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PET detector plane

Next Steps

PET Imaging cartoon for radiotherapy monitoring.
Adapted from Kraan et al. (2024)

Kraan, Aafke Christine, and Alberto Del Guerra. "Technological developments and
future perspectives in particle therapy: A topical review." IEEE Transactions on
Radiation and Plasma Medical Sciences 8, no. 5 (2024): 453-481.




Introduction — Nuclear and Accelerator context at JLab

The Thomas Jefferson National

9/16/2026

Nuclear physics to medicine
connection, spanning groups

Streaming Readout DAQ and Analysis

Accelerator Facility

Fast Electronics and DAQ group

Experimental Physics Software and Computing - i mren VAR
Infrastructure group RS e ToMMMSel N\ GRRERSON LAB SRF I

Detector Development group

JLab 12 GeV upgrade platform --> EIC next gen
New paradigm of big-data + rapidly editable DAQ
Flash ADCs for digitizing triggerless signals

VXS Trigger Processor data pipelining

Next-gen analysis engines (JANA2, ERSAP, etc.)
ES-NET accelerated load balancing (EJFAT)

JLab Biomedical Research and Top left: A new SRF accelerator cavity assembly ready for installation
Innovation Center (BRIC) formed to Top right: Ground level view of the experimental Hall A spectrometer
formally capitalize on latent capacity Bottom: Aerial view of CEBAF and experimental hall bunkers



el

Biomedical Research and Innovation Center Jefferson Lab

BRIC Recently Formed: www.|lab.org/BRIC
= Formed in March, 2023

= To be a central hub at JLab:
 Highlight to internal and external stakeholders
* Health, biological and medical applications
 Relevant to Jefferson Lab’s expertise

= To provide:
e Supportive, collaborative environment
* So biomedical efforts can thrive and expand
 Establish and maintain NIH/DOE connections

= | joined in 2024 to support BRIC efforts

* Work in Radiation Detector and Imaging Group
* Previously did PCCT at Canon, Hall A PhD in 2021

Biomedical
Research and
Innovation Center
Cynthia Keppel
Drew Weisenberger

Detector &
Computation/Al Imaging
Malachi Schram Development
Accelerator Drew Weisenberger
Technology

Jefferson Lab

BRIC Ribbon Cutting, March 24, 2023

/Advancmg Medical Care
threugh Discovery in the
Physmal’ Sciences


http://www.jlab.org/BRIC

Je on Lab

Streaming Readout for PET Imaging

Traditional PET SRO-PET
Applying Modern Nuclear Physics DAQ to triggerless imaging e I
* Permits many detectors for improved sensitivity for TB-PET imaging Sensor Sensor
. . . . . . . . FE-electronics ASICs (triggerless) = FE-electronics
* Requires distributed computing and in-software coincidence logic DAQ electronics + DAQ with serial digital output

Stream Aggregator +

Coincident electronics Optical Ethernet network

: Computer
University of California Davis Explorer : image reconstruction Computer(SRO-DAQ software )
total-body PET scanner and Image reconstruction
\ p | Triggered vs. Streaming Paradigm

F-18

\

(1) Streaming FPGA Board

Rendering of UC Davis EXPLORER system (left) and a
Cartoon of annihilation and 511 keV gammas to representative total-body PET scan (right) - ey

scintillators for PET imaging
(3) Sensor Adaptor|Bear
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Streaming Read-Out DAQ and Analysis pre-LDRD Jefferson Lab

SRO DAQ for triggerless PET

* Prototype tested at UMAB
Core Imaging Facility

 Pre-LDRD prototype
“works” but not “great”

e Struggles at even a low
data-eventrate

) ) UMAB Core Imaging Facility:
* Motivates: shift to FPGA Siemens Inveon PET/CT (left)

digitization and timeslices and JLab SRO PET prototype (right)

128 (32 x 4) channels
gPetiROCASIC hoard" “ "

v Prototyp gET

Sensdr a

! lé
%
Al

BFPGA Syncfronization Board

Prototype SiPM + ASIC boards FPGA stream producing board FPGA sync board Too-fine crystals “Flood Map”6



LDRD SRO Project - FY25+FY26 Jefferson Lab

SRO DAQ for PET/triggerless

* Designed a new modular front-end board
(FEB) with all active components on-PCB

* New signal/sync distribution board (SD)

with chainable distributed global clock
Front-end Board CAD: SiPM connector (far right), ASICs (right), FPGA (right

