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UH Manoa’s High Energy Physics Group Instrumentation Development Lab is develop-
ing a particle detection system for groundbreaking physics research. They are involved in
several international initiatives that require highly specialized devices. Due to this, they
often must travel overseas to onsite facilities to evaluate their new devices. The high cost
and limited availability of using the facilities motivated the lab to build a local facility
for evaluating their devices. The Hawaii Muon Beamline is a testbed for new particle
detectors being developed inside the lab. It features several particle detectors whose mea-
surements are used as benchmarks for newer detectors. This report focuses on the work
done on the Scintillating Tracker Planes during the 2018/19 academic year. Updates to
the data acquisition electronics are made to improve reliability and performance.

Introduction

At the Instrumentation Development Lab (IDLab), the Univer-
sity of Hawaii High Energy Physics group is developing particle
detection systems for physics research initiatives around the
world. As part of this work, the lab must do extensive testing
on their new devices. Currently, these tests must be conduct-
ed at overseas facilities where the initiatives are based. Access
to these facilities is both costly and limited. In addition, the
need to frequently ship detectors overseas leaves a large carbon
footprint. An in-house testbed would increase the productivity,
efficiency, and sustainability of the lab.

The Hawaii Muon Beamline (HMB) is a particle detector
testbed under development at IDlab. It would provide a read-
ily accessible means to evaluate and calibrate new detectors
before they are sent to off island research facilities. The HMB
does not require an artificial source for particles. It uses natu-
rally occurring cosmic ray muons, which are high energy parti-
cles produced in the Earth’s atmosphere. These hardy particles
travel toward Earth at near light speed, and are able to pass
through thick layers of materials without losing a significant
amount of energy before reaching the HMB, which makes
them detectable from inside the lab. Without the need to gen-
erate particles, the HMB is a cost effective and energy efficient
alternative to omsite testing. The experimental conditions of

further our understanding of nature.

| am an electrical engineering major, who graduated in Spring 2019. In school | have been working
on data acquisition electronics for particle detectors. My career interests are in the fields of Em-
bedded Systems electronics and machine learning. | believe Al can work together with humans to
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an onsite test will differ from that of the HMB, but the HMB
will allow the lab to conduct preliminary testing to ensure they
have a working prototype before shipping the device overseas.

To evaluate the performance of the detector-under-test
(DUT) its measurements are compared to that of the HMB.
The HMB contains three different subsystems that measure
various properties of a muon. It also houses the detector that
is being evaluated. The focus of this report is on the Scintillat-
ing Tracker Planes. This subsystem will be the first to detect
the muons. Its job is to alert the system to the presence of a
muon and measure the muon’s trajectory. It features & scintil-
lating planes that are used to detect a muon and get two points
along its path. The HMB mechanical structure has been com-
pleted by Khanh Le, M.S., James Bynes, M.S., and undergrad-
uate research assistants Zin Jun Lin, Marissa Kurabawa, and
Nathan Park. However, the data acquisition system (DAQ)
for Tracker Planes is still under development. This past year,
undergraduate research assistants Tommy Lam and Nathan
Park revised the DAQ’s electronics hardware and firmware,
originally designed by Khanh Le. The aim was to improve the
reliability and speed of communication between the master
board and the Daughtercards interfacing with the detector.
This report covers the revised design of the data acquisition
system and the status of the HMB project at the end of the
2018/19 academic year.

Hardware

In Figure 1, a model of the Scintillating Tracker Planes dis-
plays the mechanical components of the system. The planes

Entrance position measuring
tracking plane palr ——— T

Detector under test
goes here

Figure 1
the tracking volume frame.
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are mounted in pairs on a vertical frame, known as the track-
ing volume. The Tracker Planes are constructed out of scintil-
lating material that emits light when a charged particle, such
as a muon, passes through it with enough energy. Each plane
has an array of photosensors used to estimate the position of
the passing muon. The array has two branches that form a
grid. One branch of the array is located on the top surface of
the plane and measures along the x-axis. The other is located
on the bottom surface and measures along the y-axis [1]. Each
branch consists of 16 sensors that are evenly spaced out so
that each sensor corresponds with a particular position [1]. The
HMB acquires the position of the muon as it enters and exits
the tracking volume. These two positions are used to recon-
struct the muon trajectory. Two planes at the top of the track-
ing volume measure the entrance position, while two planes at
the bottom measure the exit position (see Figure 1). For a pair
of planes to recognize a muon event, both of its planes must
detect a muon [1]. The system only records data when both the
top and bottom pair recognize an a muon, this is known as an
eve [1]. A light tight chamber houses both the Tracker Planes
and the DUT, isolating them from external light that would
skew measurements [1].

