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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, 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 %38U

» Experimental areas for fast, stopped and
reaccelerated beams

* Access to atomic nuclei across the nuclear chart
(oxygen to uranium) at a range of energies

ﬁz Facility for Rare Isotope Beams

& U.S. Department of Energy Office of Science | Michigan State University
@ 640 South Shaw Lane « East Lansing, Ml 48824, USA

FRIB frib.msu.edu

uuuuuu
o

llllll
o

\\\\\\\\\\\\

OREGON

NEVADA

IDAHO

NNNNN
TENNESSEE eGEA

A. Chester, SRO XIV, 29 Sept. 2026



&

FRIB

The FRIB Scientific Program

= Nuclear structure
« Evolution of structure far from stability
e Limits of nuclear existence

* Nuclear astrophysics
» Creation of the chemical elements

* Properties of matter at extreme
temperatures and densities

* Fundamental symmetries
« Matter/antimatter asymmetry
 Physics beyond the Standard Model

» Societal applications and benefits

* Medicine, energy, material sciences,
environment, workforce development

Facility for Rare Isotope Beams
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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

 FRIBDAQ: A scalable DAQ framework which provides solutions for different detectors
» SpecTcl: A flexible data analysis framework for online and offline analysis
» ROOT support available
» Extensible PyQt5-based 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 (STTRIT TPC @ RIKEN)
« Simplify the integration of non-FRIB auxiliary detectors with FRIB experimental devices

* The software is available on GitHub as releases ready to be installed

 Possibility to have users as code contributors
» See https://github.com/FRIBDAQ
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https://github.com/FRIBDAQ

FRIBDAQ Readout Architecture

» Software suite (C++, Tcl — being replaced by PyQt5, 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, ...)

» ReadoutGUI is the “conductor” of the system
* Pipeline management, data recording, consolidation of data to output, ...

ReadoutGUI

-

Input/output (i.e. data integrity,

N

Ring buffer: a TCP-based
Multiple input/

Reads data

] - 1 Outputs data :
circular-buffer meghan/sm p format conversion...) single output
to make data available to \
different processes

Source Filter
So SN
™ Diagnostic sink Diagnostic sink
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(Nearly) Real-Time Wide-Area Workflows with FRIBDAQ

Online Sampling
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Online timestamped-event building E i

Multiple or logical trigger conditions set in E J F AT E & E
electronic modules --> data throughput increase ! oh i

(up to 200MB per second) i globus E
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= High-throughput experiments HPC |
* High data rate Event E

« Complex data-processing tasks (images, waveform traces, ...) Pracassin :

: . g :

= Parallelizable analysis methods i
 Data can be treated independently | i

» Critical, non-parallelizable code is a bottleneck (Amdahl’'s Law) S ——— .
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Parallel Event-Editing Software in FRIBDAQ

Readout = Orderer E\{ent
builder
|
]
Sink
S —— 1- ---------
Fan out

— |~

Worker 1 Worker 2

Fanin

Timestampre-sort
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» Process-level pipeline parallelism for readout
« Separate readout and timestamp sorting
« Zero-copy whenever possible

» Parallel analysis framework
« Common operations implemented via plugins
« Parallel task distribution via OpenMPI or OMQ

» Event-editing software:
* Filters (parallel software trigger)
« Body editors (add to or modify event data)

= Rate limited by DAQ hardware backplane
« 80 MB/s VMEG4
* 109 MB/s PCle

A. Chester, SRO XIV, 29 Sept. 2026



Isomer Identification by Pulse-Shape Analysis

9000 — At=11, — Trace
: — Fit
: E,
= 8000 — |
= - b decay Isomeric
S B transition
A 7000— ) Identify and
< -  E, characterize
3 - isomeric
I 6000 — transitions in
@) B . *1.2
> - atomic nuclei®;
5000 —
B I | ‘ I I | I | | L1 | I | I I | | I ‘ I |
40000 50 100 150 200 250 300 350 400
Time [ns]
6‘ U.S. Department of Energy Office of Science | Michigan State University ?A. Chester et al., Phys. Rev. C 105 (2022) 024319
@ 640 South Shaw Lane « East Lansing, Ml 48824, USA A. Chester, SRO XIV, 29 Sept. 2026

FRIB frib.msu.edu



9000

8000

7000

6000

Voltage [ADC units]

5000

)

Isomeric
transition

— Trace
— Fit

Identify and
characterize
isomeric
transitions in
atomic nucleil-2

4000\II\‘II\I|I\II|\III|III\|II\I|\\II‘\II\

0

50

100

150

Facility for Rare Isotope Beams
d‘ U.S. Department of Energy Office of Science | Michigan State University
Aﬁ’ 640 South Shaw Lane « East Lansing, Ml 48824, USA

FRIB frib.msu.edu

200 250 300 350

Time [ns]

400

E, (arb.)

