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ARTICLE INFO ABSTRACT

Keywords: The Nab experiment will measure the electron-neutrino correlation and Fierz interference term in free
FPGA neutron beta decay to test the Standard Model and probe Beyond the Standard Model physics. Using National
DAQ Instrument’s PXIe-5171 Reconfigurable Oscilloscope module, we have developed a data acquisition system

that is not only capable of meeting Nab’s specifications, but flexible enough to be adapted in situ as the
experimental environment dictates. The L1 and L2 trigger logic can be reconfigured to optimize the system
for coincidence event detection at runtime through configuration files and LabVIEW controls. This system
is capable of identifying L1 triggers at a rate of at least 1 MHz, while reading out a peak signal rate of
approximately 2GB/s. During the commissioning phase of the experiment, the system ran at a sustained
readout rate of 400 MB/s of detector signal data originating from roughly 6 kHz L2 triggers, well within the
peak performance of the system.

1. Introduction

The Standard Model of Particle Physics is a detailed framework
that describes the fundamental forces and the particles that make up
the universe. Several recent measurements probing the behavior of the
Weak interaction, combined with ongoing developments in theoretical
calculations, point to a possible deviation from Standard Model pre-
dictions. Investigations of free neutron beta decay can provide a more
thorough understanding of the electroweak interaction and serve as a
sensitive probe for Beyond the Standard Model (BSM) Physics [1-4].

Measurements of angular correlations such as the electron asym-
metry or the electron-neutrino correlation, combined with extractions
of the neutron lifetime 7,, can be used to determine the Cabibbo

Kobayashi Maskawa matrix element V,; without the theoretical un-
certainties present in many-bodied interactions such as superallowed
0t — 0" nuclear decays. Alternatively, a 1/E, dependence present in
the neutrino asymmetry or a distortion to the beta spectrum, known as
Fierz interference, is indicative of new physics in the form of scalar or
tensor couplings.

1.1. The Nab experiment

The Nab experiment at the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory aims to significantly improve measurements
of angular correlations in free-neutron beta decay. The goal of the
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Fig. 1. The Nab spectrometer and data acquisition systems. Neutrons that decay while
passing through the spectrometer are magnetically guided to detectors above or below
the beamline. The electrons carry sufficient energy to deposit measurable signals,
while the protons undergo electrostatic acceleration (requiring fiber-optic readout of
the electronics) to gain detectable energies. Proton energies are thus determined via
time-of-flight measurement.

experiment is to measure the electron-neutrino correlation term to a
relative precision of 1 x 10~3 by reconstructing the decay kinematics
from the electron energy and proton momentum. An additional mea-
surement of the Fierz interference term to an absolute precision of
3 x 1073 is intended as a probe for BSM Physics [5-7]. Two 2.0 mm
silicon wafers, divided into 127 hexagonal pixels, will be used to
measure, in coincidence, the electron and proton from unpolarized
neutron decay. The electron energy can be determined directly from
the charge deposited into the detector, while the proton momentum
must be determined via a time-of-flight measurement along a fixed-
length spectrometer [8,9]. Furthermore, the massive proton is unable to
penetrate the 100 nm dead-layer of the silicon with measurable energy,
so a —30kV accelerating potential is applied in front of the detector to
allow for successful detection [10,11]. Fig. 1 depicts the experiment
as installed at the SNS. Due to the time-of-flight (TOF) region in the
spectrometer, detected protons on the upper detector arrive roughly 10
to 100 ps after the corresponding electron event.