The photosensor arrays are mounted onto data acquisi-
tion circuit boards, called the Daughtercards. Each plane has
two Daughtercards (DCs), one for each branch of the sensor
array. The sensors convert captured light into an electrical sig-
nal. The DCs collect, digitize, and store these signals. When
commanded by the Standard Controls and Read Out, and Data
(SCROD) master board, the DCs will read their data out to the
SCROD. The SCROD then passes the data to a computer (PC).
The PC will use the positions of the sensors that captured the

Tracking volume
frame

Exit position measuring tracking
plane pair

CAD model of the HMB Scintillating Tracker Plane mounted on
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most light as the estimated position of the muons. Original-
ly, there would be one SCROD per pair of planes controlling
four DCs. Two DCs on each plane are connected in series. In
this configuration, data would pass through each DC until it
reaches its target. This required a customized serial protocol
to be included in the firmware of the SCROD and DCs. Now,
one SCROD board will connect to all eight DCs from both the
top and bottom planes in parallel (see Figure 2). This configu-
ration simplifies the communication firmware. The following
sections describe the DCs and SCROD in greater detail.

SCROD HARDWARE

The SCROD Rev As master board receives commands from
the PC, relays commands to the DCs, and collects data from
the DCs for the PC. Communication between PC and SCROD
is maintained through a fiber optic Ethernet interface, while
communication between the SCROD and DCs are maintained
through CAT-6 cables terminated with RJ45 connectors. The
main components of the SCROD board include [2]:

1. Optical gigabit transceiver: interfaces with PC, sends
packets of information to and receives them from PC.

2. Xilinx Spartan-6 Field Programmable Array (FPGA): The
“brain” of the SCROD; It parses commands, communi-
cates with Daughtercards, processes data, and sends data
to and receives data from the optical transceiver.

Revised Links

Plane 1

Plane 4
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The SCROD is mounted to an interconnect board, called
the SCROD to RJ45 Board. The interconnect board contains
a power connector for the SCROD and 8 RJ45 ports for con-
nection to the 8 DCs [3]. The SCROD Rev A5 was designed by
Xiaowen Shi and the SCROD to RJ45 Board was designed by
Khanh Le.

TRACKING PLANE DAUGHTERCARD HARDWARE

The DCs are responsible for capturing and digitizing muon
events seen by the photosensors. The photosensors used are
a brand of solid-state silicon photomultipliers manufactured
by Hamamatsu, called Muti-Pixel Photon Counters (MPPCs)
[1]. Each MPPC is comprised of photodiodes that convert pho-
tons (light particles) into a small amount of electric current
through the photoelectric effect [1]. The photodiodes contain
bound charges that can be excited by photons to become mo-
bile. As these energized charges flow through the diode, they
excite other charges, which cause a chain reaction, known as
the Avalanche Effect, that produces electric current. In order
for this to happen, the diodes must be reverse-biased with
a sufficiently high voltage source [1]. With a proper bias, the
MPPCs are capable of sensing single photons, making them
useful for detecting muon events, which produce a very small
amount of light [1]. The MPPC are most sensitive to light with
a wavelength of around 500 nm (the color green) [1]. Thus,
wavelength shifting fibers are placed near the top and bottom

Old Links

Plane 1

Plane 2

Plane 3

Plane 4

Figure 2 The original design required two SCROD master boards and linking the DCs on the same plane in series. Now all 8 DCs

are connected to one SCROD in parallel.
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surface of the tracking planes to shift the emitted light towards
the 500 nm spectrum and channel light to the MPPCs, which
are placed at the end of the fibers [1]. These fibers run parallel
to the x/y axis, thus forming the x-y grid used to measure posi-
tion [1]. Other major components of the DC include [3]:

1. Xilinx Spartan-6 FPGA: the “brain” of the DC; responsi-
ble for TargetX control, data collection, data readout, and
communication with SCROD

2. Ultravolt High Voltage: Provides bias for the MPPCs

3. Trim Digital to analog converter (DAC): Tunes the Ultra-
volt bias on individual MPPCs, programmed by the FPGA

4. Amplifier stages: Convert MPPC current signals to am-
plified voltage signals

5.  TARGETX: Advanced analog to digital converter used to
collect, store and digitize MPPC signals

The TARGETX analog to digital converter (ADC) was de-
signed by Dr. Gary Varner at the IDLab. It converts the electri-
cal signals generated by the MPPCs into digital waveforms that
can be plotted and analyzed by the user [1]. It is controlled by
the Spartan-6 FPGA, which provides all necessary clocks and
control signals [1]. The TARGETX also indicates when an event
has occurred with an on-chip digital triggering system. It has
16 trigger bits for each of the 16 MPPC channels. A trigger bit
signifies a muon when itis logic ‘1’ (high or “true”). Otherwise,
there is no muon when the bitis ‘o’ (low or “false”). The trigger
goes high when the channel voltage surpasses a threshold set
by the FPGA. These trigger bits are encoded into 6 external
bits that go to the DC and SCROD FPGAs. The DC and the
SCROD will process these triggers to decide when an event
has occurred. The Daughtercard board was designed initially
by Khanh Le and revised by Tommy Lam.

