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The silicon vertex detector (SVD) for the Belle II experiment at the SuperKEKB accelerator in
Japan is responsible for detecting particle’s origins. It comprises four cylindrical layers with
ladder-like double-sided silicon detector (DSSD) arrays on each layer. The ladders produced
under a stringent quality control showed good mechanical tolerance with a DSSD distortion
<300 um and with an electrical efficiency >99%. The SVD was commissioned with cosmic-
ray events for two months. Cluster-finding efficiency was estimated in the commissioning to be
>98.5%. The commissioned SVD had been installed on the Belle II detector. The so-called
"phase 3" of the experiment with the SVD will start in March 2019.
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1. Introduction

Despite the great success of the Standard Model (SM) of particle physics, the SM is not a
complete theory to explain all mysteries in the universe, and it is strongly believed that a new
physics accountable for the mysteries exists beyond the SM. Aiming at a search for the new physics,
we started high energy experiment Belle Il in KEK, Japan, in April 2018 [I].

Figure 1: Sketches of the Belle II detector (left) and the SVD (right). The characteristic lantern shape is
seen in the right sketch.

The SuperKEKB accelerator [B] is a circular collider of 7.0 GeV electrons to 4.0 GeV posi-
tions to deliver the B, D, 7, and other particle decays to the experiment, and the Belle II detector [B]
sketched in Figure 0 (Ieft) precisely measures the decay-particle properties with covering the e™-e~
interaction region. The detector comprises seven sub-detectors: pixel detector (PXD) and silicon
vertex detector (SVD) for detecting the particle’s origin, central drift chamber for particle tracking
and dE /dx measurement, aerogel ring-image Cherenkov counters and time-of-propagation coun-
ters for particle identification, electromagnetic calorimeter for particle energy measurement, and
K?-u detector for K? and p* detection. The combination of the PXD and SVD (referred to as
the vertex detector (VXD), hereafter) is estimated to detect a particle position having a transverse
momentum of pr = 2 GeV/c¢ with an impact parameter resolution of 15 yum.

The accelerator and detector were commissioned taking a phase-by-phase approach. In Phase 1
from February to June 2016, the accelerator was commissioned while the detector was out of
the beam line to avoid possible large radiation dose on the detector from the accelerator under
the commissioning. The e and e~ beams were successfully stored in the SuperKEKB rings in
Phase 1. In April 2017, the Belle II detector equipped with all the sub-detectors but the VXD was
rolled in to the interaction region. Phase 2 was started in March 2018, and on April 26%, the first
hadronic event of ete™ — gg was confirmed with the Belle II detector, upon which the start of
the Belle II experiment was claimed. The SuperKEKB accelerator had achieved a peak luminosity
of 2.29 x 103 cm~2s~!, and the Belle II detector has collected ~454 pb~! of data by the end of
Phase 2 in July.

2. SVD Overview

A sketch of the SVD is shown in Figure [l (right). The SVD consists of four cylindrical layers
(layer 3 to 6) with their radii being 39, 80, 104, and 135 mm, respectively. The layers comprise 7,
10, 12, and 16 ladder-like arrays of double-sided silicon strip detectors (DSSDs), and each ladder
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Figure 2: Photos of the assembled layer-6 ladder (left) and its anatomy (center), and the photo of the FlexPA
circuit extracted from the top side and bent to the APV25 chips (right).

is composed of 2 to 5 DSSDs. The ladders are mounted on forward and backward end rings to form
the cylindrical shape. In order to reduce the material budget in the forward region, the SVD has a
characteristic lantern shape, and the layer 4 to 6 ladders are designed to have a slant structure in the
forward region. The ladder is composed of ladder support ribs, DSSDs, thermal insulator, readout
ASIC chips (APV25 chips), readout flexible printed circuit boards (Origami PCBs), and small
PCB cards (Hybrid cards). The assembled layer-6 ladder and its anatomy are shown in Figure O
(left and center, respectively). The components are mostly glued with epoxy adhesive. Three kinds
of DSSDs are used in the SVD; the layer 3 ladder employs a small rectangular DSSD, while the
layer 4 to 6 ladders employ a large rectangular DSSD for the barrel part and a trapezoidal DSSD
for the slant part. The long strips are located on the p side along the beam axis, and the short strips
are located on the n side with an orthogonal arrangement to the p strips. On the p and #n sides, 768
and 768 strips are lined on the layer 3 DSSD, and 768 and 512 strips are lined on the layer 4 to 6
DSSDs. The p side of all DSSDs, but the layer 3, faces the beam pipe; the layer 3 DSSDs are
oppositely arranged.

