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ABSTRACT

The novel 9.7m Schwarzschild-Couder Telescope (SCT), utilizing aspheric dual-mirror optical system, has been
constructed as a prototype medium size γ-ray telescope for the Cherenkov Telescope Array (CTA) observatory.
The prototype SCT (pSCT) is designed to achieve simultaneously the wide (≥ 8◦) field of view and the su-
perior imaging resolution (0.067◦ per pixel) to significantly improve scientific capabilities of the observatory in
conducting the sky surveys, the follow-up observations of multi-messenger transients with poorly known initial
localization and the morphology studies of γ-ray sources with angular extent. In this submission, we describe
the hardware and software implementations of the telescope optical system as well as the methods specifically
developed to align its complex optical system, in which both primary and secondary mirrors are segmented.
The pSCT has detected Crab Nebula in June 2020 during ongoing commissioning, which was delayed due to
worldwide pandemic and is not yet completed. Verification of pSCT performance is continuing and further
improvement of optical alignment is anticipated.

Keywords: Imaging Cherenkov Telescopes, Aplanatic Optical System, Gamma Ray

1. INTRODUCTION

The success of the ground-based γ-ray detection technology offered by the small arrays of imaging atmospheric
Cherenkov telescopes (IACTs) has firmly established the field of astronomy and astrophysics at photon energies
above 100 GeV. The very high-energy (VHE) γ-rays produced by the most violent events in the cosmos create
particle cascades when interacting with the Earth atmosphere. Numerous secondary particles of these cascades
emit Cherenkov light in the wavelength band between 250 and 800 nm. The IACTs are designed to collect as
many Cherenkov photons as possible during a short exposure of the Cherenkov light pulse, which duration is
roughly 6 to 200 ns depending on the observing conditions and the energy of the primary particle. The images
of the atmospheric cascades are recorded by IACT arras and are used to reconstruct arrival direction of the
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primary photon and its energy and, hence, the imaging resolution of IACT camera is an important performance
characteristic as it directly affects the γ-ray angular resolution and the discrimination power against the cosmic-
ray-induced background that dominates IACT triggers.

The present-day IACTs are based on conventional Davies-Cotton (DC) design of a single parabolic reflector 1.
The Davies-Cotton design has been proven to be suitable and robust for detecting atmospherical Cherenkov light
emissions, however, due to spherical and comatic aberrations the DC design is constrained to the photosensor
technology of photo-multiplier tubes (PMTs) with limited imaging resolution. These limitations of DC design
constrains the potential of the next-generation world-wide observatory Cherenkov Telescope Array (CTA) 2,
3 in searching for multi-messenger transients often with poorly known initial localization, or measuring the
morphologies of the spatially extended γ-ray sources that may be connected to cosmic ray PeVatrons, which
require the capacity of monitoring the full sky with wide FoV and high angular resolution.

The prototype Schwarzschild-Couder telescope (pSCT) 4, 5 implements a design of aplanatic dual-mirror
optics, rapid telescope re-positioning mechanics, and highly integrated camera electronics, to provide a wide FoV
of 8◦ with high imaging resolution of 0.067◦, which can make an important impact on the key science project
of CTA observatory 3. A major challenge of realizing the SCT technology comes from the alignment of the
two aspherical mirrors, which are segmented into 48 and 24 panels, respectively. This submission describes the
alignment hardware and software implementations as well as the alignment techniques that were developed to
accomplish the alignment of pSCT optical system. The pSCT was inaugurated in January 2019 (Figure 1) and
has detected Crab Nebula in June 2020. The operational phase of pSCT is in early stage, and the ongoing
commissioning was interrupted by the development of the COVID-19 pandemic. The result presented in this
submission doesn’t represent the final performance of pSCT, which is expected to be further improved.

Figure 1: The pSCT inauguration took place in January 2019 at the Fred Lawrence Whipple Observatory
(FLWO) in Tucson, Arizona.
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2. OVERVIEW OF THE PSCT HARDWARE IMPLEMENTATION

The design of Schwarzschild-Couder (SC) optical system (OS) of the pSCT is chosen to fully correct spherical
and comatic aberrations over the 8◦ FoV with its dual-mirror optical system, primary (M1) and secondary (M2)
mirrors, and to minimize astigmatism by curving the surface of the focal plane 4,5. The de-magnifying secondary
mirror, M2, reduces the effective focal length of the OS and the plate scale by a factor of 2.86 to the value of 1.625
mm/arcmin. This reduction allows an advanced photosensor technology of higher photon detection efficiency
silicon photomultipliers (SiPMs) with 6.53 × 6.53 mm2 imaging pixels.