FPGA Firmware

The FPGAs are the central processing units on the boards that
direct the data acquisition process. This section gives an over-
view of the firmware implemented on the SCROD and DCs
Spartan-6 FPGAs. The original firmware, which was written by
Khanh Le, was updated by Nathan Park. The update includes
several improvements to the firmware structure and function-
ality. However, the update is still in a prototype phase. The up-
dates need to be integrated with the rest of the firmware, once
the prototype has been fully developed and thoroughly tested.
All firmware is written in Very High Speed Integrated Circuits
(VHSIC) Hardware Description Language (HDL).

SCROD FIRMWARE

The original SCROD firmware had one large complicated
functional block that was responsible for both command pars-
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ing and DC communication. This made it difficult to read, de-
bug, and maintain. The updated firmware is more modular,
isolating major components to make debugging and future
updating more tractable. Currently, the firmware is partitioned
into three main blocks (see Figure 3).

The first block is the S6 Ethernet Module, which inter-
faces with the gigabit transceiver to collect and transmit pack-
ets between the computer and the SCROD. This module was
developed by Dr. Kurtis Nishimura and Dr. Vasily Shebalin,
and replaces an older Ethernet Module that was less flexible
and had more limited capability. The second is the Daughter-
card Interface, which is responsible for communicating with
the 8 DCs. It is also the port of entry for event data. This unit
uses a custom communication protocol, called Quad-Byte Link
(QBLink), which was developed by Dr. Gary Varner and Dr.
Kurtis Nishimura. The third is the Command Interpreter (CI),
which handles commands received from the PC via the Eth-
ernet Module. The module was first developed by Dr. Kurtis
Nishimura, and later modified by Dr. Richard Peschke to be
compatible with the SCROD Rev Aj. The source code for the
module was intended for general purpose use. Nathan Park
adapted the module to meet the needs of the HMB project.

There are four kinds of commands that the CI parses:
SCROD Register commands, DC register commands, device

SCROD Firmware Structure
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Figure 3 SCROD Top Level Block Diagram.
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pinging, and data readout. Both the SCROD and DC FPGAs
have registers that store control settings for the peripheral de-
vices, such as the trim DACs. These registers can be written
to and read by the user’s PC through register commands. The
user can check if all communication links are established be-
tween the PC, SCROD, and DCs with ping commands. Data
readout commands are used to extract data from the DCs after
the system is triggered by a muon event. The old firmware has
an existing trigger logic and a data read out command system.
However, it is not able to fully extract waveform data and will
need to be revised in light of the changes to the system.

Commands are sent by the PC through Ethernet packets.
The packets consist of 32-bit words that must be sent in a cer-
tain order so that the CI can parse the command. These words
include a header, packet type, device address, command type,
and the actual commands themselves. Tables 1 and 2 show the
formats for register and ping commands. The format is heavily
based on that described in the documentation for the S6 Eth-
ernet Module [4].

The packet formatting is set in the CI firmware, which
has a state machine that checks each word for errors and de-
cides what action the SCROD will take. Nathan Park designed
the device address format (word 3) so that Interpreter will
distinguish between SCROD and Daughtercard targets. The
original CI was designed to only handle SCROD commands.

Vol. 4, Fall 2019

Park expanded the functionality of the CI, enabling it to pass
commands to the Daughtercards through the Daughtercard
Interface and QBLink.

The control registers on the SCROD are written to by a
register programming process located at the top level. The CI
sets the ‘Rd/Wr’ flag that either puts the process in read mode or
write mode, and passes the register value and address specified
by the command packet. If in write mode, the process assigns
the register value to the addressed register. If in read mode,
the process reads the addressed register to the CI. The CI then
reads that value back to the PC. A ‘Start Operation’ enable flag
is raised by the CI to initiate a register operation. The process
raises an ‘Acknowledge’ flag to signify it received the command.
A major concern was whether the CI could be compatible with
the old firmware’s register architecture. After designing the reg-
ister programmer, Park ran tests to see if he could write and
read back registers from a PC, and he did so successfully.