The SVD signals are read out by 1,748 APV25 chips [B], which were originally developed
for the CMS experiment. The short shaping time (50 ns) and deep analog pipeline (192 cells) of
the chip contribute to minimizing signal pile up and readout dead time. The strips are electrically
connected to the APV25 chips by wire bonding and flexible fan-out circuits. Strip signals on the
most forward and backward DSSDs are transmitted to the APV25 chips mounted on the Hybrid
card attached to each ladder end. Strip signals on the other DSSDs are transmitted to the APV25
chips mounted on the Origami PCBs directly glued on the DSSD # side via a foam insulator. The
scheme, coined “chip-on-sensor” concept, reduces the capacitive noise by minimizing the signal
path length rather than transmitting the signals to the ladder ends as the legacy ladder designs.
The p side signals on the layer 4 to 6 ladder DSSDs are once extracted to the DSSD outside with
the FlexPA circuits, and transmitted to the APV25 chips also mounted on the Origami PCBs by
bending the FlexPA circuit as shown in Figure B (right). The bent FlexPA circuit is glued on the
Origami PCB. The bending scheme is called the “Origami” concept.

Figure B shows the data stream from the SVD to the readout PCs. The SVD signals are
transmitted to 48 VME-9U sized FADC modules, each of which is equipped with the AD9212
analog-to-digital converter chips linked to the individual APV25 chip and the Altera Stratix IV
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FPGA for the following digital data processing. The digitized data undergo five steps of process-
ing: FIR filtering for compensating line signal distortions, signal extraction, pedestal subtraction,
common mode correction, and zero suppression. After hit time finding in the processed data, the
data are transmitted to common data-acquisition platform modules, named COPPER [H], along a
homemade data-link protocol over optical fibers. The data in the COPPER modules are read out
by nine readout PCs and sent to event building PCs.

x48 FADCs x48 COPPERs

x1,748 APV25s

Optical
fibers

—> .|::>X9PCS

* FIR filtering » Pedestal subtraction
* Signal extraction * Common mode correction
¢ Zero suppression

Figure 3: Illustration of the SVD data stream.

The APV25 chip dissipates 0.35 W heat once it is configured. All chips are thermally con-
nected to a CO; cooling pipe via a piece of thermal-conductive silicon rubber (and an aluminum
block as a heatsink for forward and backward chips), and cooled down by gas-liquid two-phase
CO, with a temperature of —20 C°. The ladder temperatures are monitored by 248 sensors on 40
optical fibers inserted between the thermal insulator and Origami PCB for each ladder, and the end-
ring temperatures are monitored by 64 NTC thermistors attached on the rings. The SVD volume is
filled with nitrogen gas at room temperature. The nitrogen dew point is well below —30 C° to avoid
dew condensation on the SVD. An interlock signal is issued when one of the monitors detects a
faulty environment.

The instantaneous and integrated radiation doses on the VXD are monitored with 28 diamond
sensors attached on the beam pipe and end rings. Diamond crystals work as an ionization chamber
with an accurate dose measurement and proper responses to both fast and slow increases of the
dose. The sensors have already been calibrated with 8 rays of strontium 90. A beam-abort signal
is issued to the SuperKEKB accelerator when the monitor detects a radiation level exceeding a
threshold.

