In the event generator, the distribution of the beam profile defined as a function
of (x4, ys, us, vs) was produced from the experimental data, where T, y», tp and ve
are the horizontal and vertical positions and their derivatives of a beam particle
at the target.

The acceptance of the SKS dfi(p, 8) is denoted as follows:

dSi(p, 0)
= g .
where
p, & . momentum and scattering angle,

C(p,8) : ratio of the accepted event to the generated event,
dS(68) : solid angle of the polar angle 6.

In the simulation, certain amount of events corresponding to scattered kaons
were generated, whose momenta distributed within p+ Ap/2 and scattering angles,
6 + A8/2 to obtain C(p,#). The acceptance maps as a function of p and 6 were
obtained for the upstream target position as well as for the downstream target
position for each SKS excitation of 210A, 272A and 320A. Figure 3.27 shows the
acceptance map for the downstream target position for 3 different SKS settings
written in the figure. The figure was generated for the scattering angle from 4° to
8°. The sudden drop seen in the low momentum side of each setting was caused
by the TOF timing gate used in the simulation as mentioned above.
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Figure 3.26:Typical time distribution of the TOF slab number 12 from the
simulation(a) and the analysis{b) using the same experimental condition in
the simulation. The distribution from the analysis clearly shows a sharply
cut in the faster side. Both the figures are from the SKS current setting of
272A(2.2T).

Figure 3.28 shows a contour plot of SKS acceptance between the scattering
angle and momentum.
The consistency of the SKS acceptance calculation was checked by the elementary
cross section from the CH, target with all combination of target setup as well as
comparing the Si and C spectra from three different SKS settings. Obtained ele-
mentary cross section in each setting is presented in section 3.7.4 and the inclusive
Si and C spectra are presented in chapter 4.
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Figure 3.27:Momentum acceptance of SKS, seen from the downstream tar-
get position. Three different settings, SKS 1.9 T(210A), 2.2 T(272A) and 2.4
T(320A) are mentioned in the figure. Horizontal axis is kaon’s momentum
p in MeV/c and the vertical axis is in solid angle(sr).
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Figure 3.28:Contour plot of the SKS acceptance as a function of momentum
and the scattering angle for the SKS 2.2 T mode seen from the downstream
target position.
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3.7.3 Application of the efficiency and the SKS acceptance

Application of the estimated detector and analysis efficiency factors to obtain the
cross section is described here.

Among the factors in table 3.4, KT decay factor fgecay, position dependence of
the SDC12 and SDC34 efficiencies and the SKS acceptance correction were esti-
mated for event by event. fgecqy was calculated from the reconstructed momentum
Psks and flight path length for each event. As shown in figure 3.21 and 3.22,
SDC12 and SDC34 efficiencies had position dependence. So the efficiencies were
calculated from the fitting curves as follows;

A
espciz = Ao+ A1 - fiz(z) = Ao (1 + A—; : flﬂ(ﬂ) )
B
espcas = Bo+ By - faa(z) = By (1 + -}_5% ' f34(37)) ,
Ag, A1, By, By = constant,

fial®), fas(z) = ef ficiency curves
(function of hit position z) .

Using hit position z from the tracking information, (1 + %; - flg(I)) and (1 + % - f34(z))
were calculated for each event.

Then, the corrected yield N, can be described as

Ncorr = Z !

w1+ 25@) (14 27(@)) - faecay - 42 (p,0)

In addition, the following efficiencies and factors were corrected run by run:

(3.8)

€;: = (€DAQ €BDC EKbtrack’ foeam Ao Bo €5k strack €vertez faC €TOF LC muteut)i - (3.9)

Then the cross section can be obtained as

(d_o) A1 5 1
dQ - (Pﬂi)NA Zifi‘Ii k (1+'é]0‘f($)) . (1+§lf(1')) 'fdecay'dﬂ(p:e)
(3.10)
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3.7.4 Elementary p(7~, KT)%~ cross section

Data from elementary process in the present experiment are used mainly to cali-
brate the energy scale as well to check the accuracy of the measured cross section.
In the section 3.6.4, results obtained from the energy scale calibration are discussed
where the elementary missing mass spectra from the CH, target are presented in
figures 3.14, 3.15, 3.16, 3.17, 3.18 and 3.19. In the lower parts of all those figures,
events coming from the C target in CH, can be also seen. The inclusive C spectrum
is presented in the next chapter. Taking into account all the estimated analysis
and detector efficiencies as well as the calculated SKS acceptance, the differential
cross section is obtained as

do . go..g0

(Y o ke (311)
dg 4°~.8° _ 6=8° do' 8=8°
(aﬁ)w—p_.z—fﬁ = /9=4° (d_ﬂ) Qe / e dfl . (3.12}

In this section, the cross section of the elementary process, (g%)i"_';s_i s+ for

the kaon’s scattering angle at 4° ~ 8° are presented, which is obtained by fitting
the elementary peak with a Gaussian form. The results are summarized in the
table 3.5. The obtain value of cross section is given together with statistical(stat)
and systematic(sys) errors. Estimation of the systematic error is described in the
next subsection. Elementary cross section is found to be consistent in each set of
data within error. The data includes both October and December cycles of the
beam time which proves the validity of the present acceptance and the detection
efficiencies estimation.

Table 3.5:The elementary cross section, p(r~, K1)~ from the different
sets of data. The quoted errors are both statistical(stat) and systematic(sys).

PR
Data set and (Eﬁ)wr‘p—»z— Kt
(SKS current) [ub/sr]

CH; only (272A) 127.20 £ 9.59(stat)%7.19(sys)
CH,&Si (210A) 128.41 + 8.13(stat)+6.09(sys)
CH,&Si (272A)  124.73 + 7.48(stat)+6.15(sys)
CH.&Ni (272A)  127.46 + 6.52(stat)+8.51(sys)
CHaodeIn (272A)  122.82 £ 5.42(stat)+6.54(sys)
CH,&Bi (272A)  123.98 £ 5.14(stat)+7.02(sys)
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Angular distribution of the p(r~, K*)Z~ reaction

The angular distribution of the elementary p(mw, K*)X~ cross section over a wider
angular range is obtained from the CH,&Si data with SKS current setting of 210A.
The result is shown in figure 3.29.

The angular distribution of the elementary process has been reported in the old
bubble chamber experiments in 1960’s ([44]), also shown in figure 3.29. Since the
past experimental data was given in the center of mass system, it was transfered
to the laboratory system for comparison with our obtained result. As a result, two
points of the previous data appear near to fx = 10° and 17.5°. A dotted curve
is the angular distribution of the old data obtained from a Legendre fitting and
solid curves indicate the error boundaries. The present data are shown as empty
circles, which agrees well with the previous measurement and moreover improves
the statistics very much.
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Figure 3.29:Angular distribution of the cross section from the elementary
process, p(m~, KT)X 7. Empty circles are from the present data. The quoted
errors are statistical.
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3.7.5 Systematic errors

The total systematic error of the cross section was obtain from the errors of the tar-
get thickness, the SKS acceptance and the SDC3,4 chamber’s position dependence
of the efficiency. Other sources are found to be very small so as to neglect those
contributions. The efficiency of the SDC3,4 was found to be position dependent as
shown in figure 3.22 and the sudden drop corresponds to the rather lower momen-
tum side of SDC3 chamber. To obtain the systematic error, the SDC3,4 efficiency
function was varied within the fitting error. The SKS acceptance was also found to
be affected by the trigger timing problem in the low momentum side. To study the
systematic error, the timing cut was changed within the typical timing resolution
of the TOF counter. As a result, the missing mass spectra on the lower momentum
side or in other words, to the higher excitation energy regions, systematic errors
were found to be large compared to the other side ( figure 4.3, for example). The
total systematic error obtained for the elementary process are summarized in the
table 3.5 together with the elementary cross section and statistical errors.
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3.7.6 Normalization of the yield by the beam momentum
distribution

The shape of the missing mass spectra particularly, in the higher excitation energy
side are found to be affected by the beam momentum distribution as the beam
momentum distribution has a finite width (~ 38 MeV/c FWHM). As the low
momentum side of the SKS acceptance found to be decrease rather sharply (figure
3.27), only at the very low momentum region or in other words, very high excitation
energy region of the missing mass spectra were found to be affected. Then the final
missing mass spectra were normalized by the beam momentum byte correction as
follows; At first, the beam momentum distribution was divided into several region
(here 7) by the width of the distribution in rms as shown in figure 3.30. Then the
ratio of the intensity in a divided region to the total beam intensity was obtained
as listed in table 3.6. The final missing mass spectra were the weighted average of
the seven spectra obtained in each region.

Table 3.6: Typical Values of the beam intensity normalization

in figure 3.30 beam momentum typical ratio
MeV/c
(1) ~ 1166.0 2.1+0.06%
(2) 1166.0 ~ 1182.0 13.14+0.03%
(3) 1182.0 ~ 1198.8  29.2+ 0.01%
(4) 1198.0 ~ 1214.0 33.3+0.01%
(5)
(6)
(7)

1214.0 ~ 1230.0  17.2+ 0.02%
1230.0 ~ 1246.0 4.5+ 0.04%
1246.0 ~ 0.4+ 0.1%
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Figure 3.30:Typical beam momentum distribution divided into 7 regions
for the beam momentum byte correction on the missing mass spectra.
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3.7.7 Background level

One of the main advantage of the {#~,K¥) reaction over (K~, n*) reaction is a
lower background nature. By reconstructing the scattered particles mass we found
the reconstructed kaons were well separated from the pions or protons (figure 3.5).
However, a discussion of the yield, especially near the ¥~ binding threshold in
the missing mass spectra needs a careful estimation of the background. In order
to estimate the background level, in addition to the data on nuclear targets, we
took the data without any target in the same condition; that was, 7~ beam at 1.2
GeV/c and the SKS current setting at 272 A of about ~ 95 Gz~ irradiation, such
as near to a half of usual runs with-target.

Figure 3.31 shows the background level (broken line histogram) from the empty
target data analysis. The Si spectrum(solid line histogram)is also shown for com-
parison. The horizontal axis is the &~ binding energy(-Bg-) in MeV and the
vertical axis is the counts normalized by the total number of integrated beam in
each case. The entry numbers shown in the figure was from the Si data whereas
for the empty target data it was only 26 counts which is sufficiently low. Very
near or below the ¥~ binding energy threshold there was no yield found coming
from the empty target data. Thus we could neglect the background to discuss the
whole spectrum shape.

