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The Facility For Rare Isotope Beams (FRIB)

» FRIB is a scientific user facility funded by the
US Department of Energy Office of Science
(DOE-SC), Michigan State University (MSU),

and the State of Michigan
» User Organization: 1800 members (125 colleges
and universities, 13 national labs, 53 countries)

» Experimental program began in May 2022

= Key feature of FRIB: high-power LINAC, 400
kW at 200 MeV/u for 238U

= Experimental areas for fast, stopped and

reaccelerated beams
» Access to atomic nuclei across the nuclear chart

(oxygen to uranium) at a range of energies
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Steps for a Successful FRIB Experimental Program

» Detector research and development
* Increasing data rates and volumes
» Improved spatial and timing resolution
* New radiation-hard materials

» Upgrade and development of new data acquisition (DAQ) systems
* New technologies to bypass data throughput limitations
» Keeping up with high data rates and minimize the dead times
* Portability and scalability to more complex readout schemes

» Discover and adopt new computing solutions to reduce the time to enable discoveries and
Improve decision-making during experiments
» Local and DOE’s High-Performance Computing Centers (HPCC)
* DOE’s project (i.e. ESnet, EJFAT, HPDF)
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Data Acquisition and Analysis for User Experiments at FRIB

» FRIB supports the User’s data acquisition and analysis needs by providing:
* A stable and portable (containerized) environment that can be used in any Linux OS system
* A scalable DAQ framework (FRIBDAQ) which provides solutions for different types of
detectors with online timestamp-based event building
* A flexible data analysis framework (SpecTcl) for online and offline analysis

» ROOT support available
» Extensible PyQt histogram viewer for advanced online analysis

*This approach has been adopted by several Universities in the US and has been
successfully deployed at other laboratories for experiments (SaRIT TPC @ RIKEN)

 Simplify the integration of non-FRIB auxiliary detector in the FRIB experimental devices

*The software is available on GitHub as releases ready to be installed
* Possibility to have Users as code contributors
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Containerized Environment: Flexibility and Stability

= Containers vs Virtual Machines
Virtual machine Container
It includes only what is needed.

One machine can run multiple
containerized applications.

It includes an entire operating system.
Hardware overhead to run multiple virtual
machines at once (hypervisor + N OS).
Essentially no overhead.

Instant booting.

Modularity (micro-service approach).

Size several GB, limited portability.
Minutes of booting time.
One and done.

» Predictability, productivity - independent from host OS

Debian13 Debian11
= |solation, security = CPU, memory, storage, and network ./ /A Ubuntu 22
resources still accessible but separated from the Debian10 . /
applications 7/

= Supported images for FRIBDAQ available upon request

Debian12
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FRIBDAQ Readout Architecture

» Software suite (C++, Tcl, Python) that provides a flexible and extensible framework for handling the data
flow produced by nuclear physics experiments

= Support for a wide variety of commercial (CAEN, Mesytec, XIA, ...) and international collaboration
electronics (GET, CERN SRS, AMANEQ, ...)

= [t aims to solve the top-level problem of managing the data stream by breaking it down into smaller
problems solved by smaller applications = collection of tools that can be assembled into more

complicated applications.

» Data flow (- ): path each element of data follows between the point of its originating process and
destination process(es)

» RingBuffer. piece of memory that is accessible to multiple processes (single producer, many consumers)
* Local to specific computers but accessible over the network, identified by user-defined name and
hostname of the computer
* When a user attaches to a ring on another computer, a service running in the background (ringMaster)
sets up the connection that will stream the data across the network for you
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FRIBDAQ Readout Architecture

»Processes that operate within the data stream: data source, data sink,
filter, merger

»ReadoutGUI is the “conductor” of the system

* Modularize data flow at higher level
« Handles data recording, pipeline setup, consolidation of processes of the pipeline into

output, monitoring health of data sources, managing directory of recorded data files

ReadoutGUI

-0

Outputs data Input/output (i.e. data integrity,
format conve@n )

— . - . “
~
~ ~

RingBuffer: mechanism to
make data available to
different processes

* Diagnostic sink Diagnostic sink
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FRIBDAQ Upgrades for High-Data Rates (1/3)

