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Abstract

The superconducting kaon spectrometer(SKS) is a superconducting spectrometer
system for nuclear physics experiments at intermediate energy. It is to be installed
in the north counter hall of National Laboratory for High Energy Physics. The
SKS is intended to be useful for hypernuclear spectroscopy by the (7, K) reaction
with a good momentum resolution and a large acceptance.

“In this thesis, two subjects about the SKS are mainly studied.

One is about silica aerogel Cerenkov counters described in chapter 2. The silica
aerogel Cerenkov counters play a very important role in the detector system to
veto pions in order to trigger kaon events. Based on conclusions of an experiment
for testing a prototype counter and considerations with a Monte Carlo simulation,
we design a counter whose size is about 1.2m X 1.4m and with thickness about
40cm. It is shown that the pion (0.7GeV/c) rejection efficiency is expected to be
better than 96.6%. Accordingly the efficiency better than 99.9% can be expected
with the two layers.

The other is the momentum resolution of the SKS discussed in chapter 3.
The good momentum resolution is one of the most important performance of the
SKS. All the factors which influence the resolution are evaluated with a Monte
Carlo simulation. It is shown that accurate measurement of the magnetic field
is the most crucial in order to achieve the good resolution. In the latter half,
energy resolution for the A-hypernuclear mass is estimated taking into account
the momentum resolution of the SKS and the beam line spectrometer, and the

energy loss fluctuation in the target. It is shown that the resclution better than
2MeV could be obtained.
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Chapter 1
What is the SKS?

1.1 Introduction

Design of the SKS is optimized for the A-hypernuclear spectroscopy by the (r, I)
reaction. For this objective, the spectrometer is expected to have good momentum
resolution of 0.1%(FWHM) and the large acceptance of 100msr in the momen-
tum region around 1GeV/c. A beam line spectrometer is also expected to have
good momentum resolution better than 0.1%(FWHM) for the momentum around
1GeV/c. Consequently, energy resolution for the hypernuclear mass is expected
to be better than 2MeV(FWHM). This performance would make it possible to
carry out many interesting experiments in the momentum region around 1GeV/e
as well as the hypernuclear spectroscopy. In addition, the detector system of the
SKS can trigger kaon events with good efficiency.

In this chapter, we explained physics interests that motivate the construction
of the SKS, particularly about the A-hypernuclear spectroscopy by the (r, K)
reaction. In the latter half, we describe the design principle and the expected
performance of the SIS, and the detector system in detail.



1.2 Physics interests

A-hypernuclear spectroscopy by the (z%, K1) reaction

A hypernucleus is a bound system of an ordinary nucleus and a few hyperons
through the strong interaction. Since a hyperon does not suffer from the Pauli
blocking in a nucleus, it can be a good probe to study the interior of a nucleus. It
is also a good tool to investigate the hyperon-nucleon interaction. Among various
hypernuclei, the A-hypernucleus is the easiest to produce experimentally because
a A hyperon is the lightest hyperon.

A A-hypernucleus was first discovered with an emulsion experiment in 1952 [1].
Since then, emulsion experiments had revealed binding energy for many kinds of
A-hypernuclei. It was found that the potential depth for a A hyperon was shallow,
V§ ~ 30MeV, compared to that of an ordinary nucleon, V3 ~ 50MeV. How-
ever those data suffered from their poor statistics. New development started with
a pioneering counter experiment by the strangeness-exchange (K ~,n~) reaction
at CERN [2]. A series of (K~,n~) experiments had been continued at CERN
[3,4,5,6,7,8] and at BNL [9,10], and mass spectra for various A-hypernuclel were
observed. Particularly in the p-shell hypernuclear spectroscopy for light hypernu-
clei with mass numbers, A = 9 ~ 18, it was found that spin-spin, space-exchange
and spin-orbit interactions between a A hyperon and a nucleon were much weaker
than those between nucleons [11]. The strangeness-exchange (K~,n~) reaction
is characterized by small momentum transfer compared to the Fermi momentum.
Consequently, the reaction preferentially produces substitutional states where a A
hyperon is replaced with a neutron in the same orbit.

On the other hand, the (7, K) reaction is characterized by large momentum
transfer ¢ > 300MeV/c comparable to the Fermi momentum. Accordingly, this
reaction selectively produces well separated series of angular momentum stretched
states, [(valence);1,(0s,0p,...)alj=maz, Of natural parity {12,13]. Therefore the re-
action is useful for investigating low lying states of A hyperons. Experimentally it
was demonstrated first by C.Milner et al. [14] for }*C' at BNL. Recently, a series
of (w*, K*) experiments have been carried out at BNL for various nuclei u to
A = 89 [15] and for A = 12,56 at KEK [16]. Typical energy resolution of the
experiments at BNL was about 3MeV.,

Figure 1.1 shows the mass number dependence of the binding energy for experi-
mental data up to A = 89, and theoretical calculations with a Woods-Saxon poten-
tial. The similar results are obtained theoretically with other models [17,18,19].
The good correspondence between the experimental data and the calculations
shows that a A hyperon keeps the single particle nature up to 4 = 89. In other
word, a A hyperon keeps its identity even in a nucleus to some extent. But it is not
clear whether it is ture or not for nuclei heavier than A = 89 because the heavier
a nucleus is, the more deeply a A hyperon can be embedded in it. This would be
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Figure 1.1: Mass number dependence of the binding energy for various A orbits.
The curves are the theoretical calculations with a Woods-Saxon potential. (from

[17)

related to the question how much a nucleon keeps its identity even deeply inside
a nucleus. Thus, experimental data for larger mass numbers are expected.

The A-hypernuclear spectroscopy of 8Pb by the (n*, Kt) reaction offers a
chance to explore the heavier region. Figure 1.2 shows the calculated mass spec-
trum for °Pb with DWIA by T.Motoba et al. [20]. The figure exhibits well
separated series of angular momentum stretched states. It is the largest advan-
tage of the (7, ') reaction. The energy spacings of those states are about 4MeV.
If the smearing is not so serious and good energy resolution is in our hand, we can
separate those states.

Thus, realization of the good energy resolution of the SKS could provide a

~good chance to advance the A-hypernuclear spectroscopy. Expected experimental

yields for the A-hypernuclear production by the (#*, K*t) reaction are estimated
for various states in Appendix A.

Z-hypernuclear spectroscopy by the (7, K) reaction

‘The ¥-hypernuclei could give interesting information about I- N interaction if they
actually exist and are clearly observed. But, since there is a strong conversion
process 2N — AN, those states seemed not to exist in the sense that the life time
was not large enough compared to a typical time scale of the strong interaction.
However unexpectedly narrow width < 10MeV was observed experimentally by
the inflight (K=, %) reaction at CERN [21,22,23] and at BNL [24,25]. Various
theoretical studies for those states have been done, but they led to only qualitative
and controversial conclusions [27]). The ambiguity is mainly because those observed
states are not bound states, but in continuum regions. In 1988, an experiment by
the (stopped K~,n~) reaction at XEK observed a one bound E-hypernuclear state
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Figure 1.2: DWIA calculations for 2 Ph(r+, K*)3% Pb by T.Motoba et al.[20].

$He [26]. Further experiments for bound states are expected now.

H.Bando et al. showed that the (7=, K+) reaction would be useful to produce
bound E7-hypernuclear states [28]. One advantage of this reaction is that it is
free from a background of A-quasifree production. Another advantage is that the
attractive coulomb interaction helps the £~ hyperon be bound. Figure 1.3 shows
DWIA calculations [28] for 22Si(x~, K*)#Si at p, = 1.5GeV/c. Also in this case,
we can find the merit of the (w, K) reaction, namely, the fact that the reaction
produces well separated series of angular momentum stretched states. Note that a
spin-orbit pair, py/; and pss, is separated. Thus, there would be a direct chance to
observe the spin-orbit splitting of the & hyperon orbit if the potential parameters
used in the calculation are correct. In the calculation, a large spin-orbit force
is assumed based on theoretical predictions [29,30,31,32]. Another calculation
shows that the cross section takes a maximum value at the beam momentum of
1.25GeV/c [33]. Then, the momentum of outgoing kaons is typically 0.85GeV/ec.
Hence the momentum range is in a possible region of the SKS.

In Appendix A, expected experimental yields are estimated for 2 Mg. Though
the cross section is much smaller than those for A-hypernuclei, they are still in our
practical reach. ‘Thus, the large acceptance of 100msr is very important for small
cross section measurement like this.

On the other hand, the A(x*, K*)sA reaction suffers from a large amount
of background § -quasi free production. The S/N ratio would be of the order of
(0.2ub/sr)/(20.b/s7)~1/80. Hence, without any kinds of coincidence technique
which tags ¥ production, these experiments would be impossible.

Other physics interests

‘There are several interesting subjects which can be pursued with the SKS other

than the hypernuclear spectroscopy.
The elastic scattering, (7%, 7%) and (K%, K*), is one of those subjects. In the
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Figure 1.3: Calculated mass spectrum for 23i(»~, K+)#S7 at p, = 1.5GeV/c with
DWIA by H.Bando et al[27].

momentum region around 1GeV /¢, the nuclear reaction is free from the destructive
A resonance. Hence we could get clear information about the reaction. Actually
those.experiments were carried out at BNL at the beam momentum of 800M eV /¢
[34,35], and those data stimulated many theorist in this field. With the SKS, we
can extend those data up to the momentum of 1.1GeV/e.

The (7%, 7F) double charge exchange reaction would be also interesting. This
reaction has a possibility to investigate the short range nature of the nucleon-
nucleon force, because this reaction can occur only by involving two nucleons.



