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The SuperKEKB facility is the upgrade of KEKB to increase the luminosity 40 times,
to 8x 1035 cm™ s!, with the overarching mission is to search for new physics
beyond the standard model of particle physics in the B meson regime. It has two rings,
the High Energy Ring (HER) and the Low Energy Ring (LER), for 7 GeV electrons
and 4 GeV positrons, respectively.

Beam instrumentation in the accelerator serves as the 'eyes' of the machine operators,
requiring the design, construction and operation of instruments to observe particle
beams, and also research and development to find new, or improve existing,
techniques to fulfill new requirements. Several beam parameters that we need to
measure in the accelerator (i.e., SuperKEKB) are beam position (to know the
horizontal and vertical positions of the beam throughout the accelerator chamber),
beam intensity, and lifetime measurement. Other parameters are beam loss, beam
profile (actual shape of the beam, in both transverse and longitudinal planes), and
collision rate to measure of how well the beams overlap at the collision point.

There are two different types of synchrotron radiation (SR) monitors for beam profile
diagnostics in SuperKEKB: SR interferometers (visible-light monitors, SRM) and
x-ray beam size monitors (XRM). The XRM will be used primarily for vertical bunch
profile measurements and secondarily for horizontal beam size measurements, and the
visible light monitors will be wused primarily for horizontal bunch profile
measurements, with the possibility of vertical measurements at larger beam sizes for
comparison with the XRM measurements.

The principal aim of the XRM is for vertical beam size measurements that eventually
have the capability for high-resolution bunch-by-bunch, turn-by-turn measurements
for low emittance tuning, collision tuning, and instability measurements. The
motivation of the present research was the development of the XRM, consisting of
designing the mask patterns, calibrating the XRMs during the commissioning of the
SuperKEKB operation, and exploring the image reconstruction technique using
uniformly redundant array (URA) coded apertures.

The main principle of the XRM system is to propagate X-rays from the SR source
point (bending magnet) through optical elements to the observation plane (detector).
They form a diffraction pattern with an array of peaks on the detector depending on
the pattern of the optical elements. This pattern is a point response function (PRF),
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i.e., the expected X-ray intensity distribution at the observation plane for a given
X-ray spectrum, beamline geometry, and optical elements, for a point source at a
given location in the source plane. We used a Fresnel-Kirchhoff diffraction
approximation to estimate the propagation of the X-ray distribution from the SR
source to the detector. Figure 1 shows the simplified schematic of the XRM.
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Fig. 1: Schematic of the XRM beamline at each of the SuperKEKB rings (not to scale).
It consists of a beryllium filter placed upstream of the optics to reduce the heat load
and to separate x-ray beamline vacuum from the ring vacuum, three sets of optical
elements (a single pinhole and two sets of coded apertures), a beryllium window, and
the detector system. For Phase 1 (Phase 2) of SuperKEKB commissioning, a 141
um-thick YAG:Ce (LuAG:Ce) scintillator with a CCD camera focused on it is used as
the imaging system. In the next phase, the scintillator will be supplemented by 128
channels of silicon detector with 2-mm sensing depth and a pixel pitch of 50 um, for a
single-shot measurements.

There are two types of the optical element for the XRM in each ring, a single pinhole
and coded apertures (CA). For pinhole imaging, the hole should be as small as
possible (within diffraction limits) to provide resolution. However, a small hole often
has an insufficient area to collect enough X-rays to produce an interpretable image.
The capability of CA becomes useful to overcome the limitation of pinhole imaging
and provide better resolution. Because CA offers greater open aperture and photon
throughput than a single pinhole, the CA has the capability for better statistical
resolution in single-shot measurements. Accordingly, three optics/masks that have
been designed and installed at each ring: pinhole, 17 multi-slits, and 12-slits
Uniformly Redundant Array (URA).

We simulated the propagation of the X-rays through the optical elements then
calculated the statistical resolution for a single-shot measurement by calculating the
difference between two images recorded by the detector for various simulated beam
sizes, for a given number of photons. The 17 multi-slits was estimated to provide 2 —
3 um resolution for 10 — 25 um of vertical beam sizes at 1 mA bunches. For larger



beam sizes (> 30 um), the 12-slits URA mask has better resolution than the 17
multi-slits.

Several calibration studies (geometrical scale factors, emittance control knob, and
beam lifetime studies) were carried out during Phase 1 of SuperKEKB commissioning
from February until June 2016. The ratio of the geometrical scale factors recorded by
tape-measurement (physical measurement) and beam-based measurement mostly
agrees within a few percents at both beamlines. The studies suggested that during the
Phase 1 commissioning, the measured vertical emittances ¢, are ~10 pm for LER
(consistent with the optical estimation) and ~ 35 pm for HER (3.5 times greater than
the optic estimation). Analysis of the beam size and lifetime measurements suggests
unexpectedly large smearing factors, particularly in the HER.

In Phase 2 (May to Juli 2018), several new types of equipment were installed (thinner
beryllium filter, new optical element, He gas filling, and new CCD camera) with the
primary purpose to reduce the smearing factor in the HER beamline that we faced in
Phase 1. Several calibration studies as in Phase 1 have been carried out and suggested
a good improvement in the smearing size, which is about 5 times smaller than in
Phase 1.

For further explorations and refinement following the present work, we will
supplement the scintillator with 128 channels of silicon with 2-mm sensing depth and
a pixel pitch of 50 um. This detector system will have the capability for single-shot
measurement which is useful for studying beam instabilities.

In the current phase, we are using the template-fitting method that has excellent
capability in the reconstruction of the image source, but in the future, for
single-bunch measurements this method cannot keep up with the vast volumes of data
in real-time. An investigation of fast reconstruction method based on URA coded
aperture imaging for XRM is of great interest. This method is essential for measuring
the beam sizes of all 2500 bunches in the SuperKEKB accelerator over thousands of
turns, as needed for instability studies and luminosity tuning.
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