* The DAQ pipeline follows

rmgbuff;r (peek into data) Flow-based programming paradigm
Event
l \ N
Online sampling +

offline processing on
local cluster

Logical trigger conditions
set in electronic modules
(a priori knowledge)

Online timestamped-event building
(i.e. within a time window data
streams are ordered, sliced and

» Upgradable parts: matched)
* DAQ (i.e. streaming readout)
* Event reconstruction (i.e. parallel event building)
« Event processing (i.e. interface with HPC centers)
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FRIBDAQ Upgrades for High-Data Rates (2/3)

*» DAQ + Event Reconstruction (under investigation)

» Streaming Readout (SRO) aims to complement/replace the hardware-based trigger with a more
powerful and flexible software-based approach, that considers the whole detector information for
efficient real-time data tagging and selection

» Several companies started offering boards with SRO capabilities + international collaborations

» Event Processing (optimization ongoing)
« Based on several communication patterns (fan in, fan out, router-dealer, pipeline)
 Has ability to run the code in safe-threaded or MP| modes

» Has built-in frameworks for common operations that allow users to plug in sequential code chunks to do
the work (i.e. loading user-built code into shared objects — fit/ML models)
« Ability to edit events (iovec) where each worker contains:
» EventFilter (software trigger) — filtering background/bad events
» Appender — appending user code info
» Editor — reducing data volume
» Classifier — tagging and selecting events of interest
* Interface with HPC facilities to analyze data in near-real time
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FRIBDAQ Upgrades for High-Data Rates (3/3)

= Status Online Sampling

\ :

Storage = T3----mmmemeed]

DAQ | —

‘ Online ti t d- t buildi i -y
nline timestamped-event building : ‘.t_ Esnet
Multiple OR logical trigger conditions set in EJFAT | @ awosancsnemo | (G OBUS
electronic modules - data throughput increase !
(up to 200MB/s) 1 |
= Ship the event processing to HPC nodes (via Globus/EJFAT) HPC
= One hour of data fully processed (events reconstructed, Event
correlated, and tag with ML inference) in ~5 minutes Processing
» Processing rate exceeds DAQ hardware maximum data rate
(compact PCle 1Gbit/s) by factor of ~2 with no optimization |
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SpecTcl: Online/Offline Analysis Tool

» SpecTcl is for analysis what FRIBDAQ is for dataflow

» SpecTcl is a C++ framework that allows experimenters to write custom analysis software that
seamlessly integrates with a histogramming engine and viewer

» SpecTcl enables the quick creation of histograms from the data and the ability to create 1D
and 2D gates and apply them to histograms on the fly

TCL loop _engine”
Analyzer Buffer Decoder
el
Event Unpacker
@ Facility for Rare Isotope Beams
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SpecTcl: Features

* Dynamic pipeline management (i.e. registration of unpacker or calibration classes)
* All the electronics supported by FRIB has an unpacker already available

= Parallel framework (threaded, MPI, batch)

* ROOT support (Tcl/ROOT evt loop shared)

* Histograms are actually TH* ROOT histograms
* Ability to run ROOT scripts live and create ROOT tree when unpacking data automatically

* New PyQT-based histogram viewer

« Based on Python/C API to extend the Python interpreter with new modules written in
C/C++

* Adopts common Python libraries
* Flexible and extensible for more advanced analysis
* Hook to local server for Jupyter Notebook
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SpecTcl with QtPy (CutiePie) Histogrammer

