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RAON Rare Isotope Accelerator Complex
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Accelerator Systems 
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Part 01. 

RF System 개요



RF (Radio Frequency)
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# 사용 분야

www.rfdh.com

RF 수신부 (Rx)

RF 송신부 (Tx) LLRF HPRF
RF coupler 
/ Cavity



RF (주파수대역)
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스마트폰 : 

Wifi : 2.4 GHz, 5 GHz

Mircrowave oven : 

스타링크 :  



가속기의 RF 주파수
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RAON (중이온) QWR (81.25 MHz)

HWR (162.5 MHz)

SSR (325 MHz)

KOMAC (양성자) RFQ, DTL (350 MHz)

확장 (700 MHz)

PAL (전자) 선형 (S-band 2.856 GHz)

저장링 (499.973 MHz)

XFEL (S-band 2.856 GHz)

4GSR (전자) 선형 (S-band 2.997 GHz)

저장링 (499.593 MHz)

중입자 치료 Injector (RFQ, DTL) (200 MHz)

(서울대, 연세대 ..)

국외국내
 입자 질량 -> 속도 -> 셀 길이

 Aperture, RF breakdown, 열, 오차.. 

 고출력 RF source의 주파수도 고려



입자가속기의 RF 시스템
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ChatGPT

Sakhorn Rimjaem, RF System, ISBA23, August 6, 2023 



전자장 (Maxwell’s eq., Wave eq.)
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Plane wave



Rectangular waveguide 
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Coaxial line in TEM mode 
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RF transmission line (Coupler)
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Waveguide dimensions 
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RF 측정 (dBm, dB)
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dB 와 dBm 의 차이 ??

RF signal generator

Power meter

Vector Network 

Analyzer

Spectrum Analyzer

Oscilloscope



가속기의 RF system 
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LLRF HPRF Cavity
RF Reference

RF feedback 

RF(x) = A cos(2Πfx + φ)
Amplitude Frequency Phase

 LLRF (Low-level RF) control : RF generation, Feedback control (Amplitude, phase), Resonance control -> (A, P, F)

 HPRF (High power RF) : RF amplifier (SSPA, Klystron, Tetrode … ), HPRF power transmission -> (A)

 RF Reference : RF reference signal distribution (LLRF, BPM ..) -> (F, P)

LLRF HPRF Cavity
RF Reference

RF feedback 

LLRF HPRF Cavity
RF Reference

RF feedback 



Block diagram of RF system (RAON)
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RF reference system

Master Oscillator

Reference
distribution

RF reference : 1-5/8” rigid coaxial line (Temp. controlled)

81.25 MHz
D/C : ~30 dB

Tunnel

to LLRF to BPM

Cav.

Digital
Processing

(FPGA)

ADC

DAC

Top
Panel

(N to 
SMA)

RF
B/D

RF
SW

PLL

Top panel

HPRF SSPA

CLK

CLK

Ref.

For.

Rev.

Cav.

Tuner

Tuner driver
Ethernet

Ethernet

RJ-45

SMA

SMA

SMA

N

N

Timing

FPS
SSPA
monitoring 
control

DB-9

RJ-25

Directional 
coupler

LLRF Controller

BNC

interlock

RF signal

RF Reference 

Clock signal

I/Q data

Connection with other devices



Part 02. 

High-power RF system



RF amplifier (Choices of frequency & power) 
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RAON (SSPA)



RF amplifier (Vacuum tubes and SSPA) 
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RF source 비교
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항목 Tetrode Klystron Magnetron SSPA

작동원리

- 진공관 증폭기

- 전류 제어 (grid)

- 고전압 전원

- 전자빔 가속

- 변조 (Velocity, density)

- 고전압 전원

- Crossed-field self oscillation

- 전자 회전, LC 공진

- 고전압 전원

- 반도체 소자 증폭

- pallet (~1kW)

- Combining

구성

Cathode,

Control grid,

Screen grid,

Anode

Electron gun,

Cavity resonator,

Focusing magnet

Collector

Cathode

Anode cavity

Magnet

Antenna

PDU 전원(~60V)

Driver (Splitter)

Tr. (LDMOS, GaN..)

