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Overview of the Linac

S0keV IMeV 80MeV 165MeV 300MeV

The fourth pulsed spallation neutron source worldwide.
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Requirements & Architecture for Fast Protection Systen@lvs

B The FPS for Linac (Distributed System, A key component of the accelerator)
» Each substation independently connects to 100 interlocking signals.
» Each Rocket IO channel processes 16 signals, and the maximum number of signals that the master station can handle:
T
o ~ 1800 (14*100+14*7*4)
DC-DC Power Supply
(DTL #1) @
Dﬁ;zzCB I;O/WSeCr il:l;ply Timing i RST | ILK i ~ 800 ns Timing
[ —] . . ILK
DC-DC Power Supply | —— executing B aggregating
(MEBT /SC #1) — i _ substation
. — station — >
BLM RF LLRF
— 5 . Linac — ~ 500 ns
— ] RLAL S ~ 800 ns
— | ] 0 ~1.2 pus L-DUMP
— ) BLM #2 ~250 ns
y \J Y
~ 800 ns -|_ I_( — LRDMP1
250 ns ~ 1000 ns — LRBT
IS Chopper RFQ MEBT DTL

Double - Spoke Elliptical

v\ Total time from beam loss to drop off the RFQ power: = 3.6 us  cavities cavities
- { Total time from beam loss to shutdown timing of the chopper: = 4 s
Total time from beam loss to shutdown timing of the ion source extraction power supply: = 4.5 us



Function for ATCA-based Data Acquisition Platform ("swvs
- S

B Integrate FPS & TM: Provide real-time beam data with high-precision timestamps for beam

v Synchronously acquire bunch-by-
bunch beam data.

\ Elliptical
decision-making to minimize vt P 1Y LEIT LITE J1Ed LESIL DILY 11X

machine protection response time.

v' Utilize Edge Al to determine the
optimal timing for beam stop.

B Challenges " parameter acquisition Real-Data acquisition = s
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» Signal integrity and beam commissioning '
\ core board /
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Hardware for ATCA-based Data Acquisition Platform (" sws
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B Motivation: (1) VME -->xTCA.
(2) demo FPGA --> RAM + Linux + EPICS (Embedded 10C).

(3) distributed data --> Associated data with high-precision timestamps (EVR).
B Approach: ATCA + FPGA + Rocket /0O

v" Based on the ATCA mechanical architecture. Interface board ‘
Interface board

v" Integrating functions of fast protection, timing, Interface board

: Master logic board n.
beam loss configuration, and data readout. 5 » :N:
o':°.oo 0 J | k -. = .1...
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Hardware for ATCA-based Data Acquisition Platform (" Swns
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B Self-developed backplane with signal interfacing

LVDS Rocket I/0
250 MHz 5 Gbps
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v' Master: slot #3, while slave: slots #1, #2’ #4, #5, and #6. T T E T T T T AT T P AT A

v Master slot handles logical processing, parameter configuration, status readback, and on-board I0C.

v" Slave slots handle external signal input and internal signal output.

v Master slot is directly connected to each slave slot via 32 pairs of high-speed differential signals
through pin-to-pin routing on the backplane.



Hardware for ATCA-based Data Acquisition Platform élvs

B System Components: Master logic board, Self-developed backplane, and Interface boards

» Master logic board: Acquisition & Signal processing & Interlock logic

v RF SoC: real-time ADC acquisition and beam signal processing. 32-bit LVDS parallel bus
v KU060: interlock logic and beam abort via point-to-point links to interface boards. RF SoC interface with KU060

» Interface boards: Signal I/O with external subsystems
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Self-developed backplane Interface board

REF SoC (Master logic board) (no logic chip, just point-to-point links ) (no logic chip, just basic Functions)



Hardware for ATCA-based Data Acquisition Platform

= { SNS
B Master logic board: Completed schematic and PCB design, plus functional debugging of the 6U ATCA
core master logic board.
» 4 QSFP+ 1 PCIE » 8x 14 bits ADC, 5 GSPS, 6GHz analog BW
» Event timing support » 8 x 14 bits DAC, 10 GSPS, 4GHz analog BW
» HPC FMC » Megtron-6, 24 Layer
PCIE
f
QSFP D,
(64*SFP)
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TX RX Status

Quad_228MGT_X1Y16/TX (xcku060_0) Quad_227/MGT_X1Y12/RX (xcku060_0) 5.000 Gbps
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InjectError  TX Reset RX Reset RX PLL Status
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Hardware for ATCA-based Data Acquisition Platform ("Sns
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B Interface board: Optical-type & PLC-type to cover different application.