= |nteractive and extensible to User needs

X CutiePie - (QtPy) - It's not a bug, it's a feature (cit.) Qt5 and PyQtyS used under open source terms.@spdac65 = O *
| Connected | |2 ~||2 ~ ||ApplyGeometry || More,| Spectrum |decay || Add || Update | 1sec v | Colormap: plasma = Sum. Region | | Integrate ] [ extra |[ Bxit |
Tab =
Pointer: Spectrum: D0952 Gate applied: : O
Autoscale | Q | Zoom Range | + Log Reset X: 8519.79 Y: 2644 Count: 150 X: scp.009 Copy Properties
alpha(Calibrated) D1097
200 1
200 ~
150
150 ~
X Special Functions@spdag6s - a x
100 A 100 4
Fitting Functions Peak Finder Qverlay an Image Other options
50 - 50 Fitting Functions 1D Peak Width (in bins) |20 Open File Gate annotation
AlphaEMGMultiSigma hd ‘— Eonn \ Clear Disable gate edition
Fitting Range Output i Hide gate
0 p— - Min X Max X
f T T T T T T T Debug mode
4500 5000 5500 6000 6500 7000 7500 0 10001
5cp.006_1024 sigma_bound 0
fit total g E
Th223 7323.0 keV. taul_bound |0 tau2_bound |0
E— T ——— | iy [
R - wmode O
3000 A I e eoie
b Rn-215 8674.0 keV bound [dg] |0 bound [dm*| 0 X
- o211 74500 ke
AC-223 6662.0 keV. [ Fit | Transparency Level (20 %)
Ac223 6647.0 kev
400 == Fr2197312.0 kev —
2000 oo means oz oy [ aholt J Zoom X Level (20 %)
- 821162780 ke Fit output _
Zoom Y Level (20 %)
20 Peak Selection
1000 4 peak1 [ |Peak2 [ Peak3 [ |Peak4 [ add | Delete
Peak 5 Peak 6 Peak 7 Peak 8
200 k; w Peak 9 Peak 10 Peak 11 Peak 12
0 2501 Jupyter Notebook
sl X
‘ | Start |
100 —
IVA)/ i Sel. Al Delete df-20251022-083029. gzip
L

60000

F aci ¢ o000 20300 S0 40000
< &
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New DAQ R&D Projects at FRIB

» Scalable Readout System (CERN) for tracking detectors at FRIB

* In production for both S800 spectrograph and Sweeper Magnet
* Hybrid two-time domain system with fiber-based data acquisition system

» Clock Timing Synchronization (CTS) board
* First R&D collaboration between FRIB and SPADI Alliance (RIKEN)

 Translation board between different time domains (WR, MIKUMARI, DOGMA, ...)

= Solutions for Streaming ReadOut (SRO) DAQ
* Mesytec MDPP with SRO firmware has been tested for the past 6 months at FRIB

« AMANEQ boards with HR-TDC from SPADI Alliance (under investigation)
* FRIBDAQ needs a remodeling (first discussions beginning 2026)

» Global timing synchronization system based on MIKUMARI protocol (KEK — SPADI
Alliance)
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A Solution for Long-Distance Global Time Synchronization

» Beside local synchronization, particle identification would benefit from a global synchronization
where events in the focal plane detectors can be traced back to the FRIB separator

= Commercial and HEP solutions are often “OK” but far from being optimal for the needs of the
(Low Energy) Nuclear Physics community
 High cost
* Proprietary protocols
* Closed software

» Open source but with a major software/hardware overhead

» By collaborating with international laboratories, we have identified a solution for a clock and a
global timing synchronization protocol for the experimental program (aiming 20-30ps timing

resolution for TOF measurements) — functional requirement for ToF measurements at HRS
« AMANEQ board + MIKUMARI* (KEK — SPADI Alliance)

» Address need of a general purpose triggerless DAQ for small-medium experiments
» Provides a TDC-based system with a clock synchronization system
» Achieves timing resolution of 30ps or less

» Sub-nanosecond synchronization accuracy for software-based timing coincidence  *IEEE Trans.Nucl.Sci. 72 (2025) 3, 614-622
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Global Time Synchronization System: General Purpose
Electronics to be Cost Efficient and Flexible

» Implementation based on general purpose logic module (AMANEQ)
* Mezzanine cards for specific features: clock/timing distributions, Low(1ns)/H|gh(30ps) Res. TDC, ...
 High speed data link 8Gbps/s -w
« Large buffer to prevent data drop due to TCP re-transmission

* Low cost
= Setup for characterization of the system:

MI 30 m M2 10 m
78\ 7~ Mezzanine [ Pulse
Clock (M';}' Clock el generator
Root Hub AMANEQ | M3
fm\. — Mezzanine (€
AMANEQ M4

n-meter fiber cable

1 S Data tr ansfer |
(8 Gbps)
1

* Honda et al, IEEE Trans.Nucl.Sci. 72 (2025) 3, 614-622
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Global Time Synchronization System: Results Show Good
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First Tests of AMANEQ+MIKUMARI at JPARC and FRIB

= Similar setup with pulser data to simulate detector signals (two channels
on the same board with different clock delays)

ccccc 37582.000000
51 .