The primary and secondary mirrors of pSCT are segmented for cost reduction. The 9.7-m primary mirror
is segmented into 48 panels, and the 5.4-m secondary mirror is segmented into 24 panels. Both primary and
secondary panels are aspherical, the M2 panels in particular are highly curved with a few-cm sag in each panel.
The 72 aspherical mirror panels were made with industrial employment of cost-effective hot and cold glass
slumping replication technologies. The segmentation types of M1 and M2 can be found in 6.

Each panel is supported by a Stewart platform with six linear actuators which provide six degrees of freedom
of the motion of the panels, whose relative position with respect to the neighboring panels is monitored by
several mirror-panel edge sensors (MPESs). Each actuator is equipped with a stepping motor that provides a
motion range of 63 mm and is capable of moving a maximum mass of 65 kg at 500 steps/s. The MPES unit
is designed with a low-power laser diode aiming at a 0.3-megapixel webcam mounted on the opposite sides of
an edge between two neighboring panels. The arrangement of the MPES units on an edge is made to reduce
degeneracy of the MPES readings to the panel motion 7 and is shown in Figure 2. By measuring the changes
in the position of the laser spot in the webcam field of view, the MPES units is capable of monitoring the
panel motion with a resolution better than 5 µm. The Stewart platform also hosts a microcomputer which is
responsible for collecting data from the actuators and the MPESs as well as issuing commands to these devices.
The panel, the Stewart platform, and the MPESs form a mirror panel module (MPM), and the pSCT OS is
composed of 72 MPMs.

In addition to the panel-to-panel alignment system (P2PAS) based on the MPES readings, which monitors
the alignment between a pair of adjacent mirror panels, a global alignment system (GAS) is responsible for
the alignment between M1, M2 and the camera focal plane (FP). The GAS is composed of two optical tables
(OTs) at the centers of the primary (OT1) and secondary (OT2) mirrors and a optical camera alignment module
(OCAM) at the center of the camera. A reference laser beam that can be produced by a laser installed on OT1
is used to define the optical axis for the global alignment. The laser beam can be measured by the transparent
position sensitive devices (PSDs) located in OCAM and OT2. The OTs are hosted by Stewart platforms so
that their motions can be controlled to align the γ-ray camera with four degrees of freedom with respect to the
reference laser beam. The relative translation and tip/tilt of M1 and M2 with respect to the optical axis can be
monitored by GAS. The translation is measured by analyzing the images of multiple reference LEDs mounted on
the selected panels of M1 and M2 taken by the three CCD camera on the OT of the opposite mirror. The tip/tilt
of the mirrors with respect to the OTs is measured by two autocollimators on each OT and two retro-reflectors
on a reference panel of each mirror. Lastly, OT2 is equipped with a range meter to measure the distance between
OT1, FP, and M2, as well as a sky camera with the orientation fixed with respect to the optical axis, which
can take continuous images of the sky for offline pointing corrections. The components of GAS are illustrated in
Figure 3.

3. OVERVIEW OF THE PSCT SOFTWARE IMPLEMENTATION

To facilitate control of the many parallel devices described in the previous section, the software architecture was
designed to fulfill several criteria: real-time parallel processing and monitoring of all devices, centralized control
server for collecting and processing data, modular controller objects for fine-tuned access, and secure network
protocol for open platform communication. These criteria are naturally met with Open Platform Communications
standard with unified architecture (OPC-UA) developed by the OPC foundation as an industry standard.

The OPC-UA standard provides the framework to create controller objects for each hardware device or
pseudo-hardware device described in this alignment system. In brief, controller objects act like wrappers for
interacting with each device, where methods for device-specific calls can be defined and data collected using a
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Figure 2: (Left) Each MPES unit is composed of a low-power laser diode and a 0.3-megapixel low-cost webcam
located on the opposite sides of an edge between a pair of adjacent mirror panels, and the webcam measures
the X and Y positions of the beam on the webcam. (Right) The orientation of the MPESs on M1 and M2. The
big circles indicate the location of actuator joints, the small circles indicate the location of MPES lasers and
webcams, and the short lines indicate the laser beam orientations. The laser beams of three MPES units on each
“long” edge between mirror panels are arranged mutually orthogonal to completely constraining the relative six
degrees of freedom of one panel with respect to its neighbor.