Momentum resolution 0.1%
Maximum momentum | 1.2GeV/c
Momentum bite 20%
Maximum acceptance | 100msr
Bending angle 100°
Flight path length 5m

Table 1.1: Principal design parameters of the SKS.

1.3 The design principle and the expected per-
formance of the SKS

Design of the SKS is optimized for A-hypernuclear experiments by the (z+, K+) re-
action. The good energy resolution better than 2 eV{(FWHM) is one of the most
crucial performance for those experiments as described in the previous section,
‘This is achieved with the good momentum resolution of the SKS, 0.1%(FWHM),
for outgoing particles, and with the good momentum resolution of the beam line
spectrometer, 0.1% (FWHM), for incoming particles. Principal design parameters
of the SKS are shown in Table 1.1.

To realize the good momentum resolution of the SKS, the bending angle is
taken to be large, that is, about 100° for the central track. To minimize the
influence of the multiple scattering, the drift chambers are made as thin as possible,
and He-bags are placed between the drift chambers. Furthermore, the magnetic
field measurement is to be carried out as accurately as possible (see chapter 3 ).

The large acceptance of 100msr is very important for good statistics, partic-
ularly for small cross section experiments like the hypernuclear spectroscopy. To
achieve the large acceptance, the aperture of the magnet is very large as shown in
fig. 1.4. The horizontal angular coverage is 30° and the vertical angular coverage
is 10°. In addition, the shape of the magnet is a sector, in order that there may
be a focussing property in some degree (see fig. 1.4).

A good kaon trigger is also indispensable for studying the (7, K) reaction.
The SKS has two layers of silica aerogel Cerenkov counters and a Lucite Cerenkov
counter for this end. In addition, the flight path from the target to the last counter
is made as short as possible to minimize kaon decay in flight. The life time of the
low momentum kaon is so short that about 65% of kaons (720MeV/c) decays in
Sm.

When we carry out experiments for the A-hypernuclear spectroscopy by the
(n*, K*) reaction, the beam momentum will be set 1050MeV/c where the cross
section takes a maximum value. In this case, momentum of the outgoing K meson
is about 720MeV/c. When the SKS magnet is excited to 2.1T at the center of
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Figure 1.4: A schematic view of the SKS.

the magnet (the 2.1T mode), the acceptance becomes maximum, over 100msr, at
this fnomentum (see fig. 1.53). The many rays shown in fig. 1.4 are calculated
for the 2.1T excitation using a magnetic field map calculated with a finite element
method.

For experiments with the momentum around 1GeV/e, for example, elastic
(r,%) and (K, K) scattering, and for calibration of the beam line spectrometer, the
magnet can be excited up to 3T (the 3T mode), where the central track corresponds
to about 1.0GeV/c (see fig. 1.5). Figure 1.6 and 1.7 show the calculated magnetic
field distribution for the 3T mode and the 2.1T mode. The fringing field is so
large in the 3T mode that it is about 300gauss around the silica aerogel Cerenkov
counters (see Appendix D).

The KEK-12GeV-PS provides secondary meson beams to the SKS through the
K6 beam line, which is under construction in the north counter hall (see fig. 1.8).
In the world, now only BNL-AGS and KEK-12GeV-PS can provide secondary
meson beams, #, K and § in the momentum region around 1GeV/c. Figure 1.9
compares ® beam intensity of KEK, BNL, LAMPEF( P® ) and those of two future
projects I{AON and PILAC. The SKS is an unique apparatus that has the good
momentum resclution and the large acceptance simultaneously for this momentum
region. Therefore we expect the SIS to offer an indispensable play ground for
studying those physics.
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1.4 Detector system of the SKS

The detector system consists of tracking chambers for the momentum measure-
ment, and trigger counters for particle identification. The former consists of four
sets of drift chambers DC1, DC2, DC3 and DC4. The momentum will be de-
termined by solving the equation of motion using the hit positions on the drift
chambers and a measured magnetic fleld map. Since the incident beam goes
through DC1 and DC2, they have to endure a high counting rate. On the other
hand, DC3 and DC4 are not designed for high rate since incident beam doesn’t go
through them in the case of A-hypernuclear experiments by the (7%, K¥) reaction.
The DC3 and DC4 have relatively large size about 1m X 1m, to match the large
acceptance. As will be shown in chapter 3, DC1 and DC4 are more important
than DC2 and DC3 for the momentum measurement.

The trigger counters consist of a wall of time-of-flight counter (TOF), two layers
of silica aerogel Cerenkov counters and a wall of Lucite Cerenkov counter. The
trigger logic is as follows. The TOF counter signals for 7, I{ and p. The silica
aerogel Cerenkov counters veto m mesons. The Lucite Cerenkov counter is sensitive
only to K and 7, but not to p (< 0.85GeV/c). Hence, the combination of three
counters can distinguish three kinds of particles (see fig. 1.3). The silica aerogel
Cerenkov counters are located between the TOF walls and the Lucite Cerenkov
counter because then we can clearly define the area where the veto is required.
In the off-line analysis, the time of flight measurement more precisely identifies
particles.

The detectors are listed in Table 1.2. Detail descriptions are given in the
succeeding subsections.

12



P

effective size (in cm) performance

Tracking chambers resolution < 200 pym (o)
DC1 207 % 30% zz'uu'vv’

DC2 208 x 41W zz'uu!

DC3 907 x 9oW X

DC4 1007 x 100" Xy

Trigger counters

TOF 1007 x 105" x 3T resolution < 150psec (o)
Aerogel.l 1207 x 140Y x 427  n=1.055 efficiency > 96.5%
Aerogel.2 similar to above n=1.055 efficiency > 96.5%
Lucite. 1407 x 140" x 3T  n=1.49

Table 1.2: The detector system of the SKS.

T | K| p momentum

TOF O1010 > 0.0GeV/c
aerogel Cerenkov | O | X | x | 0.4 ~ 1.4GeV/c
Lucite Cerenkov | O | O | x | 0.4 ~ 0.85GeV/c

Table 1.3: The trigger logic for particle identification. The symbol, "()”, repre-
sents the fact that the counter signals, and the symbol, ”x”, the opposite.

13



1.4.1 'Tracking chambers
The high rate drift chambers, DC1 and DC2

The DC1 consists of six layers of drift chamber planes zz’uu'vv’ whereas DC2
consists of four layers, zz’uw/. The = and z' are vertical (0°) wire planes which are
displaced a half cell to each other whereas u and u’ (v and v") are 15°(—15°) tilted
wire planes. Since the multiple scattering by DC2 influences the momentum resolu-
tion of the SKS (refer to chapter 3), the total thickness is made as thin as possible,
that is, L/Lpeq o2 1.2 x 1073 for zz'uv’. The L/L,.q is the thickness in radiation
length. It is generally used as a parameter that characterize the thickness of a
medium that causes multiple scattering because the amount of multiple scattering
can be estimated with this parameter (see Appendix F). All the wire planes have
the same structures as follows. The sense wires are made of Au plated W($12.5um)
and potential wires Au plated CuBe(¢50um). The cathode planes are made of
7.5um Kapton foils coated with 0.1um (10004) Al and 0.0015um (154) Cr on
both sides. The chamber gas will be Ar(80%)—Isobutane(CyHp,20%) mixture
with methylal. The distance of two cathode planes is 4.8mm. For a high counting
rate, the drift spacing between a sense wire and a potential wire is made to be
small, 2.5mm. These drift chambers keep position resolution of 200um(e) for the
counting rate up to 10”7 /sec/plane.

DC3

The DC3 measures only the horizontal position. Since the multiple scattering by
DC3 also affects the momentum resolution of the SKS, the DC3 is made as thin
as possible, that is, L/ Lq =~ 0.5 x 1073, The effective size is about 90cm x 90cm
and the distance between the two windows is about 4.5cm. The wire structure
is shown in fig. 1.10. Sense wires are made of Au plated W(¢20um) wires and
the other wires Au plated W{(¢80um) wires. We use Ar(50%) — ethane(C,Hg) gas
mixture. The two windows are made of 25um mylar films. The position resolution
is expected to be better than ¢ = 200um.

DC4

The DC4 consists of two layers of drift chambers DC4X and DC4Y. The two drift
chambers have completely the same structure. One is installed vertically and the
other horizontally.

The effective size is 1m x 1m and the distance between the two windows is
about 10cm. The wire structure is shown in fig. 1.11. One drift cell consists
of six sense wires and field shaping wires. Sense wires are made of Au plated
W($20um) wires and the other wires Au plated W(¢80um) wires. These sense
wires are staggered by 200um alternately so that the left right ambiguity can be

14



60 = T [ T T T ¥ I ¥ T T T I
40 - iy
20 - mylar / A
B 00 QOGO ORIV OCOCOC O 7
CO00000QOOO0DO0O0OVO ]
— 0 X o [x o x —_
g - coooooO 0DO0CO0000O0OO .
g [ OO0V 00C[OO0OCO0L00OG0 O i
~ —20_— -]
2 xsense ©Ofield o shield 3
—40 —]
"""60- l 1 L 1 L I L 1 1 L] 1 L] N

=50 0 50

(mm)
Figure 1.10: The wire structure of DC3.