Opt-type input : HFBR2412T => 74ALVC164245 » Opt-type output : TE => 830S21AMI-01LFT(LVDS to
=>FIN1027AMX(LVTTL to LVDS) =>TE LVLLT)=> 74ALVC164245=> HFBR1414T

h 74

Self-developed backplane

1*40 1*40

I

Master board

FINIO2TAMXILVTTL to LVDS) =121

TAALVCI64245(TTL to LVTTL =
TE 321 83082 1AMI-0ILFT(LVDS to LVLLT) TAALVCIGA2MS(LVLLT to TTL)

1

» PLC-type input : phoenix => FOD060L => 74ALVC164245=>FIN1027AMX(LVTTL to LVDS) =>TE
» PLC-type output : TE => 830S21AMI-01LFT74ALVC164245(LVLLT to TTL) => MOC3063 => phoenix
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Hardware for ATCA-based Data Acquisition Platform

B Current Status: Porting of Fast Protection Firmware for online operation.

Incremental implementation: None

Incremental implementation:

Implementation Summary Implementation Summary
Status:  Complete Status: ~/ Complete

Messages: 3 warnings Messages: 3 warnings

Active run: impl_1 Active run: impl_1

Part: xcku0B0-ffval517-2-i Part: xezud7dr-five1156-2-i

Strategy: Vivado Implementation Defaults Strategy: Vivado Implementation Defaults

Report Strategy: Vivado Implementation Default Reports Report Strategy: Vivado Implementation Default Reports

None

Both chips are fully integrated, with online beam commissioning targeted for early 2027.

Q = =
~ CLB Logic
~ CLB LUTs (<1%)
LUT as Logic (<1%)
~ CLB Registers (<1%)
Register as Latch (<1%)
~ CLB Logic Distribution
~ CLB Registers (<1%)
Register driven from within the G
 Register driven from outside the
LUT in front of the register is
~ LUT as Logic (<1%)
using O5 and O6<>LUT as Logit
using O5 output only<>LUT as L
using O6 output only<>LUT as L
v CLB (<1%)

utilization_1

Tcl Console Messages Log Reports

Intelligent Design Runs Design Runs DRC Methodology Power | Timing

y Summary

Resource Utilization Available Utilization %
LuT 27 425280 0.01
FF 24 850560 0.00
10 57 152 37.50
LUT§ 1%

FFy 1%

10 38%

0 25 50 75 100
Utilization (%)

Resource utilization
(RF SoC)

Register as Latch (<1%)

~ CLB Logic Distribution LUTY 1%
. FF1 1%
9
~ CLB Registers (<1%) 0 %

Tcl Console | Messages Log Reports | Intelligent Design Runs Design Runs DRC | Methodology Power |Timing | Utilizat

Q| =z } Summary
Summary ~
 CLB Logic Resource Utilization Available Utilization %
~ CLB LUTs (<1%) LUT 27 331680 0.01
LUT as Logie (<1%) FF 24 0.00
~ CLB Registers (<1%) (o] 57 624 9.13

Register driven from within the CLB o %5
 Register driven from outside the CLB
LUT in front of the register is used
LUT in front of the register is unused
~ LUT as Logic (<1%)
using O5 and 06<>LUT as Logic
using 06 output only<>LUT as Logic
v CLB (<1%)

utilization_1

50 75 100
Utilization (%)

Resource utilization
(KU060)
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Experimental Validation of the DBCM Prototype ( SNs
» S

B A prototype was developed to validate the RF SoC-based DBCM solution for
real-time beam monitoring

current macro pulse

a

> » The minimum micro-bunch repetition rate is 324 MHz. An ADC

A A

» intermediate pulse
— | |«— rf period ~ 3.086 ns micro pulse with a sampling rate of at least 648 MSPS is required.
| A

» The horizontal timing jitter of micro-bunches exceeds twice the

RF period, making it highly susceptible to sampling inaccuracies.

v" Seamless integration of ADC and ARM processors into a single chip.
v" Supports high-speed signal acquisition up to 5 GHz, with highly

efficient I/Q signal generation required for demodulation.

v" Supports embedded Linux and upper-layer application development.