Combiner

주파수 대역
중저주파

(대략 300MHz까지)
대략 300MHz 이상 수 GHz ~ 30GHz

대략 1GHz 까지

(power에 따라 수 GHz 까지)

출력 RF 전력 중간 (~수백 kW)
고출력

(수백kW~MW이상)
수 kW ~ 수 MW 수십~ 수백kW

비용 낮음 높음 낮음 (고효율, 저비용)
초기 비용 높음

(유지보수 비용 낮음)

유지보수 복잡 (진공관, 고전압) 매우 복잡 단순 (주파수/위상 안정도 낮음) 쉬움

유틸리티 고전압, 냉각수 고전압, modulator, 냉각수 고전압, 냉각 냉각수



Triode / Tetrode (1)
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control grid와 anode를 RF적으로 차폐

Gain 상승, 안정적인 고출력 운전

https://www.youtube.com/watch?v=lIUIGdC0Tag


Tetrode (KBSI – 165MHz, 100kW)
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 TH781 (Thales)

- Frequency : ~110 MHz

- RF power : ~250 kW

- Efficiency : ~65 %

- Water cooling

- High voltage : >15 kV

High power RF amplifier system for KBSI RFQ (IPAC2017)
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Klystron (1)

https://www.youtube.com/watch?v=Fvud81pYGOg
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Klystron (KOMAC, PAL)

 Klystron for KOMAC (RFQ, DTL)

: 350 MHz, 1MW CW Klystron (TH2089) -> Canon

 Klystron for PAL

: S-band (2.856 GHz), 80 MW pulsed (4us) Klystron 



Magnetron (Oscillator)
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https://www.youtube.com/watch?v=bUsS5KUMLvw


High-power RF SSPA (1) 
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 진공관이 아니라, LDMOS, GaN 같은 transistor를 사용해 RF 전력을 키우는 증폭기

 RF combining를 통해 kW~수백 kW, MW (<1GHz) 급으로 vacuum tube를 일부 대체하는 추세



High-power RF SSPA (Pallet ~ 1.5kW) 
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325 MHz, 1.5 kW pallet (for SSR1)



High-power RF SSPA 구성
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High Power RF Solid State Amplifiers for Accelerators and Storage Rings (Jorn Jacob, 2018) 



High-power SSPA 개발초기

30

High Power RF Solid State Amplifiers for Accelerators and Storage Rings (Jorn Jacob, 2018) 



High-power SSPA 개발사례 (CERN SPS) 
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CERN LIU-SPS 200MHz RF SSPA (ESSRI 2022) 
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High-power SSPA (power density) 

CERN LIU-SPS 200MHz RF SSPA (ESSRI 2022) 



SSPA Developments in the world 
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High Power RF Solid State Amplifiers for Accelerators and Storage Rings (Jorn Jacob, 2018) 



RAON HPRF System (1) 
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Cavity Quantity
(EA)

Frequency
(MHz)

RF Power
(kW)

RF Transmission Line

SCL1
(Pended)

RFQ 2 81.25 80 6 1/8 inch EIA

Rebuncher 4 81.25 20,15,4 3 1/8 inch EIA

QWR 22 81.25 4 1 5/8 inch EIA

HWR 102 162.5 4 1 5/8 inch EIA

SCL2 (high-energy)

SSR1 69 325 8 3 1/8 inch EIA

SSR2 144 325 20 4 1/16 inch EIA

SCL3 (low-energy)

RFQ (NC) 1 81.25 160 (80*2) 6 1/8 inch EIA

Rebuncher (NC) 4 81.25 20,15,4*2 3 1/8 inch EIA

QWR 22 81.25 4 1 5/8 inch EIA

HWR 102 162.5 4 1 5/8 inch EIA

P2DT & CSS HWR 4 +2 162.5 4 1 5/8 inch EIA

 RF amp. : SSPA(Solid-State Power Amplifier),   RF trans. : Rigid Coaxial Transmission Line