- | Entries 7655

Counts/Nn /4 MeV

P 1 1 1 L 1 1 I A

| I i :
0 50 100 150 200

Figure 3.31:Background estimation in the (m~,K*) reaction from the
empty target data analysis. Solid line histogram is from the Si data (en-
tries 7655) where the broken line is from the empty target data (entries 26)
assuming the Si kinematics.
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Chapter 4

Experimental Results

The experimental results are presented in this chapter.

The inclusive (w~, K+) spectra have been generated for the kaon’s scattering angle
specified at 6° 4 2°. Below the 4°, the Z-vertex resolution was distorted very much
due to the multiple scattering effects in the target. The elementary process for a
distribution of 6°+2° is understood very well both in the kaon momentum spectrum
as well as in the missing mass spectrum. All the other inclusive spectra are also
obtained by the same cut in order to make the later discussion fair and to avoid
the ambiguity of the SKS acceptance calculation in the larger scattering angle
region. Results from the elementary process are presented in chapter 3. In this
chapter, the inclusive spectra from 2C, 28Si, %8Ni, '®In and 2*Bi are presented.
The differential cross section is obtained by the equation 3.12.

4.1 Silicon spectrum

The silicon spectra by the ?8Si(n~, K*) reaction are obtained from the CH,&Si
data with SKS three current settings as shown in figure 4.1, where three spectra
are presented together in the missing mass scale in terms of the ¥~ binding energy
(Bg-). The vertical axis is in terms of ub/sr/MeV. Three spectra from three
different settings are found to be overlapped very well within each acceptance. This
again proves our well understanding in calculating the SKS acceptance as well as
estimating the detector and analysis efficiency. By connecting these three spectra
from the three settings enable us to discuss about the overall spectrum shape over
a wider energy scale region as seen in the figure. Taking an weighted average
from the three spectra in figure 4.1, the obtained Si spectrum is shown in figure
4.2, where the errors are statistical only. The average Si spectrum is also shown
separately with the systematic errors only in figure 4.3. The detail description of
the systematic error estimation is discussed in the previous chapter. In figure 4.4,
the average Si spectrum is presented with both statistical and systematic errors.
A small amount of contamination coming from the upstreamn CH, target can be
seen in the Si spectrum (figure 4.4, for example)} appeared as a sudden rise of
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cross section at around 100 MeV of the excitation energy. It can be seen clearly
in the Bi spectrum (figure 4.14) which affects the spectrum shape very much at
around 100 MeV of the excitation energy. In section 4.5.1, estimation of the CH,
contamination in the Bi spectrum is described. Same method is applied for the
Si spectrum here and also for the Ni and In spectra. CH; contamination level in
each spectrum is also mentioned in that section. Si spectrum after removing the
CH; contamination is presented in figure 4.5.
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Figure 4.1:The 8Si(n~, K*) inclusive spectra from the CH3&Si data with
SKS three current settings. Symbols stars, black circles and empty circles are
those from SKS 320A, SKS 272A and SKS 210A, respectively. The quoted
errors statistical only. The outgoing kaon momentum is also depicted on the
top of the figure.

76



Differential cross section (b/sr/MeV)

K* Momentum (MeV/c)

]

—_— — —
=N (= [=.-]

[

—
.
]
»
L ]
-
*
L 2
-
Illll]llllllll!llﬁillilllillllllIllllIl

=
oo

o
'
-

=
[+

o
=
lTilT_l_llTlT'IllI|IIIIIII]III]]IIIIIIII]I
-
-

—

| ! 1 I { | | i | ! § | | l 1 1

0 50 100 150
Binding energy (-B;-) (MeV)

IO
"k
2

Figure 4.2:The %Si(z~, K*) inclusive spectrum obtained from the CH&Si
data by taking an weighted average of three Si spectra measured with SKS
three current settings(figure 4.1). The quoted errors are statistical only.
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Figure 4.3:The 28i(r~, K *) inclusive spectrum obtained from the CH,4&Si
data by taking an weighted average of three Si spectra measured with SKS
three current settings(figure 4.1) and with systematic errors only.
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Figure 4.4:The 8Si(r~, K1) inclusive spectrum obtained from the CH;&Si
data by taking an weighted average of three Si spectra measured with SKS
three current settings(figure 4.1}. Errors include both statistical and sys-
tematic, where the boundary of the statistical error is shown by arm for
each data point and the systematic error is plotted beyond the statistical
error.

79



K* Momentum (MeV/c)
850 790 730 670 605 535

o]

—
oo

._.
o

(S
B

|IIl1EII|IllII]1

b2

—_—

<
oo

o
o

Differential cross section (ub/sr/MeV)
=
=

@
()

&

N N . n I
[W Il O T T T R I W I |

.
.
ageleeten” ol e b e by

0 50 100 150 200
Binding energy (-B;-) (MeV)

Lc";E]llllIIllTlIllI|III]l]’lll]lllllllllll[l
-
-

Figure 4.5:The average 28Si(r~, K*) inclusive spectrum after removing
the CH, contamination from figure 4.4. Errors include both statistical and
systematic, where the boundary of the statistical error is shown by arm for
each data point and the systematic error is plotted beyond the statistical
€rror.
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4.2 Carbon spectrum

The carbon spectra by the 12C(r~, K*) reaction are obtained by selecting CH,
events as the reaction vertex point and assuming the carbon kinematics, which is
shown in figure 4.6 with SKS three current settings. As the elementary process
from the proton target is dominated in the CH; events, a sharp contribution from
the proton target is seen on the top of the carbon spectrum in all cases. Obtained
carbon spectra by removing the elementary process are shown in the next figure
4.7. However, the gated region to remove the elementary process from the carbon
spectrum also includes the carbon events as it is very hard to separate them indi-
vidually or to estimate the carbon contribution separately. As a result, the carbon
spectra is found to be sudden dropped at around 100 MeV of the excitation energy.
Nevertheless, still we can discuss the carbon spectra from the deeply bound state
to ~ 80 MeV above the £~ binding threshold as seen in the figure 4.7.
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Figure 4.6:The 2C(n~, K) inclusive spectra obtained from the CHj tar-
get of CH,&Si data with SKS three current settings assuming 12C kinemat-
ics. Elementary contribution from the proton target is seen on the top of
the carbon quasi-free spectra. The quoted errors are statistical only.
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Same as Si spectrum, the average C spectrum is also obtained from the weighted
average of three spectra (figure 4.7) and is shown in figure 4.8 with statistical errors
only and with both statistical and systematic errors C spectrum is presented in
figure 4.9.
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Figure 4.7:The ?C(r~, K*) inclusive spectra obtained from the CHy tar-
get of CHo&Si data with SKS three current settings assuming 12C kinematics
where the events from the H target are removed but it also caused the re-
moval of C events on that region. For details, see the text. The quoted
errors are statistical only.
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Figure 4.8:The 2C(x~, K*) inclusive spectrum from the CHy&Si data
obtained by taking an weighted average of three C spectra measured with
SKS three current settings(figure 4.7). The quoted errors are statistical only.
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Figure 4.9:The 12C(n~, K*) inclusive spectrum obtained from the CH2&Si
data by taking an weighted average of three spectra measured with SKS three
current settings(figure 4.7). Errors include both statistical and systematic,
where the boundary of the statistical error is shown by arm for each data
point and the systematic error is plotted beyond the statistical error.
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4.3 Nickel spectrum

Figure 4.10 shows the missing mass spectrum of the **In(7~, K™) reaction obtained
from the CH,&Ni data measured with SKS current 272A. The spectrum is plotted
with both statistical and systematic errors. Contamination coming from the CH,
target can be seen as an increase of the cross section at around 100 MeV of the
excitation energy. In figure 4.13, Ni spectrum is presented by removing the CH,
contamination.
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Figure 4.10:The %Ni(n~, K*) inclusive spectrum obtained from the
CH24&Ni data. The quoted errors are both statistical and systematic.
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Figure 4.11:The *¥Ni(x~, K*) inclusive spectrum obtained from the
CH,&Ni data and after removing the contamination coming from the CH,
target. The quoted errors are both statistical and systematic.
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4.4 Indium spectrum

Figure 4.12 shows the missing mass spectrum of the "'*In(r~, K*) reaction ob-
tained from the CH,&In data measured with SKS current 272A. The spectrum is
plotted with both statistical and systematic errors. A sharp increase of the cross
section at around 100 MeV of the excitation energy is caused by the contamina-
tion coming from the CHq target. In figure 4.13, In spectrum is presented after
removing the CHy contamination.
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Figure 4.12:The ®In(r~, K*) inclusive spectrum obtained from the
(CH,&In data. The quoted errors are both statistical and systematic.
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4.5 Bismuth spectrum

Figure 4.14 is the missing mass spectrum of the 2°Bi(z~, K} reaction obtained
from the CH,&Bi data measured with SKS current setting of 272A. Because of the
heavier down stream target(here Bi), the Z-vertex resolution around the forward
scattering angle region was distorted very much due to the multiple scattering
effect in the target. As a result, a sudden rise of the cross section around ~ 100
MeV excitation energy can be seen in the figure which affects the spectrum shape
very much. This comes from the CH; target. Inclusive spectra on Si, Ni and In are
also found be affected slightly by this fact. Estimation of the contamination level
in the Bi spectrum coming from the CH, target is described in the next subsection
4.5.1.
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Figure 4.14:The 2°Bi(n~, K*) inclusive spectrum obtained from the
CH32&Bi data. Description is given in the text. The quoted errors are
both statistical and systematic.
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4.5.1 Estimation of the CH: events contamination in the
Bi spectrum

As the Z-vertex resolution around the forward angular region was worse due to
the multiple scattering effect in the downstream target (here Bi), a scattering
angle cut greater than 4° was selected for all the inclusive spectra. But even by a
scattering angle cut greater than 4°, CH, contamination in the inclusive spectra
(Si,Ni, In and Bi) could not be removed completely. As a result, a sudden rise
of the cross section appeared at around 100 MeV of the excitation energy in all
spectra and in particularly, shape of the Bi spectrum is found to be affected very
much in that region. We identified this sharp increase is caused by the hydrogen
events from the CH, target. However, the carbon events from the CH, target are
scattered as we could see in the CHj, events distribution (figure 3.19, for example),
where elementary(H) events appeared as a sharp peak and the carbon events were
scattered and appeared in the lower part of the histogram. The description given
here for the estimation of CHy contamination in the Bi spectrum and to remove
that contamination from the Bi spectrum. Same procedure is applied to remove
the CH, contamination from all other spectra individually.

