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Abstract 

A hybrid emulsion experiment KEK-PS E373 was carried out to study double­
strangeness nuclei produced via:=:- hyperon capture at rest with the expectation 
of ten times larger statistics than a previous experiment. The experiment em­
ployed a 1.66 GeV /c separated K- beam and 69 l nuclear emulsion. The :=:­
hyperons were produced in a diamond target via the (K-, K+) reaction and were 
brought to rest in the emulsion. The (K-, K+) reaction was tagged by a spec­
trometer system. Scintillating-fiber detectors were used both to measure the:=:­
hyperon track and to select events to be analyzed in the emulsion. Tracks of the 
:=:- candidates were searched for and traced in the emulsion by a newly-developed 
automatic track scanning system. 

Until now, 6% of the total emulsion has been analyzed. We found one twin A 
hypernuclei event and one double-A hypernucleus at :=:- hyperon stopping points. 
The two events were reconstructed kinematically using the information about the 
ranges and angles of the tracks. 

The twin-hypernuclei event was interpreted as the decay from a :=:- + 14N 
atomic state to ~He+~He+4He+n. The species of the:=:- -atom and the fragmen­
tation products were uniquely identified for the first time for twin-hypernuclei 
events. 

A sequential weak decay of the double-A hypernucleus was observed. The 
event was interpreted as a two-body decay, :=:- + 12 C --+l~ Be + t, or a decay 
involving neutrons. Combined with the result of the previous experiment, the 
allowed region for the AA interaction energy (~BAA) are -1.11 ± 0.21 MeV and 
+1.93 ± 0.21 MeV for l~Be, and +4.9 ± 0.8 MeV and 0.94 ± 0.47 MeV for l~B. 
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Chapter 1 

Introduction 

1.1 Physics of S == -2 nuclear systems 

Since Cell-Mann and Zweig introduced the idea of quarks and flavor SU(3) 
symmetry (SU(3)1) in 1964, many attempts have been made to explain the mass 
spectra of hadrons and the interaction between hadrons based on that idea. The 
interaction between quarks are described explicitly by quantum-chromodynamics 
( QCD), a theory of strong interaction. Although the exact calculation is not yet 
succeeded due to the non-perturbative feature of QCD, phenomenological quark 
models have achieved a great success to explain the baryon mass spectra utilizing 
the characteristics of the flavor SU(3) symmetry or spin-flavor SU(6) symmetry. 
Especially the mass difference between the octet baryons and decuplet baryons 
is well explained by the color-magnetic interaction, 

~c =- L 6i · aj.X: · >..~M(mi, mj), (1.1) 
i>j 

where the ai and )..i are the spin Pauli matrix and flavor Gell-Mann matrix for 
the i-th quark and mi is the mass of the i-th quark and M measures the QCD 
interaction strength. The term corresponds to the lowest-order gluon exchange 
interaction. In the SU(3)J-symmetry limit, i.e. ms = mu = md = 0 and for color­
singlet hadrons containing only quarks and no anti-quarks, the term becomes 

1 4 -
~c = [8N- 2c6 + 3J(J + 1)]M, (1.2) 

where M = M(O, 0), N is the total number of quarks, J is their angular momen­
tum, and C6 is an eigenvalue of the color-spin SU(6) Casimir operator. The value 
of the term is ~c = -8M for the octet baryons and ~c = +8M for the decuplet 
baryons, giving heavier masses for the decuplet baryons. 

As for the interaction between baryons, the nucleon-nucleon ( N N) interaction 
is known to obey SU(2) isospin symmetry very well, which are considered to have 
revealed as a part of S U ( 3) 1. Only the isospin T = 0 channel has a binding state 
as deuteron. At a short distance, a hard core exists in the N N interaction. It 
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is explained by Pauli-blocking and the color-magnetic interaction. The energy 
difference due to the color-magnetic interaction between two nucleons in a very 
close distance and two free nucleons is naively calculated to be 

~c(N N 1So))- ~c(N) X 2 

+24M, 

giving the repulsive force at a short distance. 

(1.3) 

What would happen when the N N interaction is extended to the hyperon­
nucleon (Y N) and hyperon-hyperon (YY) interactions? Figurel.l shows the 
irreducible representations for the SU(3) 1 two-baryon systems. From the studies 
on the N N interaction, information about only 27 s and lOa multiples have been 
obtained. The YN interaction have been studied experimentally via the Y N scat­
tering and hypernuclei. Although the information is still poor compared to the 
N N sector, multiplets except for ls can be studied through these experimental 
results. As for the 18 sector, which is a doubly strange system, only the indirect 
and limited information has been obtained from experiments. The experimental 
status is briefly reviewed in the next section. With the most symmetric configu­
ration of the ls sector ( J7r = o+ l flavor singlet)' c6 has the largest eigenvalue 144. 
Hence, the color-magnetic term, ~c becomes negative value,i.e. ~c(ls) = -24M, 
and the energy difference between the six quarks in this configuration and two 
free baryons becomes 

~M(ls) ~c(BB, ls)- ~c(B) X 2 

-8M. (1.4) 

giving an attractive force at a short distance. In 1977, Jaffe proposed the possible 
existence of a ls six-quark state confined in a bag using the MIT-bag model with 
this color-magnetic interaction[l]. The state was labeled as the H-dibaryon. It 
comprises two up, two down and two strange quarks. It's quantum numbers are 
JPC = o++, I= 0, S = -2 and B = 2. The predicted value of the mass of the 
dibaryon is 2150 MeV /c2

, which is 80 MeV /c2 below two A's threshold, and hence 
the state was expected to be stable against strong decay. Since then, it's mass 
has been calculated in various theoretical models. A variety of QCD-in-spired 
models predicted widely-ranging H masses from ones below N N threshold to 
those above 2A mass. A review of the theoretical status can be found in Ref.[2]. 
Experimentally, many searches have been performed with various techniques us­
ing protons, heavy ions, kaons, etc. However, no evidence of its existence has 
been established. Reviews of the previous and ongoing H-search experiments can 
be found in Refs. [3, 4]. 

The information about the AN interaction has been obtained through the 
studies on single-A hypernuclei. In the same way, the information about the AA 
interaction can be obtained through the studies on double-A hypernuclei. Firstly, 
from the mass of a double-A hypernucleus, the AA interaction energy defined by 
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S=O NN(T=1) 

S=-1 L.N(T=3/2) L.N-AN(T= 1/2) 

27s E-------*-----*--~-4 S=-2 L.L.(T=2) 2N-L.A-L.L.(T=1) EN-L.L.-AA(T=O) 

lOa 

lOa 

8s 

8a 

ls • 

S=-3 2L.(T=3/2) 2L.-EA(T= 1/2) 

S=-4 EE(T=1) 

S=ONN(T=O) 

S=-1 L.N-AN(T=1/2) 

S=-2 EN-L.A(T=1) 

S=-3 EL.(T=3/2) 

S=-1 L.N(T=3/2) 

S=-2 EN-L.A-L.L.(T=1) 

S=-3 EL.-EA(T=1/2) 

S=-4 EE(T=O) 

S=-1 L.N-AN(T=1/2) 

S=-2 EN-L.A(T=1) EN-L.L.-AA(T=O) 

S=-3 EL.-EA(T=1/2) 

S=-1 L.N-AN(T=1/2) 
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S=-2 EN-L.L.-AA(T=O) 

3 

Figure 1.1: Irreducible representations for two-baryon system based on SU(3)J· 
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~BAA(~AZ) BAA(~AZ)- 2BA(~-l Z) (1.5) 

- 2M(~-~ Z)- M(A- 2 Z)- M(tAZ) (1.6) 

can be extracted. Here the BAA and BA are the binding energy of the two A's 
in the double-A hypernucleus (tAZ) and that of the A in the single-A hypernu­
cleus (~-l Z), respectively. It's sign would indicate whether the AA interaction is 
attractive or repulsive as a whole in the nucleus. It's magnitude would give the 
strength of the interaction. 

Double-A hypernuclei are deeply related to the H-dibaryon. The existence of 
the H would have a great influence on the ground state of nuclei with S = -2. 
If the H-mass (MH) is lighter than the mass of two A's in a nucleus, the two A's 
could decay into H by the strong interaction. In a calculation made by Kerbikov 
for the case of 1A He [5], the rate of strong decay was found to be 1018 

"' 1020 s -I, 
much more rapid than the weak decay rate("' 1010 s- 1). Therefore, the binding 
energy of two A's in a nucleus provides the lower limit of the H-mass, 

(1.7) 

Couplings to the S 0n and s-p channels would also have an influence on 
double-A hypernuclei because the mass of AA is smaller than those of S 0n and 
s-p only by 23 and 28 MeV I c2 , respectively. This is quite different from the case 
of nuclei with S = -1, where the mass of AN is smaller than "EN by about 80 
MeV I c2

. The ground state of nuclei with S = -2 might therefore be a mixed 
state of AA, S 0n and s-p. In the extreme case, the "E"E state may appear. In 
terms of baryon configuration, the SU(3) 1 Is state can be written as 

(1.8) 

Hence the H state may appear as a result of the mixing of AA, SN and "E"E 
states in a nucleus. The binding energy of AA was calculated including or not­
including the effect of the hyperon mixing in various manner such as few-body ap­
proaches using the effective AA interaction derived from the one-boson-exchange 
models[6](7, 8, 9][10] and the quark-cluster model[11], and relativistic mean field 
approaches(12]. The calculated ~BAA's are ranging from -6 MeV to 10 MeV. 

1.2 Experimental studies 

Even today, a nuclear emulsion is the only detector that has a position reso­
lution of a few J-Lm. A hypernucleus having a energy of a few MeV can traverse a 
several J-tm before stopping and decaying. Double-A hypernuclei can, therefore, 
be identified in the emulsion by their sequential decay topology, that is, three 
vertices of the production and two decays. 
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Until now, three different emulsion experiments reported events in which 
double-A hypernuclei were emitted from:=:- stopping points [13, 14][15][16). First 
two events were reported more than 30 years ago. The event reported by Danysz 
et al. was interpreted as l~Be with BAA = 17.7 ± 0.4 MeV in a later analysis[14). 
The event reported by Prowse was interpreted as ~A He with BAA = 10.9 ± 0.8 
MeV. However, in these two event, the positive identification of the incoming 
track as that of a:=:- hyperon could not be made. Dalitz et al.[14] reported that 
the number of :=:- 's brought to rest was estimated to be one or two in the exper­
iment by Danysz et al. and less than one in the experiment by Prowse. These 
two events were accompanied by two pionic sequential decays. For the event by 
Danysz et al., the branching ratio for two pionic decays is naively estimated to 
be about 4%. Therefore, in these two experiments, the probability to find such 
events is extremely low. Furthermore, for the event by Danysz et al., there were 
several interpretations in the original paper[13). For the latter event, only the 
drawing is left, the emulsion having been lost, and there was no study or analysis 
of that event independent of the sole author. 

For these two experiments, the emulsion was scanned all over the volume. 
Since the emulsion is sensitive to all charged particles, the measurement using 
only emulsion in charged particle beam is not effective in searching for a very 
rare reaction. In order to overcome this weak point, the emulsion-counter hybrid 
technique has been developed. In this technique, a specific reaction is selected by 
analyzing counter data and the vertex of the selected event is studied in detail 
by the emulsion. This technique has been successfully applied to the detection 
of short lived particles like charm and beauty hadrons with high energy beams 
at CERN and FermiLab[17, 18, 19). In these days, the technique is drawing 
much attention by the possibility to detect the r lepton produced via the Vr 

charged current interaction in order to search for the vi-' --7 Vr oscillation(20, 
21, 22). Using this technique, an experiment E176 was carried out at the KEK 
Proton Synchrotron to study double-strangeness nuclei in 1980s. Production 
of :=:- hyperons via the (K-, K+) reaction was identified with a spectrometer 
system. They reported about 80 events of:=:- capture at rest and found one 
double-A hypernucleus. Since the :=:- production was tagged by measuring the 
( K-, K+) reaction with the counter system, this event is more reliable than the 
previously reported ones. However there remained two interpretations for that 
event. In this event, two charged particles including the double-A hypernucleus 
were emitted from the s- capture point. The two tracks are collinear within the 
error of measured angles. If it was a two-body decay from a s- capture, the 
produced double-A hypernucleus is l~Be, giving a AA binding energy of 8.5 ± 0.7 
MeV. If it included a neutron emission and was a three-body decay, then the 
produced double-A hypernucleus is l~B, giving a AA binding energy of 27.6±0.7 
MeV. The lower limit of the H mass obtained from this one event is 2203.7 ± 0.7 
MeV taking the limit deduced from the interpretation as l~ B. 

The /lBAA was reported to be 4rv5 MeV by Danysz et al.[13, 14) or Prowse[15), 
suggesting an attractive AA interaction. E176 reported that /lBAA is -4.8:8:~ 
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MeV in the case of l~Be and +4.9±0.8 MeV in the case of l~B. Experimentally, 
the former one is more favorable because the two tracks from the :=:- capture 
is collinear within the error and the probability of this topology to occur for 
a three-body fragment was estimated to be about 6%. Theoretically, Dover et 
al. argued that the later one is more favorable[23] based on the consideration 
about the production mechanism. For the events by Danysz et al. and E176, 
there is a possibility that the single-A hypernucleus produced from the decay of 
the double-A hypernucleus might be in an excited state. In such a case, !:l.BAA 
is overestimated. It is therefore still unknown whether the AA interaction is 
attractive or repulsive, and our knowledge is limited to the upper limit for !:l.B AA, 

i.e. 4rv5 MeV. 
On the other hand, E176 reported two so-called "twin-hypernuclei" events, in 

which two single-A hypernuclei were emitted from a :=:- stopping point[24][25]. 
The mass of the system from which twin-hypernuclei are emitted can provide 
the information on the:=:- N interaction. However, with the energy resolution of 
emulsions many more events are necessary to extract the:=:- N interaction. 

A nucleus, having absorbed a:=:- hyperon sometimes emits a double-A hyper­
nucleus, twin single-A hypernuclei or a single-A hypernucleus. Since the energy re­
lease of the reaction, :=:- +p ~ A+ A, is only 28.2 MeV, the phase spaces available 
for double-A hyperfragment channels depend on !:l.B AA very much. Therefore, the 
branching ratio from a :=:- capture on a nucleus to a double-A hypernucleus or 
twin A hypernuclei is expected to be sensitive to !:l.B AA. These branching ratios 
will provide information about !:l.BAA and the production mechanism of these hy­
pernuclei through :=:- capture. However, to make quantitative arguments about 
the production rate, more statistics is needed. 

A hybrid emulsion experiment (E373) was carried out at the KEK proton 
synchrotron using a 1.66 GeV /c separated K- beam. The purpose of this ex­
periment was to study double-strangeness nuclei produced vias- capture at rest 
with ten times larger statistics than the previous experiment. In this experiment, 
:=:- hyperons were produced in a diamond target via the (K-, K+) reaction and 
were brought to rest in the emulsion. The (K-, K+) reaction were tagged by a 
spectrometer system. The position and angle of the :=:- hyperon track was mea­
sured by a high-resolution tracking detector using scintillating microfibers. Fast 
protons and 1r- 's produced via the decay of hypernuclei can be detected with 
the range counter of scintillating mono-fiber blocks located both upstream and 
downstream of the emulsion. Also, these scintillating fiber detectors have been 
used to select events in which the :=:- hyperons are likely to be stopped in the 
emulsion. For the selected events, tracks of the :=:- candidates were searched for 
and traced in the emulsion by an automatic track scanning system. Until now, 
6% of the total emulsion has been analyzed. We found one twin A hypernuclei 
event and one double-A hypernucleus. 

In Chapter 2, the method and technique used in the experiment are described. 
Procedure of the event selection by the spectrometer and image data analysis 
are described in Chapter 3. Procedure of the emulsion scanning are described 



1.2. EXPERIMENTAL STUDIES 7 

in Chapter 4 together with details about the automatic track scanning system. 
Calibration and error estimation for the range and energy measurement with 
emulsion is discussed in Chapter 5. In Chapter 6, the twin A hypernuclei event is 
described in detail and the result of the event reconstruction is presented. Details 
about the double-A hypernucleus event and it's interpretation are presented in 
Chapter 7. The obtained result was compared with theoretical estimate. The 
production rate of S = -2 nuclei from :=:- capture at rest is discusses in Chapter 
8. Finally, the work is concluded in Chapter 9. 



Chapter 2 

Experimental procedure 

2.1 Overview 

The experiment was carried out at the K2 beam-line of the KEK 12GeV 
Proton Synchrotron (PS) in '98, '99 and 2000. 

E373 Set Up KEK-PS K2 beam-line 

Heavy Metal 
1.66GeV /c Collimater 

K- beam ----i--

< :> 
lm 

Spectrometer Magnet 
"KURAMA" 

l.OT 

Diamond, Emulsion,SciFi system 

Figure 2.1: Schematic view of the experimental setup. 

The experimental setup is shown in Figs.2.1, 2.2, 2.3 and 2.4. The:=:- hyperons 
were produced in a diamond target via the p( K-, K+ ):=:- quasi-free reaction. 
Some of them were slowed down and brought to rest in the nuclear emulsion stack 
placed downstream of the target. The stopped:=:- is expected to form:=:- -atomic 
state with a nucleus in the emulsion at first, and to be absorbed by the nucleus 
with the strong interaction. Then a double-strangeness system will be produced 
with some probability. The (K-, K+) events were tagged by beam-line detectors 
and a spectrometer system. The position and angle of the :=:- hyperon track was 
measured by a high-resolution tracking detector using scintillating microfibers 
installed at the narrow gap between the target and the emulsion stack. Fast 
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Figure 2.2: Schematic view of the experimental setup around the target region. 

protons and 1r-'s produced via the decay of hypernuclei can be detected with 
the range counter of scintillating mono-fiber blocks located both upstream and 
downstream of the emulsion stack. In addition, these scintillating fiber detectors 
have been used to select events in which the:=:- hyperons are likely to be stopped 
in the emulsion. Figure 2.5 shows a photograph around the target. This technique 
of using nuclear emulsion with other tracking detectors and counters is referred 
to as the 'hybrid-emulsion' method and is one of the most efficient and reliable 
ways to study short-lived particles. 

To obtain 10 times larger statistics than the previous E176 experiment with 
the limited amount of emulsion, various ideas were introduced. In E176, the 
emulsion was used as both a (K-, K+) target and a:=:- absorber. The experiment 
E373 has used a diamond block as the (K-, K+) target. It is known that the 
forward angle cross section for the (K-, K+) quasi-free reaction is proportional 
to A 0·

38 (26] and that the absorption of the produced :=:- becomes larger for a 
larger mass number material. On the other hand, in order to bring the:=:- to rest 
effectively before it decays, the density of the material must be high. Diamond has 
the largest density among low mass number materials. By the use of a diamond 
block as the (K-, K+) reaction target, the thickness of the one emulsion stack 
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Figure 2.3: Plan view of the experimental setup. 
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Figure 2.4: Schematic view around the target region. 
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K+ 

was reduced to 115 of that of E176 and the total amount of the emulsion used in 
this experiment was only twice as much as that of E176. In the E176 experiment, 
the tracks of the outgoing K+'s were searched for and traced to the reaction 
vertices in the emulsion. By directly searching and tracing the tracks of :::- 's 
from the first, the time required for the emulsion scanning was reduced in this 
experiment. 