RAON HPRF System (2) 
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2*4kW / 1 rack
81.25 MHz

1-5/8”

QWR (22 sets) HWR-A (26 sets) HWR-B (76 sets)

QWR 1ea. 
/ 1 module

Gallery

Tunnel

HWR 2ea.
/ 1 module

HWR 4ea. 
/ 1 module

2*4kW / 1 rack
162.5 MHz

SSR1 (69 sets)

20kW / 1 rack
325 MHz

4-1/16”

SSR2 6ea. 
/ 1 module

8kW / 1 rack
325 MHz

3-1/8”

SSR1 3ea. 
/ 1 module

SSR2 (144 sets)

Superconducting linac #3 (SCL3) Superconducting linac #2 (SCL2)

1-5/8”



RF power requirements (Optimal loaded-Q)
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2.0E+6 4.0E+6

Detuning w/ beam

Detuning w/o beam

2.0E+6 ~4.0E+6

Detuning w/ beam

Detuning w/o beam

QWR HWR

SSR1 SSR2

In our case, the RF system will operate in almost full reflection. 
- low beam current 
- Cavity detuning (df/dp, LFD, pressure fluctuation at LHe …) 
- cavity’s bandwidth ( ±60 ~ 80 Hz)



4 kW SSPA for SCL3 (QWR, HWR) -운영중
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PDU

Driver &
control

SSPA unit

81.25MHz 4kW PA unit 

162.5MHz 4kW PA unit 

 QWR (81.25MHz 4kW) 22 sets, HWR (162.5MHz 4kW) 102 sets

 SSPA specifications 

- two sets of 4kW SSPA / 1 rack

- Gain : > 66 dB (Gain linearity : <6dB (-20dB range), <3dB (-10dB range)

- Harmonics < -30dB,   Spurious < -60dB

- Phase/Power stability : < 1 deg. <1% (within ±1 degree C of cooling water temp. )

- Efficiency : > 50% (AC to RF, -3dB from max. RF)

- Cooling (1 line / 1 rack) : Deionized. (operating temp. 22 degree C), flow < 3 m3/h (per 1 rack), Pressure 5~10 bar

Two sets of 4kW SSPA / 1 rack

SSPA for SCL3 (128 sets)



4 kW SSPA for SCL3 (QWR, HWR) 
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8 kW SSPA for SSR1 

 SSR1 (325MHz 8kW) 69 sets  (2020.04 ~ 2021.11)

 SSPA specifications 

- RF power : > 8kW at 0 dBm input (Gain linearity : <6dB (-20dB range), <3dB (-10dB range))

- Harmonics < -30dB,   Spurious < -70dB

- Phase/Power stability : < 3 deg. < 5% (within ±1 degree C of cooling water temp. )

- Efficiency : > 45% (AC to RF, -3dB from max. RF)

- Cooling (1 line / 1 rack) : Deionized, flow < 6 m3/h (per 1 rack), Pressure 5~10 bar

 RF performance test , Full reflection test (Movable shorter), long-term stability test

5kW PA unit

1kW pallet (BLF188XR)
2-way combiner

5kW circulator
Drive amp. unit

SSPA for SSR1 (69 sets) 



325 MHz, 20 kW SSPA for SSR2 (1)
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 SSR2 (325MHz 20kW) 144 sets  -> 6 SSPAs for a CM (6 cavities) prototype were fabricated before mass production.

