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Jefferson Lab

RF Control Systems

« LDRD project for FY 25/26 to develop new LLRF control and
measurement methods

« Perform measurement and control of RF signals to and from
cavity

« CEBAF FPGA, tuned for one frequency of operation

« Connections and interlocks to external systems (tuners, RF
permit, master oscillator, EPICS)

« FPGA Performs Self Excited Loop controls BT Conure] oz taveut
« Regulation of Amplitude and Phase (SELAP) . -
* Other control modes (SEL, Pulse) [ p—— S ----- ! 1
. . [
« Excellent LLRF system at CEBAF, contributing to record
machine uptime AT .
LLRF control and measurement systems in
CEBAF
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Je on Lab

New Applications of SRF

Cryocoolers

south linac

Electron gun

Vacuum vessel SRF cavity
Magnetic shield
Thermal shield

Compact, Conduction-Cooled Accelerator High-Energy Physics Quantum Physics
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JefferSon Lab

New RF Controllers for SRF

Compact, Conduction-Cooled Accelerator High-Energy Physics Quantum Physics

* 8xADC (5GSPS)

+ 8 xDAC (9.85GSPS)
* GPS Antenna

* LED Indicator

E3 connector
Fast diff. GPIOs,

.QSPI & eMMC booting option ZU4TDR SOM =

Core Board

* RTC Battery
d  Holder

Power
(uss-c) SD card with

Linux OS
\ UsB-C
» v Aernet connector
% 2 '/./. Console (USB-C)

Daisy chain i 1 @
Dual core ARM (USB):C) PCIE3.0x 4 S UR B
cortex A9 + FPGA =
E2 connector
Slow analog 10s, 12C, SPI,
UART, ext. clock

* 40P Expansion
Port

—* On-board VCXO

JTAG
connector

2
\ Status LEDs

" El connector
GPIOs, CAN

|~ External Clock
™| Input

RF inputs [ -
125 MS/s 14-bit — &

oK) |
12V Power Input » « CAN/RS485

RF outputs Mode Selector Switch = * 100G QSFP

125 MS/s 14-bit USB to JTAG/UART = * 10G SFP
USB3.0 = * Gigabit Ethernet
Mini DP

Scalable (100’s of cavities)
Low cost, low volume interlocks and MPS Ultra fast (>5GSps)

Relaxed requirements for stability Low noise Very low noise

Commercially available . Wide bandwidth
Stable operation ,
More expensive

Custom system designs
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RF Control Systems - VTA

« Wide range of cavities and frequencies, 0.2 — 7 GHz
« Up to 100W of power, critically coupled cavities
« High throughput, up to 400 cavity tests per year

» Cavity control (SEL) from CEBAF LLRF2.0 system, adapted
through interface chassis

 Measurement done with power meters

Current VTA RF and Measurement System oo ‘

2K Helium
TRE Inctetiment Rack T L ow | Dewar ‘
| RF Instrument Rack ‘ - High Power 3
' RF Source i I
1800 MHz + Cavity ; ! C]‘—Pd—b
! RF Drive Signal | =
| Freq Cntr ; | —
! . 500W Load
| 1
| Transmitte d Power :
1
Pre I
Outer easurement | | [_PEMeter T !
Instruments: / Pf Meter o orward |
Crystal N\ J . g |
Oscilloscope \ @ e i
! ectrum | i < |
| | ER
. A A, ELL ‘ &1
RF Sources G 9 5 | HOMA Meter
1730 MHz 3 v a 5.
70MHz a \ 4 . ol HOMB Meter
-
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Jefferson Lab

New RF System Design

 Red Pitaya FPGA

Pulse with Red Pitaya
Cavity LEV1A (5GHz)

10

« 2x Rx and Tx channels T 20
«  Perform SEL control, easily 9 | Tanamites 'w 1"
programmable 8 | {16
« NI Software Defined Radio 7 .: |“g
~ 6 f | 112 5
« Digital acquisition of cavity signals & 1 3
5 5 | 10 5
+  Wide frequency range and bandwidth g P‘, £
4 ‘ 8 g
«  FPGA to process signals Jur g
3 t 6
»  Computer interface, no other external {'3
systems needed ? | 1
1 12
« All commercially available et trte]
0 50 100 150 200 250 300
* Improve system flexibility at the cost of Time (ms)

amplitude and phase stability

« Less than $40k for a very flexible
system, 0.1 -7 GHz
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Jefferson Lab

] Control
New RF System Design Jupyter Notebook
,  Developed a workflow to take Simulink model, compile
* Red Pitaya FPGA VHDL in Vivado, and run the code on Red Pitaya
* 2xRxand Tx channels jupyter

*  Perform SEL control, easily g

programmable

Design
MathWorks Simulink

9/15/2026

Access to control variables through Jupyter Notebook
server

Allows for new control methods to be easily designed
and tested in the field

Build Execute
AMD Vivado Red Pitaya
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LCLS-Il Mode Mixing

« Vertical Cavity testing, RF control system exciting
the pi mode (1300 MHz)