Since the irradiatable track density in the emulsion is limited in order to secure 
the transparency of the emulsion plate after the development, the final yield would 
be reduced by the contamination of other particles, mainly 1r- 's in the K- beam. 
The high voltage of the electrostatic mass separator in the beam-line was set as 
high as possible, and a collimator was installed to kill the beam halo. Although 
the cross section of the ( K-, K+) reaction is maximum at 1.8 Ge VI c[27], the 
K / 1r ratio becomes worse at higher momentum. We had, therefore, decided to 
run at 1.66 Ge VI c. 

The detection of the K+'s in the production angle close to 0 degree is very 
important, since the momentum transfer from the incident K- to the =:- becomes 
small. An aerogel Cerenkov detector was installed between the emulsion stack and 
the spectrometer magnet to veto only non-interacted K-'s. We have obtained a 
very large acceptance ( 0.17 sr) including the zero degree. 

2.2 K- beam 

2.2.1 K2 beamline 

A 1.66GeV lc K- beam from the K2 beam-line was used to induce the 
(K-, K+) reaction. The K-'s were produced by protons from KEK-PS on a 
production target. These protons were accelerated to 12GeV in about 2 seconds. 
Then they were extracted from PS and transported to the primary production 
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Figure 2.5: Photograph of the target region seen from the side. The beam entered 
from the left side of the picture. The two black blocks are scintillating fiber block 
detectors. 
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target of the K2 beam-line during about 2 seconds. The extraction period is 
called "spill". 

K2 
container, ------ ----- . , 

CM2 I CM1 

DCseparator 

Figure 2.6: Plan view of the K2 beam-line. 

Figure 2.6 shows a plan view of the K2 beam-line. The beam-line was designed 
to extract an enriched kaon beam with momenta from 1 GeV /c to 2 GeV /c[28]. 
In Table 2.1, the specifications of the K2 beam-line are listed. It consists of two 
dipole magnets (Dl and D2), six quadrupole magnets 
(Q1,Q2,Q3,Q4,Q5,Q6 and Q7), a pair of correction magnets (CM), and an elec­
trostatic mass separator (SEP). 

Table 2.1: Specifications of the K2 beam-line. 
production angle 

solid angle acceptance 
momentum bite 

length 

0 degree 
±50 mrad.(H) x±6.5 mrad.(V) 

3.6% 
25.8m 

The production target was made of a platinum rod of 6mm width, 3mm 
thickness and 60mm length. The secondary particle beam, consisting of K- 's, 
1r- 's and p's is transported to SEP. The length of SEP is 6m and the distance 
between the electrodes is 10cm. A potential of 630 k V was applied across the 
positive and negative electrodes. It was filled with a mixed gas of Ne-He (33% He) 
with a pressure of about 3 x 10-4 torr in order to prevent electric discharges. The 
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particles are deflected according to their masses in SEP. Then the beam is focused 
vertically by the quadrupole doublet Q3-Q4 with a vertical magnification factor of 
about 0.8 at the position where the vertical slit (mass-slit) is placed. Considering 
the production target size and the magnification factor, the gap of the mass-slit 
was set to 2. 7mm. The correction magnet CM was tuned to maximize the K / 1r 

ratio of the beam. 
Finally, the beam was focused at the (K-, K+) reaction target by using a 

pair of quadrupole magnets ( Q6 and Q7). The beam size on the target was 
4.7mm (r.m.s.) in horizontal and S.4mm (r.m.s.) in vertical. A portion of the 
1r--beam passes through the mass-slit and makes a bigger profile at the target. 
To reduce such a halo, a collimator made of tungsten-alloy blocks was placed 
just downstream of Q7. The shape of the collimator gap was trapezoidal in the 
horizontal plane to fit the profile of the K- -beam as shown in Fig.2.7. The 
thickness of the tungsten-alloy blocks was larger than 30mm, and those blocks 
were surrounded by iron blocks. 

Top View 
beam 

lOOmm 20mm 
') o( 

11 L__ ___ I Dl 
80mm 

600mm 

Figure 2.7: Shape of the collimator gap 

Typical K- /(all-charged-particle) ratio of the beam was 2S%. Typical inten­
sity of the K--beam was l.lx104/spill with 2x1012 primary protons during the 
beam-time in '98. 

2.2.2 Particle identification 

The identification of the incident particles was performed with TOF counters 
(Tl, T2), and two aerogel Cerenkov counters (BACl, BAC2). 

Tl and T2 were made of plastic scintillators (Bicron BC418) of Smm thickness 
and Scm height. Their widths were lOcm and Scm, respectively. Each of them 
was viewed by two sets of photo-multipliers (PMT), HAMAMATSU H2431-SO, 
from both horizontal ends. The distance between Tl and T2 was 67 4 em. They 
were used to get the time-of-flight (TOF) information of the incident particles. 
The TOF resolution was 7S psec(r.m.s.) after the correction of timing fluctuations 
due to the pulse-height difference in the discriminators using ADC information. 

Each of BACl and BAC2 contained a hydrophobic-silica-aerogel block[29]. 
Figure 2.8 shows a schematic drawing of BAC's. The size of the block was lOcm 
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aerogel 
lOcm(w) X 7cm(h) X 3cm(t) iron box 

Figure 2.8: Top view drawing of BACl and BAC2. 

wide, 7cm high and 3cm thick for BACl, and 8cm wide, 8cm high and 3cm 
thick for BAC2. They were used to distinguish 1r- 's, J-L- 's and e- 's from K- 's 
in the incident beam. The refractive index of the aerogel blocks was 1.03, which 
corresponds to the Cerenkov-radiation ,8-threshold of 0.971. At 1.66 GeV /c, the 
.B is 0.997 for 1r- and 0.959 forK-. So Cerenkov light was emitted by the passage 
of 1r-, J-L- or e- only, reflected by the mirror made of an aluminized-mylar film, 
and detected by a 5inch¢ PMT, Hamamatsu Rl584 which has a UV transparent 
glass as input window, for each of BACs. To shield against the fringing field of 
the spectrometer magnet, the PMTs were put into an iron box after each wa.s 
doubly covered by J-L-metal pipes. The outer J-L-metal pipes were extended by 2cm 
and lcm from the cathode surface for BACl and BAC2, respectively. The iron 
box were extended by 2cm from the outer J-L-metal pipes. 

The performance of BACs was studied with 1.66 GeV /c K+ and 7r+ beams. 
In Fig.2.9, ADC spectra for BACs are shown. Their efficiencies are summarized 
in Table 2.2. These efficiencies were obtained with a threshold level below the 
one-photoelectron pulse height. BACs were used to make a veto for the online 
1st level trigger. Due to the knock-on electrons generated with the beam, each 
had about a 5 % efficiency for the K-beam. By requiring a coincidence of two 
BACs for the veto, the over-killing of the K-beam was reduced to 0.52% while 
keeping the rejection efficiency of 99.8% for the 1r-beam. 

For the monitoring of the beam profile and the tracking of the incident angle, 
five multi-wire proportional chambers (BPCl-5) were used. Their specifications 
are summarized in Table 2.3. 
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Figure 2.9: ADC spectra of BACs. White areas correspond to those for 1r+ and 
hatched areas correspond to those for K+. 

Table 2.2: Efficiency of BACs. The threshold level was set below the one­
photoelectron pulse height. 

========~====~~~========~~== 

2.3 Target 

BACl 
BAC2 
total 

efficiency for K efficiency for 1r 
5.4% 99.81% 
4.9% 99.98% 
0.52% 99.8% 

A diamond block was adopted as the target to produces-'s via the ( K-, K+) 
reaction. It was composed of 1 x 1 x0.1 cm3 wafers of industrial diamonds, made 
by a chemical-vapor-deposition process, stacked and epoxied together(30]. The 
total dimension was 20mm square and 30mm thick with a density of 3.34 g/ cm3

. 

Figure 2.10 shows a picture of the target. 

2.4 K+ tagging spectrometer 

The outgoing K+ 's from the ( K-, K+) reactions were identified with the 
momentum and velocity information obtained with the spectrometer system. The 
forward angle cross section for the (K-, K+) reaction is about 37xA0

·
38J.Lb(26]. 

Here A denotes the atomic number of the target nucleus. This is much smaller 
than those for the ( K-, K-), ( K-, p) or ( K-, 1r±) reactions. The spectrometer 
system was designed to get a large acceptance while keeping sufficient resolutions 
for the momentum and velocity to distinguish K+'s from K-'s, p's or 1r±'s. Some 
of the detectors were installed inside the spectrometer magnet to shorten the 
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Table 2.3: Specifications of BPC's 

anode-wire spacing 
anode-wire diameter 
anode-wire material 
operation voltage 
gas mixture 
active area 
BPC1 
BPC2 
BPC3 
BPC4 
BPC5 

1 mm 
10 p.m 

Au-plated W 
4 kV 

Ar 73%,Iso-C4H 10 24%,Freon 0.5%,Methylal 3% 

112 mm (X) 
112 mm (X) 

112 mm (X) x 64 mm (Y) 
112 mm (X) x 64 mm (Y) 
80 mm (X) x 64 mm (Y) 
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distance from the target to the magnet. The distance from the target to the 
forward TOF hodoscope (FTOF) was decided to be 3.1m by considering the 
TOF resolution and K+'s decay rate. 

The online 1st-level trigger distinguished K+'s from 1r±'s and K-'s with aero­
gel Cerenkov detectors and scintillator hodoscopes. By the 2nd-level trigger, the 
TDC information was also used to distinguish K+ 's from protons. 

At the offi.ine analysis, the momentum of the outgoing particle was calculated 
from the bending angle of the track in the spectrometer magnet . The velocity 
was determined using the TOF information and the path length. The K+ was 
identified by the mass calculated from the momentum and the velocity. 

2.4.1 Spectrometer magnet and acceptance 

A window-frame-type dipole magnet "KURAMA" was used as the spectrom­
eter magnet. It has a 50 em gap, 100 em aperture and 80 em long pole piece. 
End-guard plates of 10 em thickness were installed both upstream and down­
stream of the magnet. Originally, the size of the plates was 160 em wide and 154 
em high, but to reduce the fringing field of the magnet which would cause the 
distortion of IITs, additional plates were added to the front end-guard so that it 
covers an area of 190 em width and 169 em height . The downstream one has a 
60 em high and 110 em wide window, while the front one has a 30 em high and 
30 em wide window. 

The magnet center was located 1040 em and 15 em from the target point 
along and perpendicular to the beam direction, respectively. The distance from 
the target to the front end guard was 22 em. The field direction was vertical and 
the strength at the center was about 1 Tesla. 

Detectors were designed and installed to measure all the K+'s passing through 
KURAMA having a momentum from 1.0 Ge VIc to 1.4 Ge VI c. So the geomet-



18 CHAPTER 2. EXPERIMENTAL PROCEDURE 

Figure 2.10: Picture of the diamond target. 

rical acceptance of the spectrometer system was determined by the aperture of 
KURAMA. It was calculated to be 0.17 sr for the above momentum region by a 
MC simulation. 

2.4.2 Aerogel Cerenkov counters 

Figure 2.11: Drawing of BVAC 

Two aerogel Cerenkov counters, BVAC and FAC, were used to identify the 
outgoing K+ at the online trigger level. Like BACs, each of them also contained 
a hydrophobic-silica-aerogel block. 
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BVAC worked as a veto for non-interacted K-'s. Although the 1st-level trig­
ger can distinguish the charge of the outgoing particle as described in Sec.2.7, 
some of the non-interacted K- 's decay in the spectrometer magnet and misiden­
tified as a plus charge particle. Therefore, the veto was necessary to reduce the 
trigger rate. The aerogel block had a refractive index of 1.05, which corresponds 
to the Cerenkov /)-threshold of 0.952. Kaon has jJ's of 0.959 and 0.943 at the mo­
mentum of 1.66 GeV /c and 1.4 GeV jc, respectively. So, BVAC should be efficient 
for the non-interacted K- 'sand inefficient for the scattered K+ in the momentum 
region of our interest. This enabled us to accept very-forward-scattered K+'s, for 
which low-momentum :=:-'s are expected to be associated with a high probability. 

Figure 2.11 shows a schematic drawing of BVAC. The size of the aerogel block 
was 60mm(W) x 40mm(H) x 20mm(T). It was installed at the aperture of the front 
end-guard of KURAMA, just covering the beam profile. To be operated in the 
strong magnetic field, fine-mesh type PMTs, Hamamatsu R6608ASSY, which 
have 2-inch¢ UV-transparent input windows, viewed the block from both top and 
bottom sides. Not to cut off the acceptance of the spectrometer, the PMTs were 
attached across some distances from the aerogel block. The space between two 
PMTs including the aerogel block were covered by a highly-diffusing white sheet, 
"GO RETE X". 

The performance of BVAC was studied with K- and K+ beams. The effi­
ciency is 97% at 1.66 GeV jc and 13% at 1.2 GeV /c. 

GORETEX 

Front View Side View 

Figure 2.12: Schematic drawing of FAC. 

FAC was installed for the separation of outgoing K+'s from 1r+'s. Figures 
2.12 and 2.13 shows a schematic drawing and picture of FAC. The dimension of 



20 CHAPTER 2. EXPERIMENTAL PROCEDURE 

Figure 2.13: Picture of FAC. 

Figure 2.14: FAC efficiencies at various f3's. The two hatched areas correspond 
to f3 region for the kaon's and the pion's, respectively. 
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Table 2.4: Characteristics of the spectrometer drift chambers. (Here, "X" and 
"Y" corresponds to the horizontal and the vertical direction, respectively.) 

chamber DC1 DC2 DC3 
plane XX'YU XX'YY' XX'YY' 
sense-wire spacing 10mm 9mm XX':56 mm 

YY':60 mm 
sense-wire diameter 20 J-Lm 
sense-wire H. V (k V) - - +1.00 
sense-wire material Au-plated W 
potential-wire diameter 75 J-Lm 200 J-Lm 150 J-Lm 
potential-wire H.V -1.75 kV -2.10 kV -3.00 kV 
potential-wire material Au-plated Cu-Be AI Au-plated Cu-Be 
number of channels XX':48 XX':128 XX':32 

Y:32 U:48 YY':96 YY':16 
active area (XxYmm2) 500x350 1200x 1200 1800x900 
gas mixture Ar 50%:C2H6 50% 
resolution (r.m.s.) (JLm) 100 160 250 

the aerogel block was 
300mm(W)x210mm(H)x60mm(T). The block was covered by a "GORETEX" 
sheet and was viewed by six PMTs from the top and bottom ends. It was installed 
between the front end-guard and the pole-piece of KURAMA. Fine-mesh type 3-
inch PMTs, HAMAMATSU R5543ASSY, were used. The refractive index of the 
aerogel block was 1.041, corresponding to the Cerenkov ,8-threshold of 0.962. The 
performance was studied with the beam of 1r+, K+ and pat various momenta. The 
obtained efficiencies are plotted against .Bin Fig.2.14. For the momentum region 
from 0.8 GeV /c to 1.4 GeV /c, the rejection efficiency for pions was higher than 
98%, and those for kaons was about 8%. Position dependence of the sensitivity 
was found to be negligible. 

2.4.3 Scintillator hodoscopes and wire chambers for the 
trigger and tracking. 

Tracks of outgoing particles were measured with four plastic-scintillator ho­
doscopes (VH, CH, YH and FTOF), three drift chambers (DC1, DC2 and DC3) 
and a limited-streamer chamber(LST). The hodoscopes were used also to make 
a data-taking trigger. 

Characteristics of the drift chambers are summarized in Table 2.4. As shown 
in Fig.2.1, DC1 was installed between the front end-guard and the pole piece of 
KURAMA, just downstream of FAC. DC2 and DC3 were installed downstream 
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Figure 2.15: LST schematic view. 

Table 2.5: Specifications of LST 

effective area 
anode-wire diameter 
anode-wire H.V 
cell size 
tube width 
tube length 
gas mixture 
strip width 
strip spacing 
r.m.s resolution 

2000mm(W) x 1200mm(H) 
100J.Lm 

4.95 kV 
10 mm 
84mm 
2500 m 

Ar 23%,Iso-C4H10 77% 
4mm 
6mm 

4.5 mm 

of KURAMA. More details about these drift chambers are described in Ref. [31]. 
LST was composed of two layers of plastic limited-streamer tubes of the Iarocci 

type as shown in Fig.2.15. Each tube has 8 square cells. One cell has one anode 
wire surrounded by a resistive graphite coating on the inner surface that serves 
as the cathode except for the one side out of the four sides. On the open side, the 
cathode strips made of PVC and aluminum sheets were attached perpendicularly 
to the anode wire. The induced pulses on the cathode strips were discriminated 
to get the position information with the accuracy of the strip spacing. As shown 
in Fig.2.1, LST was installed most downstream to measure the position in the 
horizontal direction. Table 2.5 summarizes the specifications of LST. More details 

r·"· 
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Table 2.6: Specifications of the scintillator hodoscopes. (Here, "X" and "Y" mean 
the horizontal and the vertical direction, respectively.) 

VH CH YH FTOF 
direction of the array X andY X y X 
number of channels X:32 Y:18 24 6 24 
thickness(mm) 2 2 5 30 
width(mm) X:6.6 Y:9.0 19 200 80 
spacing( mm) X:4.4 Y:6.0 17.5 180 75 
PMT Type No. X:R5600U 1 H3165-01 H1161 H1949 
(HAMAMATSU) Y:R3164-10 
scintillator Type No. SCSN-50 SCSN-50 SCSN-56 SCSN-56 
diameter of PMT(mm) X:10 Y:10 13 50 50 
effective area(mmxmm) 143x 110 421.5x300 1700x 1100 1805x 1200 

note All scintillators were coupled 
via lucite light-guides to PMTs. 

2mm 

Figure 2.16: Schematic top view of the VH scintillator array. 

are described in Ref.[32]. 

The scintillator hodoscopes were used for the tracking and/ or the data-taking 
trigger. Table 2.6 summarizes the specifications for those. 

VH(Vertex Hodoscope) has two planes of an array of plastic scintillators to 
measure the position of the track in the horizontal and vertical directions. The 
scintillator rods were staggered as shown in Fig.2.16, so that the detector has a 
position accuracy of 1/3 of the width of each rod. It was installed just upstream 
of the front end-guard of KURAMA. For the shielding against the magnetic field, 
each of the readout PMTs was covered by a J.L-metal pipe, and iron plates sand­
wiched the whole detector except the detection area. It worked not only for the 
tracking, but also to make the trigger. By requiring charged particle hits on VH, 
some of the neutral particles like Ks which can decay into charged particles inside 
KURAMA can be rejected at the online trigger level. 

CHand YH were used to make the trigger, which will be described in Sec.2.7. 

1metal package PMT 
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CH was installed just in front of the pole-piece of KURAMA. The lucite light­
guides were extended through the narrow gap between the coil and the pole­
piece to the top of KURAMA, and connected to PMTs there. YH was installed 
downstream of KURAMA. 