3. SVD Ladder Assembly

Five institutes across the globe were responsible for assembly of forward and backward DSSD
modules and layer 3 to 6 ladders, respectively: INFN Pisa (Italy), Melbourne University (Aus-
tralia), TIFR (India), HEPHY (Austria), and Kavli IPMU (Japan).

Three essential items existed in the ladder-assembly procedure: DSSD alignment, compo-
nent gluing, and wire bonding. The alignment tolerance of the DSSDs in each ladder was set to
4300 um to secure a sufficient space avoiding a touch of the fragile DSSD to any other compo-
nents because the minimum proximity of a certain DSSD to the neighboring ladder component in
the completed SVD was only 1 mm. For the precision sensor alignment, the DSSDs were handled



The Silicon Vertex Detector of the Belle Il Experiment T. Higuchi

with tailored jigs having a machining precision of ¢'(50 um) in the critical part. The DSSDs were
initially aligned on the jigs with a coordinate measuring machine, and then chucked to the jig by
vacuum. The alignment distortion in passing the sensors across two jigs was avoided by connecting
the jigs with precision pins.

Since wire bonding on a FlexPA circuit demanded rigidly cured glue under the wire bonding
pads as a foundation, glue underflow under the FlexPA circuit had to be avoided. Contrary glue
overflow from the FlexPA edge also had to be avoided because it risked tainting the pads, which
made the following wire bonding on the pads impossible. For these reasons, a gluing procedure
ensuring the good glue spread was carefully developed. The procedure varied site by site. One site
employed a 3D robot arm and compressed air supplier with controllable pressure to reproduce the
amount and position of the dispensed glue on the FlexPA circuit; in the site, the glue viscosity was
checked by drawing a check pattern on a plastic film every time before they used glue.

The DSSDs, FlexPA circuits, and APV25 chips are electrically connected by the ultrasonic
wire bonding with ¢ = 25 um aluminum wire. Parameters for the wire bonding machine were so
tuned to provide a wire-bonding quality satisfying the following quality guideline: the bonding ef-
ficiency € >99%, pull strength f>5 gW, and o/ f < 0.2, where oy is the standard deviation of the
f distribution. Failed bonds were periodically detected by microscopic and electrical inspections
and timely repaired. More details on ladder assembly and mechanics can be found in Ref. [H].

Rather stringent internal reviews on the ladder-assembly procedure were introduced to secure
reproducibility of good-quality ladders in the distributed sites with limited valuable ladder compo-
nents. The sites used only a standardized, frozen, and documented ladder-assembly procedure that
had already been signed off by the reviewers before ladder mass production. Any errors during the
mass production were reported to the reviewers, and, as well as the procedure sign off, counter-
measures for the errors were also reviewed after intensive tests on a mockup module and signed off
before its embedding to the standard procedure. Manpower of the sites was also reviewed to secure
the operator healthiness and ladder quality. By May 2018, all the sites completed the ladder mass
production. All the completed ladders underwent mechanical survey of the DSSD alignment with
a coordinate measuring machine and an electrical test of the DSSD response with a laser or 3-ray
illumination. The DSSD displacement below 300 yum and electrical defect fraction about 1% were
achieved in all ladders. The ladders were transported to KEK in a shock-safe container and, after a
careful incoming inspection with optical survey and electrical test, they were stored in desiccators
there.

4. SVD Half-Shell Construction

The SVD cylinder can be vertically separated into two half shells. A pin hole is opened at
every ladder slot on each end ring of the half shells to accept pins protruding from both ladder
ends. Figure B (left) shows a ladder mounting operation to the end rings. The rotational angle
of the two end rings, which are tentatively connected to a rotational rod, was set around the rod
so that the rod and ladder slot under mounting came on the same horizontal plane. First, the
ladder for mounting was picked up from the container with a ladder-mounting jig, and then, fixed
on a horizontally sliding stage together with the jig. The ladder with the stage was slid toward
the ladder slot and stopped right before the ladder touched to the end rings. Once the ladder pin
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Figure 4: Photos of the ladder mounting operation (left) and completed half shell with all ladders and
cooling pipes attached (right).