The Daughtercard Interface (DCI) is designed to have 8
QBLink modules, one for each DC. To pass a command to a
daughter card, the CI selects the proper QBLink module on
the DCI and inputs the command word to the module. QBLink
then sends the command to its DC. The DCI also listens to
the outputs of the QBLink module. If all 8 modules report an
event, then the DCI alerts the system that there is a valid muon
event. The SCROD then proceeds to send event data from each

Table1 Register Command Packets
HIGH BYTES LOW BYTES

WORD 31:25 24:16 15:8 7:0 DESCRIPTION

0 0x00BE11E2 Header word

1 packet size Number of remaining words except

packet checksum: 6
) O0xGAGEGO 74 Labels packet as a Register
Command
Device labels: (SCROD) 0x00A5,
3 0x00 Device label Device # (DC) 0x00DC | Device #: 0x00

(SCROD), 0x01 through 0x08 (DC #)

4 |verbosity (31:24)

Command ID (23:0)

Verb(7): suppresses command
response. Command ID: unique ID
to each command

Ping: 0x70696e67, read: 0x72656164,

5 command type write: 0x72697465
Register Value .
6 (0x0000 for read operations) register address Command data

7 command checksum

sum words 4 through 6

8 packet checksum

sum of entire words 0 to 7
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Table2 Ping Command packets
HIGH BYTES LOW BYTES

WORD 31:25 2416 15:8 7:0 DESCRIPTION

0 0x00BE11E2 Header word

1 Number o semaiing vorts cxcp

2 0x64616974 packet type: device configuration

Device labels: (SCROD) 0x00AS5,
3 0x00 Device label Device # (DC) 0x00DC | Device #: 0x00

(SCROD), 0x01 through 0x08 (DC #)

4 |verbosity (31:24)

Command ID(23:0)

Verb(7): suppresses command
response. Command ID: unique ID
to each command

5 0x70696e67 Command Type: Ping
6 command checksum sum words 4 through 6
7 packet checksum sum of entire words 0 to 7

DC to the PC. This event handling feature is currently being
developed.

DAUGHTERCARD FIRMWARE

A fully functioning Daughtercard contains the following firm-
ware functional blocks:

1.  Communication with the SCROD

2. Command Interpreter

3. Trim DAC Controller

4. TARGETX Interface

5.  Event Trigger Logic

6. Registers to store control settings for the TARGETX, trig-
ger logic, MPPC biasing, and trim DACs

The DC firmware has a QBLink module to satisfy the first
requirement. A simple message was sent from the SCROD to
the Daughtercard and read back to the SCROD to verify that
the two boards can communicate. Then, a Command Inter-
preter was designed so that it would directly handle register
programming. The DC register programming feature was suc-
cessfully tested.

The Trim DAC controller sets the bias voltages on the
MPPCs. The TargetX Interface controls settings on the Tar-
getX chip by programming registers internal to the chip. The
Event Trigger Logic listens to the encoded trigger bits sent by
the TargetX and determines if the DC has seen an event. All
three of these modules are currently being developed.
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Project Status and Future Work

The communication links between the PC, SCROD, and
Daughtercards are crucial components to the HMB Scintillat-
ing Tracking Plane data acquisition system. Prior to this year,
these links were not very reliable. One issue was that the old
PC-SCROD Ethernet module would often time out, requiring
the whole system to be reset. This would result in loss of data.
In addition, the old Ethernet module had poor documentation
and was unfamiliar to most of the current lab members. An-
other issue was the problematic structure of the DC firmware.
The parsing of PC commands, communication with the DCs
and processing of event data were all entangled in one block
inside the SCROD FPGA, making it very difficult to progress
with firmware development.

This past year, Park replaced the old Ethernet module
with a custom built S6 Ethernet module developed at the lab.
This module has better documentation and does not time out.
He also replaced the old SCROD-DC communication protocol
with QBLink. Park also restructured the firmware so that it is
easier to maintain. The improvements made to the firmware
will ensure we have robust communication links and a more
organized firmware structure.

The next milestones for the project are to reconfigure the
fiber optic network, complete the DC register programming
test, and integrate the missing functional blocks to the DC.
Once these tasks are achieved, the event handling system for
the SCROD will need to be redesigned.
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Conclusion

The Hawaii Muon Beamline is a crucial tool to accelerate our
development of particle detectors. The Scintillating Tracker
Plane detector is one of the key components of this new test-
bed, and it is near completion. The next steps are to finish test-
ing the new firmware updates and fully integrate them with
the project. Opportunities abound at HMB for electrical engi-
neering students to develop their skills while developing the
next generation of particle detection systems.
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