FTO F (Forward TO F hodoscope) measured time-of-flight of the outgoing par­
ticles together with T2. The plastic scintillator rods were installed vertically at a 
distance of 3.1 m from the target. Each scintillator rod was viewed by PMTs from 
the top and the bottom. The 12-bit TDCs, REPIC HR-TDC, were used to mea­
sure the timing. They have a time resolution of about 27.5 psec/count, which 
was precisely determined by calibration measurements with a TDC-calibrator, 
REPIC TDC-TESTER. At the offline analysis, the fluctuations of timing due to 
the pulse-height differences in the discriminators were corrected with functions 
inversely proportional to the 1/4th power of the pulse-height obtained with ADC 
modules. The offset values to get the absolute time-of-flight from the TDC data 
were determined from the analysis of ( 1r-, 1r+) calibration runs. The average r .m.s 
resolution of time-of-flight from T2 to FTOF was 120 ps. 

Also, the vertical hit position on FTOF was obtained from the time difference 
between the two signals from the top and bottom PMTs. The r.m.s resolution 
for that was 18 mm. 

2.5 Scintillating-fiber detectors 

Two kinds of scintillating-fiber detectors were constructed. One is a scintillating­
microfiber bundle detector (Fiber-bundle) to measure the position and angle of 
the :=:- track. The other is a scintillating-fiber block detector (SciFi-block) to 
measure the ranges of particles emitted from the decay of hypernuclei. Two ~~ 

blocks were installed. 
Fiber-bundle and SciFi-blocks were also used to select the events of interest 

among those tagged as the ( K-, K+) reaction. 

These detectors were viewed by the chains of three or four image intensifier 
tubes (liT) (Fig.2.17). They amplify lights from fibers with 2-dimensional in­
formation. We adopted an electrostatically focusing type as the 1st stage of the 
chains because of their higher quantum efficiencies and higher rate capability. 
The last two stages were gatable micro-channel-plate (MCP) type. Phosphor on 
the liT's anode holds images during the decay time of phosphorescence and can 
work as an "optical delay" of the image. Only the images of interest can be se­
lected by gating the next stage liT using trigger pulses from the counter system. 
In the E373 experiment, the MCP type liT's were gated by the first or second 
level trigger. 

Each of the output windows of the last stage IITs was connected to the 
charge coupled device ( CCD), SONY XC-77RR, via a tapered optical fiber plate. 
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Figure 2.17: Schematic drawing of the structure of liT chains for Fiber-bundle 
(a), U-Block (b) and D-Block (c). 
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The CCD consists of 768 x 493 pixels, where the dimension of each pixel is 
1lJ.LmX l3J.Lm. 

2.5.1 Scintillating-microfiber bundle detector for the 
tracking 

,......_ .... 
.......... 

The position and angle of the :=:- track was measured by a scintillating­
microfiber bundle detector. It was installed in the narrow gap between the dia­
mond target and the emulsion stack. Due to the short lifetime of the :=:- hyperon, 
a very thin and high resolution tracking detector was required. A scintillating 
microfiber-bundle (fiber-bundle) is a coherent fused bundle of very thin (tens of 
micro meters) scintillating fibers. As scintillating fiber detectors of high pre-

Figure 2.18: End view of a 1mm-square fiber-bundle. The diameter of one fiber 
is 30J.Lm. 

cision, three kinds of microfiber-bundles are known : scintillating glass fibers, 
liquid scintillator in glass capillaries and plastic scintillating fibers. We adopted 
a plastic scintillating fiber[33, 34, 35, 36, 37, 38, 39) because it is easy to handle 
and has rather high light yield. Figure 2.18 shows an end view of a 1mm-square 
fiber bundle. The core is made of polystyrene doped with PMP (1-phenyl-3-
mesityl-2-pyrazoline) as a wavelength shifter with a large stokes shift[40, 41]. It 
is surrounded by two claddings, an inner layer of normal PMMA (polymethyl 
methacrylate), and an outer layer of fluorinated poly-methacrylate with a refrac­
tive index of 1.42[42]. The diameter of a fiber and the density of the wavelength 
shifter were optimized to obtain a large light yield and a small track residual by 
measuring the light yield and the attenuation length. Details of the measurement 
and study of the performance as a tracking detector are described in Ref.[43]. We 
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Figure 2.19: Schematic drawing of the Fiber-bundle detector. 
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adopted 0.7 mm square bundles made of 45 J.lm<P fibers 2
. The density of PMP 

was 2.0 wt%. 
Figure 2.19 presents a schematic view of the Fiber-bundle detector. Each sheet 

was made of sixty fiber bundles by bonding them with black acrylic water paint. 
Four sheets were stacked as a u,v,u' or v' sheet. Here, the u and v directions are 
perpendicular to the beam direction. The sheets were fixed with adhesive double 
coated tapes. The total thickness of the detector was 3.4 mm with adhesive 
double coated tapes and mylar sheets. 

At the output edge, each sheet was divided into five pieces and piled so that 
all sheets could be viewed from the input window(18mm<P) of two liT chains (one 
for the u direction sheets and the other for the v direction sheets). The average 
length of the fiber bundles was about 23 em. 

Each liT chain for this detector consisted of three image intensifier tubes, 
DEP-PP0010U, DEP-XX1450HJ, and DEP-XX1700AB and one CCD chip (Fig.2.17(a)). 
The first stage of the liT chain is an electrostatically focusing type with approx­
imately no magnification. The second and third stages are both of a gatable 

2In '00, 1 mm square bundles were used to obtain better angular resolution 
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micro-channel-plate type. The output part of the 3rd stage liT is connected to 
the CCD via a tapered optical fiber plate. The magnification of this tapered fiber 
plate is 11/18. The phosphors of the 1st, 2nd and 3rd liT are P24, P20 and P20, 
respectively. The mean decay times of P24 and P20 are 2.4 J.-LS and 50 J.-LS, respec­
tively. The photo-cathodes are bialkali, S20 and S20 respectively. The resolution 
of the IIT-CCD system was measured by illuminating a lOJ.Lm slit positioned at 
the input window of the liT with an LED[43]. The two track resolution of the 
IIT-CCD system is 33J.Lm(r.m.s), and the position accuracy for a photoelectron 
is 9.3J.Lm(r.m.s). 

The precision of track connection from Fiber-bundle to the emulsion in the 
'98 run is described in Appendix A. 

2.5.2 Scintillating-fiber block detectors 

1,200 mm 

Front View 

Figure 2.20: Schematic view of the Upstream SciFi-block. 
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Figure 2.21: Photograph of the Upstream SciFi-block. The white square block 
at the center is the diamond target. 

Scintillating fiber block detectors were installed just upstream and down­
stream of the emulsion stack as shown in Figs.2.4 and 2.5. Their main purpose is 
to measure the range and hence the energy of high momentum 1r- 's and protons 
which are produced via the decays of hypernuclei in the emulsion and leave the 
emulsion. The second purpose is to detect the decay of A or the H -dibaryon emit­
ted from the :=:- stopping points. In addition, they are used to select the events 
for the emulsion scanning. For example, the event in which the:=:- hyperon had 
decayed before stopping in the emulsion is rejected by the human eye scanning. 

The schematic view of the upstream block (U-Block) and downstream block 
(D-Block) were shown in Fig.2.20 and 2.22, and a photograph of U-block is shown 
in Fig.2.21. The blocks were made by stacking plastic scintillating fiber sheets. 
We adopted 0.5 mm x 0.5 mm square fibers, KURARAY SCSF -78. The core of 
the fiber is made of polystyrene having a refractive index of 1.59 and a density 
of 1.06 g/ cm3

• It is surrounded by a 10 J..Lffi thick cladding made of PMMA 
(polymethylmethacrylate) having an index of 1.49 and a density of 1.18 g/cm3 . 

The concentration of the dyes in the fiber was determined to obtain large light 
yield. The sheets were stacked and packed with the accuracy within 0.2 mm. 
The number of fibers per one sheet is 144 for U-Block and 120 for D-Block. The 
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Figure 2.22: Schematic view of the Downstream SciFi-block. 

U-Block consists of 98 fiber sheets and D-Block 90 fiber sheets. 
As shown in Fig.2.20, there was a 20 mm x 20 mm square hole in the center 

of U-Block in order to insert the diamond target and to path the beam through. 
To make the hole without making unreadable dead spaces, each one sheet was 
divided into two partial sheets. One is extended to the left side liT and the other 
to the right side liT. The partial sheets from the u- and v-direction were piled 
up alternately at the input window of each liT chain. Hence two images of uz­

and vz-projection were read out by one liT chain. It is, therefore, necessary to 
divide one obtained image to images corresponding the sheets and reconstruct 
the original two images. The one end of each sheet which is opposite of the 
readout-end was polished and evaporated with aluminum so that the photons are 
reflected by this end. Effect of this mirror was studied by measuring the yield of 
scintillation light induced by the passage of /3-ray. It was found that the light yield 
was increased by 1.6 times by the mirror. In the readout-end of the fiber sheets, 
0.3 mm thick black vinyl-chloride sheets were inserted between fiber sheets to 
make the separation easier. At the detection area, 0.3 mm thick aluminum plates 
were inserted as degraders between fiber sheets in order to increase the momentum 
acceptance of the block as a range counter. Each liT chain of U-Block consisted 
of four image intensifier tubes and a CCD (Fig.2.17(b)). The input window of 
the first stage was 100 mm cfJ in diameter. The first and second stages of the liT 
chain were electrostatically focusing type. The third and fourth were MCP type. 
A tapered optical fiber plate with a magnification of 7/25 was inserted between 
the fourth stage and the CCD chip. Only the first stage had a magnification 
factor of 25/100, and the total magnification is 7/100. The phosphors of stages 
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Table 2.7: Thickness of the magnetic shield. 

184> liT-chain for Fiber-bundle 
100<P liT-chain for U-block 
80cP liT -chain for D-block 

were PS-5, P46, P20 and P20, respectively. 

iron (mm) 
7 
30 
10 

J.L-metal 
1 
2 
2 
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The structure of D-Block is shown in Fig.2.22. In order to utilize the full 
aperture of the liT, each sheet was divided to two partial sheets and they were 
piled up alternately at the input of each liT. Like U-Block, black vinyl-chloride 
sheets of 0.2 mm thickness were inserted at the readout-end of fiber sheets, and 
Al degraders of 0.3 mm thickness were inserted at the detection area. Black 
acrylic plates evaporated with aluminum were attached as mirrors to the end 
of the block which is opposite to the readout-end. The liT chain of D-Block 
consisted of three image intensifier tubes and a CCD (Fig.2.17(c)). The input 
window of the first stage was 80 mm<P. The first stage of the liT chain was an 
electrostatically focusing type with a magnification of 16/80. The second and 
third IITs were MCP type. A tapered optical fiber plate with a magnification of 
11/18 was inserted between the third stage and the CCD. The total magnification 
was 11/90. The phosphors of the first, second and third stages are P24, P20 and 
P20, respectively. 

The position resolution of the SciFi-block detectors was evaluated using tracks 
of minimum ionizing particles. The track residual and track separation are 290 
J.Lm and 350 J.Lm for the U-Block, and 250 J.Lm and 290 J.Lm for the D-Block. 
As a range counter, the energy resolution was evaluated using stopping 1r- and 
protons. The energy resolution was 0.86 MeV and 1.4 MeV for 38 MeV 1r- and 
47 MeV proton, respectively. Details about the performance are described in 
Refs.[44, 45]. 

2.5.3 Magnetic shield 

The fringing magnetic field of KURAMA was 100 rv 200 Gauss around the 
target region. All the liT's were covered by cylindrical magnetic shields to elimi­
nate the distortion by the field. Figures 2.23 and 2.24 show schematic views of the 
magnetic shields for the 18<P liT chain and lOO<P liT chain. Each shield consisted 
of two layers. The outer shield was made of iron (SS400) and the inner shield was 
made of J.L-metal. The typical thicknesses of the shields are summarized in Table 
2.7. The region around the input window of the chain was covered by a tapered 
cap. 
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Figure 2.23: Schematic view of the Magnetic shield of the 18¢ liT-chain. 
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Figure 2.24: Schematic view of the Magnetic shield of the lOO¢ liT-chain. 
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2. 6 Nuclear emulsion 

Downstream the target, a stack of emulsion plates was placed perpendicular 
to the beam direction. One hundred stacks made of 69 l emulsion gel were 
irradiated. Each stack was composed of 12 emulsion plates of 250x245 mm2 area. 
Each plate was made by coating Fuji ET -7C or ET -70 emulsion gel on both sides 
of an acrylic or polystyrene film base. The most upstream plate (thin-type plate) 
has 70 J-Lm or 100 J-Lm thick emulsion gel on both sides of a 200 J-Lm base. Other 
plates (thick-type plates) have 500 J-Lm thick gel on both sides of a 50 J-Lm or 
40 J-Lm thick base. According to the position and angle of tracks predicted with 
Fiber-bundle, tracks were searched for in the most upstream thin-type plate. The 
thin-type plate was used as a "tracker" because the distortion generated during 
the development process is small. It would become difficult to search tracks 
if the distortion was large. The thick-type plates were used as s- absorber. 
The fabrication of the emulsion plates had been done at Gifu U niversity[46]. 
The composition of the ET-7C/D emulsion gel is summarized in Table 2.8. The 
density of the emulsion was 3.60 gjcm3 on average. The emulsion plates were 

Table 2.8: The composition of the ET-7C/D emulsion 

material weight ratio(%) mol ratio(%) 
I 0.3 0.06 

Ag 45.4 11.2 
Br 33.4 11.1 
s 0.2 0.2 
0 6.8 11.3 
N 3.1 5.9 
c 9.3 20.6 
H 1.5 40.0 

stacked into a vacuum chamber cassette to keep the position and the flatness of 
the plates during the beam exposure. Figure 2.25 shows a picture of the cassette. 
The upstream part of the cassette was covered by a 150 J-Lm thick stainless foil, 
while the downstream part was covered by a 1 mm thick black rubber plate. 
To obtain the uniform irradiation over the whole stack, the cassette was moved 
horizontally and vertically by an emulsion mover system between spills. The 
schematic drawing of the emulsion mover is shown in Fig.2.26. The gap between 
Fiber-bundle and the cassette was 1mm. To keep this distance for all stacks, the 
cassette was fixed to the movable stage of the emulsion mover by two pins under 
the bottom and one screw on the top. The emulsion mover was controlled by 
a personal computer (PC). Figure 2.27 shows an outline of the control system. 
A positioning board (HPC-PPD203) received the command from PC where the 
stage should be located and output pulses to a position feedback board (HPC-
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Figure 2.25: Photograph of the emulsion chamber cassette. 

POS203). The position feedback board received the signals about the actual 
position of the stage from linear encoders in addition to the pulses from the 
positioning board and output analog pulses to servo-amplifiers according to the 
difference between the goal position and the actual position. The servo-amplifiers 
drived the DC motors. 

At first, the cassette was moved in the horizontal direction by the distance 
proportional to the beam intensity in the previous spill. Typical distance of each 
movement was rv2 mm, and typical exposure density was 1 x 106 particles/cm2 . 

When the cassette reaches the end in the horizontal direction, it was moved 
vertically by 2mm and then moved in the horizontal but opposite direction. The 
beam intensity for each spill was monitored by counting coincident signals from 
T1 and CH with a counter board on the PC. The position of the cassette was 
measured with linear encoders having a resolution less than 1 J.l-ID, and the data 
were sent by an 1/0 board to the data acquisition system of the experiment. 
Details about the emulsion mover is described in Ref. [ 4 7]. 

To obtain the relative position between Fiber-bundle and the emulsion stack, 
X-ray collimated with a tungsten slit was applied through Fiber-bundle to the 
four corners of the emulsion stack. The X-ray was extracted from a generator of 
70 kV and 15 rnA for 0.15 seconds at each position. The tungsten collimator has 
three 220 J.lm<P holes at 5 mm horizontal intervals. 

After the beam exposure, 60 J.lm<P marks were printed at every grid points of 
10 mm pitch on the plates by using a black film with holes and a stroboscope. 
These marks were used to correct the distortion of the plates generated during 
the development process. 
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Figure 2.26: Schematic view of the emulsion mover. The emulsion chamber 
cassette was installed on the square frame located on the upper-left side of the 
emulsion mover in this figure. 

2.7 Trigger 

The data-taking trigger was formed in two levels. The first-level trigger dis­
tinguished K+ mesons from pions and K- mesons using the aerogel Cerenkov 
counters and the scintillator hodoscopes. The schematic logic diagram of the 
first-level trigger is shown in Fig.2.28. The K- beam signal was defined as : 

Kbeam =SPILL® Tl ® T2 ® BACl ® BAC2, (2.1) 

where ® represents the "AND" logic. The SPILL is the spill-gate signal made 
using the signal from the accelerator. The Tl ® T2 is the coincidence signal of the 
TOF counters, which indicates that a particle passed through the beam-line. The 
BACl and BAC2 are signals from the aerogel counters. The coincident signal of 
them was used as a veto in order to reduce the overkilling for K- 's. 

The first-level trigger was formed as : 

Kbeam ® BV AC ® F AC ® (CH- FTOFmatrix) ® Y H ®BUSY. (2.2) 
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Figure 2.27: Outline of the control system of the emulsion mover. 

For the BVAC and FAC detectors, the analog signals from all the PMTs for each 
detector were summed up using a linear-fan-in-fan-out modules, and the BVAC 
and FAC logic signals were made from them. The BV AC was required to kill 
the K- 's which did not interact or were scattered to a small angle, and the F AC 
killed pions. The (CH- FTOFmatrix) is a logic which selects the charge and 
momentum of a scattered particle. The momentum of a scattered particle was 
approximately calculated with a combination of two hodoscopes (CHand FTOF). 
TheY H represents the "OR"ed signal from the YH hodoscope. It was required 
to eliminate the event in which neutral particles hit FTOF. 

The timing of the first-level trigger was determined by the T2 signal. Typical 
trigger rate for the first-level trigger was 75/spill with the K- intensity of 1.1 x 
104/spill. In order to make the decision time short, logic modules for the first-level 
trigger were located at the experimental area, not at the counting house. The 
decision time of the first-level trigger was 150 ns. The first-level trigger opened 
the gate of the 2nd/3rd liT at 260 ns after a particle passed T2. This includes a 
delay between the logic-unit for the first-level trigger to the liT. 

The second-level trigger was formed as : 

(1st level)® (mass trigger)® (V H x (f) V Hy). (2.3) 
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The events selected by the first-level trigger contained protons produced via the 
(K-, p) reaction as the major background. The K+ mesons were distinguished 
from protons with the so-called "mass trigger" using TDC information. The 
hit positions of CH and FTOF were encoded and stored in the FI/FO mem­
ory (Lecroy Data-Stack). The momentum information can be deduced from the 
bending angle given by the combination of the hits of CHand FTOF. The time­
of-flight from T2 to FTOF was digitized with the fast encoding TDC system 
consisting of TAC's (Lecroy 4303) and ADC's (Lecroy 440GB FERA). The TDC 
value was examined for every momentum by checking with a pre-loaded table in 
the Memory-Lookup-Unit (Lecroy MLU). When the data was in the region corre­
sponding to K+'s, the mass trigger was fired. Details about the mass trigger are 
described in Refs.[31, 48]. Hits on the x or y plane of VH were required mainly 
in order to kill K~'s produced via the (K-, K 0 ) reaction 3

. Typical decision time 
of the mass trigger was 14 J.lS, during which the BUSY signal was generated. 