RF SoC Development Board Physical Diagram



SNS

Experimental Validation of the DBCM Prototype (s

B Signal Processing Architecture (No multi-device cascading & Low latency)

FCT — RF-ADC — Demodulation — Differential Calculation — Decision-making — Protection Output

» Signal Acquisition and Processing (PL) » Control and Communication (PS)
v' Digitize incoming ADC signals. v" A Linux application to handle system
> Real-time Processing (PL) configuration and data buffering.
v Process the sampled data in real time to generate protection v Communicates with the host computer via
signals. Meanwhile, the data or status information is Ethernet and storage devices via GPIO.

transmitted to the PS side via the AXI bus.

Protection RFSoC Development Board T
UART! ppRa

Signal MMCX | Configuration + Data Caching | L
3
| ] | | — 1

AXI Bus
FPGA
RF Signal =—> <:) PS+BareMetal
& ADC+HPL Logic

l l IZC
TRIG IN Ref.Clk [ GPIO ] [ SPI ]

]

¥ EFEkETE
'™ -'.F

Timing

i

A un 310
Clock Chip LMK04828 [ LMK _SYNC ] [ LMK_REG ] [ EEPROM ] o
POWER AXI Bus Interconnect

— Processing System

e Z\L/RL\SJCE_)ET s w\‘i?‘EL




Experimental Validation of the DBCM Prototype { SNS

B Procedure: Application with Embedded IOC

Waveform - hw_ila_1

Q 4+ = ¢ » » H C

Embedded Linux Software System . ILA Status: Idie
1,200 | |]>400 | , | »
UserSpace | |\ T T e T T I T || T 4l | ‘. lllll
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User RFdc App feseasa. s W l“"""”ll"
...... fr e e s | i
[ Tea, S/ \
1.Calls API / \ ,/-4 \ W\\
Libxrfdc - - i —-——— - A / \.\‘ / \\‘ //
(RFdc Logic Library) | | \ / \ I/ \ /
[ I DSASettings. Attenuation = 10.0 | —1 I —

2.Uses I‘O API : DSASettlnglesableRTS = 1 : Updated at: 2025-Dec-24 15:34:31
[ & N B § B §® &0 B B B B B B B § J
Libmetal

(Hardware Abstraction
Library)
,\ Hardware Platform 272
7 : : R OO 2| PRI 1. N OO e VOO O ORI - ST L SO .4 PR LD i OO
3.Mmap Setup : MMl ‘|
’ 1 > wda_vaue[15:0]| 107 I | —"'ﬁ
", 4.MMIO Access
| | ZYNQ RFdc | \\“/ -
T e Hardware Registers 5 ' l
Kernel Space
3 > wadc_td..31:16]] 1517
| L / \\‘ _____ —— // \\k N _/ \ -~ - / a

RFDC Linux Driver Software Architecture Based on UIO

Updated at: 2025-Dec-24 15:38:45




Experimental Validation of the DBCM Prototype (s

‘3
B Design: Data Computation Module & Signal Processing

» Utilizes the CORDIC algorithm to perform complex calculations such as trigonometric functions, square roots,
and magnitude calculations through simple shift-and-add operations.

» Particularly well-suited for the hardware parallel architecture and pipelined real-time processing of FPGAs.

CORDIC Vector Rotation Process Comprehensive Analysis of Module Timing Paths
5 _I T L I UL L I L I LI I LI I T 1T | LI I | ] -
[ ] =mmmmmmmmm e ! I
A Start ) : RFdo(0.4 pis) : i Total Latency : 1.6 us !
4 7 I bommmmmmoe- }““““"“'!
I CORDIC 1 : I/Q Generation 4:—[ Beam Signal input ]
3L _ I [ Protection Signal Output ]
Q I i
1 [ O Y N
E r [
@ 2r - : PL Processing(1.2 ps) I
E B 1 | |
> 1 _ _ : : : Differential :
I : Summation | Squaring : Square Root o I
[ o l (10 ns) (20 ns) (170 ns) (1 ps) |
i I
O 8 End | :
- \2 |
: [
_1 1 1 1 11 I 11 1 | I 11 1 1 | 11 1 1 I 1 1 1 | 11 | ————————————————————————————————————————————————— I

X-axis value




Experimental Validation of the DBCM Prototype @Ns

B Design: Data Buffer Module Design

» A state machine then packs the data into an AXI4-Stream format that complies with the DMA transfer protocol.

» An asynchronous FIFO is utilized for clock domain crossing (CDC) synchronization.