* FEBs and SD produce local power middle), and power (left), and USB-C ethernet (far left)
distribution and 10 Gbps data streams

wmm

FEB Design v2.0 - Ben Raydo

USB-C (power & communication)

~25.8mm

. /
~125mm / /

Artix Ultrascale+ 2x PETIROC ASICs
AU15P FPGA (64 channels)

New modular FEBs (left), signal and sync distribution board (right)

9/16/2026



LDRD SRO Project - FY25+FY26

SRO DAQ for PET/triggerless

Jef on Lab

 JLab's Kafka-esque platform: Environment for Real-time Streaming, Acquisition, and Processing (ERSAP)

* Design well-buffered (internal), vertical (multi-threading) and horizontal (multi-node) architectures

* Implement ES-NET JLab Accelerated Transport (EJFAT) load balancer FPGA system for scaling

Updated ERSAP-powered streaming
architecture:

Factorized: micro-services actors
Buffer scaling: inputs + outputs wait
foridle CPU
Vertical scaling: multi-threading
actors
Horizontal scaling: multi-node
Recombination: (not shown) enables
horizontal parallelization everywhere
Outputs:

* Prometheus.io metrics

e Grafana monitoring

* Kmax GUI monitoring

e Calibration actors

* Near-real-time “coincidence”

9/16/2026  line-pairs for PET reconstructions

Sync Control
Signal

-

Detector
Modules

| 100 Gbps

| Switcl
|

PET FPGA
ROC-A

Timing Sync

PET FPGA
ROC-B

—

i

PET FPGA
ROC-Z

//

h

PET Source Pipeline

Sync Control
IO Threads Signal  ygq
+ j

\ | —

Singles-A

. ¥ Aggregator Agg

[T > Singles-B Time Slicing Ring
/ Singles-Z

QMulti—threaded Source Actor:

(SP)

5

Dispatcher

TCP

TCP

PET Processor Pipeline 1

Time-slice level parallelization

GP GP GP
ADEF BEFG WXYZ
= Multi-threaded Processing Actors
GP)

PET Processor Pipeline N

Time-slice level parallelization

GP GP GP
ADEF BEFG WXYZ
= Multi-threaded Processing Actors
(GP) 8




LDRD SRO Project - FY25+FY26 Jefferson Lab

SRO DAQ for PET/triggerless
 JLab's Kafka-esque platform: Environment for Real-time Streaming, Acquisition, and Processing (ERSAP)

* Design well-buffered (internal), vertical (multi-threading) and horizontal (multi-node) architectures

* Implement ES-NET JLab Accelerated Transport (EJFAT) load balancer FPGA system for scaling

E * Event reactive actors, networked by data pipelines.
* Compositional actors with conditional data routing at runtime. >
3, * Flow-based programming paradigm ‘ﬁ'
Orchestrator
s Network
SM SM etwor SM
- A3 - A3 - 33 > B3y - 33 >
Data
DPS DPS DPS DPS DPS
DPE DPE
DPS : Data Processing Station UE : User Engine

DPE : Data Processing Environment

SM : Shared Memory Init(Object O)
» S i >
ouree " S " ACtor Object process(Object O)

9/16/2026 Schematic diagram of the ERSAP microservices architecture.



LDRD SRO Project - FY25+FY26

SRO DAQ for PET/triggerless

9/16/2026

Jefferson Lab

JLab's Kafka-esque platform: Environment for Real-time Streaming, Acquisition, and Processing (ERSAP)

Design well-buffered (internal), vertical (multi-threading) and horizontal (multi-node) architectures

Implement ES-NET JLab Accelerated Transport (EJFAT) load balancer FPGA system for scaling

DAQ

DAQ

DAQ

Collider
Events

Eg: 1Mbyte A/D Samples

—

p—

p L

D (

)

Event
Segmentation
(UDP Packets )

e Telelelalalalalals

LR S S S AT A"\ " =
s Telalalalalelalals

VU UU UL DU
el lelalalalalals

L A A L A

Switching & Routing

(LTI

Load Data Reassembly
Balancing and Compute

Server

Server

Server

Server

Server

Server

EJFAT implementation:

Typical use case example schematic for ESnet-JLab FPGA Accelerated Transport (EJFAT).