Figure 2.29 shows mass distributions of the scattered particle without and 
with the mass-trigger. With the mass-trigger, the proton contamination was 
reduced to 18%. 

Typical trigger rate for the second-level trigger was 13/spill, and typical dead 
time of the data taking was 1% in the '98 run. 

2.8 Data acquisition 

The online data acquisition was controlled by a VME on-board workstation, 
Hewlett-Packard Model 743 (HP) working with a operating system HP-RT 2.2. 
A multi-process data-acquisition software system (UNIDAQ) was used. 

Signals from the photo-tubes and wire chambers were digitized with CAMAC -~ 

or TK0[50] modules, and the digitized data were stored in CAMAC or VME 
memory modules (seven modules were on CAMAC and one was on VME). The 
digitization was started by the first-level trigger, however, if the second-level 
trigger was not fired, the data were cleared. The data from the personal computer 
for the emulsion mover system were stored in CAMAC input-register modules, 
which contained the information about the position of the emulsion chamber. 
The CAMAC modules were controlled via Kinetic K3922 Crate Controller and 
Kinetic K2917 CAMAC-VME interface in the VME crate. 

The acquisition of the images from the CCD cameras were performed with the 
three types of modules, a clock-and-coordinate generator ( CCG) module and flash 
ADC (FADC) modules and first-in-first-out (FI/FO) memory modules. The CCG 
module provided a common clock (14MHz) to synchronize the whole system, and 
generated two-dimensional coordinates of each CCD pixel. It initiated a sequence 

3 In '99 and 2000, it was replaced by a new trigger called momentum-selection trigger (MS) 
which utilized the hit combination of VH, DCl and FTOF[49] 
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Figure 2.29: Mass distribution for the scattered particles. The white area cor­
responds to the events taken with only the first-level trigger. The dotted area 
corresponds to the events taken with the second-level trigger. 

of digitization when the second-level trigger was fired. The timing chart of the 
sequence is shown in Fig2.31. In the NTSC format, the video signal of one frame 
consists of two parts, namely, the even-field and odd-field. The two fields are 
read-out alternately triggered by the vertical synchronization signal (VD). In the 
'98 run, triggers were not inhibited while acquiring the image data because it 
would increase the dead time of the data taking pretty much. (At least 15 ms is 
necessary for the image data taking for one event.) As a result, tracks of two or 
more successive triggered events appeared in one image, occasionally. There are 
two kinds of such a overlap image, i.e. half-overlap and full-overlap. As shown 
in Fig.2.31, when two triggers are fired in two successive fields timing, then three 
fields data are acquired. The tracks of first event appears in the first two fields, 
and those of the second event appears in the last two fields. Therefore, only the 
middle field have the images of the two event. Such a half-overlap image can be 
resolved into two images by an offline analysis. On the other hand, when two 
triggers are fired in one field timing, then two fields data are acquired. Both 
two fields have the images of the two events. Such a full-overlap image cannot be 
resolved. Track information from the spectrometer system can be used to identify 



40 

• 
• 
• 

CHAPTER 2. EXPERIMENTAL PROCEDURE 

Image 

VD Gate 

VME 
F ADC ~st~ro~be~____.r--~ 

• 
• 

FADC 

HD 
tfrigge~~-~-------1~ CCG ,__Ev_en_t# ______ _. 

X coordinate 

Y coordinate 

Figure 2.30: Schematic diagram of the image data acquisition. 

each event. 
The FADC modules digitized the pulse height of the video signals into 8-bit 

brightness data for each pixel. For the pixels having brightness above some thresh­
old, the write-strobe signals to the corresponding FI/FO module were generated. 
Then the data on the brightness (8-bit), the coordinates (H:lO-bit, V:lO-bit) and 
the event number (4-bit) were stored in the memory of the FI/FO module. Each 
of the FI/FO modules had four FIFO chips, i.e. IDT-7207 for Fiber-Bundle 
and SciFi-U-block and IDT-7208 for SciFi-D-Block. The total memory size of a 
module wa.s 128 kB (IDT-7207x4) or 256 kB (IDT-7208x4). ,~ 

Details about the image data acquisition system are described in Ref.[51]. 

During the beam-off period between spills, the data on the memory modules 
were transfered to HP via VME-bus, and then written to a digital audio tape 
connected with HP via SCSI-bus. The typical data size was 350 kB/spill. 

During the experiment, sample data were transfered from HP to a personal 
computer working with a operating system Linux via Ethernet. A network buffer 
manager (net-NOVA) utilizing the TCP /IP protocol controlled the transfer. The 
data were analyzed on-line on the personal computer to monitor the experimental 
status. In addition to a normal monitoring of ADC, TDC and register data of 
the counters and chambers, image data were checked by human eyes with an 
image browser. The K / 1r ratio of the beam was monitored for each spill. For the 
monitoring of the mass trigger setting, sample data were acquired for the events 
which were selected by the first-level trigger, but not-selected by the second level 
trigger with a typical pre-scale factor of 1/4. The mass trigger window setting 
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Figure 2.31: Timing chart of the image data acquisition. 
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was checked by comparing the FERA histograms for all the acquired events and 
those for the (K-, K+) events selected using the reconstructed mass of outgoing 
particle. 



Chapter 3 

Spectrometer and image data 
analysis 

In the 1998 run, totally 2. 7 x 109 K- 's were delivered to the diamond target 
and nuclear emulsion, and data were collected for 7.1 x 106 events with the second­
level trigger. The events involving the (K-, K+) reaction were selected according 
to the results of particle identification by the spectrometer data analysis. Among 
the (K-, K+) reaction events, events in which the s- are likely to have stopped 
in the emulsion were selected using the image information from SciFi-detectors 
to reduce the number of events to be analyzed with the emulsion. 

3.1 Selection of (K-, K+) events by spectrome­
ter data analysis 

Even for the events selected with the second-level trigger, the number of K+'s 
in outgoing particles was still two orders of magnitude smaller than that of pro­
tons. The outgoing K+'s were identified by reconstructing their masses with the 
data obtained from the spectrometer system. To reduce the contamination from 
protons and 7r+ 's, various cuts were applied. However, emulsion can provide a 
clear identification of the production of S = -2 nuclei with almost no back­
grounds. The misidentification of the protons or 1r+'s as outgoing K+'s is not a 
serious problem. The selection of the clear (K-, K+) events is rather important 
to decrease the number of events to be analyzed with emulsion. From such a 
standpoint, the criteria to select the ( x-, K+) reaction events were set rather 
loosely. 

The x- 's in the beam were selected using the Cerenkov counter at the stage 
of the online trigger. Figure 3.1 shows a TOF spectrum of the beam particles ob­
tained with Tl and T2. The timing fluctuations due to the pulse-height difference 
was corrected using ADC information. The events whose TOF value is within 
the gate indicated by the arrows in Fig.3.1 were selected. The contamination of 
1r- 's in the beam was 0.27% at this stage. 
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Figure 3.1: The time-of-flight spectra of the beam particles in a linear scale (a) 
and a logarithmic scale(b). The arrows represent the gate for the TOF value to 
select K-'s. 

3.1.1 Track reconstruction 

Tracks were searched for using an simple straight-line fit in the horizontal and 
vertical planes, respectively. The track of the incident K- 's were reconstructed 
with BPC3,4,5. For the outgoing K+, track candidates were searched for both 
upstream and downstream of the spectrometer magnet separately. VH, DC1 and 
CH were used for the track upstream the magnet, and DC2, DC3, and LST were 
used for the track downstream. The reaction vertex position was obtained as the 
closest point of the incident K- and outgoing K+ tracks. 

To calculate the momentum of an outgoing particle, the particle trajectory 
through the spectrometer was approximated with a combination of two straight 
lines upstream and downstream the magnet as shown in Fig.3.2. The crossing 
position of the two tracks in the horizontal plane was required to be in a region 
close to the center of the magnet. The field of the spectrometer magnet was 
modeled by an uniform field with strength B0 and an effective pole length Lef 1. 

To give a correct bending angle, the product of B0 and Leff was taken to be 1.01 
Tesla·m for the particle which traversed the central part of the magnet gap, while 
the field strength at the center of the magnet pole was 1 Tesla and the pole length 
was 0.8 m. For the particle which traversed the area close to the pole-piece, the 
B0 • Lef 1 was corrected. Within this approximation, the momentum component 
transverse to the field p .1. can be expressed as: 

P.1.[GeV] 0.3 · B0 [Tesla] · p[m] 
LeJJ[m] 

0.3 · B0 [Tesla] · . () . () , 
Sin in - Sill out 

(3.1) 

(3.2) 
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Top view 

Figure 3.2: Conceptual drawing to show the method to calculate the momentum 
of the outgoing particle. 

where Bin and Bout are the angles of the two straight tracks upstream and down 
stream the magnet, respectively, projected onto the X-Z plane (see Fig.3.2). The 
momentum p ( Ge V /c) was then calculated using the angles of the track upstream 
the magnet in the X-Z and Y-Z planes. The flight path length Lpath was calculated 
by adding the length of two straight lines, from the vertex to the field entrance 
and from the field exit to FTOF, and the length of the helix orbit in the magnet, 
using a value of 1.0 mas Lef f. 

To eliminate events in which the outgoing particles decayed or scattered before 
reaching FTOF, the corresponding hit on FTOF was required within ±65 mm in 
horizontal and ±65 mm in vertical for the track downstream the magnet. The 
width of a FTOF scintillator was 100 mm. The vertical hit position of FTOF 
was determined with the r .m.s accuracy of 18 mm from the difference of the 
timing between two PMT's of FTOF. In order to reduce the deterioration of the 
timing due to the nuclear interaction in the FTOF scintillator, the hit with a 
high pulse hight was invalidated. Matching between the position extrapolated 
from the track downstream the magnet and the hit position on the Y-plane of 
DC1 was also required. 

Tracks were searched for as far as the event had at least two hit planes for 
each region. The cut parameters were set widely (~ 3a). The inefficiency of 
the track reconstruction due to the inefficiency of tracking detectors is, therefore, 
negligible compared to that of the data-taking trigger. 

3.1.2 Reconstructed spectra 

From the time-of-flight and flight-path-length information, the velocity of 
the outgoing particle was deduced, taking the distance from T2 to the vertex 
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Figure 3.3: Reconstructed mass distribution. The arrows represent the gate for 
the K+ selection. 

position into account. The mass of the outgoing particles was reconstructed 
from the momentum and velocity. Because momenta of K+'s from the quasi­
free (K-, K+) reaction are expected to be distributed between 0.8 GeV lc to 
1.2 GeV lc, only the events in which the outgoing particle had a momentum 
from 0.4 Ge VIc to 1.4 Ge VIc were selected. Figure 3.3 shows a reconstructed 
mass spectrum. The reconstructed mass resolution was 30 MeV I c2 for the K+ 
mesons, from which the momentum resolution was estimated to be 4% (r.m.s) 
at 1 GeV lc, using a value of 120 ps as the TOF resolution. Particles having a 
reconstructed mass from 0.4 GeV lc to 0.6 GeV lc were selected as K+'s. From 
the data taken in '98, totally 4.6 x 104 (K-, K+) events were obtained. The 
momentum spectrum for the outgoing K+'s are shown in Fig.3.4(a). For the 
events selected as the (K-, K+) reaction event, missing mass was calculated 
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Figure 3.4: (a) Momentum spectrum for K+'s. The arrows indicate the gate to 
select the ( K-, K+) reaction events. (b) Missing mass spectrum of the ( K+, K-) 
reaction events obtained assuming the interaction with a proton. 
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Figure 3.6: Missing mass spectra for (a) the diamond and emulsion region (Z < 50 
mm) and (b) the D-block region (60 mm< Z < 120 mm), where Z is the vertex 
position in the beam direction. 

from the K- and K+ momenta assuming the reaction K- + p -+ K+ +X. 
Here, energy loss for K- 's and K+ 's in the target, emulsion and SciFi-block were 
taken into account. The obtained missing mass spectrum is shown in Fig.3.4(b). 
A broad peak corresponding the :=:-'s production can be seen. The peak was 
smeared out due to the Fermi momentum in the target nuclei. Figure 3.5 shows 
the distribution of the vertex positions in the beam direction. One can see a peak 
structure originating from the diamond target and emulsion stack, and a bump 

'"', from the SciFi-D-block. The missing mass spectra for the peak region (Z < 50 
mm) and the D-block region (60 mm< Z < 120 mm) were obtained as shown in 
Fig.3.6, assuming the reaction K- + p --+ K+ +X again. A rather sharp peak at 
1.32 Ge VI c2 in Fig.3.6(b) is considered to correspond to the events on the proton 
target in the plastic scintillator. From this peak, the missing mass resolution was 
estimated to be 26 MeV I c2

. 

Background estimation 
From the mass spectrum, the fraction of the contamination of protons and 7r+ 's 

were estimated to be 14% for the selected momentum region (from 0.4 GeV lc 
to 1.4 Ge VIc), and 8% for the particles having a momentum around 1.0 Ge VI c. 
The contamination of 7r+ makes a problem because the I;- hyperons produced via 
the (K-, 1r+) reaction can be misidentified as the:=:- hyperons. Figure 3.7 shows 
momentum spectra for various regions of the reconstructed mass. The bump 
around 1.35 GeV lc in Figs.3.7(a) and (b) corresponds to the production of the 
I;- or E(1385)- hyperons via the (quasi-free) (K-, 1r+) reaction. The large peak 
around 1 GeV lc in Fig.3.7(a) is considered to be originated mainly by the 7r+7r-
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Figure 3.7: Momentum distributions for various regions of the reconstructed mass. 
A peak originated from the K+ 's can be seen at 1.05 Ge V / c in (b) and (e) in 
addition to (c) and (d). 
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decay of K2. The 7r+ meson from the ( K-, 7r+) reaction is expected to have a 
momentum around 1.45 GeV jc if a 'E- hyperon was produced, and a momentum 
around 1.2 GeV jc if a 'E(1385)- hyperon was produced. The 'E(1385)- hyperon 
decays to 1r0 'E- with a a branching ratio of 6%. To estimate the upper limit 
of the E- contamination from the ( K-, 7r+) reaction, it is assumed that the 
misidentified 1r+'s having a momentum between 1.3 GeV jc and 1.4 GeV jc was 
associated with the 'E- production, and that the misidentified 7r+ 's having a 
momentum between 1.05 GeV jc and 1.3 GeV jc was associated with the 'E(1385)­
production. Reconstructed mass spectra for the outgoing particle like Fig.3.3 
were made both in the outgoing particle's momentum region from 1.3 GeV jc 
to 1.4 GeV /c ('E- production) and from 1.05 GeV jc to 1.3 GeV /c ('E(1385)-

/~. production). From the shape of these reconstructed mass distribution, the upper 
bound for the 7r+ contamination was estimated. The fraction against the total 
selected events was 0.3% for theE- associated events and 1.5% for the 'E(1385)­
associated events. We, therefore, set the upper limit for the 'E- contamination as 
0.4% for the K+ momentum region between 0.4 GeV /c to 1.4 GeV /c and 0.1% 
for the K+ momentum region between 0.4 GeV jc to 1.3 GeV jc. 

3.2 Selection of sopping 3- candidates by image 
data analysis 

3.2.1 Image reconstruction 

Calibration of IIT+CCD system 
Since images amplified by electrostatic liT's are distorted due to the position 

dependence of magnification (pin-hole distortion) and the fringing magnetic field, 
position calibration is necessary. We used a third-order polynomial function to 
transform the CCD coordinates value to that on the input window of the liT 
chain. That is, 

where (x,y) and (X,Y) are coordinates values on the CCD and the input window 
of the liT chain, respectively. The parameters ax, bx, , , were determined using 
a test pattern images. The images were obtained by flashing a black sheet with 
holes attached on the input window of the liT with LED. The spectrometer 
magnet was powered on during these calibration runs. Figure 3.8 shows images 
of the test pattern before and after the correction taken with a lOO<P liT system 
for the SciFi-U-block. The distortion seen in Fig.3.8(a) disappeared in Fig.3.8(b). 

Decode of "half-overlap" image 
As mentioned in Sec.2.8, when two successive data taking triggers were fired 
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Figure 3.8: Test pattern images (a) before and (b) after the correction. 
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Figure 3.9: Example of an overlap image of the right-side channel of SciFi-D­
block. (a)Original image. (b)Image after the "clean-up". 
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in two successive CCD fields timing, then three fields data were acquired. Tracks 
of the first event appear in the first two fields, and those of the second event 
appear in the last two fields. Such a "half-overlap" image can be resolved into 
two images by the following method. A single-photon image amplified by an liT 
chain appears a cluster of several bright pixels on the CCD. Out of the first two 
interlaced fields (odd and even fields), tracks of the second event appears only in 
the second field. Therefore, the vertical cluster size of the photons from the second 
event becomes just one-pixel size. By selecting clusters whose size is larger than 
one, only the tracks of the first event can be extracted for the image composed 
of the first two fields. In the same manner, only the tracks of the second event 
can be extracted for the image composed of the last two fields. We call such an 
operation as "clean-up". An example of overlap images and the image after the 
"clean-up" are shown in Fig.3.9. 

Image Reconstruction 
Fibers consisting the SciFi-detectors were pulled out from the detection vol­

ume and were connected to the liT systems in various manner (See Figs.2.19, 
2.20 and 2.22). To get the original track image at the detection volume, the 
image obtained with the CCD must be reconstructed after the calibration. By 
accumulating many calibrated images obtained during the experiment on one im­
age, the shape of each fiber-bundle or each mono-fiber sheet can be identified on 
the image. The position of each fiber-bundle and each mono-fiber sheet on the 
calibrated image was measured using these accumulated images. The reconstruc­
tion parameters were determined for each fiber-bundle or each mono-fiber sheet 
in order to reproduce the position of the fibers at the detection area in the recon­
structed image. Figure 3.10 shows the accumulated images of the left channel of 
Fiber-bundle before and after the reconstruction. 

Shown in Fig.3.ll(a) is an example of the images obtained with the SciFi-U­
block's right-side CCD. Tracks viewed from two orthogonal directions are super­
imposed in one image. After applying the reconstruction algorithm, the image 
of this event becomes as shown in Fig.3.ll(b). Production and decay of as- is 
clearly seen. More details about the reconstruction algorithm are described in 
Ref.[44]. 

3.2.2 Selection of s- stop candidates 

Among the (K-, K+) reaction events selected by the spectrometer data anal­
ysis, events in which the s- is likely to have stopped in the emulsion were selected 
using the image information from SciFi detectors to reduce the number of events 
to be analyzed with the emulsion. 

As the first step, the brightness information of Fiber-bundle were used to se­
lect the event in which highly ionizing particle passed through the Fiber-bundle. 
For both left- and right-side channels, brightness of an event was calculated by 
summing up the pulse height values of the pixels The selection criteria was de-
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Figure 3.10: Accumulated images of the left channel of Fiber-bundle before(a) 
and after(b) the reconstruction. 



3.2. SELECTION OF SOPPING:=:- CANDIDATES BY IMAGE DATA ANALYSIS53 

Original Image of U-Block-R 

. ~ 
~ 

..... 
.. . .. .. . ... . . . . ~-· . ..- ........... .--............... -... . 