At first, the hydrogen contamination in the Bi spectrum is estimated by fitting the
Bi spectrum by the function of P1+G+G, where Py is a first order polynomial
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Figure 4.15:Hydrogen peak in the Bi spectrum is fitted to estimate the
hydrogen contamination level.
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function and G represents a Gaussian function as seen in figure 4.15. From the
fitting result of the first Gaussian function, hydrogen contamination in the Bi spec-
trum is estimated to be 9.39 &+ 5.29 ub/sr. Then, to estimate the carbon contami-
nation in the Bi spectrum, gating the Z-vertex for the CH, target the spectrum is
generated by the Bi kinematics and is shown in figure 4.16. Fitting by two Gaus-
sian functions and from the fitting result of the prominent peak, the hydrogen
contribution is calculated and the rest are thought to be the carbon contribution.
As a result, the ratio of the carbon to hydrogen contribution(R¢c/y) in the CHs
target was found to be 31.3+5.04%. Assuming Reyy is target independent, finally
the carbon contamination in the Bi spectrum is found be 2.94 + 1.87 ub/sr. Then
the CH, spectrum (figure 4.16) is normalized to the obtained contamination level
and is plotted in figure 4.17. Finally, that normalized CH; spectrum is subtracted
from the Bi spectrum in figure 4.14. Final Bi spectrum after removing the CH,
contamination is presented in figure 4.18.

By using the same procedure, contamination level in the Si spectrum is estimated
to be 2.34 £ 1.34 ub/sr and 0.79 £ 0.53 pb/sr from H and C, respectively. In the
Ni spectrum it is found to be 1.86 +1.09 ub/sr and 0.65 £ 0.37 ub/sr from H and
C, respectively. In the In spectrum, 3.76 4 1.94 pb/sr and 1.28 £ 0.67 ub/sr are
estimated to be come from H and C, respectively.
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Chapter 5

Discussion

In this chapter, discussions are done following the results presented in the last
chapter. The discussion on the elementary process has been made extensively in
chapter 3. Discussions on the measured Si spectrum by comparing with the Monte-
Carlo simulated spectra are done in this chapter. The observed Si spectrum is also
compared with the theoretical spectra, calculated in the framework of DWIA and
the discussions are made based on the comparison.

5.1 Inclusive spectra

The observed inclusive spectra for C, Si, Ni, In and Bi have been presented in the
previous chapter. The Si and C spectra were measured with SKS three current
settings to cover a wider energy scale in missing mass(Myy — Ma). As seen in the
figures 4.1 and 4.7, spectrum with different SKS setting overlap very well within
each acceptance. It guarantees the quality of our observed spectra to make the
physics discussion rather fairly. The inclusive spectra for Ni, In and Bi were taken
by only SKS 272A setting, but can be treated on the same footing as the C and Si
data since inclusive spectra on both C and Si with SKS three current settings were
found to be overlapped well within the statistics (figure 4.7, 4.1). Then, the peak
position of each inclusive spectrum is found to be greater than 100 MeV from the
¥~ binding threshold (By-=0).

5.2 Similarity of the inclusive spectra

From the analysis of the inclusive spectra it is found that all the inclusive spectra
show a similarity in shape at least upto the —By- < 90 MeV as shown in figure
5.1. All the inclusive spectra are overlayed together where all the data are taken
for the SKS current setting at 272A in order to make the comparison easy.
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5.3 Mass number dependence of cross section

Mass number dependence of the £~ production cross section is obtained from the
ratio of the inclusive Si spectrum to the others. The comparison is made after
removing the CHy contamination from all spectra and are as follows;

e Ratio of C data (from CH,&Si data at SKS 272A)
to Si data (from CH,&Si data at SKS 272A).

¢ Ratio of In data (from CHy&In data at SKS 272A)
to Si data (from CH,&Si data at SKS 272A).

s Ratio of Ni data (from CH&Ni data at SKS 272A)
to Si data (from CH,&Si data at SKS 272A).

e Ratio of Bi data (from CHy&Bi data at SKS 272A)
to Si data (from CHo&Si data at SKS 272A).

Results are shown in figures 5.2, 5.3, 5.4 and 5.5. The fitting region is also
shown in each figure by the fitted line. Fitting results are summarized in table 5.1.

Table 5.1:Fitting results of the ratio of cross section (0 < —Byx < 90 MeV).
The quoted errors are statistical.

data fitting result
C 081£0.15
Si 1.
Ni 116 £0.07
In 1.26+0.09
Bi 1.49+0.12

96



IIEII\'F]]IIIIIIII]IIIIIIITII]IIIIIII

1

to
b W

[

TTT¥ IlIIIIIIlIlIIilIII

Ratio o(C)/a(S1)

o
< Wn

ot
+—
—e—|
N
——
—

o

lllllllllllll|]Il|ll|||!lll

IllIEIIIIIIIlIlIIl!lIIIIIIlllIlIIIlllli;ll_

10 20 30 40 50 60 70 80
-B;- (MeV)

<

d%o

. - . 2
Figure 5.2: Ratio of the cross section, (R’%) C.SKS212A / (m) S5 SKS22A
s i

3 :IIII f'llllllll]illl{llli T 1T T L Illl:

2 2F E
Z. 15 E { { =
\6/ j T + I I = ; by P - E
o 1 :_11 il‘i $ ¢ 2 H_H T ¢ vt v§ds
0 :IllI]lIIIIIIIlIJ_IIIJlllllllII|||$I|IIII|II11:

0 10 20 30 40 50 60 70 80 90

-B;- (MeV)

d%e ) /( o )
ddE / Ni sicsa72A4 | NHUE 5 5152724

Figure 5.3: Ratio of the cross section, (

97




3:TIIITllilT'l][lllliIlli]llll||||WIII[IIII:
=25 =
x = E
*22:_ { =
= [ 3
%15511 IHT}EII ¢ 33 E
S = IP O EEREERE
0:Il||Il||llll1|l|1]|||lll|||ll]lllll|ll|ll|lL:
0O 10 20 30 40 5 6 70 8 90

-B,- (MeV)

d%o

Figure 5.4: Ratio of the cross section, ( O4E Lg_

) In,SKS2724 / ( dﬂdE) 5i,5K5272A

3:IIIIIIIII]II¥IlIFT_TIIIIIIIII]II]IIIIIIIIIT:
@2'55‘{ E
© - C I
— - |
515 - IIIIT{{{TIIT E 1 } _:
5 T f ‘LID%4 IR N T I I I
o 1t E

0:llL_llIIII]lllIlI!lIlIiiIllIllillllllllllll]l:

10 20 30 40 50 60 70 80 90
-B,- (MeV)

d?o

. M 2 —_—
Figure 5.5: Ratio of the cross section, (d_gldaE)R SKSITIA /(deE)S. SKSIT2A
t, z,

98



5.3.1 Comparison of the mass number dependence to the
eikonal approximation

The effective nucleon number(N,;f) of the (7=, K*) reaction on C, Si, Ni, In and
Bi target at 6° is calculated by the eikonal approximation [45]. Procedure of the
eikonal approximation is summarized in Appendix C.

In the figure 5.6, the present experimental data are shown together with the

eikonal approximation. The horizontal axis is in terms of target mass number
where the vertical axis shows the ratio.
Mass number dependence of the cross section for the {w~ ,K*) reaction is found to
be rather weak in the present data as seen in the figure 5.6. The mass number
dependence of the present data is fitted by a function of C4 x A% where Cais a
constant and « is the fitting parameter. The value of « is found to be 0.20£0.04.
The value of o can reflect the effect of distortion. The present data shows the
stronger distortion than that in the eikonal approximation.

The ratio of the inclusive (m+,K7) spectra on Fe to C was presented by Akei et
al.[46). The ratio was found to be 2.2 + 0.22. Analysis of our measured (77,K™)
data also shows a similar result. Measured (7%, K*) spectra together with the
obtained result and discussion are presented in Appendix B.
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Figure 5.6:Mass number dependence of the cross section (0 < -Bg- < 90
MeV) compared to the eikonal approximation. The quoted errors in the
data are statistical.
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5.4 Shape of the Si spectrum by a Monte-Carlo
simulation

A Monte-Carlo simulation of the quasi-free ¥~ production in the (7=, K*) re-
action on Si target has been done to see whether the simulation can reproduce
the measured spectrum. In the calculation, the reaction is treated as two body
collision of 7~ to bound proton for simplicity, where the present experimental 7~
beam momentum distribution (figure 3.3} is used. The energy resolution of the
SKS obtained in the present experiment is also taken into account. A brief pro-
cedure of the simulation is summarized in the Appendix D, however, the detail
description can be found in the Ref. [42].

To simulate the bound proton, we took the 4-momentum of the target proton,
P= (my, — By, P}), where m,, is the mass of proton, B, is the binding energy of
proton in the nucleus and P; is the Fermi momentum.

The total cross section and the angular distribution of the p(z~, K*)Z~ reac-
tion were measured with bubble chamber in 1960’s {44, 47, 48] and presented as a
function of the center mass energy, 1/s. In the present simulation, we quoted the
kaon’s scattering angle distribution and the total cross section from those refer-
ences. The detail procedure of this calculation is summarized in the Appendix D.