» The data is written to the DDR4 memory on the PS side via the DMA controller and read by the host computer.

e
|
AXI4 AXI AXMLITE |
Interconnect | AXI_STREAM
| '| Peripheral
PS DDR | | DMA (Like FIFO
B ' or ADC)
AXI_MM2S | AXI_STREAM
AXI i ¢
SmartConnect | AXI_S2MM |
|
|
Interrupt output I ZYNQPL

Protection |
| Output /

ST_POST_CAPTURE

Post trigger
Capture Complete

Alarm Rising
Edge Detected

|

|

| .

|
|
| %
|
| ‘ .
|

| [ ST IDLE ] [ ST PRE READ ]
|

|

|

|

|

Old Data Group

Start AXI-Stream

Alarm Clear Transmission

New Data Group

ST DONE ST STREAM

last Data
Transmitted



Experimental Validation of the DBCM Prototype @Ns

B Test Setup: Due to the availability of only a single FCT testing device, a power splitter was employed

to divide the FCT output into two 1dentical signals, which were then fed into the development board for

dual-channel comparative processing.

Field Test Scenario

FCTIFRM=S

L TR | IR

Ligtiass] 5
: gy

ciRskRbiES— I8

Equipment Connection Block Diagram
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B Performance under Normal Beam  Substituting BCM with Online FCT for validation
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Experimental Validation of the DBCM Prototype @NS
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B Validation under Abnormal Conditions (Simulated Beam Loss/Distortion)
» Under the normal beam mode, the waveforms of the two channels were consistent, and no alarm was triggered.

» When simulating two abnormal conditions, bunch loss and waveform distortion, the system immediately initiated a

protection response once the signal difference exceeded the alarm threshold.

2 700 Abnormal Condltlon (Slmulated Beam Loss) Z 700 Abnormal Cond|t|on (Slmulated Beam Distortion)
C T e & & & [ 2 & Ea% | & &8 % 8 | & 5 &z )& & 2 & | F 5§ S at 0 o S0 F & T & L o C —rrt+r+r+ rr+v¢v|p vr ¢ r¢v v [ T v v [ T T T T T T T oTwoT v
— Upst FCT Si | —t |
3 600( — Downstream FCT Signal 1 3 600 | BESJL‘??EEJETFE'TQSE,m. i
O 500F S soo- !
2 400 . Q 400r ' l " i
= 3001 - S 300 g l I r. 3
S 200r . T 200f ' .-
= | =
_9_100_ ! L D It i i A L I ] _9_100_ ' y LR, I
£ P S U U U SRR . e IS IR LR
< 0 500 1000 1500 2000 2500 3000 3500 4000 E 0% 500 1000 1500 2000 2500 3000 3500 4000
Alarm Status Alarm Status
1 R I e o e T e T A e e | [ e e e e D | e L [ e, L | RS 1 (PR et e e s ) | | e L L e e e R | e e e e L ] L
Q
v ot O O O O O O [ 0 00T 7 M AN [ “ or A O O O M 0 - (2
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time/(10 ns) Time/(10 ns)

Simulating downstream beam loss Simulating downstream beam waveform distortion



Experimental Validation of the DBCM Prototype
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B System Latency Evaluation: The DBCM logic takes ~1 ps. Including ~2.5 us of cable delay and ~1.5
us of beam propagation time (TOF), the overall system latency is approximately 5 us.

Waveform View

@ @
At 241.083ns 1At 4.15MHz
Av: 679844 mV  Awiat: 282 Mvis

1:236.186 ns.
w2 199.972 mV.

—» «—236 ns

e

Square wavé input: 5 ns -
rise time, 10 us period,
50% duty cycle.

: b— . *

L S—

A
) 4

proton time of flight (TOF)

Beam loss
o0 ' location e
DTL:460 ns
worst-case best-case

<460 ns

Particle Transit Time

b
L |

350 ps " 120 ns

Estimated overall system
latency: 5 us, meeting the
protection requirements
for future superconducting
cavities.

FPS Integration Unit



Future Work @Ns

B Active Protection Mechanism: From "Triggering" to "@

| ® Real-time processing: Sliding average filtering & baseline

subtraction

® Edge Al deployment: 1D-CNNs / Autoencoders via hls4ml

® Pipelined inference: Triggered at fixed beam-cycle intervals.

Built on a self-developed advanced hardware data processing platform featuring
“RF SoC + KU060”.



Summary 7SNS
a et

® Adopt ATCA architecture based on a customized backplane and self-developed front boards
as the solution.

® Using one main logic board (Embedded IOC) and four types of interface boards to cover
most applications.

® Combining DBCM with AT in the linear superconducting section is expected to further
enhance the performance.

® Integrating BLM and the FPS into a unified platform is challenging, and the real-time data
with high-precision timestamps is worthwhile to explore (EVR function).
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