. ..··· _ .. ,~ ... ~ 
~ _......,. • ~t 

. ~-- .,~_ . 
... - ·.· ..... ~. . ••..:: 

.. . . - .. ""'"'• ···-. :-- ·.... . ........ :~ ..... 

4 • 80mm 

(a) Fiber-bundle 

Reconstructed Image U-Block 

UZview 

VZ view 

(b) 

Diamond 
Target 

D-B lock 

...... : ...... · ....... -

,., .. ,; ....... · ·····• '··· ........ • .... 
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Figure 3.12: Distribution of the brightness from Fiber-bundle for 1.66 GeV /c 
K-'s (white area) and 0.45 GeV fc protons (hatched area). (a) Obtained with 
the right-side channel. (b) Sum of the brightness from the right and left side 
channels. Since the protons were degrade from 0.55 GeV /c to 0.45 GeV /c in 
the diamond target, events in which the proton reacted in the target and didn't 
penetrate Fiber-bundle distribute around zero. 

termined by comparing the brightness distribution for 1.66 GeV fc K-'s and 0.45 
GeV fc protons, which are shown in Fig.3.12. Momenta of the stopped :=:-'s in 
the emulsion were estimated to be less than 0.45 Ge V / c at Fiber-bundle from 
a Monte Carlo simulation. If both left- and right-side brightnesses are higher 
than 3000 and the sum of the two brightnesses is higher than 10000, the event is 
selected. 

For the events remained after the Fiber-bundle's brightness cut, the images 
from SciFi detectors were scanned by eyes. Firstly, the events were categorized --""' 
into six types according to it's topology, i.e. "3- decay", "H -t ~-p", "two 
A 's", "single A", "Just Kink" and "other". The topologies are illustrated in 
Fig.3.13. The events showing the topology like Fig.3.11 were categorized as "3-
decay" and were rejected. For the other events, the position of the ( K-, K+) 
vertex was checked. If it was located downstream the emulsion stack, the event 
was rejected. 

Next, it was checked whether the both two channels (Land R) of Fiber-bundle 
detected tracks other than those of the K- or K+. The track of the K- or K+ 
can be identified with the help of the guideline drawn according to the result of 
the spectrometer data analysis. If there was a proper track, a linear least-squares 
fit was applied for pixels comprising the track, where each pixel coordinate was 
weighted by its brightness. After the fit, active pixels far from the fitted line 
by 0.16 mm or more were excluded as background contributions, and the track 
was fitted again. The sum of the brightnesses of pixels comprising the track was 
calculated for each channel and if it was smaller than 3000, the track was rejected. 

Finally, the track which penetrated the emulsion stack was rejected. When it 
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Figure 3.13: Event categorization by its topology. The area surrounded by dotted 
line might be invisible due to the target or emulsion stack. 
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is not clear whether it penetrated or not, the track was not rejected. 
The selected tracks are the candidates for the tracks of the:=:- hyperons which 

stopped in the emulsion .. Some of the events have two or more tracks other than 
those of the K- and K +. In such a case, the correspondence between tracks in the 
two channels (L and R) was resolved using the brightness information when the 
brightnesses of tracks were very much different, otherwise the stereo ambiguity 
remained and all the combination of tracks in two channels were considered for 
the later analysis. Table 3.1 summarizes the result of the event selection obtained 
with the 8% image data analysis of the total data. Spectra of the K+ momentum, 
( K-, K+) vertex position in the beam direction and missing mass and missing 
momentum of the p(K- , K+)X reaction are shown in Fig.3.14 for the events 
selected by the image data analysis. The events with a momentum higher than 
1.2 GeV /c were reduced significantly. The evens with a missing mass smaller than 
1.2 GeV /c2 and a missing momentum smaller than 0.4 GeV /c were also reduced. 
This means that the events misidentified as the (K-, K+) reaction were reduced 
significantly. As discussed in Sec.3.1.2, the probability of misidentification of a 
:E- as a :=:- is less than 0.1 % in the momentum region smaller than 1.3 Ge V /c. 

According to the fit result for the track in Fiber-bundle, the position and angle 
of the track at the surface of the emulsion stack was calculated. The relative 
position between the Fiber-bundle and the emulsion mover coordinate for each 
stack was obtained from the X-ray beam described in Sec.2.6, whose position had 
been detected simultaneously by both Fiber-bundle and the thin-type emulsion. 

Table 3.1: Result of the event selection using the image data from the SciFi-
detectors. 

=7~~~~===================================== (K-, K+) reaction events 9129 
Survived the Fiber-bundle's brightness cut 48% 
Among those survived the Fiber-bundle's brightness cut 

Reaction upstream of D-block 65% 
Events with track candidates 1221 events 
Track candidates 1569 tracks 

Categorization of event topology 
Among those survived the Fiber-bundle's brightness cut 

:=:- decay 3% 
H-+ :E-p 0.2% 

two A's 0.2% 
single A 7% 

Just Kink 6% 
other 84% 
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Figure 3.14: Spectra before (white area) and after (hatched area) the event se­
lection by the image data analysis. (a) K+ momentum. (b) Vertex position in 
the beam direction. It can be seen that the events in which the reaction occurred 
in SciFi-D-block were rejected clearly. (c) Missing mass of the p(K-, K+)x re­
action. (d) Missing n1omentum of the p(K-, K+)X reaction. 



Chapter 4 

Emulsion scanning 

For the events selected by the procedure described in the previous chapter, 
tracks of:=:- candidates were searched for in the most upstream thin-type emulsion 
plates ( #1) in the area of 900 x 900~tm2 around the position predicted by Fiber­
bundle. Among about 10,000 tracks in this area, tracks having the predicted 
angle must be searched for. Total number of the events to be analyzed in the 
emulsion is about 2 x 104

. If they were scanned by human eyes, it would take very 
long time and would be difficult to maintain the efficiency. We have, therefore, 
developed an automatic track scanning system. 

4.1 Automatic track scanning system 

4.1.1 Hardware configuration 

The hardware configuration of the microscope system is shown schematically 
in Fig.4.1. Adopted as the microscope stage was NIKON L-mic NK35-2 which 
can move within a 350 mm x 350 mm area in horizontal directions. For the scan­
ning, an objective lens having the magnification of 50 (TIYODA) is mainly used. 
A personal computer acquires the pictures from a CCD camera (HAMAMATSU 
C3077) by a video board (HITACHI IP5000), which has a digitization depth of 
8 bit. The video board has abilities of image processing such as threshold sub­
traction. The stage is moved in the vertical (focusing) and horizontal directions 
by stepping motors drived by motor drivers, which are controlled via a motor 
control board on the PC. The position is measured by linear encoders, the signals 
of which are read by a parallel 1/0 board on the PC. The PC controls whole the 
system. 

Figure 4.2 shows a picture of the system. 

4.1.2 Automatic track finding 

Tracks having a definite angle predicted by Fiber-bundle were searched for 
in the thin-type emulsion plates automatically. The basic idea was proposed 
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Figure 4.1: Hardware configuration of the microscope system 
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by Nagoya group[52], which is illustrated in Fig.4.3. The focusing depth of the 
microscope is about 3 J.Lm. Thus, a picture obtained via a microscope is a to­
mographic image of about 3 J.Lm thickness. Raising or lowering the focal plane 
of the microscope's objective lens through whole emulsion depth, tomographic 
images at various depth of the emulsion can be obtained. Offset values for the 
position ( /).x, /).y) are calculated for each tomographic image in proportion to the 
specified track angle and it's depth in the emulsion. After shifting images with 
these offset values to keep the image of the track at the same position, they are 
summed up to one superimposed image. Only tracks having a same angle as the 
specified one makes a sharp peak in the superimposed image. The track having 
a specified angle can be found by finding such peaks. 

The present scanning system has been developed independently from Nagoya 
group in order to meet the requirement of our experiment. Around the posi­
tion predicted by Fiber-bundle, tracks are searched for by executing following 
procedures. 

Brightness adjustment 
Transparency of the emulsion is not uniform over the plate. In order to obtain 

constant optical condition, "brightness" is adjusted to a certain value by varying 
the voltage of the light source power supply at each position of the microscope 
stage. Since the mean brightness of pixels depends on the track density and 
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Figure 4.2: Microscope system 

contrast of the image, the "brightness" was defined as a median of the brightness 
of pixels. Due to the rather slow response of the light source, it would take a few 
seconds if it was adjusted by trying at several voltages. It was found that the 
brightness and the voltage obey following relation approximately, 

(brightness) =ax log(voltage) + b, (4.1) 

where b is a constant for the plate and a changes at different positions. Brightness 
is measured each time the microscope stage is moved. If the measured value is 
different from the prescribed one beyond the prescribed limit, the voltage is set to 
the value calculated from the above relation with the measured brightness value 
and the voltage at that time, and brightness is measured again. This procedure 
is repeated until the brightness becomes the value within the prescribed region. 

Recognition of the gel position 
As denoted in Sec.2.6, the emulsion plate was made by coating emulsion gel on 

both sides of a transparent plastic film base. Although the plates were fabricated 
very carefully, thickness of the gel or base varies by several tens of micro meter 
in a plate. Therefore, the vertical (focusing) position of the surfaces of the gel is 
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measured at each position of the stage. It is measured by varying the focusing 
position and judging whether the current focal plane is inside the gel or not. 
Because the contrast is not uniform even in one picture, simple counting of the 
number of pixels above some threshold dose not work to judge the focal plane 
position. Instead, Laplacian filter is operated to the image at that place and the 
number of pixels whose Laplacian coefficient is larger than 45 is counted. If the 
number exceeds some threshold value, it is judged that the gel is in focus. It was 
found that such a number inside the gel is at least four times as large as that 
outside the gel even for the thick-type emulsion whose contrast is much worse 
than that of the thin-type one. 

Measurement of the nearest grid mark position 
As denoted in Sec.2.6, 60 J.Lm<P marks had been printed at every grid points 

of 10 mm pitch on the plates after the beam exposure for the purpose of the 
correction of the distortion of the plates. Although the correction parameter is 
determined prior to the scanning as described in Sec.4.2.1, plates expands and 
contracts due to the change of the temperature during the scanning. Therefore, 
each time after the stage is moved a large distance (~ 10 mm), the position 
is corrected by measuring the position of the nearest grid mark. The mark is 
identified and it's position is measured by a following algorithm utilizing the fact 
that the diameter of a mark is smaller than the size of one picture. 

1. The stage is moved to the position where the mark is expected to be found 
using the correction parameter determined prior to the scanning. 
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2. A picture was taken at that position. 

3. The number of hit pixels in the picture is counted (ntota1). (A pixel whose 
brightness is lower than 60 is judged as "hit".) 

4. If ntotal is larger than 10,000, it is judged that the part or whole of the mark 
exists in the frame. Otherwise, the mark is searched at the next frame. The 
position of the next frame is determined so that the search is put forward 
in a spiral centered at the initial position. 

5. For each of four sides of the picture, number of hit pixels out of 10 rows/columns 
on that side is counted (ntop,nbottom,nleft,nright)· 

6. If both of ntop and nbottom are larger than 1,000 or both of nright and nleft 

are larger than 1,000, it is judged that big stains exists in the frame and 
the mark is searched at the next frame. 

7. The center position of the hit pixels weighted by their brightness is calcu­
lated. 

8. If at least one of ntop 1 nbottom, nleft, nright is larger than 1,000, the stage is 
moved to the center position and procedures from 2 are repeated. 

9. If ntotal is smaller than 50,000, it is judged that small stains exists in the 
frame and the mark is searched at the next frame. 

10. It is judged that the entire mark exists in the picture. The center position 
is recognized as the position of the mark. The search completes. 

Acquisition of pictures 
As described in the beginning of this chapter, images are taken at various 

depths in the gel. To shorten the time for this procedure, the images are taken 
while moving the microscope's objective lens continuously. The speed of the 
movement is determined depending on the specified angle so that a track moves 
a certain distance ( rv 20J.Lm) in perpendicular to the focusing direction while 
eight CCD frames are acquired ("" 240 ms). Because the image accumulation 
timings are different for the two fields in one frame, images at sixteen focusing 
positions are obtained. For each pixel of the images, the brightness is reversed 
so that grain spots have higher brightnesses, that is, a positive image is made 
from a negative one. Then, the brightness is subtracted by a certain threshold 
value. Pixels having lower brightnesses than the threshold are set to have a zero 
brightness. This reversal and threshold subtraction procedure is done on the 
video board in a pipe line mode, so that one frame is processed in one CCD cycle 
("" 30 ms). Sometimes, the surface of the emulsion is dirty and big stains spread 
out in the image. Normal grains made by a passage of a charge particle have a 
size of several CCD pixels. Therefore, a bright spot having a size greater than 
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8 x 10 pixels is removed from the image as a dust. The obtained field images are 
called as "original layer images" here after. 

Track finding 
In the actual scanning of thin-type emulsion plates, tracks had to be searched 

for in the angular region (tan 0) of ±0.1 around a specified value. The angular 
region which can be searched by the one procedure depends on the grain size, 
CCD pixel size, focusing depth and scanning depth. The scanning depth in one 
procedure is limited the size of one picture. With our emulsion and CCD camera, 
the angular region to be searched in one procedure is about ±0.04. In order to 
search for tracks in the angular region of ±0.1 quickly, a following method was 
adopted. 

1. Monochromatic (0 or 1) images with worse resolution are made from the 
original layer images by summing every 6(H) x3(V) pixels into one pixel. 
(Already, the vertical resolution is twice worse for a field image.) When at 
least one out of 6(H) x3(V) pixels has non-zero brightness, the correspond­
ing pixel on the coarse layer image is set to one. These images are called 
as "coarse layer images". 

2. A superimposed image is made with the first four coarse layer images af­
ter shifting each image with the offset value calculated from the predicted 
angle. On that image, pixels having at least two hit layers are selected as 
candidates for the track. 

3. The angular region of ±0.1 around the predicted value is divided into 5x5 
regions. For each angular region, new offset values are calculated using 
the center value of that region. A superimposed image is made with these 
offset values by summing the image obtained in the procedure "2" and 
the remaining 12 coarse layer images. If the pixel selected by the above 
procedure has a value larger than some threshold on this new superimposed 
image, then it is selected as a candidate for the track. The threshold is set 
depending on the angle. Typical value is 12 layers. 

4. Among the selected pixels in the procedure 3, the adjacent pixels are clus­
terized. 

5. For each of the cluster, the corresponding pixels on the original layer images 
are selected. If the brightness sum of these pixels exceeds some threshold 
value, the cluster is selected as a candidate. If the sum is larger than a 
certain value, the cluster is rejected as a background due to stains in the 
emulsion. 

6. For each of the original layer images, the hit pixels around the cluster 
center are selected and the center position is calculated as the median of 
the position of pixels weighted by their brightnesses. 
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7. The position and angle of the track are obtained by applying a linear least­
squares fit for the track center positions against the emulsion depth both 
in two (X and Y) directions. If the x-square is larger than some threshold, 
it is rejected as a misidentification. 

Typically, it takes about 0. 7 ms to search for tracks at one position. For 
one prediction made by Fiber-bundle, about 3.5 minutes is necessary to scan a 
900 x 900JLm2 area in the thin-type plates. 

4.2 Calibration 

4.2.1 Correction of distortion 

The emulsion plates were distorted during development process. Especially 
the thick type plates have very large distortion. For the purpose of the correction 
of this distortion, 60 JLm<P marks had been printed at every grid points of 10 mm 
pitch on the plates after the beam exposure, as denoted in Sec.2.6. Figure 4.4 
shows an example of the distortion of a thick-type plate measured using the grid 
marks, where the displacement from the original position was magnified by 100 
times. The distortion was corrected by the bilinear interpolation, the parameter 
of which was determined by measuring the positions of marks on every grid points 
of 20 mm pitch. In order to evaluate the correction, we measured the positions 
of other grid marks on every grid points of 20 mm pitch which were not used to 
determine the correction parameters. After the correction, the displacement from 
the original positions was reduced to less than 40 JLm. For each of the plates, the 
correction parameters are measured in prior to the scanning. However, as denoted 
in Sec.4.1.2, the position of grid marks are measured also during the scanning 
because plates expands and contracts due to the change of the temperature. 

4.2.2 Relative position between plates 

The relative position between the most upstream plate ( #1) and the next 
plate ( #2) was determined with the X-ray marks at the four corners of the plates. 
The X-ray marks are measurable only on the plate #1 and #2. For other plates, 
the relative position was determined by connecting tracks of charged particles 
in two successive plates. The size of one image viewed with the 50x objective 
lens is 124 x 110 JLm2 . Therefore, the relative position between plates has to be 
determined within the accuracy of ±50 JLm. This accuracy was achieved by a 
following method. Firstly, tracks are searched for in the angular region around 
0.3 (tan B) in the upstream plate, manually. Three tracks are selected at every 
four corners of the plate. Then the tracks are searched for in the just downstream 
plate automatically. By checking the position relation between these three tracks, 
the real tracks are selected among the several candidates at each corner. From the 
displacements at four corners, the relative position parameters are determined. 
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Figure 4.4: Example of the distortion of a thick type emulsion plate. The white 
circles represent the original position of the grid marks. The black circles repre­
sent the positions of grid marks after the development. The displacement from 
the original position was magnified by 100 times so that it can be seen clearly. 

4.3 Automatic scanning on the plate#l and #2 

The search condition (900 x 900 J-Lm2 area around the predicted position and 
-0.1 < ~ tanB < 0.1) for the thin type plate (#1) was determined by connecting 
sample tracks. The detail about the connection of sample tracks are described in 
Appendix A. The 900 x 900 J.tm2 area around the predicted position in the plate 
#1 is divided into regions of about one picture size ( /"'.J 110 x 90J.Lm2

). The size 
of the region is changed slightly depending on a predicted angle. At each region, 
tracks having the predicted angle are searched for in the upstream side gel by the 
automatic scanning system. Once a track is found in the region, the system tries 
to find the corresponding track in the downstream side gel. If it has found the 
track, it is accepted as a track candidate. For the track candidates found in the 
plate#1, corresponding tracks are searched for at the surface of the next plate 
(#2) by the automatic scanning system. The searched region is 200 x 200J.Lm2 

around the expected position and ±0.06( tan B) around the angle measured in the 
plate #1. When the candidate has a corresponding track, it is accepted as a track 
candidate. At this stage, there still remains misidentified tracks ( 11%) mainly 
due to stains in the emulsion. Therefore, the selected track candidate in the plate 
# 1 is checked by human eyes to judge if it is really a track. 
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Multiple track candidates are found for each prediction by Fiber-Bundle. Fig­
ure 4.5 shows the multiplicity of track candidates for various prediction angles, 
which was obtained from the result of scanning on 6 emulsion stacks. 
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Figure 4.5: Multiplicity of track candidates for various prediction angles. The 
histogram is obtained from the result of scanning on 6 emulsion stacks. 

4.4 Semi-automatic track scanning 

The events selected by the automatic scanning on the plate#l and #2 were 
scanned in the remaining plates by the automatic scanning system supported by "'\, 
the human eyes check. The track of a heavily ionizing particle such as the :=:-'s 
in our experiment is deflected easily by the multiple scattering. Therefore, the 
finding efficiency of tracks by the automatic scanning system is not sufficiently 
high. For example, even if the efficiency is as high as 95% for one plate, the 
total efficiency becomes only 57% for a track of a particle which had reached the 
last plate. The track is searched for by the automatic scanning system at four 
or six depths of the thick type emulsion from upstream side, and every time the 
scanning result is checked by human eyes. For tracks with tan B < 0.4, they are 
searched for at four depths, and other tracks are searched for at six depths. The 
searched region is 100 x 100J.tm2 around the expected position and ±0.06(tan 0) 
around the angle measured at the previous search. It was found that the finding 
efficiency at each depth is 90% on the average. Figure 4.6 shows the angular 
distribution for the measured tracks and angular dependence of the inefficiency 
of the automatic scanning system. 