Figure 5.7 shows a comparison of simulated Si spectra to the observed one.
The absolute value of the simulated spectrum is scaled to Ness, a half of Ny
or a quarter of N.ss, which is obtained by the eikonal approximation (table C.1).
The difference of the simulated spectrum to the observed one can be found; the
present simple model calculation does not reproduce the measured spectral shape.
Particularly, the shape above the 2~ production threshold seems too steep in the
simulated spectrum. This discrepancy may be caused by the finite ¥ ~-nucleus
potential as no final state interaction of £~ to the residual nucleus is considered
so as no L -nucleus optical potential is assumed in the simulated spectrum. In
the observed spectrum, the intensity near the binding energy threshold seems to
be much suppressed. A repulsive X-nucleus potential may give such a suppression
around the binding energy threshold. The effect of distortion which is expressed
as N.ss in the simulated spectrum seems much stronger in the observed spectrum.
Suppression of the cross section may be caused by a repulsive 2-nucleus potential
as well as stronger distortion effect than we expected.
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5.5 Comparison of the observed Si spectrum to
the DWIA calculation (I)

As shown in chapter 1 (figure 1.12, 1.13), Si spectra using two typical types of
potential, namely, 'ND’, and 'BATTY’ have been calculated {31]. Here we com-
pare the observed spectral shape to those calculated spectra. The potential 'ND’
represents an attractive real part and moderately absorptive imaginary part and is
based on the one boson exchange potential(OBEP) describing the two-body YN
interaction, whereas the potential 'BATTY' represents a strongly repulsive real
part and deeply absorptive imaginary part and is obtained from the ¥~ -atomic X-
ray data. The calculation was done in the framework of DWIA using the (7~, Kt)
reaction. The DWIA framework has been used to calculate the cross sections of
the bound A hypernuclear states produced by the (7%, K*) or (K~, 77) reaction
[49). The DWIA is also used to calculate the continuum spectra in intermediate-
energy hadron reactions, such as (p,7), (p,n) and so on. At first, we compared
the spectral shape with existing calculation. Comparison of the observed spectrum
with calculated spectra (ND and BATTY) is shown in figure 5.8.

Since the strength of the distortion effect needs to be optimized, as already
discussed in section 5.3.1 we compare the spectral shape only. The vertical axis in
each comparison is thus an arbitrary unit. The solid line spectrum in the figure
5.8(up and down) represents the result based on each original potential, proposed
by 'ND’ and "BATTY", respectively. It is clearly seen from the comparison that
none of the calculated spectra can reproduce our observed spectral shape. Partic-
ularly, the peak position of the observed spectrum is much shifted to the higher
excitation energy from both of the calculated one. We found that a repulsive po-
tential (BATTY) pushes the spectral shape towards the higher excitation energy.
The peak position is found to be shifted towards the higher energy region in figure
5.8(down) compared to that of using an attractive type potential in figure 5.8(up),
in the calculation. The strength around the peak region is found to be much sup-
pressed in case of a repulsive potential in figure 5.8(down} but increases below the
binding energy threshold which could be due to the large imaginary part appeared
in the original repulsive potential(BATTY figure 1.12). Then, the depth of the
imaginary part of the potential in each case was changed arbitrarily in order to
see the change of the spectrum. The spectra using different imaginary values are
shown by the broken and dotted lines in each figure. The strength of the spectrum,
particularly, below the binding energy threshold is found to be very sensitive to
the choice of the imaginary depth but none of the spectrum within this variation
could reproduce our observed spectral shape.
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Figure 5.8:Comparison of the observed Si spectrum with calculated spec-
The calculated spectra in the top and bottom figures represent an
attractive and a repulsive Z-nucleus potential, respectively, whereas the bro-
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imaginary part changed artificially from the original potentials{solid line).
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As for the DWIA, we suggest that the elementary amplitude may have a ex-
citation energy dependence since the center of mass(CM) energy of the scattered
kaon and produced £~ is different in different excitation energy. The elementary
cross section is gradually decreasing with the increase of the CM energy (figure
1.14). The shape of the calculated spectrum would be change if we take into ac-
count this effect. We found that the parameterization of the distortion effect for
the incoming pion and outgoing kaon, expressed as the isospin-averaged total cross
section, TN and KN are also needed to be optimized although these effects are
found rather weak for the spectral shape but significant for the absolute value of
the cross section (see eikonal approximation in Appendix C). Taking into account
these effects, Si spectrum has been calculated in the framework of DWIA which is
described in the next section.

5.6 Comparison of the Si spectrum to the DWIA
calculation (II)

In order to reproduce the observed Si spectrum, another DWIA calculation has
been made [50]. In this calculation the excitation energy dependence of the el-
ementary amplitude is taken into account, as already mentioned as a suggestion
for the DWIA in the previous section. At first, the Si spectrum has been calcu-
lated for the density-dependent potential proposed by Batty et al. [22], from a
phenomenological study of the ¥~ atomic X-ray data. The potential has a strong
repulsive core in the real part(Vy) and deeply absorptive imaginary part{Wg), as
seen in figure 5.9 (solid lines). The calculated Si spectrum is shown in the figure
5.10, where it is compared with the previous calculation (dotted line) which also
used the same potential. As seen from the comparison, the peak position of the
present spectrum is found to be much shifted to the higher excitation energy region
and the strength near the binding energy threshold is suppressed compared to the
previous one. Then by increasing the strength of the repulsive core of Vg from the
original potential by a factor of two and four, Si spectra are calculated in order to
see the response of the spectral shape with respect to the change and is shown in
figure 5.11 by broken line and dotted line, respectively, together with the original
one(solid line). The observed Si spectrum is also plotted for comparison. It is
found that none of the calculated spectra could reproduce the observed spectral
shape and an increase of the strength of repulsive core of the potential is found to
suppress the strength of the whole spectrum without changing the shape itself.
Next, the calculation is made for a Woods-Saxon type potential Uz(r), where
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Figure 5.9:Real(a) and imaginary(b) parts of Batty’s DD potential (solid
lines) together with the present Woods-Saxon type potential(broken lines).

Us(r) = (Vx +iWx) f(r). Here, f{r) represents the Fermi function. The range
parameter is chosen to be 3.3 fm by the formula, 1.1(A-1)3 and the diffuseness
parameter was chosen to be 0.67, where the strength of the imaginary part, Wi is
-15 MeV. The radial distribution of the potential is plotted in figure 5.9 (broken
lines), where the depth of the real part Vy = 90 MeV is as an example. By using
different depth of the real part Vy, from 10 MeV to 410 MeV with an interval of
20 MeV, Si spectra has been calculated and some of them are shown in figure 5.12.
Calculated spectrum for each Vs is labelled in the figure. As seen in the figure, an
increase of the strength of repulsive core (Vg) changes the spectral shape, where the
peak position is found to be gradually moved to the higher excitation energy side
by suppressing the strength. Then the observed spectrum is tried to fit by these
calculated spectra with a function of CxF(—By-), where F(—Bg-) represents a
calculated spectrum and C is a free parameter. The vertically free parameter C
is introduced because we already found that the distortion effect is much stronger
to that obtained in the eikonal approximation {figure 5.6) which is related to the
vertical height of the spectrum. At this stage, we are comparing only the spectral
shape. In figure 5.13 some of the fitted curves by different lines on the observed
spectrum are shown. The fitting x? is observed in every case. The x? value for
each corresponding fitting is summarized in table 5.2. By looking x? values it is
found that calculated spectra
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Figure 5.11:Observed Si spectral shape is compared with the present cal-
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repulsive core of the potential is increased by a factor of two(broken line)
and four(dotted line) from the original one(solid line).
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with Vg in between 90 ~ 250 MeV seem to give reasonable description. The confi-
dence level of each fitting is also calculated from the x? value and is found that the
calculated spectra by Ve< 70 MeV or Vg > 310 should be regarded to be excluded.
A different depth of the imaginary part (Wg) may optimize the accepted region in
a better way. As trials, the present calculation is extended by changing the depth
of the imaginary part(Wg) to several values, like, -10, -20, -25, -30, -35 and -40
MeV, where the real part is also changed to several values for each Wg. Every
time the observed spectral shape is tried to fit by the calculated spectrum. Fitted
x? values in each case are plotted as a function of Vi for the corresponding value
of Wy and is shown in figure 5.14. Different symbol in the figure represents the
corresponding value of Wy used in the calculation. From this test it is found that
calculated spectra with Wy = -15 MeV give the best y? values and at Vg = 150
MeV but very close at the region of Vi = 150 + 40 MeV. As seen in the table
5.2, xZ values are found to be significantly improved with Vg > 70 MeV and again
increased with V5 > 250 MeV. Spectra by using Wy = -10 MeV give minimum x?
values at a region of Vg = 210 £ 40 MeV, but an unexpected shape is found at
around Vi = 150 MeV. By using Wy = -20 MeV a similar trend like Wy = -15
MeV is found but x? values are a bit higher than the later one. The cases of Wy <
-35 MeV seem to be unacceptable.

From the present study it is thus understood that a strong repulsive E-nucleus
potential with a finite imaginary part is favorable in reproducing the measured
spectral shape. The present calculation suggests that not only bound states but
also highly excited states seem to be suppressed. This means that overlapping
of the initial state to the final state of upto fairly large angular momentum is
suppressed. In case of Batty’s repulsive potential, calculated spectra failed to re-
produce the observed spectrum. In Batty’s potential, the range of the repulsive
core is shorter than that of the Woods-Saxon type potential. As a result, relatively,
smaller angular momentum %~ states would be still contribute to the spectrum.
For more quantitative discussions, further theoretical studies are necessary. Theo-
retical treatment of the distortion effect has to be optimized in order to reproduce
absolute value of the cross section. Then allowed region in V. and Wy would be
much narrower. Calculations for the other targets have yet to be done. From the
mass number dependence, the contribution of the iso-vector term in the potential
may be extracted. The effect of the Coulomb potential would be interesting in
heavy target, where the Coulomb-Assisted Hybrid states (CAHBS} are discussed
([33, 34]). More theoretical works are required to consistently explain the present
result and the past data, such as the ¥~ -atomic X-ray data, YN interaction and
SO OI.
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Calculated Si spectra by
Woods-Saxon pot.
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Figure 5.12:Calculated Si spectra by using Woods-Saxon type potential,
where the strength of repulsion of the real part is changed by several values as
labelled in the figure. The imaginary part of the potential, Wy = -15 MeV.
The peak position is found to be gradually moved to the higher excitation
energy region suppressing the strength of the spectrum by the increase of
the strength of repulsion.
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 Data

Lines: Calculated spectra when fitted
the observed spectrum

(1) Vy = 10 MeV
(2) Vy = 50 MeV
(3) V; = 70 MeV
(4) V; = 90 MeV
(5) V5 =110 MeV
(6) Vg = 130 MeV A
(7) Vg = 150 MeV £

(8) V4 =250 MeV

Arbitrary Unit
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Figure 5.13:Measured Si spectrum is fitted by the calculated spectra(lines).
Different line of the calculated spectrum represents the corresponding spec-
trum with different Vg as labelled in the figure, where the imaginary part
of the potential, Wy = -15 MeV in all cases. Calculated spectra with Vg >
90 MeV seem to give reasonable description.
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Table 5.2:Fitted x? value of the observed spectrum by the calculated spec-
tra for different Vg with Wy = -15 MeV.