60 T T I T T T T I T T T T I T ]
X mylar ]
40 [~ ¥ o
zo : e 000 OO0 L2~ - I B - - - - ) :
A ooxoooo ”gxoooooooxoo 1
- 0.0 0 20 o o0 .
o - o o T o o ]
—— x iagell 4 X =
g a,0 o 0 o 0,0 N
g b 0,0 0 [na0.0 o o0 .
~ _apl 0Oo0ocOCOpOOVOOODODO GO ]
- 0 ¢ 0 00 QO L O OO 00V O e L
C xsense [ofield o shield ]
—40 [~ -]
X 7 R
_‘60- i L l L 1 i i ] H ) I L 1 I 1 L ]

~50 0 50

(mm)

Figure 1.11: The wire structure of DC4X,Y

solved by themselves. The two sense wires at both ends of six sense wires will
be ignored as the position information because their position resolution is worse.
The windows are made of 25um mylar films. We use Ar(50%) — ethane(CyHs)
gas mixture. The position resolution is also expected to be better than 200um(s).

1.4.2 Trigger counters
TOF wall

The TOI counter is used not only for the time of flicht measurement, which
precisely identifies particles in the off-line analysis, but also for the particle trigger
at the data-taking stage as described at the beginning of this section. The total
effective area is about 105cm(height) x 100cm(width). The TOF wall consists
of fifteen scintillation counters. The size of one scintillator is 100cm(height) x
Tem(width) x 3cm(thickness). The PMT’s(HAMAMATSU H1949) are equipped
at both ends of it. The time resolution is expected to be better than ¢ = 150 psec.

15



Silica aerogel Cerenkov counters

The silica aerogel Cerenkov counters play a very crucial role for triggering kaons.
We expect pion (0.7GeV/¢) rejection efficiency to be better than 99.9% for all over
the effective area and for any incident angles from —20° to 20° with two layers.

One layers has the following structure. The effective area is about 1.2m(height)
x 1.4m(width) with the thickness of 40cm. The refractive index of our silica aerogel
is about 1.055. The thickness of silica aerogel is set to be 9¢m. The inner surface
will be covered with aluminized mylar films. The eighteen PMT’s (HAMAMATSU
R1584-01 with modification) is equipped on both sides of the counter box (nine
PMT’s on each side). All the PMT’s are protected with double 5mm thickness
iron cylinders from the large fringing field from the SKS. The other layer will have
a similar structure.

A more detail description is given in chapter 2.

Lucite Cerenkov counter

The Lucite Cerenkov counter is used for discriminating = and J{ from p for momen-
tum less than 0.85GeV /c at the data-taking stage. To match the large acceptance
of the SKS, the total effective area is about 140cm(height) x 140cm(width). The
counter consists of fourteen segments. Each one is 140cm(height) x 10cm(width)
x 3em(thickness) in its size. The PMT’s (HAMAMATSU H1949) are equipped at
both ends of each segment. To get uniform efficiency, the Lucites contain 10ppm
wave length shifter (bis-MSB), by which directional Cerenkov photons are diffused.

1.5 The beam line spectrometer

The beam line spectrometer consists of a QQDQQ magnet system, four sets of
drift chambers (see fig. 1.8) and trigger counters. The QQDQQ system is so de-
signed that the influence of the multiple scattering by the drift chambers on the
momentum resolution is as small as possible. To avoid the multiple scattering by
the atmosphere, we will set a vacuum chamber in the D magnet. As a result,
we expect the momentum resolution to be better than 0.1%(FWHM) for the mo-
mentum around 1GeV/c. We use a dipole magnet that is called KAMAE as the
D magnet. Each of the drift chambers has a similar structure as DC1. Trigger
counters will consist of a gas Cerenkov counter to veto electron contamination in
pion beams and a segmented scintillation counter, which gives the time zero.
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Chapter 2

Silica aerogel Cerenkov counters

2.1 Introduction

The special feature of silica aerogel is in its refractive index, which can be set
between 1.02 and 1.1 arbitrarily depending how it is produced [36,37,38]. This
region of refractive indices is just in between those for gas (typically < 1.002 at
1 atm and room temperature) and liquid (typically > 1.3). Figure 2.1 shows the
threshold curves of Cerenkov radiation for various radiators. We can find that
silica aerogel is very much useful as a Cerenkov radiator to identify particles for
momentum around a few GeV/e.

Silica aerogel has been used in many experiments as a Cerenkov radiator
(139,40,41,42,43,44,45] for relatively larger counters, [46,47,48,49] for smaller coun-
ters). Table 2.1 shows principal parameters of those counters of relatively larger
size. The words ”H” (height), ” W”(width}, ”T”(thickness) and "thickness” (counter
box thickness) are defined in fig. 2.2. The N, is the mean photoelectron number
produced at the photocathodes of PMT’s by the photoelectric effect. It is gen-
erally used as a measure of the efficiency of a Cerenkov counter. Those counters
were viewed from one side of a counter box with PMT’s. Note that, in each case,
several counters of the same size were arranged to make a larger effective area.

2.2 Requirements for a pion veto counter of the

SKS

For the hypernuclear spectroscopy by the (w, ) reaction, we need a trigger counter
to veto m mesons in order to select K mesons in the momentum region around
0.7GeV /c. In general, when one wants to distinguish X mesons from 7 mesons in
this momentum region, liquid N, and silica aerogel are candidates for a Cerenkov
radiator (see fig 2.1). The largest advantage of liquid NV, is that it radiates more
Cerenkov photons than silica aerogel in a same thickness because of its large re-
fractive index. Its disadvantage is that the windows have to be thick in order to

17



1.5

Lucite

1.4

lllillll

13

Illilnlllillll

|I|I!‘l

refractive index n

Ill bobd I

..........

X ) 1 1 1 1 l e -

0.2 0.3 04 05 08 070808 1 2
momentum (GeV/c)

Figure 2.1: The threshold curves of Cerenkov radiation. The shaded area repre-
sents the possible range of refractive indices of silica aerogel.

ref. silica aerogel box N, PMT
size(H x W x T) n | thickness | (8 =1)

[39] | 18cm x 52cm x 9em | 1.030 | 55cm | 3~ 6 | RCAS8854 (x 2)
[40,41] | 3lem x 65em x 18em | 1.030 60cm 4~6 | RCABBS4 (x 5)
[42,43] | 23cm X 55em X 1dem | 1.030 65cm. 8 ~ 14 | RCA8854 (x 2)

[44,45] | 40cm x 100cm x 20em | 1.025 | 110cm 4 RCAS8854 (x 6)
- 16ecm x 50em x 6em | 1.065 34cm 4~6 | HAMAMATSU
R1250 (x 1)

Table 2.1: Silica aerogel Cerenkov counters of larger size used in experiments so
far. The N, is the mean photoelectron number.

the counter box
thickness

Figure 2.2: The definition of the words "H(height)”, »W(width)”, *T(thickness)”
of the silica aerogel and the "counter box thickness”.
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keep the heat leak through them small enough. This is a serious problem particu-
larly for a large counter whose effective area is over Im x 1m. On the other hand,
the windows can be made quite thin for a Cerenkov counter with silica aerogel.
The disadvantage of silica aerogel is that they must be kept dry (see Appendix
E) and that they are fragile. However, they could be overcome with our careful
handling and by circulating dry N, gas in the counter.

Furthermore, we want to veto = mesons up to 1.2GeV/c for experiments like
the elastic (K%, K¥*) scattering etc. For this momentum region, liquid N, is no
- longer capable of distinguishing K mesons from 7 mesons. Therefore silica aerogel
is the best and unique choice for us as the Cerenkov radiator.

"The required pion rejection efficiency will be determined to keep the trigger rate
lower than the maximum data-taking rate. From an experience of an experiment
that studied the (z+, K*) reaction at KEK (PIK E150) [16], we estimated that it
would be required to achieve 99.9% pion rejection efficiency.

The effective area must be larger than 1m X 1m to match the large acceptance
of the SKS. In addition, the counter box should be as thin as possible so that the
flight path in the spectrometer can be short. Since the incident angle varies from
—20° to 20° (see fig. 1.7), we also need uniformity about the incident angles.

Design principles of the counters

To avoid inefficiency in the vicinity of boundary walls, we decided to adopt one-
box-type counters with the large effective area. It is in contrast to the counters
listed in Table 2.1, which are all segmented-type as mentioned in section 2.1. In ad-
dition, to get good efficiency at the center of the counters, we put photomultiplyer
tubes (PMT’s) on both sides of them. This is also in contrast to them.

To satisfy the requirement for the efficiency better than 99.9%, we decided to
adopt the two layer system. Here the two layer system means that two counters
are put side by side so that each particle can go through the two counters. In this
case, each counter is required to have efficiency about 96.5%, which corresponds
to N, ~ 4.3. Tt is easier to make two counters of better efficiency, 96.5%, than to
make one counter of very good efficiency, 99.9%.

Based on the above considerations, we made a prototype counter to get im-
portant information for the final designing. The test experiment of the prototype
silica aerogel Cerenkov counter is described in detail in the next section. We also
developed a Monte Carlo simulation code for silica aerogel Cerenkov counters.
Detail description of the Monte Carlo calculation will be given in section 2.4. Us-
ing these two kinds of information, we design the final type of the silica aerogel
Cerenkov counters of the SKS.
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Figure 2.3: A schematic view of the prototype counter. Here only a half is shown
because of its symmetry.

2.3 Prototype counter

We made a prototype silica aerogel Cerenkov counter to get crucial information
for the final designing. What we want to know with the prototype is as follows.
1)Whether the uniform efficiency over 96.5% is possible or not.
2)What kind of reflectors is good in shape and materials?
In this section, the test experiment of the prototype counter is described in detail.

2.3.1 Details of the prototype counter

Figure 2.3 shows a schematic view of the prototype silica aerogel Cerenkov counter.

The size of the counter box is 40cm(H) x 150cm(W) x 40cm(T). The height
of the counter box is about one third of the required height for the SKS. We can
estimate the efficiency of the full size counter from that of the small height counter
as will be shown in section 2.5.