The data acquisition system (DAQ) for this experiment needs to
support electron energy extraction with 3keV resolution with an in-
tegral non-linearity understood to the 0.01% level. Additionally, any
systematic biases in timing extraction, such variations in clock syn-
chronization, must be understood to better than 300 ps for proper phase
space reconstruction for electron—-proton coincidences, and the sample
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rate must be sufficient to capture multiple points on the 30 — 40ns
rising edge of detector signals for backscattering identification. A low-
threshold trigger must be able to efficiently detect protons between 20
and 30keV, producing signals around and below a signal-to-noise ratio
(SNR) of 10 to 1, while also being able to handle the significantly larger
electron signals, that can exceed SNR of 50 to 1. Flexible multipixel-
logic must be implemented between the two detectors, across the
—30KkV potential, in order to support real-time event reconstruction and
background rejection, including the identification of proton—electron
coincidence events based on particle energy, time separation between
triggers, and location of the triggers on the detector. This system must
be able to parse the expected 250 Hz of coincidence events, in addition
to the measured rate of approximately 10 kHz of backgrounds, in order
to reach the statistical requirement of 10° electron-proton coincidence
events for the experimental precision goals [6]. Preliminary versions of
this system were utilized during the Calcium-45 and UCNB experiments
at Los Alamos National Laboratory [10,12-14].

2. DAQ hardware

The Nab-DAQ is intended to serve as a flexible system that can be
easily modified for optimized performance in the event of unanticipated
noise or a desire to modify the operating parameters of the experiment.
With this in mind, the system was built using National Instruments
hardware and was programmed using LabVIEW and LabVIEW FPGA.
This system is comprised of two remote chassis that are responsible for
the initial parsing of incoming data and identification of level 1 (L1)
triggers. These L1 triggers are then sent to the host computer for parsing
to identify different classes of events, or L2 triggers. Each L1 trigger,
L2 event, and corresponding signal data is then output to a separate
computer for replaying and post-processing. An overview of this system
can be seen in Fig. 2.

2.1. Digitizer cards

The DAQ is designed around the PXIe-5171 Reconfigurable Oscillo-
scope cards [15]. Each card is comprised of an AD9250 ADC, offering
8 channel readout of 14-bit samples at 250MHz, backed by a Kintex-7
410T FPGA. The cards are run with the 120 MHz anti-aliasing filter and
DC-coupling settings enabled and support full-scale voltage ranges from
0.2V, to 5V,,. Directly adjacent to the FPGA are two banks of DRAM,
totaling 12 Gbit/card. Sixteen cards are installed in each of two 18-slot
chassis, models PXIe 1085 and PXIe 1095. Each chassis of 128 input
channels is responsible for one detector of 127 pixels plus an additional
pulser input; Fig. 3 shows one fully instrumented chassis. These chassis
communicate with the host computer over MXIe Gen 2 fiber optical
cables, a necessity due to the —30kV potential difference between the
computer and high-voltage cages depicted in Fig. 1.

These FPGA modules were selected for this application as they
directly support the requirements of the experiment, in particular the
sampling rate and non-linearity specifications. The 250MHz sampling
rate of these cards allows for multiple data points to be collected along
the rising edge of each signal, an essential feature for identifying parti-
cles that back-scattered from the detector within a signal. Additionally,
the AD9250 ADC has a reported maximum differential non-linearity
(DNL) of +0.751sb and maximum integral non-linearity (INL) of +3.51sb
with typical values of +0.251sb and +1.5 Isb respectively at 25° C [16].!
A typical integral non-linearity of 1.51sb for a 14-bit digitizer means
that the output values are within 1.5/2'% ~ 0.009% of the true value.
This is comparable to the 0.01% level goal of the Nab experiment.
As the maximum value per the manufacturer correlates to a 0.02%
non-linearity, a precision pulse generator with a rated linearity at the
0.0015% level will be used to test each input channel on the FPGA
modules in series with the detector electronics during the measurement
cycle [17] to ensure understanding of the non-linearity of the complete
system to the 0.01% level.

1 Note that ‘Isb’ stands for least significant bits.
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Fig. 2. The full system map for the Nab-DAQ. The two remote chassis generate L1 triggers and communicate these via fiber to the host computer where they are then processed
to identify L2 triggers. From these L2 triggers, signals are requested from the two remote chassis and exported to the Cache Storage alongside L1 and L2 trigger information. A
replay script then fetches this data from the cache, runs additional analysis, compresses, and then outputs the data to a RAID storage system.