When the track have reached a vertex, it is categorized into following types 
according to it's topology. 
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Figure 4.6: ( a)Anguler distribution of the measured tracks. (b) Angular depen­
dence of the finding inefficiency of the automatic scanning system. 

• a-stop : At least one evaporation track from the stopping point. 

• decay: Decaying into a gray track (1r-) (and an invisible A). 

• p-stop : No evaporation track from the stopping point. 

• SI : Reaction without a beam track. 

• BI : Reaction with a beam track. The track of the beam particle can be 
identified as a track which is parallel to the focusing direction. 

• other 

The a-stop and p-stop events are the candidates for:=:- stopping event. However, 
for the p-stop events, it is impossible to distinguish :=:- stopping from proton 
stopping unless an Auger electron is emitted from the stopping point. Whether 
the particle has stopped or not is judged by the thickness and deflection of the 
track. When the vertex type is not clearly determined, it is categorized into two 
or more types. 

4.5 Result of the scanning 

Until now, 6% of the total emulsion has been scanned. The result of the 
categorization of the found vertices is summarized in Table 4.1. In the table, the 
number of vertices categorized uniquely to "a-stop" or "decay" is listed as "unique 
a-stop" or "unique decay". Main part of the events categorized to both "a-stop" 
and "SI" is composed of the events in which the traced track has a topology of a 
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Table 4.1: Result of the categorization of the vertices found in the emulsion. 
event 942 

predicted track 1183 
tracks found in emulsion 2088 

a-stop 87 
decay 38 
p-stop 774 

SI 148 
BI 195 

other 187 
unique a -stop 42 
unique decay 30 

Hyper-Fragment like 7 
Hyper Fragment 6 

scattering unique before stopping. The number of the :=:--origin a-stop events is 
close to "unique a-stop". although precise evaluation of the vertices is necessary 
to determine the accurate number. The expected number of:=:- stopping events 
for the scanned emulsion is about 60 from a Monte Carlo simulation based on 
the E176 result. According to the result of E176[53], 67% of the:=:- stopping has 
a topology of a-stop. Therefore, the expected number for the :=:--origin a-stop 
events is 40. This is consistent with the number of the obtained "unique a-stop" 
events. Figure 4. 7 shows spectra of the outgoing K+ momentum and missing 
momentum assuming the p( K-, K+) reaction for the "unique a-stop" events. As 
expected from the kinematics, the a-stop events have rather high K + momentum 
and low missing momentum. 

The "Hyper Fragment-like" in Table.4.1 is the event in which two or more ver­
tices seems to be included, but with the limited resolution of the microscope, the 
separation of the vertices is not clear. For "Hyper Fragment", the two or more ver­
tices are separated clearly. In the E176 experiment, 11 "Hyper Fragment" events 
were observed among the 78 :=:- stopping events[53]. The number of presently 
obtained "Hyper Fragment" is consistent with the E176 result. Among the six 
"Hyper Fragment" events, one twin single-A hypernuclei event and one double-A 
hypernucleus have been found. These events are described in detail in Chapter 6 
and Chapter 7. 
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Figure 4.7: Spectra of (a) outgoing K+ momentum and (b) missing momentum 
assuming the p(K-, K+) reaction. White areas represent the spectra for the 
events remained after the analysis of the image data from the scifi-detectors. 
Hatched areas represent those for the "unique a-stop" events. 



Chapter 5 

Range and energy measurement 
with emulsion 

5.1 Range-energy calibration 

Kinetic energy of a particle stopped in the emulsion was determined from it's 
range by the range-energy calculation package SRI M2000[54]. SRI M2000 calcu­
late ranges at various energies, given the composition and density of the material. 
Although the density of the emulsion gel can be determined from the volume size 
and weight measured before and after the beam exposure, the accuracy is not 
sufficient. Therefore, the calibration for the range-energy relation in the emul­
sion was made using the decay-chain of 228Th which is naturally contaminated in 
the emulsion gel. The 228Th has following two decay-chains, 

228Th(1.91y) ~ 224Ra(3.66d) +a(5.423Me V) 

-!-
220 Rn(55.6s) +a(5.7MeV) 

.J, 
216Po(O.l5s) +a(6.3MeV) 

.J, 
212Pb(10.64h) +a(6.3MeV) 

.J, 
212Bi( 60.6m) +(3-

.J, 
212Po(0.3J.ts) +(3-

.J, 
208pb +a(8. 785Me V) 
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228Th(l.91y) --+ 224 Ra(3.66d) +a(5.423MeV) 

{. 
220Rn(55.6s) +a(5.7MeV) 

{. 
216Po( 0 .15s) +a(6.3MeV) 

{. 
212Pb(10.64h) +a(6.3MeV) 

{. 
212Bi(60.6m) +{3-

{. 
208Tl(3.053m) +a(6.1MeV) 

{. 
208pb +{3-

These decay-chains are easily distinguished in the emulsion from it's topology. 
They have five tracks with the ranges around 40J.tm. Among a-particles emitted 
from the 228Th's decay-chains, only that from the 212 Po's decay has the kinetic 
energy larger than 8 MeV and it's range is the longest among five tracks. On the 
other hand, because the lifetime of 224Ra is much longer than others, the emission 
point of a particle from the 228Th's decay is separated from others. The track of 
a particles from the decays of 212Po and 228Th were used for the calibration. The 
228Th's decay-chains were searched for in the downstream-side gel of mod#13-
plate#5 in which the twin-hypernuclei event was found and the upstream-side 
gel of mod#16-plate#6 in which the double-A hypernucleus was found. Figure 
5.1 shows a picture of one of the Th's decay-chains. For each of the decay-chains, 
the length of the track for a from the decay of 212 Po or 228Th was measured in 
the x, y and z direction, where z is the focusing direction of the microscope. The 
range of the track, R, is expressed as, 

(5.1) 

with ~x, ~y and ~z as the lengths in the x, y and z direction respectively. The 
S is the shrinkage factor for the emulsion gel, defined by the ratio of the original 
thickness of the plate to the thickness at the measurement. Typical value of S is 
2.0. 

Figures 5.2(a) and 5.3(a) show the scatter plots for the measured ~z2 versus 
(~x2 + ~y2 ) in mod#13-plate#5. The mean range of 48.4J.tm for the a from 
212Po and 23.6J.Lm for that from 228Th were obtained by the linear least squares 
fit to the plots. With SRI M2000, the density of the emulsion gel which gives 
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Figure 5.1: Photographic image of a 228Th's decay chain. One can see four tracks 
emitted from one point and one isolated track. 

the range of 48.4ttm for the 8.785 MeV a particle or the range of 23.6J,trn for the 
5.423 MeV a particle are 3.548 gf cm3 or 3.543 g/ cm3 . The values are in good 
agreement, justifying the validity of SRI M2000. 

Plotted in Figs.5.2(b) and 5.3 are distributions for the ranges calculated using 
Eq.5.1 with the shrinkage factor obtained by the linear least squares fit. Only 
the data indicated by the black circles in Fig.5.2(a) were used for Fig.5.2(b). 
From these distributions, the error for the mean ranges were estimated. They 
are 0.26 J.Lm for the 212Po decay and 0.15 J.Lm for the 228Th decay. It is, therefore, 
concluded that the accuracy of the obtained range-energy relation is 0.6%. The 
density deduced from the measurement on the weight and volume of the emulsion 
plate was 3.60±0.07 gfcm3 , which is consistent within the error with the density 
derived from the range-energy relation. 

In the same way, for mod#16-plate#7, the mean ranges of 47.7 J.Lm for the 
8.785 MeV a particle and 23.3 J.Lm for the 5.423 MeV a particle were obtained, 
giving a emulsion density of 3.60±0.02 g/ cm3

. 
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Figure 5.2: Result of the range measurement of a particles from the 212 Po decays. 
(a)Scatter plot for the measured .6.z2 versus (.6.x2 + .6.y2 ). Here .6.x, .6.y and .6.z 
are the length of the track in the x, y and z direction, respectively. (b )Distribution 
for the ranges calculated with the shrinkage factor obtained from (a). Only the 
data indicated by the black circles in (a) were used. 
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Figure 5.3: Result of the measurement of a particles from the 228Th decays. The 
definition of figures is same as those of Fig.5.2. 
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5.2 Error of the measured energy 

The error of the kinetic energy comes from the errors in the range measure­
ment, the range-energy relation and range straggling. The error of the range­
energy relation is 0.6% as denoted in Sec.5.1. 

5.2.1 Range measurement 

The length of a track is measured by pointing the track's edges on a computer 
display with a mouse device. By pointing a same grain several tens of time, the 
r.m.s error of the measurement of grain position was estimated to be 0.25J.Lm in 
the direction parallel to the plate and 0.26 J.Lm in the focusing direction. They 
are the origin of the error in the measurement of a track length. The position 
of a track in the direction perpendicular to the track can be determined more 
precisely by extrapolating the track. To obtain the range, the shrinkage factor 
must be multiplied to the length in the focusing direction. The shrinkage factor 
was calculated from the ratio of the thicknesses of the plate at the exposure time 
and at the measurement. The r.m.s error of the thickness measurement was 17 
J-Lm, giving the error of 1. 7% for the shrinkage factor. 

5.2.2 Range straggling 

As the range straggling of proton, values from a past calculation was used(55]. 
For other particles, it was calculated from the value for proton using the relation[ 55], 

LlR(T) = LlR, ( T · ~) x {I; x ( ~) 
2 

(5.2) 

Here ~R(T) is the range straggling of a particle having a mass M, a charge Z and ,0 

a kinetic energy T. Those with a subscript pare the values for proton. The r.m.s 
error of kinetic energy due to the range straggling is less than 1.5% for proton 
with a momentum from 1 to 1000 MeV. 

For the 8.79 MeV a particle from 215Po's decay and 5.42 MeV a particle 
from 228Th's decay, range straggling is calculated to be 0.63 J.Lm and 0.32 J-Lm, 
respectively. These are consistent with the widths of the measured distributions 
for the range in Figs.5.2 and 5.3 using a value of 0.25 x v'2 J.Lm for the measurement 
error. 



Chapter 6 

Twin A-hypernuclei event 

We have found one "twin-hypernuclei" event involving the emission of two 
single-A hypernuclei and a nuclear fragment from a :=:- hyperon stopping point. 
In this chapter, details about the event and its analysis are described. 

6.1 Description of the event 

A :=:- hyperon was produced in the diamond target in conjunction with a 
K+ meson of momentum 1.10 GeV /c. The reconstructed mass of the K+ meson 
is 0.483 GeV /c. The:=:- hyperon left the diamond target and went through the 
fiber-bundle detector into the emulsion stack. Eight tracks were found in the most 
upstream emulsion plate and traced. Among them, one track shows the topology 
of twin single-A hypernuclei emission at the capture point after traversing about 5 
mm in the emulsion. A large angle deflection near the capture point was observed 
for this track. Figure 6.1 shows the reconstructed image from SciFi-detectors. No 
track except for that of the outgoing K+ 's was observed in the image, meaning 
that no charged particle left the emulsion and went into them in this event. 

Figure 6.2 shows a picture and a schematic drawing of the event. It was 
obtained by summing up images taken at various focusing depths of the micro­
scope. To obtain a better position resolution a small area (15 mmx 15 mm) of the 
emulsion plate, centered on the event, was cut and swollen by water and sugar 
mixture to the original thickness before development. It was sliced to a tiny piece 
of 0.5 mm width to view from an orthogonal direction. The:=:- was captured by 
a nucleus at point A. Three charged particles (track #1, #2, #3) were emitted 
from point A. Track#1 shows the topology of a decay into three charged particles 
at point B. Track#2 also shows a topology of a decay into two charged particles 
at point C. Table 6.1 summarizes the ranges and the emission angles of these 
tracks. 

The ranges were measured prior to swelling the emulsion. The effect on the 
measurement of the angles by any distortion introduced by swelling was checked 
and found to be negligible within the quoted errors. A particle (track #4) emitted 
from point B traveled 12.514 mm before stopping. It is identified as a 1r- meson 
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Figure 6.1: Reconstructed image obtained with the SciFi-detectors. The two 
figures in the right side are magnified images from Fiber-bundle. The dotted 
lines represent tracks of the incident K- and outgoing K+ obtained with the 
spectrometer data analysis. 
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Figure 6.2: Picture and schematic drawing of the event viewed from the vertical( a) 
and the horizontal(b) direction. In (b), gray tracks consisting of separated grains 
are represented by dashed lines. 
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Table 6.1: Ranges and emission angles of the tracks. Angles are expressed by a 
zenith angle (B) and an azimuthal angle ( ¢) in respect to the angle perpendicular 
to the plate. For track#4 and #7, the ranges in an acrylic base were converted 
to those in the emulsion. 

Track # range (J.Lm) (} (degree) ¢ (degree) 
point A #1 19.1 ± 0.4 113 ± 7 262 ± 7 hypernucleus 

#2 5.2 ± 0.5 66 ± 7 97 ± 8 hypernucleus 
#3 23.0 ± 0.4 66 ± 3 78 ± 2 

pointB #4 12517 87.14±1.2 48.19±1.2 7r-(26.5MeV) 
#5 286 ± 4 150.0 ± 1.0 153.1 ± 1.2 
#6 7. 7 ± 0.6 40 ± 4 265 ± 4 

point C #7 2: 14884 88 ± 1.5 257.1 ± 0.7 p(2: 64 MeV) ·~ 

#8 8.8 ± 0.4 77 ± 5 81 ± 3 

from a measurement of its ionization and the observation of a track of a charged 
particle emitted from its stopping point. A particle (track #7) emitted from point 
C traversed more than 14mm and was lost at the acrylic base of the emulsion 
plate. The grain density of this track near point Cis 1.51±0.06 times larger than 
that of track #4 near point B. From the ionization and the lower limit of the 
range, the particle of track # 7 was identified as a proton. 

6.2 Reconstruction of the event 

As denoted in Sec.5.1, once the particle species has been assigned to a track, 
the kinetic energy can be calculated by means of a range-energy relation. A 
package "SRIM2000" [54] was used to calculate a kinetic energy from a range. ~. 

The event is interpreted as containing two single-A hypernuclei originating 
from the reaction:=:-+ p-+ A+ A after the:=:- absorption. Track #1 is a single­
A hypernucleus which decayed mesonically at point B. Since the Q-value of the 
reaction is 28.2 MeV, only light hypernuclei are capable of traversing the length 
of track #1(19.1J.Lm) from this energy release. Hence mesonic decay modes with 
three charged particles were examined for all known hypernuclei whose masses are 
lighter than l80. For each decay modes, the total kinetic energy was calculated 
by assigning the particle species to each track. Listed in table 6.2 are mesonic 
decay modes whose Q-value is large enough to account for the sum of the kinetic 
energies of charged decay products (Evisi)· For the decay modes with no neutron, 
the momentum sum of three charged particles (Psum) must be zero within the 
error. For the modes with a neutron, the kinetic energy of the neutron was 
calculated using momentum balance for the charged particles. The total kinetic 
energy of charged particles and a neutron (Etotal) was compared with the Q-value. 
Only ~He and ~He were found to be acceptable for track #1 candidates. The 
particle of track #2 decayed in a non-mesonic mode and its species cannot be 
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Table 6.2: Decay modes for track #1 whose Q-value is large enough compared to 
the visible energy(Evisi)· Here Evisi and Psum are the sum of the kinetic energy 
and momenta of three charged particles, respectively. Etotal is the total kinetic 
energy of decay particles. 

Decay mode Q (MeV) 
xH--+ 1r- + p + p + n 35.49 
~H-+ 1r- + p + d 37.71 
~H-+ 1r- + d + p 37.71 
AH-+ ?T- + p + t 35.80 

A He-+ ?T- + p+3 He 35.45 
~He-+ ?T- + p+ 4 He 34.72 

~He-+ 1r- + p+4 He+n 34.56 
~He-+ ?T- + d+4 He 36.78 

~He-+ ?T- + t+4 He+n 38.64 

Evisi (MeV) 
33.8±0.5 
33.9±0.5 
35.8±0.5 
34.0±0.5 
35.3±0.5 
35.4±0.5 
35.4±0.5 
37.5±0.5 
39.0±0.5 

assigned from its decay topology. 

Psum (MeV /c) 
95.6±2.2 
76.7±2.7 
152.8±2.5 
67.8±3.2 
23.0±5.0 
13.0±8.7 
13.0±8.7 
63.1±6.0 
120.9±6.0 

Etotal 

38.6±0.7 
33.9±0.5 
35.8±0.5 
34.0±0.5 
35.3±0.5 
35.4±0.5 
35.5 ±0.6 
37.5±0.5 
46.7±1.3 

rejected 
rejected 
rejected 
rejected 
rejected 

acceptable 
acceptable 

rejected 
rejected 

We assert that the :=:- hyperon was absorbed by a light nucleus (12C (, 13C), 
14 N or 160) in the emulsion for the following reasons. The kinetic energy of the 
track #1 particle is 5.0 MeV or 5.2 MeV in the case of ~He or ~He, respectively. 
With these values they are very unlikely to escape through the Coulomb barrier 
of a Ag or Br nucleus. This is true even if the hypernucleus of track#1 is lighter 
than ~He. Furthermore the absence of Auger electrons also supports this. 

Table 6.3 summarizes the decay modes from :=:- + 12C/13C/14N/160 to two 
hypernuclei and a non-strange nucleus. For each of these modes, the total kinetic 
energy of three nuclei was calculated from the measured ranges and was compared 
with the Q-value. Only two decay modes, 

:=:- + 14 N -+ ~He+~ He+4 He+ n, 

:=:- + 14 N -t ~He+~ He + 4 He, 

have Q-values either larger than or equal within errors (three standard deviations) 
to the calculated total kinetic energy. Again, only ~He or ~He is acceptable as 
the hypernucleus for track #1. It should be noted that neither ~He nor ~He 
has any excited states which can decay via gamma emission. Therefore, there 
is no uncertainty arising from excited states. For each of these three modes, 
the total momentum of the three nuclei was calculated. The results are summa­
rized in table 6.4. For the modes :=:-+ 14N-t~He(#l)+~He(#2)+4He(#3) and 
:=:-+ 14N-t~He(#l)+~He(#2)+4He(#3), the sum of the momenta of the three 
nuclei deviates from zero by 10 and 6 standard deviations respectively. 

We conclude, therefore, that this event can be assigned as 

:=:- + 14 N -+~ He(#l) +~ He(#2) + 4 He(#3) + n. 