The ratio of the thickness to the width is very small compared to those for the
counters listed in Table 2.1. Naively thinking, when PMT’s are equipped on the
side of counter box with a certain density, the larger the thickness is, the better
efficiency we can expect. This is because of the increase of the ratio, of the number
of PMTs to the total area of the inner surfaces. The thickness, 40cm, is chosen
based on a result of a preliminary test with cosmic rays.

The effective volume of the silica aerogel is 40em(H) x 140cm(W) x 9em(T).
This total size is composed of forty-two pieces of silica aerogel. One piece has the
size of about 20cm x 20cm x 3cm. These pieces were produced by the Airglass
company in Sweden. The refractive index was set to be 1.055, which is the highest
value easily achieved by the company. These pieces of silica aerogel are arranged
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orderly to make the total effective area. The thickness, 9¢m, is so chosen that about
four mean photoelectrons can be obtained, based on a result of a preliminary test
with cosmic rays.

The number of PMT’s is six for both sides, three for each side. The PMT’s
are not put on as dense as possible on the sides of the counter box, since the
space for magnetic shields is needed (see Appendix D). The PMT’s are 5 inch
HAMAMATSU R1584-01 (12cm diameter) with modification on the divider circuit
(see Appendix B). The photoelectric windows are made of UV-glass.

Air light guides of 7cm long (not tapered cylinders) are placed right before the
PMT’s. Their inner surfaces are covered with aluminized mylar films. We have
confirmed that the prototype with 15¢m long air light guides had almost the same
efficiency as that with 7em long ones by a cosmic ray test.

In general, two kinds of materials are widely used as reflectors; mirrors (alu-
minized mylar films, etc.) and diffusive papers or paints (white papers or paints
etc.). The shape of reflectors is important when mirrors are used whereas it is not
for the latter. Therefore, we tested three kinds of reflectors. The first one (§1) is
imitating a parabolic reflector and it is covered with aluminized mylar films. The
second one (§2) is a linear reflector covered with aluminized mylar films. The third
one (§3) is an empty box covered with millipore papers. Here, the millipore paper
is a high reflectivity white diffusive paper.

2.3.2 Test experiments

The test experiment was performed using a #~ beam at the T1 beam line of the
KEK-12GeV-PS. The momentum is set to be 0.7GeV /c, which is the case for the
A-hypernuclear experiments by the (#%, Kt) reaction. The electron contamination
was vetoed with a freonl2 gas Cerenkov counter, so that the electron contamina-
tion in the pion beam is smaller than 0.1%. Two trigger scintillation counters
were placed right before and right after the prototype counter. The size of the
former one is 2em x 2c¢m and the latter 10cm X 10cm. We changed the incident
position and the incident direction of the beam in order to examine the uniformity
of efficiency. Each data at a certain incident position and at a certain incident
angle includes more than ten thousand events.

It should be noted that we can not compare directly our results with the data
in Table 2.1 about N, because the 3 is 0.9806 for the 0.7GeV/c pion beam. The
mean photoelectron number for 0.7GeV/c pions can be converted to that for § =1

by multiplying it by (1 — 5z)/(1 — oemome) = 1.55 (see eq. 2.1).

2.3.3 Results

Figure 2.4 shows the position dependence of N, for the three reflectors. In the case
of the aluminized parabolic reflector (§1), the efficiency sharply peaks at X=0cm
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and elsewhere N, is about four. In the case of the aluminized linear reflector
(£2), nearly uniform efficiency of N, ~ 4 is obtained. But at X=0cm, efficiency is
relatively worse. In the case of the diffusion box (§3), N, is ranging from 3 to 5
at X = Ocm ~ 60cm. The solid lines are the Monte Carlo calculations and they
well reproduce the experimental data both in the position dependence and in the
difference of the three reflectors. In the next section, various interesting results by
the Monte Carlo simulation about the test experiment are exhibited

Figure 2.5 shows the incident angle dependence of N, for the aluminized
parabolic reflector (§1). In all cases, better efficiency is obtained with the non-zero
incident angle than with the zero angle. We can find that the increase of the gen-
erated photons due to the increase of the thickness, overcomes other effects that
decrease the light collection efficiency.

Figure 2.6 shows the Y dependence of N, for the aluminized parabolic reflector
(#1) at X==0cm. This result clearly shows that the efficiency decreases considerably
near the side walls of the counter box.

'The mean photoelectron number is related to the the efficiency as follows. If
the one-photoelectron resolution of PMT’s should be infinitely good, the efficiency
could be 1 —e~Ne, where e™V¢ was the probability for no photoelectron generation
in the Poisson distribution with the mean value N,. But, actually, this is not the
case. In the case of finite resolution, the efficiency gets worse than this ideal value,
because the tail of the one-photoelectron peak, spreads out below the threshold.
Figure 2.7 shows the relation between the N, and the efficiency for the PMT’s
used in the test experiment.

2.3.4 Conclusions

We can conclude from the test experiment as follows.

1)With this size where the height is 40cm, we can get about N, = 4 for all
over the effective area and for any incident angles from —20° to 20°. The mean
photoelectron number N, = 4 corresponds to the efficiency of about 96%.

2)The aluminized reflectors are better than the diffusive one. For the uniform
efficiency, a certain compromise between the aluminized parabolic reflector (f1)
and the aluminized linear reflector (§2) would be the best.

3)The mean photoelectron number decreases considerably in the vicinity of the
side walls.

4)The Monte Carlo simulation well reproduces the experimental data. Hence,
the Monte Carlo code can be used for designing the final counters.
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2.4 Monte Carlo simulation

As shown in the previous section, the Monte Carlo simulation well accounts for
the experimental data. In this section, the simulation code is explained in detail.
In addition, the Monte Carlo code gives interesting information which is not mea-
surable as will be shown in the latter half of this section. The final design of the
silica aerogel Cerenkov counters for the SKS is described in the next section.

2.4.1 Procedure in the simulation

The structure of the simulation program is explained along the propagation of
Cerenkov lights. A number of Cerenkov photons emitted, NV, is calculated with

the following relation,
dN Amaz 1 dA
= =2ra /,\m (1 - ﬁznﬁ) Y (2.1)

where @ and n are the thickness and the refractive index of silica aerogel respec-
tively; « is the fine structure constant, A the wave length of generated photons
and B the velocity of incoming particles.

The generated photons propagate in the silica aerogel experiencing scatter-
ing and attenuation until getting out of it. The length of straight propaga-
tion L until the next scattering is determined with the probability distribution,
expl—L/Lscai( )], where Lpe(A) is the scattering length of silica aerogel. The
angular distribution is subject to the Thomson scattering,

do 1+ cos?8
g% T (2.2)

where 6 is the scattering angle. The attenuation in the silica aerogel is also taken
into account with the probability distribution, exp[—L/Lau(A)], where Lgu()) is
the attenuation length of silica aerogel.
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Figure 2.8: The scattering length and the attenuation length of silica aerogel used
in the Monte Carlo calculation.

After getting out of the silica aerogel, those photons go to a reflector or a
wall and reflected there with a certain reflectivity. The wave length dependence
of reflectivity is ignored for simplicity. This is justified because, in general, the
reflectivity of aluminized mylar is still better than 80 ~ 90% for wave length larger
than 200nm, and most of detected photons have wave length larger than 200nm
as will be shown in the next subsection.

In the case of a diffusive paper, the angular distribution of reflection is set to
be independent of the incident angles and subjected to the distribution of cos#,
where § is the angle from the normal direction of the diffusive surface (refer to
[50]).

Finally, some of the photons arrive at photocathodes of PM'T’s and they are
converted to photoelectrons with a probability of the quantum efficiency. Thus,
we get the N, counting up the photoelectrons.

Figure 2.8 shows the scattering length and the attenuation length used in the
Monte Carlo simulation after the optimization explained below. We estimated
the wave length dependence based on measurement of the transmissivity and two
references [37,39].

To get the good agreement between the data and the calculations, We optimized
three parameters as follows. One is a parameter that represents a diffusive nature
of the aluminized mylar films, and the others are overall normalization factors for
the attenuation length and for the scattering length. The former stands for the
fact that the aluminized mylar films are somewhat crinkled. The diffusive nature
is taken into account in the way that a certain percentage of photons are reflected
with the diffusive reflection whereas the others with the mirror reflection. The

optimized percentage of diffusive reflection is about 30% for the reflector §1 and
12.
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Figure 2.9: Wave length distribution of detected photons.

2.4.2 Simulation for the prototype counter

We selected here eight kinds of results from the Monte Carlo calculations, which
are exhibited in the succeeding paragraph in this subsection. All the results are for
the six kinds of setup of the prototype counter, those are, six kinds of combination
of the three reflectors and the two incident positions X=0,60cm with Y=0cm. The
vertical scale, "counts”, is normalized for two hundred incident particles.

Figure 2.9 shows wave length distribution of detected photons. The distribu-
tion is similar to each other, where it is ranging from 200nm to 600nm. We can
recognize clearly from this result that the UV windows of the PMT’s are efficient.

Figure 2.10 shows distribution of the number of times of scattering in silica
aerogel for detected photons. Most of detected photons experience the scattering
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less than twenty times, and mainly less than ten times. We can find the very
good efficiency at X=0cm for the reflector §1 and at X=60cm for the reflector §2
is realized by those photons where the number of times of scattering is less than
three times.

Figure 2.11 shows the distribution of path length in the silica aerogel for de-
tected photons. We can find that the photons of path length shorter than 15cm
are important. This result is consistent with the previous result.