Fig. 3. One fully instrumented chassis for the DAQ. Slot 1 is the PXIe fiber controller,
slots 2-9 and 11-18 are the digitizer cards, and slot 10 is the global OCXO reference.

2.2. Timing and synchronization

Each chassis is configured with a dedicated timing and synchro-
nization module. The primary chassis is outfitted with a PXIe-6674T
module that produces a 10MHz reference clock from its internal oven-
controlled crystal oscillator. This clock is distributed across the pri-
mary chassis’ backplane and to the secondary chassis using Highland
Technology converters to alternate between electrical and fiber-optic
signals to cross the high voltage potential. The PXIe-6672 module
in the secondary chassis ingests the clock produced in the primary
chassis and distributes it to the secondary chassis backplane. In addi-
tion to the clock, two additional connections are made between the
PXIe-6674T and PXIe-6672 modules to support the alignment of each
FPGA clock between the chassis [18]. This configuration is shown
in Fig. 4. In tandem with the PXIe-5171 oscilloscope modules, the
rated synchronization capability of this system is 300 ps, before manual
adjustment, and < 10 ps with manual adjustment [15], well within the
Nab experimental precision goal of 300 ps.

2.3. Host computer

The host computer is responsible for management of the DAQ
hardware and processing incoming data from the FPGA. Each chassis
is connected to a PCle bridge through the x8 PCle Gen 2 interface
giving a total system throughput of up to 4 GB/s/chassis. The cache
storage on this system is an Intel Optane 905p 960 GB drive chosen
specifically for its high I/0 performance, 2600/2200 MB/s read/write
respectively, and high endurance rating, 17.52 PB written [20]. All
data is transferred from this computer over 10Gb Ethernet to the replay
server.

2.4. Replay server

The replay server is configured with an AMD Threadripper Pro
5965WX 24-Core CPU with 128 GB of DDR4 memory and an Nvidia
RTX A4000 GPU to support any post-processing and data replay that is
desired. For data storage, an external storage array is configured with
44 Seagate EXOS 20TB drives, model ST20000NMO003D. These drives
are split into a pair of RAID 6 configurations, each with 400 TB of
configured storage. These RAIDs are network mounted so additional
local analysis machines can access the data. This allows shift takers
to perform analysis on incoming data without over-utilizing the replay
server or Host DAQ computer.

2.5. Data distribution and long-term archival

Data distribution is performed with the ORNL Physics Division
cluster. All data saved to the replay server, after compression, is also
transferred to a 300 TB storage array configured on the Physics Division
cluster. This is intended to store data from recent measurement cycles
so that it can be broadcast to collaborating institutions, not for perma-
nent backup. Users can either perform analysis directly on that cluster,
or use resources such as Globus [21,22] to transfer the data to external
resources.
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Fig. 4. The hardware and software connections used for DAQ timing and synchronization. Solid black lines indicate electrical(software) connections, and dotted orange lines
indicate fiber-optic connections. The Highland Technology J724+J730 combination is rated for <12ps RMS jitter [19].

3. Firmware and software
3.1. FPGA firmware and L1 logic

The firmware onboard the FPGA can be divided into three main
parts: hardware initialization, data acquisition and processing, and
signal output. The hardware initialization loop establishes the FPGA re-
sources for routine running, such as clocking and communication with
the PXIe backplane, as well as the system synchronization process [18].
A high-level overview of the FPGA firmware can be seen in Fig. 6

The ADC operates at 250MHz while the data acquisition loop pro-
cesses at 125MHz, so 2 samples are read from each channel every clock
cycle. These data streams are then forked and sent to two different
operations. One stream is structured into a binary sequence and written
to a pair of DRAM memory banks. Each bank is configured with a
384 bit bus, allowing for 768 bits effectively per address. This system
alternates between read and write modes to the DRAM banks to prevent
race conditions occurring in the readout logic. Incoming data is held
in a First-In First-Out (FIFO) buffer, or DRAM Write Buffer, until the
DRAM controller enters write mode. The data is organized with each
address containing 48 sequential samples from the same input channel.
The DRAM controller is configured such that it alternates between
reading and writing modes at fixed intervals, for example a 50 clock
cycles in write mode followed by 10 in reading mode. The DRAM
Write Buffer is responsible for buffering the incoming data while the
system is in read mode, and the duration of the read/write modes of
the arbitration must be carefully tuned to ensure that the FIFO never
overflows. A configuration of 9 ticks in write mode, 5 in read mode,
has been found to be optimal for this use case.