The binding energy of the:=:- is then calculated to be -2.6 ± 1.2 MeV. Here 
the quoted error is one standard deviation. The negative binding energy would 
correspond to an unbound state, however within the error bar it is certainly 
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Table 6.3: Decay modes for :=:- + 12C/ 13C/ 14N / 160 in which two hypernuclei and 
a nucleus are emitted. Minimal total kinetic energy is obtained as 3.5 MeV 
assuming the decay particles as 1 H ( # 1), 1 H ( #2) and p( #3) . For each of the 
modes whose Q-value exceeds 3.5 MeV, minimal total kinetic energy of the mode 
is calculated as the sum of the kinetic energy of three charged particles assuming 
the track #1 particle as the lighter A-hypernucleus of the mode. The value is 
quoted on the 4th column. Comment "rejected" on the 5th column means that 
the minimal total kinetic energy of the mode exceeds the Q-value. 

Target nucleus Decay mode Q (MeV) Em in (MeV) 
12C ~H+~He+4He 6.30 8.79±0.20 

~He+~He+d + n 1.12 
~He+~He+t 7.38 8.53±0.20 
~He+~He+d 1.28 

~H+~He+4He+n 1.35 
1H+~He+4He 1.51 
~He+~ He+t + n 2.43 
~He+~He+t 2.59 
XH+~Li+4He 0.27 
1 H +l0 Be+p 1.37 

~He+~He+4He+n 14.69 8.53±0.20 
~He+~He+4He 14.86 11.83±0.23 
~He+~Li+t 1.04 

~He+~Li+p + n 1.03 
~He+~Li+d 3.26 
~He+1Li+p 4.76 8.62±0.31 
~He+~ Li+p 1.19 

1H+1Be+4 He 2.64 
~He+~He+7Li 2.69 
~He+~Li+4He 6.37 12.65±0.33 
~He+1Be+t 3.72 
~He+l0Be+d 3.72 

rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 

rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 

Table 6.4: Decay modes to two hypernuclei (track #1 and #2) and one nucleus 
(track #3) whose Q-value is larger than or equal to the visible energy (Evisi)· 
Here Evisi and Psum are the sum of the kinetic energy and momenta of three 
nuclei, respectively. Etotal is the total kinetic energy of decay particles. 

Target track #1 #2 #3 #of Q Evisi Psum 

nucleus neutrons (MeV) (MeV) (MeV /c) 
12C ~He ~He t o 7.38 7.84±0.25 30±33 
14N ~He ~He 4 He 1 14.70 11.89±0.21 101±9.8 
14N ~He ~He 4 He 0 14.86 11.85±0.21 111±11 
14N ~He ~He 4He 0 14.86 12.08±0.21 76±12 

Etotal 
(MeV) 

7.84±0.25 
17.3±1.2 

11 .85±0.21 
12.08±0.21 
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consistent with a capture from an atomic, i.e. bound level. The species of the 
:=:--atom and the fragmentation products are uniquely identified for the first time 
for twin-hypernuclei events. 



Chapter 7 

Double-A hypernucleus event 

Sequential weak decay of a double-A hypernucleus was found at the stopping 
point of a:=:- hyperon. In this chapter, details about the event and its analysis are 
described. The result is compared with past experimental results and theoretical 
calculations. 

7.1 Description of the event 

A :=:- hyperon was produced in the diamond target in conjunction with a 
K+ meson of momentum 1.14 GeV /c. The reconstructed mass of the K+ meson 
is 0.501 GeV /c2

. The :=:- hyperon left the diamond target and went through 
the fi her-bundle detector into the emulsion stack. Two tracks were found in the 
most upstream emulsion plate and traced. Among them, one track shows the 
topology of a production and sequential weak decay of a double-A hypernucleus 
after traversing about 7 mm in the emulsion. A large angle deflection near the 
capture point was observed for this track. Figure 7.1 shows the reconstructed ,~ 
image from SciFi-detectors. No track except for the outgoing K+ was observed 
in the image, meaning that no charged particle left the emulsion and went into 
them in this event. 

Figure 7.2 shows a picture and a schematic drawing of the event. It was ob­
tained by summing up images taken at various focusing depths of the microscope. 
Figure 7.3 shows photographs of the event at various focusing position. 

To obtain a better position resolution, a small area of the emulsion plate, 
centered on the event, was cut and swollen to the original thickness before devel­
opment, and was sliced to a tiny piece of 0.5 mm width in the same manner as 
the twin-hypernuclei event. The :=:- was captured by a nucleus at point A. Two 
charged particles (track #1, #2) were emitted from point A. The two tracks are 
collinear within the measurement error. Track#2 shows the topology of a decay 
into one charged particle(track #3) ( and neutral particles) at point B. Track #3 
shows the topology of a decay into two or three charged particles (#4,#5,(#6)) 
at point C. Because the width of the first half of track #5 is rather thick, there 
may exist one more track parallel to track #5. This possible track was assigned 
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Figure 7.1: Reconstructed image obtained with the SciFi-detectors. The two 
figures in the right side are magnified images from Fiber-bundle. The dotted 
lines represent tracks of the incident K- and outgoing K+ obtained with the 
spectrometer data analysis. 
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Figure 7.3: Photographs of the event viewed from the vertical direction ((a)) and 
a horizontal direction ((b),(c) and (d)). (a) The:=:- capture point and the track 
of the double-A hypernucleus are in focus. (b) The :=:- capture point is in focus. 
(c) The track of the double-A hypernucleus is in focus. (d) The track of the 
daughter single-A hypernucleus and it's decay product (#5) are in focus. 

• 
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Table 7.1: Ranges and emission angles of the tracks. Angles are expressed by a 
zenith angle (B) and an azimuthal angle ( ¢>) in respect to the angle perpendicular 
to the plate. For track#4, the range in an acrylic base was converted to that in 
the emulsion. Track #6 is a possible track whose existence was not well identified. 

point A 

point B 
point C 

Track # range (J.Lm) (} (degree) ¢> (degree) 
#1 287.0 ± 1.9 57.7 ± 1.1 159.38 ± 0.48 
#2 4.2~8:5~ 124.5 ± 5.1 343.2 ± 3.5 double-A hyp. 
#3 3.7~8:f 32.6 ± 7.8 145 ± 10 
#4 23575 94.17 ± 0.40 209.83 ± 0.25 p( > 84 MeV) 
#5 11.3 ± 0.7 9.4 ± 3.4 341 ± 20 
(#6 8.4 ± 0.7 7.2 ± 2.5 21 ± 19) 

as #6. Table 7.1 summarizes the ranges and the emission angles of these tracks. 
The ranges were measured prior to swelling the emulsion. The effect on the mea­
surement of the angles by any distortion introduced by swelling was checked and 
found to be negligible within the quoted errors. Because the range of track #2 
is very important, it was measured several times by three people and the most 
probable value and an upper-limit and lower-limit was determined. The quoted 
r.m.s error was determined from the upper- and lower-limit. The reason why the 
error in the ( +) direction is larger than that in the (-) direction is because the 
:=:- particle seems to have turned to the ( +) direction before stopping and the 
stopping point has larger uncertainty in the ( +) direction. A particle (track #4) 
emitted from point C traveled 23575 J.Lm before stopping. It is identified as a 
proton from a measurement of its ionization and the range. 

7.2 Reconstruction of the event 

Again, once the particle species has been assigned to a track, the kinetic 
energy can be calculated by means of a range-energy relation using the package 
SRIM2000. 

A possible interpretation of the event other than the production and sequential 
decay of a double-A hypernucleus is a production and scattering of a single­
A hypernucleus on an Ag or Br nucleus. Due to the Coulomb barrier, only 
the Rutherford scattering was possible. However, the probability to occur a 
backward-scattering in 5 J.Lm in emulsion was calculated to be less than 1 x 10-4 , 

which is negligible considering the production rate of single-A hypernuclei and 
double-A hypernuclei. Therefore the event is interpreted as containing a double­
A hypernucleus originating from the reaction :=:- + p --7 A+ A after the :=:­
absorption. We assert that the :=:- hyperon was absorbed by a light nucleus (12C, 
14 N or 160) in the emulsion because a track of a short range of 4.2 J.Lm exists. 
The energy of this particle is insufficient to surmount the Coulomb barrier of the 
heavy emulsion nuclei (Ag, Br). The absence of Auger electrons also supports 
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this. 
Because track#1 and track#2 is collinear within the error, we first consider 

the case of a two-body decay from the :=:- capture. By assuming the nuclide of 
the target nucleus (12 C, 14N or 160) and that of track #1 particle (p, d, t,3He,4 He, 
etc), the nuclide of the double-A hypernucleus is determined uniquely for each 
assumption. From the energy conservation, there is a relation, 

(7.1) 

where M 2 -, Mtarget, M 1, M 2 are masses of the :=:- hyperon, target nucleus and the 
track#1 and track#2 particles, respectively. The B2 - is a binding energy of the 
:=:- hyperon when the capture and fragmentation occurred. The T1 and T2 are 

.~. the kinetic energies for the track# 1 and track#2 particles, respectively. From 
the momentum conservation, the momentum of track#2 particle is same as that 
of the track#1 particle. Hence, 

(7.2) 

where p is a momentum of track#1 particle. From Eqs. 7.1 and 7.2, the mass of 
the double-A hypernucleus are determined as, 

(7.3) 

The kinetic energy T2 is determined from M2 using Eq. 7.1. Actually, T2 is almost 
independent of B2 - if B2 - is very small compared to M 2 , which is true even if the 
:=:- was absorbed from the:=:--nuclear state. The double-A hypernucleus might be 
produced in an excited state and emit a (-ray immediately after the production. 
In that case, only the mass of the ground state double-A hypernucleus differs from 
M2 obtained with Eq.7.3, but the kinetic energy is almost same as T2 because 
the 1 can carry out only a small momentum. 

Possible two-body reactions following the:=:- capture at rest to form a double­
A hypernucleus and one charged particle having a range of track# 1 are listed 
in Table 7.2. The mass of the possible double-A hypernucleus was calculated 
assuming that the double-A hypernucleus was produced in the ground state and 
that B2 - = 0. The binding energy (BAA) and interaction energy (6.BAA) of AA 
defined as Eq.l.6 are calculated from the mass. From the comparison of the range 
of the double-A hypernucleus calculated from the kinetic energy obtained with 

. Eq.7.3 with that measured in the emulsion, some of the reactions in Table 7.2 can 
be rejected. However the range-energy relation for multiply-charged particles at 
very low energy is not well known. Ziegler et al. estimated that the accuracy of 
the calculation by SRI M2000 for the ion ranges in silicon is 9%[56]. Heckman et 
al. measured the range-energy relation for C, N, 0, N e and Ar ions in emulsion 
[57]. The measured range for 4.0 MeV 12C deviates from the calculation by 
SRI M2000 by 9%. Therefore, the following condition was applied, 

(r- 3 x a~-)) x 0.9 <calculated range< (r + 3 x a~+)) x 1.1, 
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Table 7.2: Possible reactions following the :=:- capture at rest to form a double­
A hypernucleus and one charged particle having a range of track#l. The BAA 

and /1BAA were calculated from the mass of the double-A hypernucleus assuming 
that the double-A hypernucleus was produced in the ground state and the binding 
energy of:=:- (Be-) was zero. The 11BAA is not quoted if the binding energy of the 
corresponding single-A hypernucleus is not known. The T2 is the kinetic energy 
of the double-A hypernucleus. The expected range is a calculated range from 
T2 using the range-energy relation. The reactions in which the expected range 
exceeds 10 J.Lm are not listed. The quoted errors for BAA do not include the error 
originated from the uncertainty of the mass of the :=:- hyperon (0.13 MeV). 

Target #1 #2 BAA !::l.BAA T2 (MeV) expected 

p 12 Be AA 
d 11 Be AA 
t 10 Be AA 
p 14 B 

AA 
d 13 B 

AA 
t 12 B 

AA 
3He 12 Be AA 

p 16 c 
AA 

d 15 c 
AA 

t 14 c 
AA 

3He 14 B 
AA 

4He 13 B 
AA 

6.19±0.09 
13.89±0.11 
12.21±0.12 
4.01±0.09 
8.11±0.10 
15.97±0.12 
33.32±0.25 
1.21±0.09 

10.00±0.10 
11.17±0.12 
40.87±0.25 
29.53±0.29 

0.545±0.007 
-4.33 1.556±0.016 
-1.21 2.986±0.028 
-19.99 0.469±0.006 
-14.63 1.324±0.014 
-4.51 2.503±0.024 

5.815±0.050 
0.412±0.005 

-14.34 1.152±0.012 
-12.21 2.157±0.020 

5.009±0.043 
6. 79 7.999±0.066 

range(J.Lm) 
1.57 
3.00 
4.59 
1.06 
2.12 
3.19 
8.15 
0.85 
1.71 
2.48 
5.64 
8.23 

rejected 
rejected 

rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 
rejected 

where r is the measured range of the double-A hypernucleus and O"~+) and O"~-) are 
its errors including the effect of range straggling ("" 0.05 ~-tm). Only one double-A 
hypernucleus, l~ Be was found to be acceptable. 

The r.m.s error for BAA and !1BAA due to the error in the measurement (0.12 
MeV) and the uncertainties of the mass of the:=:- hyperon (0.13 MeV) and 1Be 
nucleus (!!! MeV) was calculated to be 0.18 MeV. As for the binding energy of 
the :=:- hyperon (Be-), Batty et al. calculated nuclear absorption rate of:=:- for 
various atomic states[58]. According to their results, the most likely capture in 
12 C occurs from the atomic 3D state whose binding energy is 0.126 MeV. The 
capture probabilities from the neighboring states (2P at 0.28 MeV and 4F at 0.07 
MeV ) are about one order of magnitude smaller than that from the 3D state. 
We, therefore, set a value of 0.1~8:~5 MeV for Be-. 

The 8 Be nucleus has an excited state at 3.04 MeV. Since the corresponding 
levels of the 1 Be's doublet states (3.03 MeV and 3.06 Me V[59]) are almost un­
changed from that of the core nucleus, the corresponding level of the ~~Be nucleus 
is also expected to be close to 3.04 MeV. If the ~~Be nucleus was produced in 
the excited state at 3.0 MeV, then the binding energy and interaction energy of 
AA are increased by 3.0 MeV from the value quoted in Table 7.2. Higher states 
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Table 7.3: Possible reactions following the :=:- capture at rest to form a double-A 
hypernucleus, one charged particle and a neutron. The l::iB AA) were calculated 
from the mass of the double-A hypernucleus. Only the interpretations which 
give a l::iB AA smaller than 20 MeV are listed. The "meas.error" and "sys.error" 
represent the error due to the measurement and the error due to the uncertainty 
(10%) of the range-energy measurement at very low energy, respectively. 

Target # 1 #2 l::iB AA (MeV) meas.error sys.error 
12C p l~ Be 4.52 ::~:~¥ ::~:1~ 

d 10 B 4 39 +0.78 +1.18 
AA e · -0.23 -0.98 

t 9 B 17.56 +0.48 +0.16 
AA e -0.10 -0.08 

14N p 13 B +2.64 +4.30 
AA 5.53 -0.83 -4.08 

d 12 B 7 54 +1.66 +2.69 
AA · -0.50 -2.46 

t 11 B 8 84 +0.99 + 1.34 
AA · -0.27 -1.07 

160 p 15 c 19.94 f3.94 f6.52 
AA -1.28 -6.36 

d 14 c 9 48 +2.88 +4.71 
AA · -0.90 -4.31 

t 13 c 16.11 +1.95 +3.04 
AA -0.59 -2.66 

of the l~ Be nucleus are unstable against particle decay. 
We conclude that if a two-body decay from the :=:- capture is assumed, the 

event is uniquely identified as, 

:=:- + 12 C -+~~Be+ t. 

The binding energy and interaction energy of AA are 12.31±0.21 MeV and -1.11± 
0.21 MeV, respectively if it was produced in the ground state. If it was produced 
in the excited state at 3.0 MeV, then the binding energy and interaction energy 
are 15.35±0.21 MeV and 1.93±0.21 MeV, respectively. 

If the fragmentation from the:=:- absorption was three-body including a neu­
tron emission, the momentum of the neutron can be calculated for each assign­
ment of the reaction from the the sum of the momenta of the residual nucleus 
(track #1) and the double-A hypernucleus (track #2), both of which were cal­
culated using the range-energy relation. The mass of the double-A hypernucleus 
was determined so that the Q-value of the fragmentation reaction becomes equal 
to the kinetic energy of the three fragmentation products. Possible interpreta­
tions are listed in Table 7.3 with the calculated /::iBAA values assuming that the 
double-A hypernucleus was produced in the ground state and that B3 - is zero. 
Only the interpretations which give a l::iB AA smaller than 20 MeV are listed. The 
main origin of the error for /::i.E AA is the uncertainty of the range-energy relation. 
The uncertainty due to B2 - is small compared to other errors. Taking 10% as 
the maximum deviation from the calculation by SRI M2000, the lowest value of 
l::i.BAA in the three-body fragmentation case was obtained as 1.45~6:~9 MeV for 
the reaction :=:-+14N-tl~B+p + n. This lower limit is not changed even if the 
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double-A hypernucleus was produced in an excited state or the number of emitted 
neutrons is larger than one. 

In this event, the directions of track #1 and #2 are collinear within the 
measurement error (5°). Based on a simple phase-space analysis, the probabilities 
of this topology to occur for the three-body reaction :=:- + 12C-+ ~~ Be+p + n and 
:=:-+ 12C---+l~Be+d+n were estimated to be about 4% and 6%, respectively, which 
are not negligible but very small. 

7.3 Comparison with past experimental results 

As denoted in Chapter 1, three candidates for double-A hypernuclei were re­
ported till now[13, 14][15][16]. In the analyses of these events, the mass of the 
double-A hypernucleus was determined from it's decay topology, assuming that 
the daughter single-A hypernucleus was in the ground state. The mass value is 
increased if the daughter single-A hypernucleus was produced in an excited state. 
The values of ~BAA obtained from these events are plotted in Fig.7.4 together 
with the values obtained from the event in this paper. Possible values in the 
case that the produced daughter single-A hypernucleus was in an excited state 
were also plotted in Fig.7.4 as l~Be(~Be*) for the event by Danysz et al. and 
l~B(l3C*) for the event by E176. The event found in E176 has two interpreta­
tions, namely l~ B and l~ Be. In the case of l~ Be, it was considered that the 
double-A hypernucleus had been produced in two-body fragmentation from the 
:=:- absorption. Therefore, the same analysis can be applied as those in the pre­
vious section, i.e. the ~BAA can be determined from the production topology. 
The value1 is plotted as "l~Be(in this analysis)" in Fig.7.4. It should be noted 
that the difference of ~BAA between l~ Be and l~ B is considered to be smaller 
than 0.5 MeV (See Table7 .4.). The following discussions are not affected if the 
values of ~BAA varied by 1.0 MeV depending on the nuclide. 

If the double-A hypernucleus in the present event was produced in a two­
body fragmentation from :=:- absorption, which is more likely case, there are two 
possible values of ~BAA. 

case 1) The l~Be nucleus was produced in the ground state. 

The ~BAA is consistent with the value from E176 if their l~ B nucleus had 
decayed to the excited state of l3 C at 4.9 MeV. It is inconsistent both with 
the one by Danysz et al. and the one by Prowse. 

case 2) The l~Be nucleus was produced in the excited state at 3.0 MeV. 