Figure 2.12 and 2.13 show the first and the last getting out positions from the
silica aerogel for detected photons. Here the first and the last getting out positions
are the positions where photons get out from the silica aerogel for the first time
and the last, respectively. The differences between the two kinds of figures are due
to the photons which get into the silica aerogel again and get out of it again.

Figure 2.14 shows distribution of the number of times of reflection on reflectors
and walls. Most of detected photons are reflected less than ten times, and mainly
less than five times. We can find that the very good efficiency at X=0cm for the
reflector §1 and at X=60cm for the reflector §2 is realized by those photons where
the number of times of reflection is very small. These results well agree with the
results for the number of times of scattering.

Figure 2.15 shows the distribution of the total path length in the counter box
for detected photons. We can find that the very good efficiency at X=0cm for
the reflector §1 is realized by the photons whose path length is about 90cm. This
means those photons go to photocathodes nearly directly.

Figure 2.16 shows hit positions on the back reflector.
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Figure 2.17: A optimized reflector. Here only a half is shown because of its
symmefry.
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Figure 2.18: The position X dependence of the mean photoelectron number for
the optimized reflector. Here only a half is shown because of its symmetry.

2.5 The final design

One conclusion of the test experiment is that a certain compromise between the
aluminized parabolic reflector (f1) and the aluminized linear reflector (§2) would
be the best. We searched a better reflector with the Monte Carlo code. One of
the better reflectors we found is shown in fig. 2.17 and the calculated position
dependence of the mean photoelectron number is shown in fig. 2.18. Note that
the position dependence is sensitive to the shape of the reflector.

Until now, we were concerned with the small height counter, where the height is
40cm though the width is 150cm. But the final counter must have large height over
1m. The difference between the two counters can be considered to be whether there
are boundary walls in the counter box or not. Since the walls make the efficiency
worse, we can expect better efficiency with the full size counter than with this

36



box size 145cm(W) x 125cm(H) x 42em(T)
reflector shape a linear type

inner surface aluminized mylar films

silica aerogel size | 140em(W) x 120cm(H) x 9cm(T):total
20cm (W) x 20cm (H) X 3cm(T):one piece
refractive index | 1.055

drying with N, gas

PMT HAMAMATSU R1584-01 (modified) x 18 (both sides)
air light guide 13.2cm(innerg) x 15cm(l)

magnetic shields | Immt¢ 15.0cm(outerg) x 15ecm(l):pmetal+
Smmt 16.5cm(outerd) x 47cm(!):iron+
Smmt 19.2cm{outerd) x 47cm(!):iron

Table 2.2: Principal design parameters of one of 1-;he final silica aerogel Cerenkov
counters of the SKS.

small height counter. In fact, the Monte Carlo simulation showed the increase of
the mean photoelectron number was larger than 10% on average.

Based on the conclusions of the test experiment and the above considerations,
and also on the results of the magnetic shield test (see Appendix D), we have
designed a silica aerogel Cerenkov counter for the SKS. It is now under construe-
tion. Important design parameters are summarized in Table 2.2. We expect the
efficiency to be well better than 96.5% (N, = 4.3). The other counter will have
a similar structure. Therefore, in final, we can expect the efficiency better than

99.9% with the two layers, for all over the effective area and for any incident angles,
—20° ~ 20° for 0.7G'eV/c pions.
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Chapter 3

Resolution study of the SKS

3.1 Introduction

One of the most important performance of the SKS is its good momentum res-
olution of 0.1%(FWHM) for the momentum around 1GeV/c. Momentum of a
particle is determined by solving the equation of motion using hit positions on
the tracking drift chambers and a measured magnetic field map. In this case, the
following factors influence the momentum measurement;

1)position measurement errors with the drift chambers,

2)multiple scattering through the particle trajectory,

3)inaccuracy of the magnetic field map.

In the first half of this chapter, three effects are estimated with a Monte Carlo
simulation.

In addition to the SKS itself, other factors must be taken into account in
order to get good energy resolution in final; the momentum resolution of the beam
line spectrometer, which analyzes the momentwm of incoming particles to the
target, and energy loss fluctuation in the target. In the latter half of this chapter,
experimental energy resolution is estimated taking the A-hypernuclear experiment
by the (z*, K*) reaction as an example.
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Figure 3.1: Locations of the drift chambers and the target. The track represents
the central track mentioned in the text.

3.2 Momentum resolution of the SKS

3.2.1 Simulation procedure

The procedure consists of a event generation process that calculates hit positions
on the drift chambers, and a momentum reconstruction process using the hit
positions.

Events are generated from the target with uniform angular distribution and
with uniform momentum distribution from 620MeV/c to 820MeV/c. Tracks are
calculated by solving the equation of motion with the Runge Kutta method using
the calculated field map for the 2.1T mode. Here, multiple scattering by the drift
chambers etc. are taken into account. When a particle goes through the magnet
and all the drift chambers, the event is recorded and is subjected to the momentum
reconstruction process.

Position detectors consist of four sets of the drift chambers DC1, DC2, DC3
and DC4. Although DC1, DC2 and DC4 have several independent wire planes as
described in chapter 1, they are treated in the simulation as single plane position
detectors that measure the horizontal and the vertical position simultaneously.
We call the horizontal position on the planes "X” and the vertical position ”Y?.
Hence, the information of the hit positions consist of seven variables, those are,
DC1X, DC1Y, DC2X, DC2Y, DC3, DC4X and DC4Y. Locations of those drift
chambers are shown in fig. 3.1.

The momentum reconstruction process is no other than the derivation process
of the five parameters; magnitude of the momentum, its direction and position at
the first tracking chamber. The process is as follows.

1)Initial values for the five parameters are roughly estimated using the hit
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positions. In the present case, the initial direction of momentum was guessed with
DC1X,Y and DC2X,Y and the initial momentum was arbitrarily chosen.

2)With this initial condition, the equations of motion are solved using the
magnetic fleld map. Then all the hit positions on the drift chambers are calculated.

3)The x? is calculated for the differences of the hit positions between data and
the calculated values.

4)With a small variation of only one of the five parameters from the initial
values, the ray-tracing and calculation of y? are iterated five times for the five
parameters.

5)Using those six kinds of values of the x?, the next guess for the five parameters
are derived. In this derivation, we used a linear approximation explained in {52].

6)These process are repeated until a criteria, for example to ¥?2, is valid (see
below).

To avoid "the five times iteration” in the process 4), we employed a fast cal-
culation method [51], where "the five times iteration” is omitted by calculating
those hit positions simultaneously in the process 2) and 3). In the present case,
this method made the CPU time much less than the half.

The x? is calculated with

7
xP =6 X weight;, (3.1)
i=1

1
weight; = ;5(2 =1~7) (3.2)

where §; is the difference of the hit positions and o; is the position resolution of
the drift chambers; ¢ corresponds to the seven kinds of position information. The
criterion for the convergence of the momentum reconstruction process was set to
be x* < 1072 and Ax? < 1076, The iteration was also stopped when it was over
twenty times.

3.2.2 DPosition measurement errors with the drift chambers

Position measurement errors with the drift chambers can be separated into two
parts; one is the intrinsic position resolution of the drift chambers, and the other
is inaccuracy of positions of the drift chambers themselves.

Estimated momentum resolution is shown in fig. 3.2 as a function of drift
chamber resolution. The momentum resolution increases almost linearly as the
chamber resolution ¢ increases. We can find that the Y components have less
influence on the momentum resolution. It is reasonable from the fact that the
momentum is mainly determined from the large vending angle in the horizontal
plane because the main component of the magnetic field is the vertical one. The

DCIX
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Figure 3.2: Momentum resolution with variation of each drift chamber’s resolution
without the multiple scattering. Here, for the case of DC1Y and DC2Y, the o
stands for the 4 x ¢ considering the worse resolution.

and DC4X, DC2X and DC3 have similar effect, respectively, which is natural from
the symmetrical point of view.,

The total influence of all the drift chamber resolution is shown as the curve
named ”All” in fig. 3.2. Since the position resolution ¢ can be better than 200 um,
we can expect the momentum resolution to be better than 0.35MeV/c. A simple
superposition well agrees with "All” as follows. Momentum resolution (FWHM)
is about 0.22, 0.22, 0.14 and 0.14MeV/c for DC1X, DC4X, DC2X and DCS3 re-
spectively and the superposition is 1/0.222 4+ 0.222 4 0.14% + 0.14% ~ 0.37MeV /c.

Although it is unnatural that the momentum resolution is not zero (FWHM)
when o is zero, it is because of the calculation error in the momentum reconstruc-
tion process. We have confirmed that, when the criterion to the y? was set to be
more strict and the step size in the Runge-Kutta method was set to be smaller,
the o approached to zero. ‘

Figure 3.3 (a), (b) and (c) show the effect of inaccuracy of the drift chamber
positions themselves. The Y component has very small effect also here. Assuming
the accuracy is better than 200um, the momentum resolution is expected to be
better than v/0.15% x 2 4+ 0.22 x 2 & 0.35MeV/c (FWHM).

These results are intuitively understandable with a simple calculation. For
example, on the drift chamber DC4, the ratio of the momentum range to the
corresponding width of the drift chamber is (2000 eV/c)/(100cm) ~
(200MeV/c)/(50em) (see fig. 1.4). Hence, the position displacement of DC4 in the
X direction of 500 ym should produce the momentum shift about 0.1 ~ 0.2MeV/c.
This value agrees with the Monte Carlo results shown in fig. 3.3(b). These position
errors are related to not only the momentum shift as shown in (b), but also the
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itern | total L/L,,4 | thickness | effective Lyqq

DC1 | 1.79 x 1073 5.4cm 2990cm
DC2 | 1.18 x 1073 4.2cm 2910cm
DC3 | 0.53 x 1073 5.0cm 9430cm

DC4X | 1.05%x 1072 | 10.0em 9520cm

DC4Y | 1.05x 1072 | 10.0cm 3520cm
He - - 546000em
Air — — 29200cm

Table 3.1: The effective radiation length used in the Monte Carlo calculation.

momentum resolution of the order of 0.1MeV/c(FWHM) as shown in (c). This
dispersion would arise from the fact that the SKS has the large acceptance.