The second copy of the incoming sample stream is filtered by a
modified trapezoidal filter [23] and the filtered output is then analyzed
to identify any signal that match the L1 trigger criteria. For each
identified trigger, the system outputs the extracted energy and arrival
time of physics events, the pixel the event was seen on, and a counter
that keeps track of how many triggers have been identified from
each channel [24,25] since the system was initialized. This counter
helps ensure that offline analysis is aware of any loss of data that
occurs between identification and output from the host logic system by
flagging any skips in that counter. These triggers are then transferred

to the host CPU via a direct memory access (DMA) FIFO, where they
are then processed by the L2 trigger logic.

A major feature of this system is the ability to reconfigure the L1
trigger logic and signal processing to match the incoming data. The
modified trapezoidal filter routine is configurable such that all channels
have independently tuned decay rates, flat top lengths, rising edge
lengths, dead times, and trigger thresholds. The expected rise time
of these signals is around 50ns, with a fall time of 5 ps, but by
allowing each channel to be individually tuned, any discrepancies can
be accounted for. Trigger thresholds and dead times can be adjusted
at run time, but the decay rate, flat top, and rising edge lengths must
be set at initialization due to the variable shift registers that require
pre-allocation of memory resources. An example pair of signals that
this system identified as a proton-electron coincidence pair is shown
in Fig. 5.

The entirety of the trigger logic and signal processing operations
take place within two function calls on the FPGA, one for each process.
This design allows for the system to be reconfigured to utilize other
filtering methodologies with a minimally invasive reprogramming pro-
cess. Any adjustments to these functions will require re-synthesis of
the FPGA firmware, but the remaining architecture such as the signal
readout operations do not need to be adjusted to accommodate these
changes.

3.2. LabVIEW software and L2 logic

The L1 triggers produced by the FPGA processing are then passed
via DMA FIFOs to the host CPU, where they are aggregated and time-
ordered. The L2 logic is implemented in LabVIEW software, using
configuration files to dictate logic criteria, with the main purpose of
identifying coincident pairs of proton and electron signals and reduc-
tion of the number of digitized signal traces to be recorded. Incoming
L1 triggers from all channels are aggregated and time sorted before
being parsed to identify electron—-proton coincidences based on timing,
energy, and input channel information recorded in each L2 trigger. In
addition to coincident proton—electron events, additional L2 triggers
are created in this process such as periodic sampling of both detector
arrays in their entirety for analysis of baseline system noise, bias
pulsing of the detector for gain monitoring, and temperature sensor
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Example Proton and Electron Signals as
Identified by the Nab DAQ System
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Fig. 5. A pair of proton and electron signals from the Nab DAQ system. These signals were identified about 15.87 ps apart from each other, with the proton on the upper detector
and the electron on the lower. Each signal has the location of the identified trigger centered in the waveform readout window.
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Fig. 6. A representation of the FPGA logic and data flow through the chip. As data
is read in, the stream is written to a continuous ring buffer and also piped through a
filtering and trigger logic system. Any identified triggers are sent over the Trigger DMA
FIFO to the user-defined logic system where they are parsed. Signal requests generated
by this logic are sent back to the FPGA over the Request DMA FIFO and the requested
data is read out by the DRAM Controller logic from the pair of DRAM memory banks
and sent back to the computer over the Readout DMA FIFO.

readout on the FPGA and ADC boards for systematic studies. Due to
the low expected SNR of proton signals, as seen in Fig. 5, and also
the high rate of backgrounds expected within the experiment, a large
number of L1 triggers are expected to fall outside of the categories
for L2 triggers described above. As such, an additional L2 trigger

type is available for these L1 triggers that can be enabled with a
user-defined pre-scaling factor adjustable at run-time. This allows the
experiment to characterize backgrounds and non-coincidence events
without over-saturating the data throughput of the system.