position was precisely adjusted to the pin hole position, the ladder was detached from the jig and
inserted to the slot, and finally fixed to the end rings by screws. After each ladder was mounted on
the rings, a quick electrical test was performed on the ladder itself and the neighbor ones to verify
their integrity. Additional DSSD displacements from mounting were confirmed under control by
a coordinate measuring system developed on the ladder mounting setup. No ladder components
touched to others. After all ladders of the layer had been mounted on the half shell, the cooling
pipe was attached on the shell, and the pipe was connected to a CO, supply. A dry box filled
with dry air was built over the half shell for the following cooling test and electrical test of the
full ladder, and then, the CO, supply was turned on. Good thermal contact between the pipe and
chips was confirmed by monitoring the configured APV25 chips through an infrared camera. The
electrical healthiness of the ladders in the completed layer was confirmed by analyzing calibration
data from the ladders. The operation sequence was repeated for all the layers. The ladder mounting
for both half shells had been completed by July 2018. A photo of one completed half shell is shown
in Figure B (right). An overall electrical test of all the ladders on the fully dressed half shells was
carried out, and no new electrical defects were detected in either half shell.

5. SVD Commissioning

Experiment 0
Run 190
Event 5

SVD +X

Figure 5: Photo of the half-shell commissioning setup with one half shell already in the dark box and the
other one outside (left), and an early event display of a cosmic ray detected by the half shell (right).

The completed two half shells were commissioned from July to September 2018 in a full-scale
test setup with cosmic rays. The shells were placed in a dark box (Figure B, left), and connected
to the 48 FADC modules. The COPPER modules and readout PCs for the experiment were used
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to read out the FADC data while they were logically isolated from the central data acquisition
system to avoid disturbing the data taking in Phase 2. Plastic scintillators were placed above and
below each half shell to issue trigger signals for cosmic rays. The cooling pipes of the SVD were
connected to a cooling plant developed as a part of the test setup. The SVD had collected 30 x 10°
cosmic-ray events. The analysis results of the cosmic-ray data are described below.
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Figure 6: Calibration parameter trends for the gain (left) and noise (right) for selected 16 DSSDs in the two
half shells monitored over the two-months commissioning. The parameters were stable over that period.

The calibration parameters gain and noise of both p and n sides of all the DSSDs were mon-
itored over the two-months commissioning, and no significant trends in them were observed (Fig-
ure B). The occupancies for each of p and n sides of all the DSSDs were also monitored during
the commissioning, where the occupancy was defined as a fraction of strips with a signal-to-noise
ratio larger than 5 to the total strips. The occupancies for cosmic-ray events were significantly
higher than the random-trigger events, which meant the DSSD signals were properly dominated by
cosmic-ray hits.
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in the figure is considered coming from noise clusters.
Figure B (right) shows an early event display of a cos-
mic ray detected by one half shell. Cluster-finding ef-
ficiencies of all DSSDs were found to be >98.5% and mostly > 99%, where the efficiency of a
certain DSSD was defined by a number of associated clusters to the cosmic-ray intercept on the
DSSD within a £500um range with subtracting a number of random-cluster contributions from
the number of total clusters in the range.

The commissioned SVD half shells were combined with the PXD by October 2018, and the
VXD had been formed. The integrated system test on the VXD detected no new defects in it. The
VXD has been installed to the Belle II detector in November 2018. The Belle II detector with all
the sub-detectors installed is under the final commissioning before Phase 3 to start in March 2019.
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6. Phase 2 Commissioning

Besides the ladder assembly, half-shell construc-
tion, and full-scale commissioning described in Sec-
tions B to B, another VXD commissioning using a
reduced-scale system, named BEAST (Figure B), was
carried out under the real beam environment in Phase 2
to confirm a safe beam-background environment to-
ward the real VXD operation on the beam line in
Phase 3. The BEAST detector was installed in the
Belle II detector in November 2017, operated for the
VXD commissioning throughout the Phase 2 period,

Figure 8: Photo of the BEAST detector,
containing two PXD and four SVD lad-
ders.

and dismantled in September 2018 to make a space for
the real VXD.