3.2.3 Multiple scattering

The multiple scattering effect is shown in fig. 3.4. In the calculation, the effective
mean radiation length was used for each drift chamber, which is shown in fig. 3.1.
Here the effective mean radiation length is the length obtained by averaging all the
radiation length of wires, mylar or kapton films and gas. Since the position reso-
lution is expected to be better than 200 um (o), the momentum resolution should
be smaller than 0.4MeV/c (FWHM) including the multiple scattering. The fig-
ure also shows that the atmosphere makes the momentum resolution considerably
worse. Hence, it is vital that He-bags are set between the drift chambers.

Figure 3.5 shows the effect of each drift chamber’s multiple scattering as a
function of L/L,.s. Note that the L/L.qq4 is a good measure of the thickness of a
medium that causes multiple scattering (see Appendix F). The DC2 has the largest
effect to the momentum resolution. The multiple scattering in DC1 produces no
effect. This is because DC1 is located at the end of the drift chamber system. The
same is true for DC4.

3.2.4 Inaccuracy of the magnetic field map

We will measure the magnetic field with three Hall probes installed on the in-
strument for magnetic field measurement. From the structure of the instrument,
inaccuracy is expected to be mainly about overall distortion of the structure and
probe direction. Therefore, we classify the inaccuracy to three kinds of error; over-
all parallel displacement of the magnetic field map, the overall inclination of the
map and the tilt of B at each point.
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Parallel displacement

In fig. 3.6 is shown the momentum resolution under the condition that there is
intentional parallel displacement of the magnetic field map in the three kinds of
direction. From fig. 3.6, we can find that the displacement in the Y direction has
larger effect than in the Z direction whereas in the X direction little effect. The
large effect from the Y direction is understandable in the respect that only the
displacement in the Y direction can change largely the [ B dr that is responsible
for the momentum measurement.

Assuming the AX, AY and AZ can be smaller than 500um, the momentum
resolution should be better than +/0.35% 4- 0.15% + 0.5% & 0.62MeV/c (FWHM).

Overall inclination

In fig. 3.7 is shown the momentum resolution under the condition that there is
intentional overall inclination of the magnetic field map. This inclination corre-
sponds to the distortion or the inclination of the whole structure of the instrument
for magnetic field measurement. From fig. 3.7, we can find that all the three kinds
of inclination have similar influence on the momentum resolution. Assuming that
the accuracy is better than 0.5mrad, we can conclude that these errors can be
ignored compared to the other factors.

Tilt of B

Figure 3.8 shows the momentum resolution under the condition that there is in-
tentional tilt of B at each point. This tilt would arise from the installation in-
accuracy of the three Hall probes. It should be noted that this tilt is different
from the overall inclination of the magnetic field map. From fig. 3.8, we can
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Figure 3.8: Momentum resolution as a function of the tilt angle of B at its own
point.

find that the tilt about the X-axis considerably affects the momentum resolu-
tion whereas those about the Y-axis and Z-axis affect little. The little influence
about the Z-axis is reasonable because the tilt does not change the main compo-
nent of the magnetic field B,. Granted that accuracy of the direction of the Hall
probes is better than 1 mrad [53], the momentum resolution should be better than
+/0.252 + 0.052 4 0.052 ~ 0.26 M eV/c (FWHM).

Others

We expect the calibration accuracy of the Hall probes to be better than 0.01%
including the Hall planer effect and temperature dependence. This accuracy would
correspond to the momentum resolution of ~ 0.1MeV/c (FWHM).

The stability of the current supply is also expected to be better than 0.01%
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momenftum

item resolution presumed conditions
(FWHM)
drift chamber | 0.35MeV/c o < 200pm
resolution
multiple 0.2MeV /e refer to Table 3.1
scattering
drift chamber | 0.35MeV/c < 200um

position errors

inaccuracy of | . position accuracy < 0.5mm
magnetic field | 0.69MeV/c | direction accuracy < lmrad
map Hall probe calibration < 0.01%

total 0.87TMeV/c

Table 3.2: Momentum resolution of the SKS for 620 ~ 820MeV/c.

both in short term and long term.

summary

Overall momentum resolution amounts to 1/0.622 + 0.262 + 0.12 + 0.12 ~ 0.69MeV/c

3.2.5 Summary

We have evaluated all the factors that affect the momentum resclution of the
SKS, which are summarized in Table 3.2. Overall momentum resolution amounts
to 4/0.352 -+ 0.22 + 0.352 + 0.692 = 0.87TMeV/c (FWHM). The multiple scattering
has smaller influence on the momentum resolution compared with the others. The
most important is accuracy of the magnetic field map.

Therefore we examine the dependence of the momentum resolution on the ac-
curacy of the field map. Table 3.3 shows the resolution for three cases of the
accuracy. The case0 represents the most probable case. The momentum resolu-

tion is sensitive to the variation. Thus, the magnetic fleld measurement is very
important to achieve the good momentum resolution of the SKS. We can conclude
that the good momentum resolution about 0.1% would be possible.
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accuracy of the magnetic field map total
case | position | direction | calibration mormentum resolution
(FWHM)
casel || 0.5mm | lmrad 0.01% 0.87TMeV/c
casel || 0.2mm | 0.5mrad | 0.01% 0.63MeV/c
case? || lmm 2mrad 0.02% 1.11MeV/c

Table 3.3: Expected momentum resolution of the SKS with the three kinds of
accuracy for the magnetic field map.

3.3 Energy resolution

In this section, we estimate the energy resolution for the A-hypernuclear experi-
ments by the (zt, K7¥) reaction. In this case, the momentum of the pion set to
be about 1050MeV/c and that of the kaon is around 720MeV/c. As mentioned
at the beginning of this chapter, mainly three points limit the energy resolution;
the momentum resolution of the SKS, the momentum resolution of the beam line
spectrometer, and the energy loss fluctuation in the target.

3.3.1 Effect of momentum resolution on the energy reso-
lution

The momentum resolution of the SKS

The hypernuclear mass is calculated with the energy conservation law as follows,

My = /(B + Ma — Eg)? — (p + pk ~ 2papx cos ), (3.3)

where M4 and M}, are mass of the target nucleus and of the produced hyper
nucleus; E; x and p, i are the energy and the momentum of the incident = mesons
and outgoing KX mesons, respectively; § is the reaction angle. Using this relation,
the energy resolution, AM;K® (FWHM), can be estimated with (refer to Appendix
H)

oM,
AMPES = ( 8p:»y) Apsks

o~ (%‘;) APSKS ~ 0.83&}95]{5, (34)
K

where Apgxs (FWHM) is the momentum resolution for the outgoing kaon and
here pg o T20MeV/c is used.
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The momentum resolution of the beam line spectrometer.

Similarly, we can calculate the energy resolution, AMpe™ (FWHM), as follows;

AMf(f;am = (-J%E“) Appeam = 0.98APpeam, (35)

where Appearmn (FWHM) is the momentum resolution for the incoming pion and
here pr ~ 1050M eV /c is used.

Since we expect the momentum resolution to be better than 1MeV/c(FWHM)
(see section 1.5), we can get,

AME™ 2 0.98 x IMeV/c ~ 1MeV. (3.6)

3.3.2 Energy loss fluctuation in the target

We use the Landau’s approximation for estimation of the energy loss fluctuation
by the target here. This approximation is valid only when the mean energy loss is
large compared to the binding energy of the most tightly bound electron, but small
compared to the maximum possible energy loss in a single collision (see Appendix
H). For a experimental target to be used, however, the latter condition is not true.
As a result, we would overestimate it, but only slightly [54].

In the Landau’s approximation, energy loss fluctuation, AE, (FWHM) can be
calculated with the following relation (see Appendix H).

Zmed(Pmedtmed) Zz'nc g
= (.61 .
AE = 0.617 ( yuy 5 ) (3.7)

Zmeq and Apeq are the atomic number and the mass number of the medium; p,.q
and tm.qs are the mass density in g/cm? and the thickness in em of the medium;
Zine and § are the charge number and the velocity of the projectile.

In addition, we could not know the reaction point in the target. This ambiguity
causes another uncertainty of energy loss because of the difference of the mean
energy loss between pion and kaon. In total, we can get the following relation for
the energy resolution AM;, m”—"“ (see appendix H);

; 2
AMta.rgct J (AEI\ + AE2) 4 _.._.3_§_{ dE — i—f tmed} , (38)
K T

in the unit of FWHM, where AEk - is to be calculated with the Landau’s approx-
imation and ( 0 ) K,xtmed should be calculated with the Bethe-Bloch formula.