 SSPA specification 

- RF power : > 20kW at 0 dBm input (Gain linearity : <6dB (-20dB range), <3dB (-10dB range))

- Harmonics < -30dB,   Spurious < -70dB

- Phase/Power stability : < 3 deg. < 5% (within ±1 degree C of cooling water temp. )

- Efficiency : > 50% (AC to RF, -3dB from max. RF)

- Cooling (1 line / 1 rack) : Deionized, flow < 8 m3/h (per 1 rack), Pressure 5~10 bar

 RF performance test , Full reflection test (Movable shorter), long-term stability test

20 kW SSPA 



325 MHz, 20 kW SSPA for SSR2 (2)
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20 kW SSPA 4-way combiner 
(2-stage hybrid combiner)

5kW PA unit
5kW Circulator unit

5kW PA 
configuration

 4 x 5kW PA unit 

 4 x 5kW Circulator unit

 4-way combiner

 Absorbing unit (for combiner)

 PDU (Power distribution unit)

 CCU (control unit)

 inlet/outlet Cooling water manifold

Absorbing load unit



325 MHz, 20 kW SSPA for SSR2 (3)
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 Drive amplifier
 6-way divider
 6 x 1kW pallet (circulator)
 6-way combiner
 3 x commercial AC/DC power supply pack

Frequency range 325MHz ± 1MHz

Class operation AB

Transistor LDMOS FET (BLF978)

Operation mode CW & Pulse

Input/output Impedance 50 Ohms

Input return loss ≥ 20 dB

Input power 0 dBm (Max. 2 dBm)

Output power ≥ 5 kW

Harmonics < -30 dBc

Spurious < -60 dBc (carrier offset : > 100 kHz)

RF input connector N-type

RF output connector 1-5/8” un-flanged 

Gain linearity < 2 dB (-10 dB range) 

< 6 dB (-20 dB range)



325 MHz, 20 kW SSPA for SSR2 (4)
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 2-stage hybrid combiner

 Circuit, Electrical and Thermal simulation was performed.



325 MHz, 20 kW SSPA for SSR2 (5)
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EPICS OPI for each 5kW PA

EPICS OPI for cooling water

EPICS OPI for 20kW SSPA 



160 kW SSPA for RFQ -운영
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80kW x 2

5 kW
20 kW rack

 SSPA Prototype (2015) : 81.25MHz, 160kW (80kW * 2)

 80kW SSPA : four 20kW SSPA rack, 2-stage hybrid combiner

 20kW (1 rack) : four 5kW PA unit, four 5kW circulator, 4-way combiner



(new) 160 kW SSPA for RFQ -제작중
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 (new) SSPA 제작 (2026) : 81.25MHz, 160kW (80kW * 2)

 80kW SSPA : two 40kW SSPA rack, hybrid combiner

 40kW (1 rack) : ten 5kW PA unit, 10-way combiner

 High power circulator (final output)



Part 03. 

LLRF control system



LLRF control system
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 Low-level RF control system

 RF generation, RF processing

 Feedback control (amplitude, phase)

 Resonance control (tuner control or water cooling)

 RF interlock (Machine Protection)



IQ sampling (1)
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CAS 2007 (LLRF DSP by schilcher) 



IQ sampling (2)
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CAS 2007 (LLRF DSP by schilcher) 



IQ sampling (3) (Non-IQ)
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CAS 2007 (LLRF DSP by schilcher) 



SEL (Self-excited loop)
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IQ
DEM

Deci

Deci

CORDIC

I

Q

A

P

Amplitude 
set point

+
+

loop Phase shift

CORDIC

Cavity
pickup

fs 
(81.25*D/M)

I

Q

IQ
mod.

DAC

fs 

to cavity

 suitable for High QL cavities

 Resonant frequency can be found easily

 Automatic turn-on process with a lot of SRF cavities

 Good for Large Lorentz detuning, high microphonics

Digital SEL 구현

GDR (Generator-driven resonator)



Block diagram for RAON RF system
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RF reference system

Master Oscillator

Reference
distribution

RF reference : 1-5/8” rigid coaxial line (Temp. controlled)

81.25 MHz
D/C : ~30 dB

Tunnel

to LLRF to BPM

Cav.

