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1. Introduction

This thesis describes a first pioneering study on exotic atoms containing Z , one of the hyperons with
two strange quarks. The £ atomic X-ray spectroscopy is one of the useful ways to obtain information
on the EN interaction. The shift of the X-ray energy (AE) from the energy by the Coulomb interaction
only and the X-ray peak width give information of the real and imaginary parts of the = -nuclear
potential, respectively. Most of produced = s decay before stopping and cause a huge background. The
key of experiments to measure X rays with good significance is to select = -stop events cleanly. In this
experiment, two methods to select = -stop events were developed. In Method 1, = -stop events are
identified in the developed nuclear emulsion image. On the other hand, in Method 2, the = with a large
stop probability at the target is selected using information of the & momentum.
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2. Experiment

The first Z atomic X-ray spectroscopy experiment (J-PARC EQ7) to measure = C, Z Ag, and Z Br
atomic X rays was performed at J-PARC K18 beam line in 2016 and 2017. In the experiment, = s were
produced in a diamond target via the p(K , K+)Ef reaction. Some of them were stopped in the target, or
in the nuclear emulsion placed downstream of the target, and then formed Z atoms. To identify the
p(K , K+)Ef reaction, two magnetic spectrometers, the K1.8 beam line and the KURAMA
spectrometers, were used. As a tracking detector which predicts the Z hit position at the surface of the
emulsion placed downstream of the target, the silicon strip detectors (SSDs) were placed to sandwich
the emulsion. Their prediction makes the time of emulsion image analysis shorter. This is called the
emulsion-counter hybrid method. The X-ray energies of Ag(8J—7I) or Br(71—6H) transitions without
strong interaction are 370 keV and 316 keV, respectively, and theoretically predicted shifts are 0.3 - 5
keV. The statistical and systematic errors should be small enough to measure X rays with accuracy of a
few hundreds eV. To measure these X rays, the Ge detector array, called Hyperball-X, was used. Its
energy resolution was ~2 keV (FWHM) at 370 keV. Since the peak position is shifted between beam on
and off periods due to a huge beam background, in-beam reference y-ray data were necessary. A new
high precision energy calibration system using LSO scintillators and “’Na sources was developed. Three
vy rays (202 keV, 307 keV, and 511 keV) from "®Lu in LSO and *Na were used as reference y rays. The
B-y and y-y coincidence detection using a Ge detector and a LSO counter made it possible to take in-
beam calibration data continuously during the data-taking period. It was found that this system achieved
energy calibration with a 100-eV accuracy.

3. Analysis and Results

The (Kf,K+) reaction was reconstructed by analysis of two magnetic spectrometers and Z production
events were identified. This reaction analysis and the X-ray analysis by Hyperball-X were applied in
both of the Method 1 and 2.

In the emulsion image analysis (Method 1), the events in which Z s reached the emulsion and stop red
there were selected. In addition to K and K+, the = track was analyzed by SSD. From the = track, the
Z injected point on the surface of the first layer of the emulsion was given. Then the Z track was
searched for in the image of the developed emulsion. The Z Ag or Z Br atom production events were
identified as two kinds of image in the emulsion. One is called “c-stop” event in which one or more
tracks of charged particles are observed at the end of the = track. The other is “p-stop with Auger
emission” event in which no track of charged particles are observed except Auger electrons at the end.
By selecting the o- and p-stop events, the X-ray spectrum of Z Ag and Z Br atoms was obtained. For
both of them, no evident peaks were found in the expected X-ray energy regions. The background level

was evaluated to be 0.17*%78 4 16 per 1 keV around the 370-keV region.

In the kinematical analysis (Method 2), the events in which a = was stopped in the target and captured
by a **C atom were selected. Because the = missing momentum has uncertainty due to the Fermi motion
of a proton in a nucleus, the probability that the Z stops inside the target was estimated event by event
using Monte Carlo (MC) simulation by Geant4, and the = s with the stop probability of 9% or more
were selected. In addition, in the analysis of the SSD1, = s which do not stop in the target and reach the
SSD1 were rejected. By applying the Method 2, the spectrum of Z C atomic X rays was obtained. No
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evident X-ray peak was found. From the upper limit of the X-ray yield, the upper limit of the branching
ratio BR(E1; 3D—2P) was obtained as a function of the X-ray peak width.

4. Conclusion and Outlook

In the Method 1, based on the present analysis, the 2 Ag and Z Br atomic X-ray spectrum was obtained
with 20% statistics of the estimated total -stop yield. When the emulsion image analysis is completed,
an expected X-ray yield of the Ag(8J—7I) transition will be 7.75 counts for o-stop events and S/AN
would be 4.56 in the +2¢ peak region. The statistical error will be 290 eV and the systematic error is
100 eV. Thus, the energy shift is expected to be measured with 300 eV accuracy.

In the Method 2, the upper limit of the branching ratio BR(E1;3D—2P) of the = C atom was
experimentally evaluated. This limit was compared to the theoretical calculation using the Woods-
Saxon-type = -nuclear potential optical potential. It was found that the experimental sensitivity was not
sufficient to constrain the imaginary part of the = -nuclear potential. More improvements, for example
optimization of the target thickness and detector developments to reject contamination of the
background process, are required in the future experiment.

5. Summary

For a general understanding of the baryon-baryon interaction, investigating of ZN interaction is
necessary while experimental data are limited. The first experiment for = atomic X-ray spectroscopy,
one of the powerful ways to investigate the strong Z -nuclear potential, was performed at J-PARC. Z s
produced by the (K , K+) reaction were stopped in the diamond target or in the nuclear emulsion located
downstream. Z atomic X rays were measured using the Ge detectors array called Hyperball-X. A new
in-beam energy calibration method for the Ge detectors using LSO scintillators and ’Na sources was
developed and achieved a 100-eV accuracy. In order to measure = atomic X rays with good S/AN, two
methods to select = -stop events were developed. In Method 1, = -stop events were selected by the
nuclear emulsion image analysis. In Method 2, the Z with a large stop probability at the target was
selected using information of the = momentum. In this thesis, the sensitivity of the present experiment
with both of two methods was evaluated and improvements necessary for future experiments were
discussed.
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