Table 3.4 shows the mean energy loss in various targets per lg/cm?, and the
energy loss fluctuation per 1g/cm?.
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120 2851' 56F6 139La 208Pb
AFy 0450457041 | 0.37 | 0.35
AV . 0.45 1032 0.30 | 0.26 | 0.25

(%), |1.96/198|1.73 | 140 | 1.28
() |2.16|1.83|1.63 | 1.35 | 1.25
AMP10.46 {039 [ 0.32 | 0.27 | 0.25

Table 3.4: The influence of the energy loss fluctuation on the energy resolution
per g/cm?. (unit: in MeV)

energy resolution || Y*C | 257 | ®¥Fe | 1¥La | *SPb
(FWHM)
2.5MeV 48 1 56 | 6.9 8.2 3.8
2.0MeV 35141 | 5.0 5.9 6.4
1.5MeV 201} 23 | 28 3.3 3.6

Table 3.5: The allowed target thickness to keep given energy resolution. (unit: in
g/cm®)

3.3.3 Overall energy resolution

We have evaluated the three factors which determine the energy resolution. The
influence of the momentum resolution of the two spectrometers amount to the
energy resolution of 1/0.8320.872 + 1.0% ~ 1.2M eV (FWHM) assuming the case0 in
Table 3.3. The target thickness should be selected for a compromise between good
energy resolution and good statistics. Table 3.5 shows the allowed thickness for
various targets to keep given energy resolution. We can find the energy resolution
better than 2M eV would be possible with a realistic target thickness.
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Chapter 4

Summary

In chapter 1, we showed that the SKS was very useful for the hypernuclear spec-
troscopy by the (7, K) reaction, where the good energy resolution and the large
acceptance were very crucial. We explained the design principle and the expected
performance of the SKS and mentioned that the SKS would play an indispens-
able role for the nuclear physics experiments around 1GeV/ec. In the last part, we
described the detector system of the SKS,

In chapter 2, we described the silica aerogel Cerenkov counters in detail. The
silica aerogel Cerenkov counters play an important role to veto pions in order to
trigger kaons. We tested the prototype counter with the 0.7GeV/c pion beam and
got enough efficiency with it. The Monte Carlo simulation well accounted for the
results of the test experiment. Based on the conclusions of the test experiment and
the considerations with the Monte Carlo simulation, we have designed a counter
whose size is about 1.2m x l.4m with the thickness of 40cm. We showed the
efficiency better than 96.5% could be obtained for 0.7GeV /¢ pions. Since we
decided to adopt the two layer system, accordingly, we could expect the efficiency
better than 99.9% with the two counter.

In chapter 3, we studied the momentum resolution of the SKS. The good
momentum resolution is one of the most important performance of the SKS. We
evaluated all the factors which could affect the resolution with the Monte Carlo
simulation. We showed that accuracy of the magnetic field map was the most
crucial in order to achieve the momentum resolution as good as about 0.1%. In the
latter half, we estimated the energy resolution for the A-hypernuclear mass taking
into account the momentum resolution of the SKS and the beam line spectrometer,
and the energy loss fluctuation in the target. We showed that the resolution better
than 2MeV could be achieved with a realistic target thickness.
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Appendix A

Experimental yields estimation

First, we estimate expected experimental yields for A-hypernuclei production by
the (nT, K*) reaction with various targets, 12C, 2857, °Fe, ¥ La and 208 P},
Experimental yields, Y},,.., are calculated with the following relation

d
Yhypcr = Lt Q2 Fang SK+ Eane "‘(‘T‘ Tihick, (Al)
dQ #=0

where the symbols are defined in Table A.1, Table A.2 and Table A.3. The angular
reduction factor, Fi,,, stands for the fact that the cross section decreases with the
reaction angle § increasing. This value, Fj,, = 0.6, is estimated using theoretical
calculations for *2C' [20] and 257 [55]. The analysis efficiency, €454, represents the
drift chamber efficiency, the momentum reconstruction efficiency and so on. The
Tinick is the number of nuclel in a unit area of the target. They are so chosen that
the mass resolution is better than 2M eV (FWHM) (see section 3.3.3). Calculated
differential cross section with DWIA is shown in Table A.3.

Table A.4 shows estimated experimental yields for various A-hypernuclear
states.

Similarly, we estimate expected experimental yields for the reaction 25i(x~, K1) &My
(Table A.5). Though, the yields are much smaller than those for the A-hypernuclei,
they are still in our practical reach. Thus, the large acceptance of 100msr is very

item symbol
7+ intensity I+ 1.7 x 10" particles/day
(2 x 10°particles/sec)
acceptance Q 0.1sr
angular reduction | Fy,, 0.6
I{* survival rate S+ 0.35
analysis efficiency | €qna 0.5

Table A.1: The parameters used for the yields estimation.
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g,

thickness

numbers of nuclei/cm?

hyper-

nucleus | g/cm?
2c 3.5
36, | 4.1
EFe 5.0
19¥La 5.9
208 Pb 6.4

1.8 x 10%
8.8 x 10%
5.4 x 10%
2.6 x 102
1.9 x 102

Table A.2: The target thickness, Tipicr, used in the yields estimation.

hyper- | n state A orbit

nucleus Os {Op [ Od | Of | Og | Ok
2}};*0. OPEE/} 17. 124, | - - - -
A St 0 /2 88124, 126, | - - -
TFhe 0f7/ |3.8]14.]25. | - - -
2°La | Ohyy, | - |43]9.9]20. 20, -
AePb | Oiny, | - |3.0|6.7|11.|17. |17

Table A.3: Calculated differential cross section, %%19_

o for various hypernuclear

states in the unit of ub/sr (with DWIA by T.Motoba. et al.[20]).

hyper- | n state A orbit

nucleus Os {Op [ Od | Of | Og | Oh

ee Opgjp |85 |77 - | -1 -1 -

53 Odg'/l2 14138141 - - -

XFe | Of;p [37|13|24] - | - | -

1¥La Oh;'lllz - |15 .46 .93 (.93 -

28py | 0ih, | - |.10].23|.37] 58| .58
Table A.4: Expected experimental yields for various hypernuclear states
(x10%/day).
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states %lg =0 | /day | /1-month
n | 27| 3"
52 | Sy | 2% | 0.20ub/sr | 31 930
5/12 paj2 | 37 | 0.27ub/sr | 42 1260
dgflz pijz | 37 0.14ub/sr | 22 660

Table A.5: Calculated cross section for 2Si(n~, K¥)¥®Myg at p, = 1.25MeV /e,
with DWIA by T.Motoba et al.[33], and expected experimental yields.

important for small cross section experiments.
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Appendix B
Modification of the PMT’s

Our PMT’s (R1584-SKS) are modified from the original design, HAMAMATSU
R1584-01, as follows.

First, the resistance distribution of divider circuit is changed as shown in fig,
B.1 to improve the one-photoelectron resolution. Figure B.2 shows a comparison of
the resolution between R1584-SKS and original R1584-01 and RCA8854. We can
find that R1584-SKS is better than R1584-01 whereas it is comparable to RCA 8854
in the resolution. Second, in order to reduce the dark current, the photoelectric
cathodes are connected with the ground (see B.2), hence the supplied voltage is
positive.
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Figure B.1: The divider circuits

R1584-SKS
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Figure B.2: Comparison of the one-photoelectron resolution between R1584-SKS,

R1584-01 and RCA8854.
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Appendix C

Calculation of the mean
photoelectron number Ng

The mean photoelectron number, N, is calculated by fitting the following function
to the sum ADC spectrum of the six PMT’s;

. 1 (2 = e )’
Cn ) A7pe exp (__ p.i. C.l
orm n;,;,zl np.e.! /211-5-2”’?'8' 2np.e.02 ) ( )
with A = N,, where Crom. is a normalization factor; & and i are the mean

values of the one-photoelectron resolution and the one-photoelectron peak position
respectively, for the six PMT’s in the unit of ADC channel. This function is
essentially a superposition of Gaussian with the Poisson distribution being the
weight. Here A and Cp,pm. are the parameters to be optimized in the fitting
process. The resolution o and the one-photoelectron peak position p for each
PMT are calculated by the similar fitting process to a ADC spectrum of one
PMT. In this case, four parameters Chopm., A, 0 and u are the parameters to be
optimized.

Figure C.1 shows typical ADC spectra and fitted curves with the optimized
parameters. Note that the high voltage for the PMT’s was so adjusted that the
one-photoelectron peak positions for the six PMT’s were equal.
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Figure C.1: Typical ADC spectra and fitted curves with the optimized parameters.
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Appendix D

Magnetic shield test

The fringing magnetic field from the SKS will be about 300gauss around the silica
aerogel cerenkov counters when the SKS is fully excited (see fig. 1.6). Hence, the
PMT’s need powerful magnetic shields.

We tested four kinds of magnetic shields (see Table D.1). They are all iron
cylinders not rebaked. We employed a Nal light pulser with 2°7Bi as the standard
light source, and the TOKIWA magnet in KEK as the magnetic field source, which
could produce over 300gauss in a sufficiently large volume. We measured the pulse
height with a oscilloscope. We used R1584-SKS and set the supplied voltage to be
+2.3kV.

The magnetic field was set to be 100, 200 and 300gauss in their magnitude,
8 = 90°,60°,30° in their directions, where the § is defined in fig. D.1. In these
environments, we measured the pulse height with changing the parameter a or b.
Here a and b are defined in fig. D.1. The results are summarized in fig. D.2 and
D.3 for the parameter a, and in Table D.2 for the parameter b.