Digital
Processing

(FPGA)

ADC

DAC

Top
Panel

(N to 
SMA)

RF
B/D

RF
SW

PLL

Top panel

HPRF SSPA

CLK

CLK

Ref.

For.

Rev.

Cav.

Tuner

Tuner driver
Ethernet

Ethernet

RJ-45

SMA

SMA

SMA

N

N

Timing

FPS
SSPA
monitoring 
control

DB-9

RJ-25

Directional 
coupler

LLRF Controller

BNC

interlock

RF signal

RF Reference 

Clock signal

I/Q data

Connection with other devices



LLRF control system for RAON
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IQ
DEM

Deci

Deci

CORDIC

PI

PI

I

Q

M

P

Mag. SP Mag. SP
(Open)

Open/Closed

Open/Closed

Phase SP
Ref. phase Phase SP 

(Open)

+
-

+- +-

Quiescent Power ?

+
+

SEL/GDR

++

Phase shift

CORDIC

Non-IQ

pickup
RF

fs 
(81.25*D/M)

I

Q

IQ
mod.

SSPA drive

fs 

I

Q

0

GDR(&Closed)/SEL

+
+

F/F

+
+

F/F

Microphonics
Compensation

 Stability requirement : 1%, 1° (peak to peak)

 LLRF features

- RF direct sampling (81.25 / 162.5 / 325 MHz)

- Non-IQ sampling (Fs)

: shifts aliases from fundamental (digitally filtered)

: CIC filter : 31 (rejects harmonics <-30 dBc)

- Digital SEL : Automatic turn-on process

: Start-up algorithm implementation

- PI control (Amplitude / Phase)

- Latency 



Feedback control (amplitude, phase)
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Resonance control

Cavity 공진주파수 에러 (위상 변화 측정)

Tuner control (or cooling water temp. in NC (RFQ))

Cavity

Detuning

가속전장 크기, 위상 변화 Feedback 제어 (fast loop)

위상변화 (△f) Tuner 제어 (Cooling water temp.)



Vertical Test (VT)용 RF system (1)
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LLRF HPRF Cavity

RF Reference

Cavity pickup

RF(x) = A cos(2Πfx + φ)
Amplitude Frequency Phase

 LLRF (Low-level RF) : Frequency tracking (VCO-PLL / SEL)  

 HPRF ? : RF amplifier (SSPA: 200-500W)

 RF Reference : 10MHz generator (Signal generator)

General VCO-PLL



VT용 RF system (2) 문지캠퍼스
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 LLRF : VCO-PLL type 

 Monitoring and DAQ : LabVieW



VT용 RF system (3) VCO-PLL 방식
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FM

81.25 MHz
162.5 MHz
325 MHz



VT용 RF system (4)
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Q0  = Qt * βt  = Qt * Pt /Ploss

( βt = Pt/Ploss ,         Qt = Q0/ βt  )



VT용 RF system (5)
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 Frequency sweep(<- resonant frequency (VNA)) and tracking (FM)

 Decay time measurement (approximately 1~2MV/m, avoiding MP) 

 Measuring Eacc vs Q slope 



VT용 RF system (6)
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Part 04. 

RF reference distribution system



RF reference system for RAON
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MO (gallery)

Ref. line #1 (120m)

Ref. line #2 (100m) Ref. line #3 (200m)

Extension (?)

Ref.line#1 Ref.line#2 Ref.line#3

MOMO

Ref. line #4 

SCL1

 Reference freq. : 81.25MHz

 1-5/8” rigid coaxial line 

 temperature control with heater



Master Oscillator
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Master Oscillator

Phase noise (MO) 

Phase error 0.0015 °

Integrated jitter : ~50 fs



OPI for RF reference
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RF reference 예시 (European XFEL)
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RF reference 예시 (FRIB)
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RF reference 예시 (ESS)
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RF reference 예시 (J-PARC)
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Thank you ~~~

감사합니다.