« At high gradients (>18 MV/m) the 7/9 pi mode

Analyzer

ANV KEvSIGHT  N9322C  swnrroan: R VT A‘E
Spectrum
Peak

l AMVKEYSIGHT06 : 46 : 39 2021.07.14

E:F:-l 0. 00dBm Att:10. 00dB 5551 Sggzgﬁs g
| g o T

i At

Peak Search
.
—~—~——
Hext Peak
—
Hext Left PK

—

(1297 MHz) becomes self-excited
« Power Meters can only measure the sum of both Mode Mixing at 20.5 MV/m
modes, data points are invalid =
n  -20
 New RF Control scheme suppresses 7/9 mode: T 40
Setup a second SEL 180 degrees off resonance L —— Pi Mode
a oo ———7/9 Pi Mode
17:12:29 17:12:55 17:13:?1. 17:13:47 17:14:12 17:14:38 17:15:04
h Elimination of 7/9 mode from 180° phase flip Mode mixing at 27 MV/m
0
-20 - é . -
-40 ., | Reverse RF phase 180° .
-60 %D -60
-80 ~ A E -80
7100 -100
17:42:39  17:42:41 17:42:42 17:42:44 17:42:46 17:42:48 17:42:49 17:42:51 17:22:08 17:22:23 17:22:38 17:22:53 17:23:08 17:23:23
9/15/2026 LLRF control of SRF Cavities— LDRD Meeting 2026 8



Jefferson Lab

Anti-Mode Mixing System (AMMS)

High Power RF Sources
Amplifier RF Source 1800 MHz .
Field Control 1730 MHz

Chassis 1 70 MHz

Directional 3100 MHz
Coupler

1800 MH:z

1300 & 1297
MHz Drive h 4 Probe Signal
Forward Power FCC -
A
Reflected Power Downconverter i i Spllisae) Comib et Peter Owen, 2023
1300 MHz Field Probe ~
- ]
’///// Measurement instruments: § P LOUEES
e Power Meters Field Control MG
e Frequency Counter .
&= Crystal Detector 1803 M Chassis 2 70 MHz
* 1300 MHz = 3100 — 1800 MHz Spectrum Analyzer Probe Signal 7
5 . y . /
* Conversion done with RF Mixer in Y

FCC downconverter
* Allows easy switching between
cavity types and frequencies

* 1297 MHz = 3100 — 1803 MHz
* FCC #2 is locked onto 7/9 mode

9/15/2026 LLRF control of SRF Cavities— LDRD Meeting 2026



LDRD Anti-Mode Mixing System

9/15/2026

High Power
Amplifier

Directional
Coupler

Forward Power

1300 & 1297
MHz Drive

Reflected Power

FCC

Downconverter

Moku Delta:

Commercially available RFSoC

8x input and output

5 GSps sample rate allows direct
measurement of SRF cavity signals
Manufacturer’s software allows for rapid
testing of RF control and measurement

1300 MHz Field Probe

Measurement instruments:
Power Meters
Frequency Counter
Crystal Detector
Spectrum Analyzer

LLRF control of SRF Cavities— LDRD Meeting 2026
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Mode Mixing Suppression
Pi mode at 21.8 MV/m
T T T

T
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&3]
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0.1!
0

Gradient (MV/m)

With 180° shift on PLL,
second mode is suppressed
orders of magnitude below
primary mode

10
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Je on Lab
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A new method to measure the unloaded quality
factor of superconducting cavities

Enabling RF measurements

4 Attem pted in-Situ RF measu rement Of QO in a Volker Ziemann, Uppsala University, 75120 Uppsala, Sweden
cryomodule Mach 4, 2024
+  Complex signals acquired with SDR Circulator Reflection

*  Work is ongoing, disentangling errors from RF crosstalk

Directional

* Need to measure signals to less than 0.1% accuracy to

determine QO in a cryomodule Coupler

Klystron
Overcoupled

Cavity

Crosstalk

 Measure QO of 5 GHz ‘LEV’ cavities for
another LDRD project

Pulse with Red Pitaya

«  Attain high QO at low temperatures for magnetic levitation : o s
«  Complex signals acquired with SDR e
» High frequency signals S z
* Low temperature for quantum measurements (<1.8K) 7 S —— I ol
«  Low power, short pulses j / I e dam e
v 10°35 30 25 30 35 40

Temperature (K)
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Jefferson Lab

Future Work

« Demonstrate SRF Operation at smaller scales (conduction-
cooled, compact)

« Operation of non-linear amplifiers with complex feedback
mechanisms (magnetron)

« |Integrate commercial LLRF controllers into accelerator RF
system

« Capturing raw signal data for new measurement methods and
Al training for fault detection

. . input circulator
. Microwave | )

Signal source n i_/ \_‘ RF load
: | +f T
|
Magnet power § X :'I HS
supply \\!___..-/

Anode power | | o ‘
supply launcher e ™~ Directional coupler
I -

Intelligent
controller

{ \

\ | ou

Proposed Magnetron R Filamsir:piower | % \\ /,f" |: —‘ RF out
Controller layout | - -% /| solenoid

circulator

magnetron
Microwave " & Reflected
. L |

- R. Rimmer | receiver F— LLRF control and measurement system
ported from VTA to General Atomics
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Questions?

This material is based upon work supported by the U.S. Department of Energy,
Office of Science, Office of Nuclear Physics under Contract No. 89243126CSC000213.
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