Ve(MeV) x? (ndf=56) || Vx(MeV) x* (ndf=56)
10.0 870.90 230.0 50.920
30.0 549.70 250.0 61.601
50.0 292.40 270.0 74.090
70.0 133.80 290.0 88.401
90.0 60.570 310.0 102.30
110.0 37.720 330.0 116.01
130.0 33.730 350.0 129.04
150.0 33.420 370.0 140.85
170.0 33.890 390.0 151.76
190.0 36.550 410.0 160.67
210.0 41.980

Degrees of freedom = 56

3
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Figure 5.14:Fitted x? values as a function of Vx in each value of Wy in the
present calculation.
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Chapter 6

Summary and Conclusion

In order to obtain a conclusive understanding about the X-Nucleus potential, we
have measured the inclusive {w 7,K*) spectra at the beam momentum of 1.2 GeV/c
on various nuclear targets from medium to heavy with reasonably high statistics
and for the first time.

In this thesis, inclusive spectra on C, Si, Ni, In and Bi at 0 = 6° £ 2° are
presented. The calibration of the energy scale was done successfully using the ele-
mentary p(m~, K*)L~ reaction from the CH; target. We found the precision of the
energy scale was as good as £0.1 MeV. The energy resolution using only the CHs
target was obtained to be 1.934+ 0.08 MeV/c?. The cross section of the elementary
process agreed very well with each set of data within the errors, which proved our
understanding of the SKS acceptance and precise determination of experimental
efficiencies and moreover, reflected the reliability of the absolute cross section for
all the inclusive spectra. The angular distribution of the elementary process ob-
tained from this experiment agreed well with the previous bubble chamber data
improving the statistics very much.

The shape of all the inclusive spectra were found to be similar in the region
of —By- < 90 MeV and the mass number dependence of the cross section in this
region was found to be rather weak compared to the eikonal approximation.

A Monte-Carlo simulation was also done to obtain the quasi-free Si spectrum.
The simulated spectra were found not to reproduce the measured spectral shape.
The effect of distortion in the measured spectrum was found to be much stronger
than that of calculated one by the eikonal approximation so as to suppress the cross
section in the measured spectrum. The inclusive Si spectral shape was compared
with the calculated spectra using an attractive(ND) and a repulsive(BATTY) Z-
nucleus potential in the framework of DWIA. We found that both of the calculated
spectra did not reproduce the measured one in shape. Particularly, the measured
spectrum was found to be shifted towards the higher excitation energy. Energy
dependence of the elementary cross section was found to be very sensitive for the
spectral shape. Taking into account this effect, another DWIA calculation was
done for Si. It was found that the spectral shape was changed significantly in the
present calculation from that one in the previous calculation by using the same
Y-nucleus potential in both calculation but still different from the observed one.
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Then, by using a Woods-Saxon type potential, Si spectra were calculated, where
the depth of the real part{Vs)} was changed to several values and was extended to
several values of the imaginary part(Wg) in each set of Vg. A x? test was done by
fitting the shape of the measured Si spectrum by the calculated spectra to obtain
an allowed region of the potential from the present calculation. Strong repulsive
potentials of which depth of the real part, Vx> 70 MeV with moderately absorptive
imaginary part were found to be favorable in reproducing the observed spectral
shape.

Hence, we concluded that the observed inclusive spectra suggest a strong re-
pulsive T-nucleus potential with a moderately absorptive imaginary part.

112



Acknowledgment

The present experiment was carried out by the E438 collaboration at the 12 GeV
proton synchrotron(PS) in High Energy Accelerator Research Organization(KEK)
by using K6 beam line together with the Superconducting Kaon Spectrometer(SKS)
system. I would like to thanks all members of the E438 collaboration at first.

I would like to express my sincere gratitude to my two supervisors prof. Y. Ya-
mazaki and prof. T. Fukuda. Due to their combined effort and kind consideration,
I was able to come here from Bangladesh to study the hypernuclear physics in this
big environment where Prof. Y. Yamazaki accepted me as a graduate student in
his university. He has encouraged me and given invaluable advice to complete this
work. T am always grateful to him. Prof. T. Fukuda is my academic supervisor
and is supervising me for the last three years. I have been able to develop my very
primitive knowledge about hypernuclear physics by his keen supervision. He gave
me the great chance to participate in the present experiment. I also learn many
experimental techniques from him. Discussion with him always helps me to find
a right way to step forward. Even he recently moved to Osaka, I am getting his
academic support regularly. I am grateful and indebted to him for his all encour-
agement and support to complete my present work. Many invaluable comments
from him as well as from Prof. Y. Yamazaki on my preliminary thesis helped me
a lot to organize it in a better way.

I would like to express my great thanks to Dr. H. Noumi who is the spokesperson
of the present experiment. He has been teaching me many experimental techniques
and particularly, £-hypernuclear physics from the very early stage of this exper-
iment till to date. His organized plan and many suggestions about the off-line
analysis helped me to obtained a consistent result and moreover to complete my
thesis. He gave me several lectures about hypernuclear physics from where I could
organized my primitive understanding so much. I am also indebted to him for the
proofreading of this thesis. I express my sincere appreciation for his all efforts to
support me about this work.

I am sincerely grateful to Prof. T. Nagae, Mr. H. Outa, Ms. M. Sekimoto. From
the weekly discussion with them helped me very much to progress in the off-line
analysis. Their sharp advice and comments from time to time were very helpful to
progress in my analysis. Not only in physics but also several things in computing
I learned from Mr. H. Outa. I remember, once when my machine was crushed
he worked very hard to recover my data. 1 am indebted to him also for that.

113



Ms. M.Sekimoto together with Mr. H. Outa kindly taught me many things about
the construction and operation of drift chamber and also how to repair a broken
wire of the drift chamber. I learned to be patient repairing of many broken wires
throughout the experiment.

I would like to express my special thanks to Mr. Y. Kakiguchi for his great con-
tribution in this experiment maintaining the SKS and it’s refrigerator system. We
could finish the experiment without any trouble through his stable SKS operation.

I am deeply indebted to Dr. K. Tanida, Dr. H. Hotchi, Mr. T. Endo and
Mr. J.H. Kim for their extended helping hand many time to overcome many dif-
ficulties in the analysis. Dr. K. Tanida especially taught me many things about
on-line programs and so on. Dr. H. Hotchi taught me many fundamental things
about off-line analysis. I learned many sophisticated treatment in the analysis
from him and finally to understand the SKS acceptance in the Monte-Carlo simu-
lation. Mr. T. Endo and Mr. J.H. Kim also helped me directly many times about
the analysis and especially, several basic things about PAW during their staying
in KEK with a very friendly atmosphere.

I would like to express my great thanks to my friends here, Mr. D. Abe, and
Ms. M. Nakamura. [ike me, they were also in charge of the analysis of this exper-
imental data. They have already finished their Master course. Their contribution
in this experiment was very remarkable. Ms. M. Nakamura's tips about LaTeX
helped me a lot to complete this thesis within a very short time. I had a very
pleasure time with them from the very early stage till their staying in KEK. I am
indebted to them for their help not only in academically but also personally which
helped me a lot to make my foreign life much easier here. I used to feel pleasure
cooking Bangladeshi type curry for them as they liked it.

I express my thanks to several other students participated in this experiment,
Mr. X. Zhu, Ms. E. H. Kim, Mr. T. Watanabe and Mr. K. Dobashi for not only
their technical contributions and advice to the experiment but also their friendship.
I got a warm and friendly atmosphere during the experiment with their presence
and especially, taking shifts together with Mr. X. Zhu.

I am deeply grateful to other collaborators, Ms. K. Aoki, Prof. O. Hashimoto,
Prof. H. Tamura, Dr. T. Takahashi, Prof. T. Saito, Dr. Y. Sato, Prof. T. Kishi-
moto, Dr. S. Ajimura, Prof. H. C. Bhang, Prof. S. Zhou, Prof. H. Guo, Prof. H. Xia,
Prof. L. Tang, Prof. R. Sawafta and Prof. A. Krutenkova for their invaluable help
and comments about in the present experiment.

I would also like to express my special thanks to all the staffs of KEK and
especially, KEK beam channel group, accelerator group and electronics group.Their
combined support as well efforts made it possible to finish the present experiment
without and trouble.

I would also like to acknowledge the referees of the present thesis, Prof. J.
Imazato, Prof. T. Nomura, Prof. Y. Akaishi, Prof. J. Chiba for giving me invaluable
advice and comments and especially, I would like express my special thanks to the
chief referee, Prof. J. Imazato, for his several important comments and suggestions
completing this thesis in a better way from it’s preliminary one. Not only about this
thesis, Prof. J. Imazato, Prof. Y. Akaishi and Prof. M. leiri gave me many lectures

114



in this particular field as I took their lectures for my course. Prof. T. Fukuda,
Dr. H. Noumi and Mr. H. Quta also gave me several lectures about hypernuclear
physics. I learned many fundamental things about hypernuclear physics from their
lectures. I was very much impressed from their lectures.

I would also like to acknowledge Prof. T. Harada, Dr. T. Koike and also Prof. Y.
Akaishi for their suggestive and inspiring comments on the current experimental
result. Dr. T. Koike's calculated (7=, K*) spectra in a sense motivated us to
proposed for the present experiment.

Here, I would also like to express my sincere gratitude to my former super-
visors, Prof. Nasima Ferdous, Prof. Amena Begum and Prof. H. M. Sen Gupta
from Dhaka University, Bangladesh, for their invaluable encouragement and ad-
vice. Particularly, Prof. H. M. Sen Gupta is giving me his continuous support of
inspiration and advises, which helps me a lot in completing the present work.

Finally, I would like to express my sincere gratitude to my parents and all other

family members. They have been supporting me mentally to complete this work
and have been waiting for my success.

115



Appendix A

Green’s Function Method

A.1 Distorted Wave Impulse Approximation (DWIA)

The framework of DWIA is often used to calculate the (7, K) or ( K, ) spectra
by using the Green’s function method. In chapter 1, a very brief description of
the Green’s function method is introduced. In this appendix, the expressions by
the Green’s function method in this formalism are summarized. Further detail
descriptions can be found in many references ([35, 52], for example).