Isomer Signatures in Double-Pulse Energy Spectra

Isomeric transition
following B decay
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transition
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1A. Chester et al., Phys. Rev. C 104 (2021) 054314
2A. Chester et al., Phys. Rev. C 105 (2022) 024319
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Pulse-Shape Analysis With Machine-Learning (ML) Inference

= Siamese autoencoder neural
network architecture?

* Single autoencoder with shared
weights for classification of
single- and double-pulse trace
data

= 250-sample trace reduced to
100-dimension representation

Zgj, Zgi

» Simultaneously aim to:
» Classify events containing one
or two pulses
» Accurately and precisely
estimate model parameters
* Maximize speed, minimize
resources required

Facility for Rare Isotope Beams

Encoder
Linear(250 — 120) + ReLU
Linear(120 — 120) + ReLU
Linear(120 — 120) + ReLU

Linear(120 — 100)

Decoder

Linear(100 — 100) + ReLU
Linear(100 — 100) + ReLU
Linear(100 — 250)

Estimator

Shared set of learnable
— weights for both single-
and double-pulse branches

Classifier
Linear(100 — 40) + ReLU

Linear(100 — 40) + ReLU
Linear(40 — 20) + ReLU

Linear(40 — 2) + Softmax

Branch 1: Linear(20 — 4) = o
Branch 2: Linear(20 — 8) = o4

S;, d; = EHC(-; QE)
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Pulse-Shape Analysis With Machine-Learning (ML) Inference

—

SAEFit: ML-based fit
LMFit: GSL Levenburg-Marquardt iterative fit

oo
(=]

Classification Acc. [%]

Confusion Matrix Predicted Single Predicted Double
SAEFit LMFit SAEFit LMFit 0

Actual Single 99.69% 83.72% 0.31% 16.28%

Actual Double 0.44% 15.09% 99.56% 84.91%

» SAEFit improves classification
accuracy across a range of time-

8,000
differences At and amplitude ratios
d2:d1 g 6,000
=
= [dentification of doubles with small % ,
At increases statistics and extends &

the applicability of the method to 2,000
shorter isomer lifetimes

0

» Parameter estimation also improved

Facility for Rare Isotope Beams
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Integrating EJFAT into Workflows for FRIB Science

Collider Event Load Data Reassembly

Balancing and Compute

Segmentation Switching & Routing

Events (UDP Packets )

Eg: 1Mbyte A/D Samples
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Real Time UDP Streaming. Resilient to packet
No TCP retransmission no reordering. EJFAT looks for
buffers or queues the event_id ( color ) and
N x 100G rates matches up the packets

) (

) (

Any number of servers
Mix of fast and slow servers
Dynamic add / sub of servers

EJFAT LB :

’.\ 1. groups events,
2. adjusts to server queue fills ,
’é’ Esnet 3. spreads work as servers come and go

* FRIB experiments are reliant on local cluster for computationally intensive data processing
 Contention for shared resources, no GPUs

= \What does EJFAT provide?
» Low latency streaming architecture, direct connection to real-time resources at HPC centers

a Facility for Rare Isotope Beams . Baldin. (22 April 2025). Welcome to the E2SAR wiki! E2SAR
6 U.S. Department of Energy Office of Science | Michigan State University Wiki. https://github.com/JeffersonLab/E2SAR/wiki
@ 640 South Shaw Lane * East Lansing, Ml 48824, USA A. Chester, SRO XIV, 29 Sept. 2026
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EJFAT-Assisted Workflows at FRIB: Current Status

---» Data transmitted over EJFAT
Load Balancer data plane

FRIB to NERSC: 1x N Gbps stream
NERSC to FRIB: Nx ~1 Gbps streams

Sender No

Online analysis

Receiver

ﬂ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science | Michigan State University

640 South Shaw Lane « East Lansing, Ml 48824, USA
frib.msu.edu

FRIB

NERSC node 1

5y Receiver ——>  MLFit -
’ E
Sender (€ e T
NERSC node 2
- . . = 4 F
D Receiver P——>  MLFit -
Sender £ % s
\
\
N| ... more nodes ...
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FRIB-E2SAR Workflow at SC25

sendRate: 6 Gbps

Queue size: 10240

E25AR selected optinmizations:
NSCLDAQ format version:
Event number is: first timestamp

vents lost so far: 0
2025-Nov~ 03 14:52:22 Stats:
Events Received: 620465
Events Lost in reassembly: 0
Events Lost in enqueue: 0
Data Errors: 0
9RPC Errors: 0