4000 min  433.000000

mm 25%  506.000000

50%  519.000000

75%  537.000000

max 620000000

22.4ps

Counts

2000

T T T T
200 400 600 800
TDCch6-TDCch7

1 Master (defined with specific FW)
2 Board used to add delay in

...and this is just

200 A

heartbeat the beginning!
3 LRTDC (not used)
4 HRTDC TS 0 50 100 150
TDCch3-TDCchO
@ Facility for Rare Isotope Beams
Genie Jhang, Solenoidal Spectrometer Workshop 2025, 9-12 December

q 2 U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane ¢ East Lansing, Ml 48824, USA 2025, Slide 18

FRIB frib.msu.edu



Clock Timing Synchronization (CTS) Board:
Resolution and Offset Measurements
» Setup: two CTS boards, output clocks into oscilloscope for signal analysis
= Clock resolution stable ~20ps (over 48 hours of continuous running)
= Phase difference between two clocks from each board locked at ~100ps

E hist
. 51705 Evies 53000
L Mean 0.01304
i i Std Dev  0.1558
Sync offset - 125MHz clock
~100ps 10t from CTS into
-------- 2 £ SIS3820 for B =
S - . pE— :
S T ti meSta.m p dosigned by H. Baba (baba@ibt ken o) @ RIKEN
\ extraction 993
10° &
~— Sync jitter - 302
~20ps i
1 1 1 1 I 111 1 | 111 1 1 1 1 1 | 11 1 1 | 1 11 1 111 1 | 111 1
L | =
CTS1-CTS2 (tick) CTSExtension board for WR design by G. Jhang @ FRIB
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Summary

* The collaboration INFN-FRIB is exciting not only for science but for also technical aspects
related to DAQ and data analysis
» FRIB is actively collaborating with other national and international laboratories for DAQ

solutions = the more, the merrier ©

* SPADI-A (RIKEN, RCNP, JPARC, KEK, ...), JLAB
* LISA (GSI) trip at FRIB is planned and the integration discussion is ongoing

* The synergy between FRIB and HPC facilities will be a key moving forward, also in perspective

of SRO computational needs
* ML/Al integration in the readout/analysis pipeline is becoming more important to optimize and speed up

diagnostics and result extractions
* Feel free to contact us for offline discussions (Leader: cerizza@frib.msu.edu)

Thank you for the opportunity to present!
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FRIB

Backup
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MIKUMARI Protocol

= Core technology: clock-duty-cycle-modulation (CDCM) Time reference content (fixed)
 Clock-centric type modulation —
 Data bits are embedded to the trailing edges of the clock signal o
* Modulated clock can be directly input to PLLs —

Data content (variable)

» Every PLL will be a clock recovery circuit D. Calvet IEEE TNS 67 (2020) 8
* When using PLL having a zero-delay mode for clock recovery, ' ( )

output clock skews with respect to the input and modulated clock are automatically adjusted
» No phase uncertainty

* Modulation and demodulation done by IOSERDER of Xilinx FPGA

-rrAa —
(I
(I
(I
o

Protocol layer Physical layer

i Pulse input —>f
User | S|
rotocol : Ix data MIKUMARI CDCM based transceiver
P Rx data <— link «CBT)
Pulse output <——
W

Modulated clock

MIKUMARI is
independent from the
user defined protocol
- link layer protocol

OSERDES

L 4

ISERDES
I

M

* Honda et al, IEEE Trans.Nucl.Sci. 72 (2025) 3, 614-622
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