Deployed from JLab’s EJFAT FPGA Cluster to Berkeley Lab’s NERSC Perlmutter Cluster.

Utilizes ES-NET Level-3 VPN for up-to 400 Gbps maximum bandwidth.

10



LDRD SRO Project - FY25+FY26 Jefferson Lab

Deployment at U Maryland School of Medicine - FDG tests with PET/CT reference Sept. 3'9-11" 2026

New Streaming Front-End Boards stressed New tests at U Maryland: - Remote Controlled Motion
Simplified installation due to Controller (on top of)

. . - 100 Gbps Network Switch
modular and streaming-first
High-rate data throughput demonstrated detector design — 5 pieces

Single-node data ingest and processing works

Replaying raw data for HPC scaling tests now

Transports on one (1) cart (!) Ultra-Micro Hotspot “Pre-clinical” PETRing - Power - Sync - Motion Controller - 100 Gbps Switch

9/16/2026

Resolution Phantom 11



LDRD SRO Project - FY25+FY26

Deployment at U Maryland School of Medicine - FDG tests with PET/CT reference Sept. 3'9-11" 2026

New Streaming Front-End Boards stressed
Single-node data ingest and processing works

High-rate data throughput demonstrated

Replaying raw data for HPC scaling tests now

Y (mm)

>
>
>

Hot Rod phantom reconstruction
16x16 crystal raw hit data flood map
Point source reconstruction views

Transverse Projection (X-Y) [lter 10]

-20 -10 0 10 20
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Activites [ PetirocERSAP +

5] Tun singles ,

Terminal - Help
[daq@localhost bin]$ ./runsingles.sh > & /data/petsro/runs/run_logs/out_singles.\og
[dag@localhost binl$ ps

PID TTY TINE CHO

6540 pts/2  00:00:00 tesh

6575 pts/2  00:00:00 tesh
627382 pts/2  00:00:0
[dag@localhost binls ./runsingles.sh > & /data/petsro/runs/run_logs/out_singles.log

raw data fil

very 2.0s: tail -50 /data/petsro/runs/r Uinux.local: Wed Sep 9 19:11:45 2026
9:11:38.614 [INFO] (pool-2-thread-1) TrafficMonitor::logTrafficStats Moduled Tota
(read: 21798.8 MB) Current: (read: 8.5 MB/sec)
9:11:38.614 [ll(lll] (pool-3-thread-1) 1!-\”\(?10'\“01 logTrafficStats ModuleM Tota
(read: 24309.9 M) Current: (read: 9.5 MB/sec)
9 n 30.614 [INFO] (pool-6-thread li lv\HuMolanl logTrafficStats Moduled Tota
(read: 23264.7 WD) Current: (read: 9.1 MB/sec)
5:11:30.615 (INFO] (pool-7-thread-1) Trafficonitor::logTrafficstats Modulec Tots
(read: 23966.1 HB) Current: (read: 9.5 M/sec) i

4,00 drwxrxrx
0 drwxrvxr-x

Lam)s cd

Sep9 191

(o] run geom

Fle Edit View Search Terminal Help
PID TTY TINE CHO
7268 pts/3 O 0 mn

623153 pts/3 00100100 p

Idnqo\au\non binls Irunqeam sh > & /data/petsro/runs/run_logs/out_geomet
log

(o] monitor geom

Flle Edt View Terminal Help

Every 2.0s: tail -30 /data/petsro/runs/run Unux.local: Wed Sep 9 19:11:44 2026

19:11:11.813 (INFO) (182,108,137, 1470540, Java1 doq 8 rocentar: thresd-7) Symchonttor

maybeReport [sync) mo period neasured=100007513.2 ps (min 100007218, max

100007781, n=7497) mmm configured 100000000 ps (+75.1 ppn)

19:11011.813 [INPO) (192.168.137.14708340. fav1daq:0Processor- thread-7) Synchonitor:

maybefeport [sync) modeG expecteds7500 seen=7500  misseds ean
2 ps (n=7300) drifts  -0.007 ps/s wrapsed over 14.2s

19:11:11.813 [INFO] (192,168,137,147%8540_java:daq:GProcessor-thread-7) SyncMonitor

maybeReport [sync] mods period measured=100007513.2 ps (min 100007297, max

100007812, n=7497) o configured 100000000 ps (+75.1 ppm)