Events lost so far: 0

sendansg
12

Inter-event sleep time is 1398 microseconds
Segmenter started OK

X CutiePie - (QtPy) - It's not a bug, it's a feature (cit) QtS and PyQty5 used under open source terms.@daq-ejfat-01.fribmsu.edu hond (u] X
Connected | 1 ~ '3 ~ | |Apply Geometry | More, Spectrum e.eld_vs e2d_lowe ! double ~ Add Update 5sec ~ Colormap: plasma ~ Sum. Region |7Integrat97 Extra
Tab -
Autoscale | Q | ZoomRange | + | - | log | Reset :'-nst;;,zg ¥ 7575.25 Count: Oifzic;:‘orp;‘.p;?d<dem[e Spiet: Copy Properties
dynode.eld_vs_e2d_!_double dynode.eld vs e2d Iowe !_double pid
30000 T - 0 8000
. 250
‘ 120
250001 || I |
| 1 100 7900 200
\l ll I
20000 |
| 80
6000 4 150
15000 1",
60
5000 - 100
10000 4 ¥
o 40
4000 - 50
5000 1 20
0 ; — - : r ) r 3000 . T r o - -
0 10000 20000 30000 40000 50000 0 1000 2000 3000 4000 5000 6000 -630 -625 -620 -615 -610 -605 -600 -595 -590
X sterm@dag-ejfat-01.fribmsu.edu - o X sterm@daq-ejfat-01.fribmsuedu u] X xterm@daq-ejfat-01.frib.msu.edu |
useCP 1 Events Received: 618236 Entering expanded spectrum view...
syncPeriodis 1000 Events Lost in reassembly: 0 1 dynode.eld_vs_e2d_lowe_!_double
syncPeriods 2 Events Lost in enqueus: 0 self currentPlot, next_plot_index 1
ntu 9000 (bytes) Data Errors: 0 self,uTab.selected_plot_index_bak[self,uTab,currentIndex()] 1
nunSendSockets 9PPC Errors: 0 Entering expanded spectrum view,..
sndSockBufSize 536870912 (bytes) vents lost so far: 0 1 dynode,eld_vs_e2d_lowe_!_double
Using IRI: ejfats://ejfat-1b,es.net:18347/1b/632sync=192.188.29,6:130208dat 2=192,188, 23, 208dat a=[ 2001 2025—Nov—03 14:52:20 Stats: self currentPlot.next_plot_index 1
400323003 :20] Events Received: 619338 self,uTab,selected_plot_index_bak[self uTab,currentIndex()] 1
Sending: all events Events Lost in reassembly: 0 Entering expanded spectrum view...
Data ID: 0 Events Lost in enqueue: 0 1 dynode.eld_vs_e2d_lowe_!_double
Source ID: 0 Data Errors: 0 self .currentPlot.next_plot_index 1
evtBufSize: 1048576 bytes wc Errors: 0 self, uTab.selected_plot_index_bak[self,uTab.currentIndex()] 1

Entering expanded spectrum view,..

self uTab,selected._plot_index_bak[self uTab,currentIndex()] 1

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA
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Data from FRIB experiment e23055 (B. Crider, Miss. St. University)

A. Chester, SRO XIV, 29 Sept. 2026



Towards Streaming Readout: MIKUMARI + FRIBDAQ

» Global clock synchronization at FRIB:
AMANEQ board + MIKUMARI* (earlier talk by
R. Honda)

= AMANEQ HR-TDC

e Continuous read of TDC and scaler blocks

» Signal leading and trailing edge measured with 1 ns
accuracy, time over threshold calculated internally

* Data transmission via SiTCP

Timing from TDC unit + 16-bit fine-scale timestamp

.

HR-TDC data format

-

e

( TDC data [ ][ 71 tocdaa ]

™ Heartbeat delimiter A

i (24-bit coarse-scale timestamp) :

Heartbeat ! !
e e e > -

16-bit fine-scale timestamp
(8ns, 524us)

Facility for Rare Isotope Beams
& U.S. Department of Energy Office of Science | Michigan State University
@ 640 South Shaw Lane « East Lansing, Ml 48824, USA
FRIB frib.msu.edu

UpperMain > Streaming SITCH
iInput > TDC
> > TCP
Lower Main /|
input N I > RBCP
Scaler
Upper >
mezzanine —/
slot
Heartbeat
Lower » < LACCP MIKUMARI
mezzanine _/ Unit
slot
NIMIN- | |/
System | ymceMm i Local
NIMIN-2 clock €<— oscillator
Trigger clock

4Honda et al., IEEE Trans. Nucl. Sci. 72 (2025) 3, 614-622
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Towards Streaming Readout: MIKUMARI + FRIBDAQ

» Goal: Build HR-TDC data into events consisting of all TDC hits which satisfy a user-defined

coincidence window
* Typical event-building coincidence window is 0.1-10 us, while heartbeat (HB) period is 524 ps

* Employ two-stage data processing
» Stage 1: Encapsulates all data contained in a single HB, convert HB frame to coarse timestamp
 Stage 2: Build events consisting of multiple coincident HR-TDC hits

= Built, timestamped HR-TDC data can be integrated into more complex FRIBDAQ data-
processing pipelines using standard tools
» Systems must be on a common clock...