Each L2 trigger includes information about the L1 trigger(s) as-
sociated with it, when applicable, as well as a run-specific unique
identifier (UID). All L1 and L2 trigger information is recorded in
corresponding datasets within the output HDFS5 file for post-processing.
Any detector data associated with an L2 trigger is requested from the
FPGAs by sending a request containing the desired channel, timestamp,
request length, and UID over DMA FIFO to the corresponding FPGA.
A copy of this request information is also sent over LabVIEW queue
communication protocol to a multi-threaded signal retrieval loop on
the host system. This loop ingests the output signal data from each
FPGA, checks the signal header against the copy of the requests that
was sent via LabVIEW queue to verify the expected data was returned,
and saves these headers and signals to a flat binary file structure. The
UID for each L2 trigger is included in each signal header, along with
the channel, timestamp, and type of L2 event for which the signal
was requested. This allows a unique mapping from a given signal back
to both L2 and L1 triggers within one data run for post-processing.
Each parallel instance of this loop, one for each FPGA, has its own
dedicated output file that will need to be parsed by the replay script
in order to combine all the data together. This parallel file writing
is part of the motivation for the Intel Optane 960p cache SSD as it
has excellent random read/write performance compared to traditional
drives and is capable of keeping up with the high data rate of this
system. Previous iterations of this system had each FPGA writing to
different datasets in the same HDFS5 file that the L1 and L2 triggers
are saved to, but in testing that proved to have lower throughput than
this parallel methodology. In addition to writing the files in parallel,
multiple signals are retrieved by each DMA FIFO request to maximize
throughput from the FPGAs as each transfer has a non-zero amount of
overhead associated with it.
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3.3. Analysis and storage server

The data output from the LabVIEW host computer is saved initially
to the cache drive as a combination of an HDF5 file containing con-
figuration parameters and other system meta-data while the L1, L2,
and signal data are all saved to their own dedicated binary files for
each data type [26]. This splitting of file types was determined to
be the optimal configuration to obtain peak throughput for the signal
readout while saving the configuration data in a flexible format. A
script copies this data to a temporary buffer on the RAID array where
the replay process then parses the files. Once each file is loaded into
memory, check-sums are calculated for each signal and inserted into
their headers so offline analysis processes can verify data integrity.
This is performed specifically at this stage as immediately after these
are calculated, the headers and signals are split and saved to distinct
storage locations within the HDF5 file based on the type of L2 trigger
they are associated with. These checksums ensure that the analyzer
can verify which header matches to each signal in case of an error
occurring in this process, or during any future modifications to the
files such as data compression. This split is done to improve offline
analysis performance as many analysis operations only access header
information and do not need to access the signal data and vice-versa.
The signal data is compressed using the DeltaRice algorithm and saved
to the HDF5 file along with any analysis results [27]. These data files
are saved to the local RAID arrays for short term storage and local
analysis efforts.

To enable more rapid feedback on the system, additional analysis
can be enabled through the nabPy library: https://pypi.org/project/
nabPy/. This additional analysis creates secondary datafiles that con-
tain the results of the analysis along with a full copy of the original data
file, excluding the raw signal data. These smaller analysis result files are
significantly faster to distribute to the analyzers. This pre-processing
leverages the Nvidia RTX A4000 in the system through the CuPy library
to accelerate the analysis. The full replay output, including both the
original data file and the pre-processing output file, is sent to the ORNL
Physics Division storage server for data distribution.

3.4. Auto-calibration DAQ

In addition to the standard operational DAQ mode, the Nab-DAQ
also offers an auto-calibration mode to assist the user with determining
the optimal L1 trigger threshold on a per-channel basis. This system
automatically iterates through all of the configured channels and de-
termines the trigger rate as a function of the threshold parameter. In
the standard running configuration, the various L1 triggers are returned
to the host computer and parsed through the L2 logic. In this configura-
tion, only the number of triggers returned is recorded per measurement
interval with the triggers themselves being discarded and the rest of
the L2 logic bypassed. With the trigger rates as a function of threshold
determined, the system fits each distribution to a Gaussian function and
places the trigger threshold at 3¢ from the mean by default, though this
can be adjusted by the user. The resulting trigger rate is saved to an
output HDF5 formatted file for the user to parse manually if desired.