19:11:11.813 [INFO) (192.168,137.147%8540 java:daq:GProcessor-thread-7) Synchonitor

dag@linux /mnt]$
total 4.0K

0 drwxrwxr-x. 2 daq  petsro
4.0K dr-xr

sudo umount

TIME CMO
00100 tesh
00:00 ps

drwxrvxe-x
Wlinux /mnt]$
0

4 0 drwxrwxr-x. 4 daq petsro 46 Aug
o 6 Aug

1)
m 9 10/0 00/0 |
1)
168,12 (t4 110 13/0 03/0
/-1 sock 9 cc

Coronal Projection (X-Z) [lter 10]

-5
-10
-30

Jefferson Lab

run collector
Edt

023103 pts/1  00:00:00

[ﬂnwloul\hon binl$ ps

:m pu/l
623151 pts/1
ﬁdswln(\lnn\l binls /nm(ulle(lol sh > & /data/petsro/run|

(3] m r coll

Every 2.05: tail -50 /data/petsro/runs/run_\ Uinux. Loca
19:09:08.440 [WARNING] (192,168.137.147%7040 java:daq:Sourc
tor::checkRate Collector
against 250.0 ms 3 , behind
19:09:08.484 [INFO] (192.168.137. 14747640 fava: daai CProcessq
essorEngine: :report Collector: 2 buckets/d 00 05 dete
| 22029 pairs (44058/5 detector-rate) | ai70e8 ¢ ngle
19:99:13.208 (IFO] (spolEvantLoopdraup-3.-1) Sticefanin: ir
2 slices/9.4s | 1 source(s) | AB 1/65536 awaiting merge |
19:09117.964 IWARNING] (192.160.137 1473
tor::checkRate Collector: source 'gp-1' deliver

kHandler o

1ling retu

arthun re

hclared ddentitier ‘ps

» Manually controlled DAQ
interface (Kmax GUI)

» Real-time data stream
processing (~10 terminals)

» Offline PET image
reconstruction 12



LDRD SRO Project - FY25+FY26 Jefferson Lab

Students

* Intern: Sara Emigholz - Verifying PET Data Processing — 2024 Summer

* High School: Malini Dharni - Motion Platform development — 2024-2025 School Year
 SULI: Jaideep Saran — Simulating PET Detectors and Rings — 2025 Summer

 SULI: Tabitha Gwaltney — Designing PCB for PET detectors — 2025 Summer

 High School: Breanna DeFonzo — Optical scintillation modeling — 2025-2026 School Year
« SULI: Bennett Lamb - Designing Streaming-Enabled Experiments — 2026 Fall (current)

Histogram of Raw Energy, TestdMod1
T T

Sara — Preliminary
Data Processing

Jabitha - Flex PCB_g

Jaideep -
Simulations for
realistic “fake”
stress-testing

data

9/16/2026 13



Next Ste PS Jefferdon Lab

Potential Collaborations in the works
* University of Maryland Baltimore School of Medicine — Next-gen PET Imaging Symposium (Sept. 18t)
* Jagiellonian University — International total-body PET collaboration explorations underway
* Virginia Commonwealth University — invitation to utilize PET hot lab for future dynamic imaging tests
 Einstein Hospital + Thomas Jefferson U + MikroDose LLC + U of Sevilla - Streaming Microdosimeters

* Proposed work
* JLab LDRD FY27 proposal — Streaming FEB detectors and analysis architecture for accelerator steering

* Funded work
« JLab LDRD FY26 in-progress — Modifying streaming FEB detectors to read out GEM tracking detectors

* Patents
 Patent pending — Scalable ERSAP-based streaming architecture for PET imaging concept and embodiment
* Provisional submitted - Distributed synchronization system concept and embodiment

* Papers and conferences
* Distributed computing performance, optimizations, and suitability for Total Body PET scale at O(~10,000) detectors
* Image quality metrics from streaming PET pre-clinical scanner with Siemens Inveon PET/CT benchmark
* Integrated FEB + Sync Distribution + Networking instrumentation report

Industry Tech Transfer

* Using results to seek contacts from leading university PET groups and their Industry partners — will consider Energy I-CORP
9/16/2026 14
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