Figure 3: Illustration of the global alignment system of the pSCT. Two optical tables that host GAS devices
including autocollimators (ACs), an alignment laser, position sensitive devices (PSDs), and CCD cameras, are
supported by two Stewart platforms located at the centers of the two mirrors.

shared framework. Through this shared framework the controllers can interact with each other, for an arbitrary
number of controllers of varying levels of abstraction, within the same persistent program.

Most importantly, this protocol functions with a server-client communication paradigm such that servers
interact with controllers directly, while clients poll from and query to the server. We can map the features of
the framework to our alignment software design as follows. The microcomputer within the MPM runs the server
program with controllers for each actuator or MPES device connected to it, while a node management program
handles communication priorities and automated tasks. For instance, MPES cannot be queried while actuators
are moving due to power and bandwidth limitations, so the node manager organizes competing calls to this
server with busy states and locks to ensure proper functioning. All MPMs are installed with the same server
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program.

The second component to the server-client communication is the unique client running in a central alignment
computer. Conventionally, server-client systems consist of a single server and an arbitrary number of clients
simultaneously interacting with it. To handle the many MPM, OTs and other servers in our system, we developed
a server-client hybrid that ultimately functions as our central “client”, hereafter simply named client. This hybrid
designation evolves from the creation of an aggregration server that communicates with all MPMs and OTs like
a client, while simultaneously acting like a server for a higher level client to interact with. Due to communication
limits, we developed four intermediate aggregration servers, each limited to 24 MPM or OTs, and one top level
client accessible to the user.

Figure 4: Device tree showing relationship between all the controllers within the alignment software. Controllers
are object instances within the p2pasClient (pink) or passerver (orange) binaries. Hardware devices in green
map directly to hardware controllers, while composite devices in blue are collections of hardware devices as a
pseudo-hardware object.

Fig. 4 shows the hierarchy of controllers within the client and server systems. Notably, some controllers
map directly to physical hardware devices such as MPES, actuators or CCDs, while others are pseudo-hardware
objects called composite devices. These composite devices are collections of multiple hardware devices, such as
panels (MPES and actuators together), edges (multiple panels) or mirrors (full collection of multiple panels to
complete a mirror). Separating hardware and composite devices helps to demarcate the true hardware objects
that must be physically maintained and serviced in the field from those that need software intervention.

Figure 5: Screenshots of alignment GUI.

Two features of this software design are important to highlight in this section due to their significance in com-
plex alignment tasks described in later sections: 1) parallelization achieved by the use of OPC-UA asynchronous
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method, and 2) effective controller abstraction to enable non-conventional techniques such as the freezing of a
single degree of freedom across full mirror alignment. Parallelization was primarily enabled by asynchronous
calls to the server from the client relying on the asynchronous method management provided by the OPC-UA
node manager class. These calls are sanitized by a simple, custom thread-locking class that ensures mutually
exclusive controllers have completed their actions before starting new actions remaining in the queue. A few ex-
amples of parallelization include simultaneous reading of all MPES, synchronized actuator stepping to smoothly
move panels and synchronized panel motion for effective whole-mirror translations and rotations in the telescope
reference frame.

In the second feature, we learned from experience how to reduce controller abstraction so that it would
be possible to construct complex alignment methods with arbitrary constraints. The mirror composite device
was created, deploying methods that inherited directly from the underlying panel class able to move in the
panel reference frame rather than actuator lengths. This improved controller abstraction enables the writing of
methods that can include the freezing of whole mirror degrees of freedom such as the Tz dimension or Rx and
Ry rotations. It was then straightforward to maintain dipole/quadrupole pertubation corrections while rotating
in Rx and Ry by keeping Tz fixed.

4. MPES GUIDED ALIGNMENT METHODS

Before the installation of the MPMs on the telescope, the MPES units were calibrated in the laboratory in order
to provide the reference MPES readings for the MPES guided alignment. Each MPM was assembled with six
actuators that connect a mounting triangle and a mirror panel. Every pair of neighboring MPMs were mounted
on a laboratory optical table and aligned with a coordinate measuring machine (CMM), which uses a mechanical
Renishaw touch probe to measure the locations of the predefined spots on the mirror surfaces. After the edge
was aligned, the MPES units along the edge were installed, the readings of the MPES units were recorded as the
initial aligned state, and the corresponding actuator-MPES response matrices were also measured and recorded
in the database. The calibrated panels were then installed onto the telescope optical system structure on site for
commissioning. During the installation of the panels, every MPES was made sure that its laser spot fell within
its camera’s field of view of 12 mm diameter and served as a base alignment position prior to edge optimization.