Facility for Rare Isotope Beams
& U.S. Department of Energy Office of Science | Michigan State University
m 640 South Shaw Lane « East Lansing, Ml 48824, USA A. Chester, SRO XIV, 29 Sept. 2026
FRIB frib.msu.edu



MIKUMARI + FRIB: MIKUMARI Raw Data Format

MSB - bit 63 bit 0 - LSB
Heartbeat delimiter 1

64 bits
63 57 |55 39 23 0
Data type Flags LACCP fine offset Heartbeat frame number
6-bit 16-bit 16-bit 24-bit
Reserved - 2-bit - bits 57:56
Heartbeat delimiter 2 .
64 bits
63 57 |55 39 19 0
Data type User reg. Generated data size Transferred data size
6-bit 16-bit 20-bit 20-bit
Reserved - 2-bit - bits 57:56
HR-TDC leading / trailing word
64 bits
63 57 50 28 0
Data type Channel TOT TDC timing
6-bit 7-bit 22-bit 29-bit

(] Data type (] Reserved (] Value / payload fields

ﬁz Facility for Rare Isotope Beams
& U.S. Department of Energy Office of Science | Michigan State University
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MIKUMARI + FRIB: Stage 1 Data Format

Ring item header Body header Body — one heartbeat frame
Size Type Timestamp Source | Barrier | Absolute frame Raw hit 0 Raw hit 1 Raw hit N
- =51 - id type number o o -
. u32 . u32 u32 ub4 Y . .
Each raw hit = one 64-bit HR-TDC leading / trailing word.
(] Ring item header (] Body header (] Body payload

* New FRIBDAQ data type 51 for MIKUMARI
= Absolute HB frame number increments from 0 at the start of a run

» Body header timestamp = HB frame number * 22° clock ticks/frame
« Each tick = 1/1024 ns

= Source id configurable by user
= Barrier type = 0

a Facility for Rare Isotope Beams
& U.S. Department of Energy Office of Science | Michigan State University

@ 640 South Shaw Lane « East Lansing, Ml 48824, USA A. Chester, SRO XIV, 29 Sept. 2026
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MIKUMARI + FRIB: Stage 2 Data Format

Ring item header Body header

Built event body may contain hits from multiple
Size Type Timestamp Source id | Barrier HB frames + frame boundary data

=31 type
u32 u32 uc4 u32 u32 /

Body — one built event

Chan _ Chan .
+ Time TOT . |Oxffff Frame number Oxffffffff | | + Time TOT
edge u64 u32 u16 u64 u32 edge u64 u32
u16 u16
Hits — before heartbeat Frame-boundary marker Hits — after heartbeat
(] Ring item header (] Body header (] Hit (] Frame-boundary marker

» FRIBDAQ PHYSICS EVENT type 31
» Body header timestamp: Absolute time (in ticks) of first hit in the built event

= Hit timestamp = t5 + ., (in ticks)

* 1, = time relative to the start of the hit's HB frame
a Facility for Rare Isotope Beams
&m U.S. Department of Energy Office of Science | Michigan State University

640 South Shaw Lane * East Lansing, Ml 48824, USA A. Chester, SRO XIV, 29 Sept. 2026
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Summary and Conclusions

» Developed a real-time workflow for distributed analysis of production FRIB experiment data

offsite at NERSC
* Integrated real-time trace fitting into standard FRIBDAQ online analysis tools

= SC25 demo workflow results
* 615 GB of data: 15 hours of run time during the experiment
» Total processing time: 20 minutes using 8 Perlmutter nodes
» Average rate: 525 MB/s (hardware limited on FRIB data-transfer node)

» Successful integration of FRIBDAQ software with EJFAT/E2SAR
« Attractive option for future SRO systems
» Excellent support from EJFAT team
* Very positive user experience

* Investigating data-processing schemes and formats for current and future SRO applications

Facility for Rare Isotope Beams
& U.S. Department of Energy Office of Science | Michigan State University
m 640 South Shaw Lane « East Lansing, Ml 48824, USA A. Chester, SRO XIV, 29 Sept. 2026
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