The double differential cross section in the framework of DWIA for the (7=, K™)
reaction is expressed by '

d*c _5 do
dQx+dEx+ dQe+ /) 4,

. S(E), (A1)

where 3 is the kinematical factor, (2 is the Fermi-averaged differential cross
et / ele &

section for the elementary process (m~ + p — K%+ + X7}, which was discussed
in section 5.6. S(FE) is the strength function of a hypernuclear system. The
kinematical factor 5 is defined as

g=d14 Eglpgl — pp-co8Ox+ | pr+ Ex+ A2
B @, @ ONEOR (A-2)
Ex pyr P+ Bt

where Egl and pgl are the total energy and momentum of K+ in the laboratory

system, which is determined by the two body kinematics of free 7N at the in-
cident momentum, p,-. As seen in equation A.2, § is not a constant value but
proportional to px+ Ex+. The strength function S(E) can be expressed as

S(E) = ‘?lfmz [ dr [ dr' 13 () Guarl Bim, #) fuslr), (A.3)

where f(a) is the form factor characterized with the distorted wave of the incident
and outgoing particles and the residual nuclear state and can be expressed as in
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equation A.4. Guu(FE;r,7') is the Green's function for the ¥-nucleus system in
the coupled channels description.

falr) = X" R)XH(R) < aln(r)li >, (A.4)

where R = (M,./Myy,)r. The ket and bra, |i> and <a| represent the states of a
target and of a core nucleus, respectively and ¢ n(r) is the annihilation operator of
N. The symbols x* and x{~* are the distorted waves of incoming 7~ and outgoing
K™, respectively and can be calculated by the eikonal approximation which is
described in Appendix C.

The term < al¥n{r)|i > is a proton-hole wave function and can be written as

. ] ll:k|l -G
< aln(r)li >= (—1P b, 1, 5 (1) Q) (A.5)
The Green's function Gue {E; 7, 7') can be expressed as
1 !
Gaa’(E;rs T'J =< ale(T)de}t(T')la >, (A6)

where Y stands for the hyperon, here a 7. H can be written as

H =Tz + Unya-x + Vnud oF (A7)

where Thya—x, Unua-x and V, uc),, » correspond to the kinetic energy operator,

interaction between & and the residual nucleus, and the coulomb interaction, re-
spectively.

If Upua—x is taken to be a single-particle optical potential, Green’s function be-
comes diagonal with respect to the core nucleus states |@>. In the present calcu-
lation described in section 5.6, the off-diagonal couplings, o — o’ were neglected.
The spreading widths of proton-hole states {(nuclear core states) and the energy
resolution of the detector can be taken into account by putting a finite of 7 in
equation A.6. The Green’s function Guo (E; 7, 7') can be decomposed into the
following form:

Gaa’(E; L ?"') = Z Z Z (jaﬂa.jY#Y"]M)(j(’nuIaj;’a }u*f}’

IM by gy .y 100

L
<@l (@)l Gl

JM)

‘ (E;?", 1’"), (A'S)

aly_:ly a'l'
where G is given by

1

Ga Fy

(BT r') =< n.| < 7| < JM]|

alyjy.a'ly,j

|JM > ir' > |n), >,
(A.9)

From the angular momentum algebra, the partial-wave decomposition of S(E) can
be expressed by the following way:

SE=YY ¥ Y X Wik

JM lyjy nndnin 5 an Uiy

(E), (A.10)

X Sy martain ) Uy 3 il i ste)
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where,

. P 5 " o1 1., 1,1
W(in, Jy:dnsJy: J) = \/(2J"N +1)(27y +1) (J"NEJOUYE)(JNEJOUYQ‘), (A1)

and
JM
Sty sy mntnin )ty sy miytyds) (E)
-1 , -

J— 2 f2 . % *
= ;—fdrdrr T 0 On= P+ Ok T)Pr 1 in T
J . !
X Gty iy mwinin) @iy M) (B3 T)

X Josa(Pr s Pt Ot s 7 )ttt (1) (A.12)

where the function j; M (Dx—, P+, O+, ') is known as the distorted spherical wave
function and is defined as

M M
o ( - ) {“( o) A13
X7 (s g )X P e (A.13)
oo M=J .
=5 3 Jsmlpa-,prce, O, 7Y (A.14)
J=0M==-J

The detail calculation can be found in ref[51]. The term ¢, ;. . (r) represents
the ’hole state’ and in the present treatment this is the ’single-particle state’.

For one-body potential, Green’s function becomes diagonal and then the strength
function S(E) can be expressed as

S(E) = Z Z Z W(jN’ ‘]Y’ J)S(‘{%YnﬂNthN)(E) (A'15)

JM ly.jy anlniwn

where, )
. . . 1
W(in, Jv, J) = (28 + 1)(JN§JO|3Y§)2 (A.16)
and
Sd%Y-”NINJ.N)(E)
—1 7 ™ *
= —’,TI'_ /d?‘d?‘ T2T,2.?JM(p1I'_ PR+, BK"' 3 T)anNIIN)jN (T)

XG{IYijanNjN}'}JM (p’f_ y PR+, O+ TI)¢”N-'!NJN ("J) (A-17)

where the term G’éy jymningn) 18 the solution of the radial part of the Schrodinger
equation in one dimensional, which can be seen in equation 1.7 expressed for three
dimensional case.

Then, the double differential cross section as expressed in equation A.1 can be
calculated by employing the above quantities. A gross feature of the spectrum can
be described by the strength function S(F) in this formalism.
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Appendix B

Inclusive (7*, KT) reaction

We took some data using the (7, K+) reaction on CHy&S1 to measure the inclu-
sive spectra on *C and ?Si as shown in table 2.10. The beam momentum was
fixed at 1.2 GeV/c. The target setup configuration was the same as in figure 2.19.
It is interesting to check the DWIA framework for the inclusive spectra in the
present experimental condition as well as to check the consistency of the present
experimental results since DWIA framework is already found to be a powerful tool
in explaining the inclusive spectra for the (w, K*) reaction at 1.05 GeV/c. The
inclusive spectra on C and Si obtained from the present experiment are presented
in this Appendix. If the theoretical spectra on C and Si appear using this exper-
imental conditions then we can compare for the quantitative physics discussion.
Inclusive spectra using the (7+, K+) reaction on *C and **Fe was reported in Ref
[46]. Ratio of the cross section on **Fe to '“C was found to be 2.2 £0.2. From the
present data, the ratio of cross section on ?8Si to *C is also presented here.

Carbon spectrum

The inclusive C spectrum in the 2C{n*, K*) reaction is obtained by selecting
CH, events as the reaction vertex point and assuming the carbon kinematics and
shown in figure B.1. The outgoing kaon’s scattering angle is chosen to be same as
(7=, K*) data (6° & 2°). The horizontal axis is in terms of the A binding energy
and the vertical axis is in terms of ub/sr/MeV. Due to the gating of the elementary
process, p(w*, KT)Z* from the CH; target, the carbon events in that region also
rejected, which can be seen as a sharp drop of the spectrum at around 150 MeV
from the A binding threshold. But it is quite hard to estimate the C contribution
separately from the H contribution so as to correct the spectrum over that region.
For the present discussion it is not so serious if we neglect to correct that region.
The peak position of the C spectrum seems to be appear around 100 MeV from
the A binding threshold.
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Figure B.1:The C(n*, K*) inclusive spectrum from the CH»&Si
See the text for detail. The quoted errors are statistical.
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Silicon spectrum

The inclusive Si spectrum obtained by the 2Si(r*, K1) reaction from the CH,&Si
data is shown in the figure B.2.
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Ratio of the cross section

Figure B.3 shows the ratio of cross section obtained from Si to C as a function
of the scattered kaon momentum rather than a function of the excitation energy
so that it can be compared more directly free from the binding energy effect as
was also reported in ref [46]. The ratio is found constant over a wider momentum
region and is 1.475 4 0.14. The quoted error are statistical. Taking the ratio of Fe
to C as 2.2 from the previous measurement [46], the ratio of Si to C is calculated
to be ~ 1.5 assuming the mass number dependence of A®. So the present value
agrees well with the previous measurement within the statistical error.
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Appendix C

Here, the calculation of the effective nucleon number N.ss in the eikonal approxi-
mation is mentioned.

Brief procedure to estimate N,;s by the eikonal approximation

At first, definitions of some used parameters are summarized below.

pon(r) : nucleon density
k., kx : wave number of a target proton
(Its unit vector is indicated by "*".)
v, Vg velocity of pion and kaon
U.n, Ugnv :  pion-nucleus and kaon-nucleus optical potential
b, = : componentsof r
_ ymox ¢ Refan(0)/Imfan{0) and Refxn(0)/Imfxn(0)
fan(0), fxn(0) : isospin-averaged forward elementary amplitude
Fiot g4, . isospin-averaged total cross section of 7N and KN reaction

The effective nucleon number N,f; can be calculated by integrating the nucleon
density distribution. In the reaction, pion and kaon passes a finite path in a nucleus
as figure C.1 suggests. Then the absorption of incoming pion and outgoing kaon
in the nucleus will reduce Nss. In the eikonal approximation, Ness is defined as
follows.

Nesy = fPN(r”XEK_}(I‘, ki) PP (e, ) e (C.1)

where x{*) and ng_} are the distorted waves of incoming pion and outgoing kaon,
respectively [52]. Using the toroidal coordinate system (figure C.1) and assuming
21 = k, - T and 25 = kg - r, we can write the distorted waves as:

X£r+) = exp [zk-,,- D e ;}1— 1 U,rN(bl,z')dz'} . (CZ)
XS\:) = exp [z'kK L Uk n (ba, z’)dz’] . (C.3)
Uk 2z

Reaction point can be denoted as {(by, z;) = (b1, 21) and {by, zx) = (b, 22) where
(by, 2x) and (bx, zx ) are coordinate defined as in figure C.1. Uyy and Ugp are
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Figure C.1:(m, K) reaction in a nucleus.
Reaction point can be denoted as (b, zr) = {b1,z1) and (bg, zx) = (b2, 22).

given by
V4o .
Un = —z—i-aiff,(l—z'y,r)p(r) (C.4)
Ukw = —i=oh(1 = iv)olr) (C.5)

v can be neglected since the differential cross section is insensitive to it [53].
We adopted 7% = 35 mb and @%% = 14 mb [53]. As for p, following charge
density distribution was employed as follows [54].