The six degrees of freedom of a mirror panel (translation in Tx, Ty, Tz, and rotations in Rx, Ry, Rz), with
respect to the x, y, z axes in the panel reference frame, are controlled by the six supporting actuators. The
relative motion of a panel with respect to its neighbors are monitored by the MPES units. The mapping of the
MPES readings to the actuator motions is described by a response matrix. On a single edge M~δ = ~∆, where
~δ = [δ1, · · · , δ6] is the vector of actuator motion, ~∆ = [∆x1,∆y1, · · · ,∆x3,∆y3] is the corresponding vector of
change in the MPES readings in the frame of camera field of view, and M is the response matrix. The alignment
of a single edge is achieved by solving the required panel motion to minimize the MPES reading displacements,
i.e. ~δ = M−1~∆. The single-edge alignment can be extended to a mirror-wide alignment, where all MPES units
and actuators are included into the vector ~∆ and ~δ.

The MPES guided alignment has no constraint on the global motion of the mirror and very little constraint
on the large-spatial-scale mis-alignments. The large-spatial-scale mis-alignments, such as dipole and quadruple
perturbation modes, can be induced by the systematic errors of the lab calibrations and accumulate only small
distortions at each edge. These small distortions are difficult to correct with the MPES guided alignment, and
special alignment methods are developed to address these problems.

Due to its large surface curvature, the lab calibration of M2 panels has more significant systematic errors
comparing to the calibration of M1 panels. These systematic errors lead to a dipole-like distortion in the panel
Tz positions as well as distortions in other degrees of freedom. The distribution of the panel Tz positions was
Fourier decomposed, and the panels were moved manually in Tz to compensate the observed dipole and quadruple
modes. Once the dipole and quadruple perturbations in panel Tz positions are removed, a few panels are selected
and fixed to maintain the global motion of the whole mirror, and the rest of panels are aligned to these reference
panels with their Tz position fixed during alignment.

The PSF and image variations on the focal plane are sensitive to the rotational degrees of freedom of the
panels, Rx and Ry. The defocused star images, which will be further discussed in Section 5, are used to aid the
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MPES guided alignment. The mis-aligned Rx and Ry panel positions produce randomly scattered spots of the
reflection of a bright star. These spots, which were reflected from certain panels, were identified and rearranged
into a pattern structure. The arrangement of the spots into the pattern effectively align the Rx and Ry positions
of the panels. Once the Rx and Ry positions are determined, the rest of the degrees of freedom (Tx, Ty, Tz, Rz)
of the panels are aligned using MPES with the Rx and Ry of each panel fixed.

The MPES-guided alignment procedure can only be realized thanks to the development of software that is
capable of parallel processing of multiple panels and/or sensors, as it is discussed in Section 3. The capacity of
processing multiple elements not only allow aligning multiple panels simultaneously, but also enable the creation
of a “pseudo” solid body of a collection of panels that could move in the telescope reference frame. The special
regularization methods for alignments, such as fixing certain degrees of freedom and/or freezing selected panels,
are also crucial to the large-scale panel-to-panel alignments.

The MPES-guided alignment procedure has brought the panel-to-panel alignment to a MPES offset average
of ≈ 300 µm with respect to the lab-calibrated reference MPES readings. The distribution of measured MPES
offsets after the MPES alignment procedure can be found in 6. It should be noted that the current MPES-guided
alignment, which is expected to provide an accuracy of alignment on the order of ≈ 50 µm or better, does not
achieve its full capacity due to the challenge of the systematic errors introduced in the lab calibrations. After
the precise optical alignment, which is discussed in the Section 5, the reference MPES readings will be updated
in the database replacing laboratory measurements.

5. STRATEGIES FOR ALIGNMENT USING DEFOCUSED IMAGES OF STARS

The optical PSF is most sensitive to the tip/tilt rotation of the M1 panels and the translation of M2 panels.
Therefore, further alignment strategies designed to constrain these degrees of freedom is needed in addition to the
MPES-guided alignment. In this section, we describe one of such alignment methods, alignment using defocused
images of stars, employed in the commissioning alignment process.