3.5. NI-scope soft front panel

NI-Scope Soft Front Panel is a software suite provided for the PXIe-
5171 oscilloscope modules that allows for the user to have oscilloscope-
like control over each channel. This software does not use the same L1
or L2 trigger logic as the Nab-DAQ, but it does allow for the user to
observe incoming detector signals in a similar fashion to a standard
benchtop oscilloscope. Included in this software is the ability to only
view certain channels, change trigger types to modes such as rising or
falling edge detection, adjust trigger thresholds, save images, and more.
This software suite allows for the Nab-DAQ system to effectively serve
as a 256 channel benchtop oscilloscope, which is particularly useful
for tasks such as debugging connectivity to detector channels during
installation of the detector system.
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4. System performance

The performance of the Nab-DAQ system is examined in this section.
The system throughput, in terms of supported trigger rate and readout
rate, was examined relative to the theoretical maximum throughput
determined by the various interfaces used, such as PCle and SSD
read/write performance. Additionally, the timing synchronization per-
formance of the DAQ is examined to determine how the system con-
tributes to the overall Nab uncertainty budget. The linearity of the
system is not explored within this document, beyond the manufacturer
specifications, as the linearity of both the DAQ and detector electronics
will need to be examined in tandem for systematic studies.

4.1. Data throughput

With the first versions of the firmware, each FPGA was capable
of continuous data transfer rates of approximately 130 MB/s [24]
when outputting four samples packed into each output container. The
updates presented here leverage a newly restructured DRAM buffer
and read/write arbitration system. In the current configuration, the
maximum stable readout achieved was 260 MB/s per FPGA, fully
saturating the available 4 GB/s per chassis upper limit set by the PCle
Gen 2.0 interface between each chassis and the host computer.

The output data is initially saved to the cache SSD which has a
peak write performance of around 2200 MB/s. This presently sets the
upper limit on the peak instantaneous data rate. The data is moved
from this system over a 10 Gb/s Ethernet communication between the
LabVIEW host system and Analysis and Storage server, which restricts
the maximum time-averaged data rate to 1.25 GB/s. Any sustained
rates over this limit may eventually fill the cache SSD and cause
downtime while the cache flushes to the RAID storage server. This has
been observed when performing benchmarks of the system, but not in
standard measurement configurations where the data rate has ranged
between 100 and 500 MB/s, well within these hardware limitations.

The system is capable of identifying over 1 MHz of L1 triggers across
all 32 FPGA boards and exporting this information to the cache SSD in
real-time, so long as the L2 logic and signal readout is disabled. With
L2 logic enabled, the system throughput reduces to around 35 kHz of
L1 triggers due to the additional overhead of identifying the various
L2 triggers. This performance can be improved through more efficient
logic and work is underway to address these deficiencies. The final
stage of the host computer process, the signal readout, is limited in its
throughput by 2 main obstacles: the 260 MB/s per FPGA transfer rate,
and the host computers processing capabilities such as memory speed
and CPU clock rate. Many adjustments have been made to mitigate
these bottlenecks. In practice, the 260 MB/s per FPGA transfer rate
is not the primary limitation and software inefficiencies are far more
relevant. Converting the signal request and readout operations to occur
in parallel for loops with individual dedicated output files for each
FPGA allow the system to more efficiently use the CPU and memory
resources. In addition, transitioning the software from 32-bit to 64-bit
allowed for larger memory buffers which increased both the system
stability and peak throughput. With these changes in place, the signal
readout reached a peak measured throughput of ~ 2100 MB/s when
recording signal traces from all channels bypassing the L1 and L2 logic,
just below the full write performance of the cache SSD. With the L1
and L2 logic enabled and in the expected experimental configuration,
the LabVIEW system has been observed to run stably at approximately
300 MB/s with over 15kHz of incoming L1 triggers.