C p = po[l+1.067-(r/1.687)°) exp (—(r/1.687)%) (C.6)
Si p = poll+exp((r—3.15)/0.537)]" (C.7)
Ni p = poll+exp((r—4.309)/0.517)]7" (1 - 0.131- (r/4.309)*) (C.8)
In p = po[l+exp((r—5357)/0.563)]" (C.9)
Bi p = poll+exp((r—6.75)/0.468)]" (C.10)

where pg is normalization factor as to make 4w [ p(r) - rdr = A.
Furthermore, if we use following pN as a nucleon density distribution, Ngyy
can be obtained state by state.

o) = |47 (r) P x N7 (C11)

where ¢™¥(r) and N™ are the radial-wave function and number of nucleons occu-
pying the state [nlj]. Results obtained by this calculation for different targets are
presented in the figure 5.6. In table C.1 calculated results are summarized.
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Table C.1: N.;; for each state at 65 = 6° by the eikonal approximation ([45]).

state C Si Bi

081/2 0.66 0.40 0.07
Ops, 1.81 115 0.20

Opy, — 055 0.09
Odsjz - 2.26 0.41
Ods, — — 024
181/2 - — 0.12
Ofzp — — 071
Ofsp — — 045
1p3/2 — — 0.33
1p1/2 — — 0.16
Oggy — — LIO
0g7/2 — — 0.73
1ds, — — 066
ds, — — 041
Ohy,, — — 162
281/2 — i 0.23
Ohgp — — 0.11

total 2.47 4.36 7.64
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Appendix D

Brief procedures of the Monte-Carlo simulation for the quasi-free Si spectrum are
summarized here.

The Fermi motion of proton in a target nucleus was put on by assuming proton’s
momentum distribution. For a nucleon in silicon nuclei, radial wave functions ¥(r)
and binding energies were calculated by solving the Schridinger equation (equation
D.1).

hAv?
(— 2m, + U(r)) U(r) = EY(r) (D.1)
2
) 1 df(r)
Ur) = Vo-flr)+Vis (mwc) T dr (L o) + Voouoms(r) (D.2)
fr) = [4exp((r—c)/z)]" (D.3)
Z, - e 1 2
c (%__(f) ) (0<r<c)
VCoulamb(T) = T 2 9 ¢ (D4)
Z.- €
(r=c
T
where
Ulr) : the single particle potential of a bound proton [55],
Vo - f(r) : Woods-Saxon potential of the proton,
Vso . spin-orbit potential of the proton (fixed at 7 MeV),
Veouoms(r) : Coulomb potential of the proton,
c . nuclear radius,
z . diffuseness,
e . electron charge magnitude,
Ze . charge of core nucleus in unit of e.

Vy and ¢ were adjusted so as to reproduce the separation energy S, (= B, in
the outermost orbit) and the r.m.s. radius \/(75 . Momentum distributions ¥ (p)
was calculated from Fourier transforms of the ¥(r). Calculated ¢(p) of silicon
nuclei are shown in figure D.1.

Binding energy of the target proton By for each state is summarized in table
D.1.

Since the state-by-state Ny is a simple function of the probability amplitude,
we can use values on table C.1 as a ratio of each state in adding state-by-state.
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Figure D.1: Proton’s momentum distribution in silicon nucleus
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Table D.1: B, of Si in the Monte-Carlo calculation ([45]).

state B, of Si
[MeV]
081/2 31.491
Ops, 21.978
Opyy,  27.07
Ods;2 11.585

127



Angular distribution of the p{(n~, K*}L~ reaction

In the 1960’s, study of the (7, K)% reactions were performed enthusiastically with
bubble chambers as can be found in following references [44, 47, 48]. It is known
that the differential cross section of the p(w~, K*)Z~ reaction has an angular
distribution which is denoted as

(g-%) = iAnPn(cos 0% om) (D.5)

i=0

where 0x om is & scattering angle of £ in the center of mass system, P,(cosfy om)
is the Legendre polynomial and A, is the coeflicient.

In figure 3.29, angular distribution of the elementary process from the CH»&Si
data (SKS at 210A) in the present experiment is presented as a comparison with
the bubble chamber data.

/s dependence of the total cross section and angular distribution

In the Monte-Carlo calculation of the quasi-free process, we refereed to the /s
dependence of the total cross section and the Legendre coefficients A, (n =0 ~ 2)
which was outlined by Ref. [44, 47, 48]. Figure D.2 shows the /s corresponding
to the beam momentum. Figure D.3 (a) is the /s dependence of the (r~, K7)Z~-
reaction total cross section o3, 5. Figure D.3 (b), (c} and (d) are those of
the Legendre coefficients A,, where n = 0 to 2. Lines are fitting results which was

used in the Monte-Carlo calculation.
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Figure D.2: Beam momentum to /s
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Figure D.3:/s dependence of o} ;.5 and A,. Fitting result are :
(a) o®t = (0.1535 =+ 0.0046) - /3 + (—47.54 £ 8.43)
(b) Ag = (—0.0001940.0000013)-(/5)}*+(0.712£0.0031)- /s +(—627.8+£4.3)
(c) A; = (0.1029 = 0.0047) - /5 + (—174.0 £ 8.75)
(d) Ag = (0.00383 £+ 0.0017) - /5 + (+4.48 + 3.66)
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Appendix E

Inclusive (x~, K*) spectra shown in figures 4.5, 4.9, 4.11, 4.13 and 4.18 are pre-
sented here as tables E.1, E.2, E.3, E.4 and E.5, respectively. All the spectra were
generated by 4 MeV binning and then divided by 4 so as to obtain the cross section
in terms of ub/sr/MeV. The quoted values of £~ binding energy (Bx-) are the
center of bins.
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Table E.1: The #Si(z~, K1) inclusive spectrum as a table.

-By-  Cross section Statistical errors  Systematic errors
(MeV) (ub/st/MeV)
-50.0 0.0308 0.0127 0.0006
-46.0 0.0174 0.0109 0.0008
-42.0 0.0184 0.0108 0.0003
-38.0 0.0223 0.0115 0.0015
-34.0 0.0375 0.0135 0.0015
-30.0 0.0280 0.0126 0.0005
-26.0 0.0292 0.0113 0.0010
-22.0 0.0503 0.0133 0.0007
-18.0 0.0410 0.0121 G.0005
-14.0 0.0498 0.0126 0.0012
-10.0 0.0598 0.0123 0.0008
-6.00 0.0576 0.0130 0.0010
-2.00 0.0635 0.0136 0.0018
2.000 0.0644 0.0133 0.0632
6.000 0.0804 0.0158 0.00356
10.00 0.0808 0.0147 0.0010
14.00 0.1129 0.0160 0.0087
18.00 0.1335 0.0161 0.0020
22.00 0.1556 0.0172 0.0092
26.00 0.1831 0.0183 0.003%
30.00 0.1974 0.0188 0.0038
34.00 0.2201 ¢.0192 0.0031
38.00 0.2687 0.0206 0.0039
42.00 0.3287 0.0227 0.0054
46.00 03741 0.0241 0.0078
50.00 0.4054 0.025656 0.0200
54.00 0.4594 0.0267 0.0126
58.00 0.5491 0.0287 0.0117
62.00 0.5667 0.0292 0.0100
66.00 0.6636 0.0329 0.0116
70.00 0.7360 0.0352 0.0143
74.00 0.7952 0.0372 0.0144
78.00 0.8061 0.0380 0.0140¢
82.00 1.0008 0.0448 0.0187
86.00 1.0527 0.0472 0.0271
90.00 1.0397 0.0496 0.0472
54.00 1.1750 0.05%34 0.0280
98.00 1.2382 0.071% 0.0251
102.0 1.2491 0.0629 0.0261
106.C 1.1228 0.0564 0.0233
110.0 1.3462 0.0649 0.0311
114.0 1.3898 0.0662 0.0386
118.0 1.3375 0.0674 0.0712
122.0 1.3845 0.0746 0.0842
126.0 1.5055 0.0789 0.0635
130.0 1.4338 0.0788 0.0514
134.Q 1.3521 0.0902 0.1235
138.0 1.3523 0.0919 0.1005
142.0 1.3539 0.0950 0.0898
146.0 1.4285 0.1075 0.0842
150.0 1.4456 0.1171 0.1201
154.0 1.4087 3.1179 0.0751
158.0 1.3604 0.1227 0.1016
162.0 1.4187 0.1283 0.1731
166 0 1.3470 0.1384 0.1146
170.0 1.6548 0.1666 0.1028
174.0 1.3139 0.1550 G.1028
178.0 1.25860 0.2420 0.0461
182.0 1.5632 0.2263 Q.0946
186.0 2.0955 0.3099 0.0765
190.0 0.8844 0.2094 0.5393
194.0 0.9897 0.5720 0.3064
198.¢ 0.4460 0.3163 0.1451
202.0 1.128% 3.5051 0.2822
206.0 0.2095 0.1489 0.7257
210.0 $.3247 0,2302 0.1518
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Table E.2: The 2C(r~, K'*) inclusive spectrum as a table.