To describe the alignment using defocused images of stars, it is necessary to first establish the number of
optical images from a misaligned/defocused OS. The 16 primary inner (P1) panels reflect on-axis light onto the
secondary inner (S1) panels, and produce 16 images. The 32 primary outer (P2) panels reflect on-axis light onto
both secondary outer (S2) and S1 panels, and produce 64 images. Therefore, there is a total of 80 images of one
on-axis star. Note that these images would overlap at the focal point if the OS is aligned, while a maximum of
80 non-overlapping images can result from one on-axis star if all panels are misaligned.

The goal of alignment using defocused images of stars is to focus the pSCT OS, i.e., to find the configurations
of each panel so that all 80 optical images from pairs of M1-M2 panels overlap at the focal point (correct distances
between M1, M2, and camera are implied).

This method uses the displacement between an optical image of an on-axis star with respect to the focal point
to guide the precise tip/tilt rotation of a M1 panel in order to achieve alignment. It also uses the spread area
and elongation of these optical images to guide the adjustment of the relative placement of M2 with respect to
the gamma-ray camera. As a result, the alignment using defocused images of stars directly optimizes the optical
PSF and offers strong constraints on the tip-tilt of the M1 optical surfaces, as well as the global translation and
tip-tilt of the entire M2 mirror.

A description of the detailed alignment procedure using defocused images of stars can be found in 6.

A response matrix that maps a translation of the centroid of an image of a star to a tip-tilt rotation of a
corresponding panel is necessary for this alignment process. With the response matrices, it is possible to calculate
the amount of relative rotation of a panel that moves the image of the star reflected from the same panel by any
given amount (e.g., form an arbitrary position to the focal point for alignment). These response matrices were
initially measured with one panel rotating at a time, which also allowed image/panel association.

After all images are associated with pairs of panels and initial response matrices are measured, the optical
images can be organized in a circular pattern that resembles the layout of the panels. This is to facilitate easy
identification of images and efficient alignment using defocused images of stars. This is termed as a “defocused”
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pattern, allowing rapid parallel measurements of all response matrices and therefore rapid re-alignment of the OS
as needed when OSS deformation occurs as external conditions (e.g., temperature) or telescope pointing change.

The optical images of a bright on-axis star on the focal plane taken with two defocused configurations and the
initially focused configuration of the pSCT OS are shown in Figure 6. The left panel shows a three-ring defocused
configuration, in which S1 and S2 panels are intentionally misaligned to separate images from P2 panels. By
aligning S2 panels with respect to S1 panels, the images in the outer ring shown in the left panel move inward
and merge with the middle ring, leaving only two rings, as shown in the center panel. Then P1 and P2 panels
can be rotated so that the all images move to the center of the focal plane, as shown in the right panel. At this
configuration, the tip/tilt rotation of M1 panels are considered aligned.
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Figure 6: Illustrations of the optical alignment using defocused images of an on-axis star. (left) Defocused
optical images of a bright on-axis star with P2 panels identified at the images produced by P2-S2 pairs. (center)
Defocused images of the same on-axis star with S1-S2 panels aligned so that the images in the outer circle (P2-S2
images) in the left panel merged with the images in the middle circle (P2-S1 images). (right) Optical images of
a bright on-axis star with the OS in focus. All images shown cover about a 3.5◦ field with the focal point and
the pSCT camera roughly in the center.

Besides the tip/tilt rotation of M1 panels, the alignment using defocused images of stars can also guide the
relative placement of M2 with respect to the focal plane, which is also critical to the optical PSF. The initial
focus of the SC OS was achieved by adjusting the distance between the focal plane and M2 mirror to minimize
the area of the optical images of defocused stars. It is then possible to adjust the global tip-tilt rotation of the
M2 mirror from the “defocused” configuration so that any dipole moment of the ellipticity/elongation of all the
images is removed. The minimization of the image area and the removal of dipole moment of the ellipticity allow
a desired relative placement, in both translation and rotation, of the M2 mirror with respect to the focal plane
that optimizes the optical PSF.