Depending on the analysis enabled in the replay script, the per-
formance of that process varies significantly. The signal reading from
cache SSD, checksum calculation, and compression have each been
demonstrated to perform in excess of 1000 MB/s. The writing of data
to the RAID array peaks at ~ 1000 MB/s for small transfers, but falls to
a continuous throughput of ~ 800 MB/s per RAID array. By alternating
the target destination of the replay script, it is possible to write to
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Stability of the phase offset over multiple measurements
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Fig. 7. Demonstration of the stability of the synchronization over 50 repeated mea-
surements of the system. The same configuration was used for each test to ensure
no additional sources of uncertainty such as variations in the cable length. This test
was performed with two input channels on FPGAs within different chassis with the
synchronization signals being sent over fiber-optic connections as will be used in the
full experiment. These measurements were fit to a gaussian function with the mean
and standard deviation reported in the figure.

them both simultaneously for a cumulative rate of 1600 MB/s, though
observed sustained data rates have not made this necessary.

The total throughput of the system is limited by the slowest compo-
nent. In this case, the 10Gb networking between the cache SSD and the
RAID array is the slowest hardware component. This could be avoided
by moving the data compression process to the same system as the
LabVIEW DAQ software. This was tested and in practice resulted in
a more unstable system due to over-utilization of the available CPU
and memory resources. With the expected experimental data rate of
between 100 and 400 MB/s the 10 Gb/s network bottleneck is well
beyond the experimental requirements and the cache drive allows for
a buffer in case of occasional peaks beyond 10 Gb/s.

4.2. Clock synchronization

The alignment of the clock synchronization was studied by injecting
an oscillating reference signal into pairs of channels across various
FPGAs within the DAQ system. Whenever the DAQ software is started,
any offset between the channels within the system must be consistent
to at least 300 ps, and held stable to that level for the duration of the
measurement period. The synchronization of the FPGA clocks, both on
the same chassis and across the pair of chassis, is performed through
the NI Tclk API [18]. Testing of this system was done by splitting a
sinusoidal signal across multiple channels of the DAQ and measuring
the deviation in the phase of these signals. Each signal was acquired
by querying the timestamp on the first FPGA in the system, then
requesting a signal from that timestamp in the ring buffer from every
FPGA channel to ensure that each signal was requested from the same
timestamp according to the DAQ system. These signals were then fit to
a sine wave and the phase of each signal was determined. The deviation
between the phases measured on different channels and its uncertainty
determines the clock offset and uncertainty between FPGA channels.
Fig. 7 shows the results of one such test which indicates a stability at
the < 10ps level across two FPGA chassis, well below the Nab precision
requirements and in agreement with the quoted performance of the NI
Tclk APL

The extraction of the start time from each signal can additionally
contribute to timing jitter/uncertainty if there are biases present in the
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extraction method. This data acquisition system allows for the user to
archive signals associated with L1 triggers so that they can be analyzed
offline to correct for any such biases. This offline correction assumes
a negligible bias originating in the trigger logic on the shape of the
signals recorded which will need to be explored in more detail during
the operation of the experiment.

5. Conclusion

We have developed a novel DAQ architecture for the Nab ex-
periment that is both highly adaptable to match the experimental
configuration and also capable of exceeding anticipated experimental
data rates. L1 trigger parameters, such as trigger threshold and shaping
filter parameters, and the L2 trigger logic can both be adjusted at
initialization/run-time allowing the user to adapt the behavior of the
system to account for variations in the experimental conditions. This
system is capable of exporting data to compressed HDF5 files in a local
RAID storage server at up to ~ 800 MB/s. All L1 triggers, L2 logic re-
sults, and signal data are saved along with the configuration parameters
and other relevant metadata to ensure that offline analysis has access
to all relevant information regarding the configuration of the system.
Additional analysis is made available at the replay stage through the
nabPy library, including signal fitting routines and checksums to verify
data integrity.
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