-By-  Cross section Statistical errors Systematic errors
(MeV) (ub/sr/MeV)
-50.0 0.0103 0.0166 0.0005
-46.0 0.0288 (.0182 0.0097
-42.0 0.0052 0.0140 0.0003
-38.0 0.0181 ¢.0137 0.0011
-34.0 0.0614 0.0253 0.0032
-30.0 0.0514 0.0213 0.002}
-26.0 0.0225 0.0142 0.0008
-22.0 0.0496 0.0176 0.0021
-18.0 0.0318 0.0145 0.0014
-14.0 0.0641 0.0204 0.0039
-10.0 0.0497 0.0173 0.0034
-6.00 0.0388 0.0167 0.0013
-2.00 0.0584 0.0185 0.0021
2.000 0.0839 0.0224 0.0033
€.000 0.0518 0.0182 0.0047
10.00 0.0629 0.0200 0.0063
14.00 00716 0.019% 0.0033
18.00 0.1097 0.0257 0.6027
22.00 0.1482 0.0259 0. 0041
26.00 0.1261 0.0251 0.0067
30.00 0.1610 0.0242 0.0066
34.00 0.1648 0.0260 0.0055
38.00 0.1636 0.0278 0.0064
42.00 0.2428 0.0320 0.0103
46.00 0.2912 0.0393 0.0173
50.00 0.3374 0.0375 0.0128
54.00 0.4634 0.0472 0.0135
58.00 0.5361 0.0539 0.0176
62.00 0.5040 0.0472 0.0279
66.00 0.6366 0.0561 0.0263
70.00 0.8127 0.0710 0.0459
74.00 0.7284 0.0659 0.0313
78.00 0.7202 0.0692 0.0289
82.00 0.0000 0.0000 0.0:000
86.00 0.0000 0.0000 0.0000
90.00 0.0000 0.0000 0.0000
94.00 0.0000 0.0000 0.0000
98.00 0.0000 0.0000 0.0000
102.0 0.0000 0.0000 0.0000
106.0 0.0000 0.0000 0. 0000
110.0 1.3992 0.1379 0.1062
114.0 1.3047 0.1430 0.1069
1180 1.5827 0.1595 0.0559
1220 1.4375 0.1480 0.0685
126.0 1.3142 0.1429 0.1314
1300 o7TTio 0.0995 .1373
134.¢ 1.0794 0.1433 0.1063
138.0 0.9604 0.1549 G.0851
142.0 0.7663 0.1190 0.0555
1486.0 1.0287 0.1507 0.1756
15C¢.0 1.5495 0.2253 0.118%
154.0 1.2955 0.2376 0.5724
158.0 0.9786 G.2640 0.2432
162.0 0.7387 0.1783 0.0858
166.0 1.0623 0.5202 0.9010
170.0 0.4400 0.4218 0.8310
174.0 1.4755 0.5001 0.1655
178.0 0.8101 0.6703 0.5042
182.0 ¢.5911 0.8451 1.1040
186.0 0.6790 0.410% 0.2050
190.0 0.2408 0.3036 0.3022
194.0 0.3468 0.4105 0.2902
198.0 0.4235 0.3963 02496
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Table E.3: The *®Ni{n~, K*) inclusive spectrum as a table.

-By-  Cross section Statistical errors  Systematic errors
(MeV) (ub/sr/MeV)
-50.0 0.0402 0.0238 0.0006
-46.0 0.0464 0.0228 0.0005
-42.0 0.0327 0.0199 0.0009
-38.0 ¢.0322 0.0198 0.0004
-34.0 0.0425 0.0206 0.0005
-30.0 0.0648 .0261 0.0007
-26.0 0.0651 0.0234 0.0007
-22.0 0.0437 0.6223 0.0006
-18.0 0.0471 0.0207 0.0006
-14.0 0.1035 0.0240 0.6017
-10.0 0.0726 0.0226 0.000%
-6.00 0.0824 0.0234 0.0010
-2.00 0.0924 0.0226 0.0012
2.000 0.0837 0.0225 0.0009
6.000 0.0722 0.0205 0.0009
10.00 0.1197 0.0238 0.0014
14.00 0.1442 0.0248 0.0016
18.00¢ 0.1342 0.0240 0.0016
22.00 0.1588 0.0248 0.0016
26G.00 0.2233 0.0283 0.0025
30.00 0.198% 0.0268 0.0021
34.00 0.2382 0.0292 0.0026
38.00 0.3454 0.0333 0.0041
42.00 0.3787 0.G347 0.0049
46.00 ¢.4000 0.0355 0.0047
50.00 0.4529 0.0383 00677
54.00 0.534¢%9 0.0407 G.0059
58.00 0.6191 0.0441 0.0154
62.00 0.6318 0.0441 0.0181
66.00 0.7529 0.0496 0.0290
70.00 0.8350 0.0500 0.0355
74.00 0.B329 0.0522 0.0403
78.00 0.9241 0.0609 0.0556
82.00 1.1104 0.0599 0.0686
86.00 1.2185 0.0635 0.0821
90.00 1.2426 0.0753 00761
94 .00 1.3347 0.0689 0.0654
§98.00 1.4305 0.0841 0.1260
102.0 1.4465 0.0887 0.1298
106.0 1.3691 0.0923 0.1248
110.0 1.4438 0.087% 0.1044
114.0 1.4801 0.1038 6.1194
118.0 1.4224 0.0983 1876
122.0 1.3406 0.1075 0.1183
126.0 1.4306 0.1707 0.1561
130.0 1.3283 0.1895 0.1368
134.0 1.5228 0.1890 0.2007
138.0 1.3421 0.1820 0.2400
142.0 1.2459 0.1937 0.0881
146.0 1.1056 0.2547 0.2580
150.0 1.1761 0.3158 0.3438
154.0 1.2218 0.5745% 0.4022
168.0 0.6356 0.3673 0.2316
162.0 0.9136 0.4570 3.1678
166.0 0.4536 0.4538 0.2631
170.0 0.9G89 0.7014 0.2788
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Table E.4: The !3In(n~, K1) inclusive spectrum as a table.

-By-~  Cross section Statistical errors bystematic errors
(MeV)  (ub/sr/MeV)
-50.0 0.0855% 0.0353 0.0039
-46.0 0.0587 0.0281 0.0017
-42.0 0.0035 0.0143 0.0002
-38.0 0.0499 0.0248 0.0009
-34.0 0.0302 0.0226 0.0022
-30.0 0.0415 0.0202 0.0021
-26.0 0.0329 0.0194 ¢.0010
-22.0 0.0490 0.0216 0.0021
-18.0 0.0814 0.0258 0.0121
-14.0 0.0724 0.0233 0.0030
-10.0 0.0763 0.0233 0.0058
-6.00 0.0860 0.0234 0.0033
-2.00 0.0650 0.0224 0.0014
2.000 0.0865 0.0247 0.0109
6.000 0.0846 0.0224 0.0055
10.00 0.1312 0.0275 0.0176
14.00 0.1349 0.0235 0.0097
18.00 0.1546 0.0264 0.0168
22.00 0.1861 0.0258 0.0062
26.00 0.2204 0.0327 0.0097
30.00 0.2731 0.0356 0.0168
34.00 0.3003 0.0370 0.0062
38.00 0.3572 0.0412 0.0063
42.00 0.4032 0.0442 0.0213
46.00 0.3974 0.04186 0.0091
50.00 0.5141 0.0476 0.0212
54.00 0.6095 ¢.0521 0.0124
58.00 0.7018 2.0558 0.0187
52.00 0.6084 0.0516 0.0155
66.00 0.7704 0.0586 0.0261
T0.00 0.8492 0.0645 0.0564
74.00 0.8939 0.0662 0.0524
78.00 0.9444 0.0669 0.0824
82.00 1.1461 0.0755 0.0635
86.00 1.2693 0.0829 0.1165
90.00 1.3236 0.0901 0.1501
94.00¢ 1.3309 0.0924 0.1541
98.00¢ 1.5872 0.1001 0.1706
102.0 1.6932 0.1170 0.1890
106.0 1.6785 0.1125 0.1613
110.0 1.7317 0.1204 0.1089
114.0 1.4510 0.1092 0.1841
1180 1.8136 ¢.1322 0.1464
122.0 1.8225 21271 0.1276
126.0 1.7817 0.1504 0.1325
130.0 1.7700 0.1312 0.1613
134.0 1.4876 0.1593 0.3185
138.0 1.6231 0.1696 .2132
142.0 1.8433 0.2599 0.2551
146.0 1.4337 0.2636 0.1433
150.0 1.1025 0.2401 0.4085
154.0 2.1866 0.5857 0.3323
158.0 1.4880 0.5633 0.2154
162.0 1.4392 0.7206 0.5350
166.0 3.8852 2.8229 0.9892
170.0 0.9020 0.2712 0.2883
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Table E.5: The 29°Bi(n~, K*) inclusive spectrum as a table.

-By- Cross section Statistical errors Systematic errors
(MeV) (ub/sr/MeV)
-50.0 0.0317 G.0257 0.0318
-46.0 0.0692 0.0383 0.0120
-42.0 0.0440 0.0260 0.0010
-38.0 0.0262 0.0214 0.0005
-34.0 0.0409 0.0300 0.0002
-30.0 0.0353 0.0195 0.0009
-26.0 0.0817 0.0339 0.6017
-22.0 (L0511 0.0238 0.0129
-18.0 0.0733 0.0285 0.0011
-14.0 0.0787 0.0256 0.0021
-10.0 ©0.0696 0.0236 0.0291
-6.00 0.0899 0.0317 0.0154
-2.00 0.0698 0.024% 0.0032
2.000 0.0680 0.0243 0.0086G
6.000 0.1402 .0296 0.0030
10100 0.1323 0.0283 0.0029
14.00 0.1472 0.0292 0.0108
18.00 0.1893 0.0325 0.0033
22.00 0.2246 0.0385 0.0187
26.00 0.2397 0.0381 0.0112
30.00 0.2858 0.0367 0.0050
34.00 0.3395 0.0473 0.0114
38.00 0.4681 0.0538 0.0214
42.00 0.4490 0.0521 0.0250
46.00 0.5479 0.0567 0.0312
$0.00 0.5748 0.0595 0.0378
54.00 0.6558 0.0635 0.0258
58.00 0.6803 0.0660 0.0222
62.00 0.9564 0.0791 0.0766
66.00 0.9413 0.0802 0.1025
70.00 1.0287 0.0865 0.0360
74.0G 1.0385 0.08638 0.0627
78.00 1.3791 0.1059 0.1103
82.00 1.3769 C.1088 0.1643
86.00 1.4988 0.1157 0.1420
90.00 1.7458 0.1318 0.2109
94.00 1.6178 0.1326 0.2023
98.00 21074 0.1728 0.281G
102.0 2.1719 0.1984 0.1371
106.0 2.1885 0.2283 0.3826
110.0 1.6772 0.1956 0.4280
114.0 2.1402 0.1992 0.2697
118.0 2.2187 0.2057 0.0944
122.0 2.1832 0.2111 0.1191
126.0 2.3295 0.2213 0.2073
13G.0 2.1486 0.2420 0.4238
134.0 2.7211 0.2151 0.6652
138.0 1.9433 0.3171 0.4770
142.0 2.0725 0.3510 0.3771
146.0 2.0192 0.6665 0.4241
150.0 2.3897 0.8487 0.2567
154.0 1.8168 0.7440 1.4051
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