The angle ¢ should be larger than 60°. Otherwise, in order to keep the original
pulse height, we must employ the heavier magnetic shield, but it is very hard to
handle such heavy iron cylinders. Since the direction of the SKS fringing field is
about 20° from the vertical direction around the silica aerogel Cerenkov counters,
we decided to install the PMT’s horizontally on the counter boxes. The 4 is better

name | thickness(diameter,length)
11 p-metal + 2mm(16.5¢m,50cm)
12 p-metal + 5mm(16.5cm,50¢m)
i3 p-metal + 2mm(16.5cm,50em) + 5mm(1%cm,50cm)
4 p-metal + 5mm(16.5¢cm,50cm) 4+ 5mm(19¢m,50cm)
p-metal | Imm{15em,15cm) ‘

Table D.1: The four kinds of iron cylinders tested.
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iron cylinder

Figure D.1: The definition of the parameters a and b.

one, and the parameter a should be larger than 12c¢m ~ 15¢m and the parameter
b should be smaller than 7e¢m ~ 10em.
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Figure D.2: Results of the magnetic shield test for the parameter a. The symbols
i1 and §2 are defined in Table D.1.
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shield | 6| |B| | bpmicon
11 90° | 150gauss | 20cm

60° | 100gauss | 10cm

13 | 90° | 200gauss | 19cm

300gauss | 18cm

60° | 300gauss | 5 ~ 10cm

14 | 90° | 200gauss | 20em

300gauss | 18cm

75° | 200gauss | 7 ~ 10cm

300gauss | 7 ~ 10cm

60° | 200gauss | 10 ~ 12cm

300gauss | 1lem

Table D.2: Results of the magnetic shield test for the parameter b. Here, the
bp.rr 00w 1s the largest value of b where the pulse height is kept to be 100%.
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Appendix E

Humidity dependence of the silica
aerogel

Silica aerogel is generally very weak to moisture because moisture makes the trans-
parency much worse. Hence we must keep it dry. We investigated the weakness
of our silica aerogel to moisture, to some extent, quantitatively.

We employed the transmissivity as a measure of the deterioration of the trans-
parency of the silica aerogel. The transmissivity is a mixture of two properties,
those are, the attenuation length and the scattering length. If one uses relatively
thin samples compared to the scattering length, the following relation is a good
approximation,

1 1 1 1
Ltrana Lacat Latt Lscat ( )

where Liransy Lscat and Lgy are the transmission length, the scattering length and
the attenuation length respectively. Here, the latter ”~” is valid because L,.,; is
much smaller than L,y in general. Therefore, the transmissivity is mainly related
to the scattering length.

We used a spectro photometer to measure the transmissivity. The size of the
samples was about 10cm X Sem x 3cm. The lights of the spectro photometer
penetrated a sample in the 3cm direction. First, we measured their transmissivity.
The measurement was done for three certain points for each sample and we took
the mean value of the three. Second, we exposed those samples in five kinds of
environment, where humidity is ~ 20%, ~ 35%, ~ 40%, ~ 50% and over 60%
and at temperature of 23°C in all cases. After one week and after two weeks, We
measured their transmissivity again. Results are summarized in Table E.1. We
can conclude that 20 ~ 35% is the threshold to keep their good transparency.

We also investigated the influence of N; gas on the transparency of the silica
aerogel. The measurement was done in a similar way. The result was that this
environment was very good one that was comparable to the case of 20%.

Note that the results are limited to the short term variation of the properties
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duration humidity
~ 20% | ~ 20% | ~35% | ~40% | ~50% | > 60%
initial value 10.3 11.3 10.6 10.7 11.3 11.4
after 1 week | +1.3 +1.3 +0.6 | -+0.6 -1.3 -0.4
after 2 weeks | +1.1 +1.3 0.4 -0.4 -1.2 -1.8

Table E.1: The humidity dependence of the transmissivity (%) of our silica aerogel
(at 400nm and 23°C'). The precision of transmissivity is better than 0.2%.

of a few pieces of the silica aerogel and to the wave length of 400nm.

65



Appendix F

Multiple scattering

In general, distribution of deflection angle by multiple scattering is subjected to
the gaussian distribution as follows,

g g 1 62
distribution = —2"7";50563:}) (—ﬁ) dasd, (F.1)
with
14.1 L 1 L
0 = —22y[=— (14 5lo ), F.2
¢ P,B Liroa 9 glO( Lrad ) ( )

where p, f and Z are the momentum (in MeV/c), velocity and charge number of
the incident particle; L/ L,qq is the thickness of the scattering medium in radiation
length. The L,.q4 is defined as the distance over which a high energy electron (> 1
GeV for most materials) loses all but a fraction 1/e of its energy to Bremsstrahlung,
on average. It should be noted that the multiple scattering has no connection
with Bremsstrahlung. Here L/L,.,4 appears as the parameter that characterizes
the scattering medium. Therefore it is useful to measure the thickness in terms of
radiation length.
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Appendix G

Additional studies for the
momentum resolution of the SKS

First, we examine how much each drift chamber information conftributes to the
momentum resolution of the SKS using the Monte Carlo simulation. Figure G.1
shows the momentum resolution when one of the seven kinds of position informa-
tion (see section 3.2.1) is not used for the momentum reconstruction. They include
the effects of the multiple scattering and the drift chamber resolution (o = 200um).
We can find that DC1 and DC4 are much contributory than DC2 and DC3. The
DCA4Y is important whereas DC1Y has less contribution.

Second, we examine how much the momentum resolution changes when the
position of DC4 or the target is displaced along the central track. Here, the
displacement of DC4 is limited to the forward direction and that of the target to
the backward direction. The results are shown in fig. G.2. There are little changes
in the momentum resolution in both cases.
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position information is not used for the momentum reconstruction, including the
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Appendix H

The Landau’s approximation for
energy loss fluctuation

The mean energy loss of a heavy projectile (much massive than a electron) in a
medium can be calculated by the Bethe-Bloch equation. Around the mean value,
the actual energy loss varies due to the statistical nature of the phenomenon. If
the mean energy loss is large compared to the binding energy of the most tightly
bound electron but small compared to the maximum possible energy loss in a single
collision, the Landau approximation is available for estimation of the energy loss
fluctuation [56,57,58]. Let x(W,¢)dW be the probability that the projectile loses
an energy between W and W + dW after crossing the thickness ¢ of the medium,
the Landau’s approximation says

x(W,t) = % %/:0 ezp{—u (lnu + A)} sin ru du, (H.1)
with
1 ¢
A= E{W—S(Ingﬂ-l—CE)}, (H.2)
, 1 — 2 I2
Ind = In -g“(nﬁa—))—ﬁ—z + 52, (H.3)
Cg = 0.577 (Bulers constant), (H.4)
and 1[DZ Zine”
A

with D = 47Nyrim.c? = 0.3070MeVem?/g, where Zped, Ameds Pmed 304 tmed
are the charge number, the mass number, the mass density in g/cm® and the
thickness in cm of the energy loss medium; I is the mean ionization energy of the
medium;Z;,, and # are the charge number and the velocity of the projectile. A
numerical calculation [56] gives the full width at half maximurm of this distribution,

FWHM = 4.02¢. (X.6)
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Appendix 1

Effect of energy loss fluctuation
on the energy resolution

Here we estimate analytically the influence of the energy loss fluctuation in the
target on the energy resolution of the hypernuclear mass. Letting E, and Ex be
the energy of the pion and the kaon, respectively, we can estimate the deviation
in the hypernuclear mass, My, as follows,

OM, OM,

dMiy = HaB, + GEMaEy
— aMhy _CEE . aMhy f_i__-E_ (tmed m) (I 1)
OF, \ dz " 0Fk \ de cos§ ’

where tm.q is the thickness of the target, and ¢, is the distance between the
reaction point and the incident surface (see fig. 1.1), and § is the reaction angle;
(92)k,x is not only the mean energy loss but including its fluctuation. Note the
first negative sign in the second line. This is because the energy loss of the outgoing
kaon make the momentum to be measured lower than the #rue momentum, that
is, the momentum right after the reaction.

On the other hand, from the energy conservation law, we get

My = /(B + My — Ex)? — (p2 + p — 2p.px cos 6), (1.2)

where M is the target nuclear mass, hence we can find,

oM Ry 1 Pr
aETr = ﬂ/fhy {MA s EK + . E,r cosd 3
8Mhy 1 { Pr }
—_— = —My— E,+ ~—~FEycos8 ;. 1.3
OFEg My 4 pr (3)
Here we adopt the following approximation,
~ - ~ -1, 14
OFx My (L4)
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cosf ~ 1, (1.5)
R
_ — B | =< -1 Bl — ==
(6E,r + OEy M,y ! br Pr
~ Q, (1.6)

which are well justified because now we are sufficient with the accuracy of about
10% for our purposes. Then we get

oMy, | OMy) (dEY\ , | My [(dB\ _ (4B |,
OE, OE dz ) ™" 0By dz | de ) _§ ™

_ My, (E@-) tined
K

dMy

OEr \ dz

@@ o

We can understand this relation intuitively by substituting 0 or #,,.q for #;,.

Though we can not estimate the fluctuation of the energy loss, we can correct
the mean energy loss in the target. Accordingly, we define dM}, o, which is the
corrected dMy,, as follows,

( dE )
thy.cor = thy — '-El";- tmed, (IS)
K

here (2£)x - is separated into two parts; one is the mean energy loss, (%) K, and
the other is its fluctuation éx .. Then we can write dMpy cor as follows,

(AMpyeor)® = {{(if) (EE) }-+&(+62}

med 26Kt;ntmed '+' O(&Ig)O(& ) + 0(6}’{ ﬂ') (1.9)
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Taking the mean value using ¥, = tmes/2 and 2, = #2,,/3, and O(éxx) = 0, we

get

—_— 1 1 dE) (dE) 2
(thy,cor)2 = g {(&T&'tmed)z + (57rtmed)2} + § {(EE; X trmed — "C‘l'm— thed} )

(1.10)

o, o\, 2357 (dE) ‘ dE g
AMhy —_ J 3 (AE}'{ + AEﬂ.) ‘+‘ 3 { Cl.’L‘ Ktmed _— d:[: ﬂ-tmed ) (I.ll)

where AM,,, AE% and AE? are in the unit of FWHM; (%)K,,rtmed should be
calculated with the Bethe-Bloch formula.

or,
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