The off-axis optical PSF of pSCT, a crucial performance measure that ensures the unique advantages of the
SCT OS design, is yet to be studied. A set of images with an off-axis star at various offsets were taken to search
for any substantial degradation of the optical images from individual pairs of panels. The contours extracted
with the astrometry.net tool from these images are shown in Figure 7. These images were taken in October,
2019, before the commissioning alignment was reached. No substantial degradation of the image were found in
this initial verification. Note that the exposures of these images were not necessarily uniform, and the ambient
light condition may have changed, making a few images difficult to parameterize, as illustrated by the few large
ellipses.

6. ON-AXIS PSF PERFORMANCE

An on-axis optical PSF of 2.8 arcmin (shown in Figure 8) 6 has been achieved during the phase of initial
commissioning of the pSCT in December 2019, after employing first the MPES-based alignment and then a few
iterations of alignment using defocused images of stars.

The commissioning on-axis optical PSF of 2.8 arcmin is superior than the “acceptable” on-axis PSF of 3.6
arcmin, and only 8% worse than the “goal” of 2.6 arcmin, both of which were defined in the report during the
pSCT pre-construction readiness review conducted by the CTA project in 2013.
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Figure 7: Illustrations of the images of an off-axis star at eight different offsets from the center of the FoV.
The contours identified with the astrometry.net tool for the P1-S1 images (inner ring) are shown. No obvious
degradation of the PSF is apparent.

The sizes of a 4-arcmin pSCT “imaging” pixel and an 8-arcmin pSCT “trigger” pixel (consists of four “imag-
ing” pixels) are illustrated by the white unfilled squares in Figure 8. The commissioning optical alignment
achieved a 75.5% containtment of the PSF within the size of an “imaging” SiPM pixel, and a 99.5% containment
within a “trigger” pixel (defined as 2×2 imaging pixels) for the pSCT. These results serve as a first verification 6
of the on-axis performance of the SCT OS in a telescope with a 9.7-m aperture with both primary and secondary
mirrors segmented. Therefore, the SCT is considered a viable contender for the medium-sized telescope of CTA
from the perspectives of technology and cost. The advantages of the Schwarzschild-Couder OS for science in
ground-based γ-ray astronomy will in turn benefit the CTA experiment.
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Figure 8: The optical PSF of the pSCT illustrated by an image of an on-axis star (Capella) on the focal plane,
taken during the initial commissioning campaign in December 2019. The cyan ellipse shows the 1.8-σ (∼80%
containment) contour from the best 2D Gaussian fit. The magenta contour shows the extension solution obtained
from the astrometry.net tool. The two contours are roughly in agreement. The inner and outer white unfilled
squares illustrate the sizes of a 4-arcmin pSCT “imaging” pixel and an 8-arcmin pSCT “trigger” pixel (consists
of four “imaging” pixels), respectively.
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Greenshaw, T., Grimm, O., Grube, J., Grudzińska, M., Grygorczuk, J., Guarino, V., Guglielmi, L., Guilloux,
F., Gunji, S., Gyuk, G., Hadasch, D., Haefner, D., Hagiwara, R., Hahn, J., Hallgren, A., Hara, S., Hardcastle,
M. J., Hassan, T., Haubold, T., Hauser, M., Hayashida, M., Heller, R., Henri, G., Hermann, G., Herrero,
A., Hinton, J. A., Hoffmann, D., Hofmann, W., Hofverberg, P., Horns, D., Hrupec, D., Huan, H., Huber, B.,
Huet, J. M., Hughes, G., Hultquist, K., Humensky, T. B., Huppert, J. F., Ibarra, A., Illa, J. M., Ingjald,
J., Inoue, Y., Inoue, S., Ioka, K., Jablonski, C., Jacholkowska, A., Janiak, M., Jean, P., Jensen, H., Jogler,
T., Jung, I., Kaaret, P., Kabuki, S., Kakuwa, J., Kalkuhl, C., Kankanyan, R., Kapala, M., Karastergiou,
A., Karczewski, M., Karkar, S., Karlsson, N., Kasperek, J., Katagiri, H., Katarzyński, K., Kawanaka, N.,
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Inome, Y., Inoue, S., Inoue, T., Inoue, Y., Iocco, F., Ioka, K., Iori, M., Ishio, K., Iwamura, Y., Jamrozy,
M., Janecek, P., Jankowsky, D., Jean, P., Jung-Richardt, I., Jurysek, J., Kaaret, P., Karkar, S., Katagiri,
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