The occupancy limit of the SVD was set to <3% for an optimal tracking performance, and
the radiation-dose limit on the SVD was set to <100 kGy for the 10-year Belle II operation
(10 kGyl/year) along conservatively estimated radiation hardnesses of the DSSD. According to
Monte Carlo (MC) simulations of the beam background, the occupancy and annual radiation dose
on layer-3 ladder under the full beam-current operation in Phase 3, were estimated to be ~1%
and ~1 kGylyear, respectively. However, in analyzing the Phase 2 data, it was identified that
the observed occupancy and MC-simulated occupancy for the corresponding beam conditions of
Phase 2 were significantly incompatible, which would propagate in the worst case to scaling up
the estimated background in Phase 3 by a factor 10-20. In this worst case scenario, pessimistically
assuming the scaled-up estimation will be true, the scaled-up radiation dose will be still within the
manageable level while the scaled-up occupancy will be beyond the operable level. While a source
of the discrepancy between the observation and MC simulation is being investigated, an effort to
mitigate the background will be made in the early Phase 3 period. The major occupancy sources are
known to be Touschek background (Coulomb scattering of beam particles inside a beam bunch),
beam-gas background (Bremsstrahlung and Coulomb scattering of a beam particle with residual
gas in the beam pipe), and e"-e¢~ collision. The first two are proportional to the electron beam
current squared plus positron beam current squared, and the last one is proportional to an instanta-
neous luminosity. In the early Phase 3 stage when the accelerator will be operated with half beam
currents of the full values used in the occupancy estimation, the occupancy will be a quarter of the
worst case estimation and still below a manageable level to achieve good tracking performance. In
the period, accelerator parameters and beam collimators will be tuned to mitigate the background.

The interlock systems were also tested in Phase 2. The radiation-monitoring and beam-abort
system implemented with the diamond sensors were tested with setting the beam-abort threshold
for a time-integrated dose over 10 ms to 5 uGy, which was lower than the nominal value, and
increasing the beam currents eventually. The SuperKEKB beams were properly aborted by an
abort request from the abort system when the time-integrated dose exceeded the threshold. A dose
history stored in the radiation-monitoring electronics for the last one second before the abort was
properly transmitted to an external device. The beam-abort thresholds for fast and slow aborts for
the normal accelerator operation were set to 0.1 mGy/ms and 2 mGy/s, respectively; in Phase 2,
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total 86 fast and 12 slow abort requests were issued. Finally, the interlock system for environmental
monitors were also confirmed working properly. For some minor but real instances like a dew
condensation close to the CO; transfer line due to a non-working vacuum pump causing insulation
failure, the interlock system properly halted the SVD power supplies.

7. Summary

The Belle II experiment is searching for new physics beyond the SM. It has been kicked off
in April 2018 with all the sub-detectors installed but the PXD and SVD. The PXD and SVD are
the detectors for precisely locating particle origins. The SVD consists of four cylindrical layers
with ladder-like DSSD arrays arranged on each layer. All the ladders had been produced with good
mechanical and electrical qualities, and mounted on the end rings with no new additional electrical
defects. The SVD was commissioned for two months with cosmic-ray events showing excellent
performance. Calibration parameters gain and noise were confirmed stable over that period. The
energy deposition on the DSSDs was consistent with expectation. The cluster finding efficiency
was estimated to be > 98.5%. According to background studies performed with Phase 2 data
collected with a sector of SVD, the estimated radiation dose on the SVD, integrated over 10 years,
is expected to be within a manageable level. Present estimation of the occupancy is expected to
be beyond the level for an optimal tracking performance, but accelerator parameters and beam
collimators still have to be tuned at the start of Phase 3 to mitigate machine background. The
interlock systems were found working properly during Phase 2.

The SVD had been combined with the PXD, and the VXD has been installed to the Belle II
detector already. The Belle II experiment with all the sub-detectors installed will start in March
2019.
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