The ~BAA is consistent with the value from E176 if their l~ B nucleus had 
decayed to the excited state of l3 C at 4.9 MeV. It is also consistent with 

1The value and the error are consistent with the sum of the kinetic energy of the double-A 
hypernucleus and the residual nucleus given in Table VIII of Re£.(16]. 
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Figure 7.4: Values of D..BAA obtained from the past three candidates and the 
present event. The error bars represent the errors in two standard deviations, 
whereas the small lines on the error bars represent the errors in one standard 
deviation. 
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the one by Danysz et al. if their l~ Be nucleus had decayed to the excited 
state of ~Be at 3.0 MeV. It is inconsistent with the one by Prowse. 

If the double-A hypernucleus in the present event was produced accompanied 
by one or more neutron emissions, which is less likely case, the lower limit of the 
~BAA is consistent with all the values from the past three events except for the 
l~Be case of E176. In addition, in the case of the reaction :=:-+ 14N~X~B+p+n, 
the value of ~BAA is consistent if the past two double-A hypernucleus (l~Be and 
l3AB) had decayed to the excited state of the daughter single-A hypernucleus. 

Combined with the result of E176, the allowed region for ~BAA are -1.11 ± 
0.21 MeV and +1.93 ± 0.21 MeV for l~Be, and +4.9 ± 0.8 MeV and 0.94 ± 0.47 
MeV for l3A B. 

7.4 Comparison with theoretical estimates 

The binding energy of AA was calculated in various manner such as few­
body approaches using the effective AA interaction derived from the one-boson­
exchange (OBE) models(6][7, 8, 9](10] and the quark-cluster model[11], and rela­
tivistic mean field approach[12]. 

The calculated ~BAA's are summarized in Table 7.4. The Nijmegen group 
proposed several types of OBE potentials to describe the baryon-baryon interac­
tions. Model D (NHC-D)[60, 61] and F (NHC-F)[62] are two versions of hard-core 
OBE potentials. Model NSC[63] is the soft-core OBE potentials and NSC97[64] 
is their new version. Model F is the latest version of the hard-core OBE poten­
tials and it differs from model D in (i) stronger SU(3) constraints on the hard 
core radius between various channels, and (ii) inclusion of a scalar-meson nonet. 
In model D, only the unitary singlet out of the no net was considered. Instead 
of the phenomenological hard core, the soft core models, NSC and NSC97, em­
ploys Reggeon exchanges, including Pomeron and tensor meson exchanges, which 
produce short-range repulsive forces. The baryon-baryon-meson vertices are de­
scribed by coupling constants and Gaussian-type form factors. Out of the several 
version of the Nijmegen OBE potentials, only model D gives a strong attractive 
AA interaction (~BAA "' 5 MeV). Other models give rather week interactions. 

The ~BAA was calculated with the core+(3q)+(3q) cluster model using the 
quark-cluster-model (QCM) interactions offered by the Kyoto-Niigata group[65, 
66]. In the QCM's, (3q)-(3q) resonating-group-method (RGM) formulation of 
the spin-flavor SU(6) quark model is employed, and additionally, the effective 
meson exchange potentials (EMEP) are incorporated to describe the medium 
and long range forces. In their RGM-F model, EMEP is generated from the 
scalar-meson nonet exchange in the Nijmegen model-F potential and the tensor 
component from the 1r and K mesons. The estimate with RGM-F gives a large 
overbinding for double-A hypernuclei. The EMEP is updated in their FSS model 
by calculating the spin-flavor factors exactly at the quark level and including 
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Table 7.4: Theoretical estimates for ~BAA· NHC-D and NHC-F denote the model 
D and F of the Nijmegen hard-core OBE potential, respectively. NSC denotes 
the Nijmegen soft-core OBE potential and NSC97 is their new version. RGM-F 
and FSS are two different versions of Kyoto-Niigata quark cluster model. 

few-body cluster calculations 
potential Ref. nuclide ~BAA 
NHC-D [6] ~A He 4.1 

[8] 10 Be 
AA 4.26 

[8] 13 B 
AA 4.67 

NHC-F [6] ~A He -6.3 
[8] 10 Be 

AA 0.004 
[8] 13 B 

AA -0.08 
NSC [8] 10 Be 

AA 1.31 
[8] 13 B 

AA 1.47 
NSC97 [64] Much weaker than 4 MeV 
RGM-F [11] 10 Be 

AA 10.6 
FSS [11] 10 Be 

AA 2.5 

relativistic mean field theory 
model Ref. nuclide ~BAA 
a+w [12] 6 H AA e rv 1 MeV 

a+ w +a*+¢ [12] ~A He rv 3 MeV 

the spin-spin terms originating from all the pseudo-scalar mesons. It gives a 
somewhat intermediate value for ~BAA· 

In the relativistic mean field approach[12], the a + w model in which the 
.r-'\ baryons couple to the mean field of a scalar (a) and vector (w, ¢, p) mesons well 

reproduces spectra of single-A hypernuclei. It gives a weakly attractive ~BAA 
( rv 1 MeV). They claim that the coupling to an additional scalar (a*) and vector 
( ¢) fields increase ~BAA and their a + w + a* + ¢ model gives a rather strong 
attractive ~BAA (rv 3 MeV). 



Chapter 8 

Discussion about production rate 

Combined with the results of the E176 experiment, two double-A hypernuclei 
and three twin-hypernuclei events have been found from :=:- hyperon captures on 
light emulsion nuclei. The ratio of the detected rate for double-A hypernuclei to 
twin-hypernuclei events is therefore 0.67 with the 90% confidence interval lying 
from 0.14 to 3.9. Although the number of:=:- stopping events has some error 
due to the contamination of various background such as miss-identification of a­

stop, ~--stopping event, etc, double-A hypernucleus events and twin-hypernuclei 
events are almost background free. Therefore, we compare the ratio of their 
detected rate with theoretical estimates to extract some information. 

There are several theoretical calculations estimating the production probabil­
ity of double-A hypernuclei[67] [68] [69] [70] and of twin-hypernuclei events[68] [69] [70] . 
These calculations use an attractive AA interaction (l:l.BAA = 4 rv 5 MeV), except 
Ref.[68], in which both attractive and repulsive interactions (l:l.BAA = -4.9 MeV) 
were considered. The results of these calculations are summarized in table 8.1. 
The ratio of the production rate of double-A hypernuclei to twin-hypernuclei is 
larger than 5 with an attractive AA interaction. This characteristics is naively 
explained by considering the phase space available for each channel. Figure 8.1 
shows the energy levels of various fragmentation channels from a :=:- +12C sys­
tem. In the case of l:l.BAA = 4.9 MeV (attractive), the Q-values to produce 
double-A hypernuclei are much larger than those for twin-hypernuclei. However, 
if l:l.BAA = -4.9 MeV (repulsive), the Q-values for the two types become compa­
rable and the ratio is decreased. 

The present experimental value of 0.67 (90%CI [0.14,3.9]) deviates from the 
theoretical estimates using an attractive AA interaction (l:l.BAA = 4.9 MeV) given 
in table 8.1. However, to compare with the theoretical estimates, the difference 
of the detection efficiency between double-A hypernuclei and twin-hypernuclei 
events must be considered. Following four cases are considered to be the main 
origin of the detection inefficiency. 

a) If a hypernucleus decays in a neutral mode (A -t 1r
0 n or An -t nn) and 

only one or no track of the residual nucleus is visible, the identification is 
difficult. Both a double-A hypernucleus and a twin-hypernuclei emission 
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Figure 8.1: Energy levels of various systems measured from a:=:-+12C state. The 
masses of double-A hypernuclei were calculated from 6.BAA· 
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Table 8.1: Theoretical estimations for the production probability of double-A 
hypernuclei and twin-hypernuclei, and their ratio. In Ref.[68], those from the 
compound states, l~ B*, l~ C* and l~ N*, formed after a :=:- hyperon capture had 
been calculated. Quoted here are the values averaged with the weights of the 
molar ratio of 12 C, 14 N and 160 in the emulsion. The values from Ref.[69][70] 
are those from :=:-+12C atomic states. Only two body decay channels are con­
sidered in [69]. The parenthesized values are those excluding the fragmentation 
channels in which a double-A hypernucleus and only neutrons are emitted, like 
:=:-+12C-tl~B+n. 

model double-hyp. twin-hyp. ratio 
(ex c. one charge frag.) 

statistical decay (attractive) [68] 70% (57%) 12% 5.8 ( 4.8) 
statistical decay (repulsive)[ 68] 30% (21%) 28% 1.1 (0.75) 

doorway decay[69] 4.8% (3.3%) 0.11% 43 (30) 
AMD-QL[70] 11.4% (9.8%) 1.2% 9.5 (8.2) 

have two decay vertices. The inefficiencies due to the neutral decay are, 
therefore, considered to be the same. 

b) If the distance between two decay vertices is very short, the separation is 
difficult. With the attractive ~BAA (4.9 MeV), Q-values for double-A hy­
perfragment channels are large and the range of a double-A hypernucleus is 
expected to be longer than that of a hypernucleus of the same mass number 
from a twin-hypernuclei event. As for the range of a daughter hypernucleus 
from a double-A hypernucleus, the range can become short when the parent 
nucleus decays in a mesonic mode. The branching ratio for the mesonic de­
cay modes for such hypernuclei is expected to be about 20% from the data 
on single-A hypernuclei. The present discrepancy cannot be explained this 
way. 

c) If a double-A hypernucleus and only neutrons are emitted from a:=:- stopping 
point like :=:-+12C-tl~B+n, the detection is also difficult. In table 8.1, 
the estimated production rates without these modes are also listed. Even 
without these modes, there is still a discrepancy between the present result 
and the theoretical estimations using an attractive AA interaction. 

d) When a double-A hypernucleus decays, the remaining A can escape from the 
nucleus. Especially in non-mesonic modes, the escaping probability might 
be high due to the large Q-values. In such a case, the identification as a 
double-A hypernucleus is almost impossible with emulsion. If the escaping 
probability for the remaining A is larger than 30%, the ratio of the detected 
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rates doesn't contradict the theoretical estimates by the statistical decay 
model with an attractive AA interaction. 

Consequently, the present result is suggesting that the remaining A at the first 
decay of a double-A hypernucleus can escape with a probability as high as 30% if 
the !':l.B AA is really about 5 MeV. And yet there are large discrepancies between 
the present result and the theoretical estimates by the doorway-decay model and 
the AMD-QL modeL These discrepancy can be easily explained if the !':l.B AA is 
much weaker than 5 MeV. 

The E373 experiment can detect escaping A's with the SciFi-block detectors 
with some probability. 

The signals would appear in the image of the SciFi-detectors for the events 
having the topology of the single-A hypernucleus production from the:=:- capture 
as an unusually high-momentum A which can be produced via the non-mesonic 
decay of AA -tAn in a double-A hypernucleus, or a A whose energy is too large 
to be produced from the :=:- capture point. 



Chapter 9 

Conclusion 

A hybrid emulsion experiment KEK-PS E373 was carried out to study double­
strangeness nuclei produced via:=:- hyperon capture at rest with the expectation 
of ten times larger statistics than previous experiments. The experiment was 
performed at the KEK proton synchrotron using a 1.66 GeV /c separated K­
beam and 69l emulsion. The:=:- hyperons were produced in a diamond target via 
the ( K-, K+) reaction and were brought to rest in the emulsion. The ( K-, K+) 
reaction was tagged by the spectrometer system. The position and angle of the 
:=:- hyperon track was measured by the high-resolution tracking detector using 
scintillating rnicrofibers. The two scintillating mono-fiber blocks located both 
upstream and downstream of the emulsion were used to select events in which 
the:=:- hyperons are likely to be stopped in the emulsion. For the selected events, 
tracks of the :=:- candidates were searched for and traced in the emulsion by 
a newly-developed automatic track scanning system. In the 1998 run, totally 
2. 7 x 109 K- 's were delivered to the diamond target and emulsion, and 4.6 x 104 

(K-, K+) reaction events were obtained. 
Until now, 6% of the total emulsion has been analyzed. We found one twin A 

hypernuclei event and one double-A hypernucleus at:=:- hyperon stopping points. 
The two events were reconstructed kinematically using the information about the 
ranges and angles of the tracks. 

The twin-hypernuclei event was interpreted as the fragmentation from a:=:- + 14N 
atomic state to ~He+~He+4He+n. The binding energy of the :=:- hyperon is 
-2.6 ± 1.2 MeV. The species of the :=:--atom and the fragmentation products 
were uniquely identified for the first time for twin-hypernuclei events. 

The double-A hypernucleus was produced accompanied by one charged par­
ticle from a:=:- hyperon stopping point. The track of the double-A hypernucleus 
and that of the residual particle are collinear within the measurement error. If a 
two-body decay from the:=:- capture is assumed, the event is uniquely identified 
as, 

:=:- + 12 C -+l~ Be+ t. 

Taking a value of 0.1~8:65 MeV for the binding energy of the :=:- hyperon when 
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the absorption had occur-ed, the binding energy (BAA) and interaction energy 
(b..BAA) of the AA are determined. The BAA and b..BAA are 12.31±0.21 MeV and 
-1.11 ± 0.21 MeV, respectively if it was produced in the ground state. If it was 
produced in the excited state at 3.0 MeV, then BAA and b.. BAA are 15.35±0.21 
MeV and 1.93±0.21 MeV, respectively. If the fragmentation involved neutrons, 
the nuclide was not determined uniquely and the lower limit for b..B AA was ob­
tained as 1.4 MeV. Based on a simple phase-space analysis, the probabilities of 
the present topology to occur for the three-body reaction was estimated to be 
4 rv 6%. Combined with the result of E176, the allowed region for b..BAA are 
-1.11 ± 0.21 MeV and +1.93 ± 0.21 MeV for ~0ABe, and +4.9 ± 0.8 MeV and 
0.94 ± 0.47 MeV for l~B. 

In the experiments E176 and E373, two double-A hypernuclei and three twin­
hypernuclei events have been found from :=:- hyperon captures on light emul­
sion nuclei. The ratio of the observation rate for double-A hypernuclei to twin­
hypernuclei events is therefore 0.67 with the 90% confidence interval lying from 
0.14 to 3.9. It is consistent with a theoretical estimation using a repulsive AA 
interaction, and is much smaller than those using a strongly attractive AA in­
teraction with (b..BAA rv 5 MeV). The discrepancy will be reduced if the AA 
interaction is weak (b..BAA rv::; 1 MeV). The detection inefficiency for double-A 
hypernuclei due to the escape of the remaining A at the first decay may explain 
the deviation. 

Finally, we would like to stress that we have overcome the experimental diffi­
culties for the ambitious challenge to stop one thousand :=:- hyperons in nuclear 
emulsion by adopting the diamond target, scintillating fiber, spectrometer and 
nuclear emulsion hybrid system. Although the analysis is still under way, we can 
see the light at the end of the tunnel with the success of the development of the 
automatic emulsion scanning system. We believe that even ten times larger, i.e. 
ten thousands stopping :=:- 's can be obtained with these systems in near future. 
It will enable us to make a nuclear chart with S = -2. 
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Appendix A 

Connection of tracks from 
Fiber-bundle to emulsion 

In order to determine the search condition for the emulsion plate # 1 scanning, 
the precision of the connection of tracks from Fiber-bundle to plate # 1 was 
evaluated by connecting sample tracks. 

The sample tracks were selected by the following procedure. Among the event 
data obtained during the normal runs, the cut with the Fiber-bundle brightness 
was applied in the same manner as that described in Sec.3.2.2 for the events whose 
image dose not overlap with others. The image of the selected events were scanned 
by human eyes. The events in which just one highly ionizing particle passed 
through the Fiber-bundle were selected and the position and angle of the tracks 
were determined in the same way as that described in Sec.3.2.2. Among them, 
tracks whose angle ( 0) satisfy the condition, 0.4 < tan(} < 1.0 were finally selected 
because in this angular region, the multiplicity of track candidates found in the 
emulsion is moderate. The relative position between Fiber-bundle and plate # 1 
was determined using the X-ray marks. However, during the '98 run, due to the 
trouble of the emulsion mover, horizontal position of the mover stage measured 
with the linear encoder had a systematic error of about 100 J.Lm depending on the 
direction of the movement in horizontal. The magnitude of the systematic ~rror 
was estimated from the position of X-ray marks at four corners. Therefore an 
offset value was added for the horizontal position measured after the stage had 
moved in the left direction. 

For the selected tracks, the corresponding tracks were searched for in the plate 
#1 in the area of 900 x 900 J.Lm2 around the expected position. As described in 
Sec.4.3, the area is divided into regions of about one picture size ( rv 110 x 90J.Lm2 ). 

Tracks were searched for at each region with the automatic track scanning al­
gorithm described in Sec.4.1.2 in the region of ±0.1 (tanO) around the angle 
calculated by the following equations, 
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Figure A .1: Differences of position ( (a), (b)) and angle ( (c), (d)) of the found tracks 
from the predicted values. Hatched areas correspond to those obtained with the 
"dummy scan". 

dx I (Xo - Xpred) 
dz pred + L ' 

dy I + (Yo - Ypred) 
dz pred L ' (A.1) 

where (~~ lpred,~lpred) and (xpred 1 Ypred) represent the angle (slopes) and position 
predicted by Fiber-bundle. The (X0 , Yo) is the center position of the searching 
region, and L is the distance between the Fiber-bundle and the plate #1 ("" 2.2 
mm). With these equations, the angle was corrected depending on the position 
of the searching region, thinking that due to the error of the predicted angle 
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Figure A.2: Upper two plot shows correlation between the discrepancy in the 
position and that in the angle. The lower two plots are those obtained with the 
"dummy scan" 

( ~ ~~ , ~ ~), the predicted position is displaced from the real position by ( ~ ~~ x 

L,~* XL). 
Tracks were also searched at the position shifted from the predicted place by 

3 mm in order to estimate the contribution from the background tracks. This is 
called as "dummy scan" . 

Figure A.l shows distributions of the differences of position and angle of the 
found tracks from the predicted values together with those obtained with the 
"dummy scan". Compared with the distribution obtained with the "dummy 
scan", signals from the really corresponding tracks can be seen. 

Figure A.2 shows the correlation between the discrepancy in the position and 
the discrepancy in the angle. This relation indicates that a part of the positional 
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error is due to the angular error, because there was a gap between the fiber bundle 
sheets and the emulsion. This correlation is consistent with the relation, 

dx dy 
~x = L x ~ dz, ~y = L x ~ dz, (A.2) 

where ( ~x, ~y) and ( ~ ~~, ~ ~) are the discrepancy of the position and angle of 
the found tracks from the prediction. The weak correlation seen in Figs.A.2(c) 
and (d) obtained with the "dummy scan" is due to the angle correction by Eq.A.1 
at the scanning. 

FigureA.3 shows the discrepancy of position remained after the angle correc­
tion, (~x- 2.2~~~, ~y- 2.2~~). 

From these results, we set the search condition for plate #1 scanning as, 

-0.45 < ~x(mm) < 0.45, 

-0.45 < ~y(mm) < 0.45, 

-0.1 < ~~~ lcor < 0.1, 

-0.1 < ~~~cor < 0.1, 

-0.3 < ~X-L X ~dx 
dz < 0.3, 

-0.3 < ~y- LX~~ dz < 0.3, 

where (~~Icon ~I cor) is the corrected angle for the search region using Eq.A.l and 
(~~, ~) is the angle predicted by Fiber-bundle. 
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