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RAON Rare Isotope Accelerator Complex

Campus Area: 952,066 m?

® Accelerator System
e RI production System
e Conventional Utilities

e Experimental System

Assembly Bd.
Waste Storage
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Accelerator Systems

— |njector —— SC Linac —_ ”: ﬁ
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0.5 MeV/u 18 MeV/u 200 MeV/u
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RF (Radio Freguency)

RF= Radio Frequency?| 9fAtE, LRtHO = 24 S40| AFRE|= Fh AT 8l 2t 7|5 20kE 2|0(gL|Ch 67| www.rfdh.com
M[Radio=]|cHa 3| 2lC| @ HE& 02 o|n|3H= Z10| ofL|2}, 2l 2 M (Wireless) A S Z&sH= 7P|, [Frequency
= M7 UHE A7 SO ISR = 245 LIEH S FOE SELICH
5 RF= theoh ZH|HO[L SE RES XI&otk= 807t oLzl R4S E MSE FESH7| 2lol AL ZEl=E JAF0} A
o} 0| & CI& <= 7|& [Yts of0|eL|Ct
I Antenna .
@ Low Moise & AF down Al IF down
amplifier mixer @ IF amplifier mixer
T =1 Eiaszehanu:l
El signal
# AI-'g' 'E'OI: Z1 Band select @ Image reject Channel select
filtar filter filter

O|S &2 LTE, 56, &% 6G AlAH

oM HEL3: Wi-Fi C|H}O| A

54 HIEF3: Wi-Fi, Bluetooth, loT L|HIO[£ RF =418 (Rx) ®FF local @ Phase locked @ IF local

'?'Iﬂ E'ﬂ Il—;"—l E'I E”GlE‘l X,_"% Eltl :Elgﬂé ?-IH-IE|I| oscillator loop oscillator

At SX HE: XH2FE 20|, ADAS, XFEFd AN N ,

HbA DI Q|k| AJAEL TV/2IC|Q U4 GPS e e  Drive ® Pouer ® Antenna

ST X T —a- S S, | Amplifier Amplifier @ lsolator T

@ Band zelect & Band select
PLL @ filter filter
RF coupler
2AlE LLRF HPRF .
RF =) |_I'I' (TX) ) o / CaVIty
5 IRIS 3Vl
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e oo v @ o J % wm T oomles)ow
10° 10° 10° 102 10° 10*
| | | | L | 1 { | |
300 30t 300z 3000e 3we 3|>.<. 300me 3@e 300e 3006e Fe
= = §
P ;j Al x
. A (e o
ELFIULF {VLF | LF | MF =
TR BRE TUGESHAREN 2HIYS Vs 0iS COERSH PABN HOMMARREE BN AFB AT

B 1 e (iE %

W2 | oaz P3| zopzpe o+ "
= H=

ELF | EXFI} 20 ~ 300 Hz

WF = 300 ~ 3000 Hz =dUY

VLF EEI 4 3 ~ 30 kHz 100 ~ 10 km HE

LF 2 g 5 30 ~ 300 kHz 10 ~ 1 km I B

MF =t 6 | 300 ~ 3,000 kHz [1,000 ~ 100 m T AMES
HF Cha} 7 3 ~ 30 MHz 100 ~ 10 m TRIpErE HAM
VHF == Cha} a8 | 30~ 300 MHz 10 ~1m TV.FME &
UHF | S =50 | 9 | 300 ~3000 MHZ [ 1~01m mgg%??ﬁ,_i}ﬂ,}ﬂo;a)

oo il

SHF |dIE/OIEHIH 10 3 ~ 30 GHz 10 ~ 1 cm {%Et%lflﬁﬂrlﬂ)
EHF 2EIT | 11 30 ~ 300 GHz 10 ~ 1 mm ojutg 284
THF |MeZejmt| 12 | 300 ~ 3,000 GHz | 1 ~ 0.1 mm

SHASMMA0IE (2hF MAIHEH ZAEEE Rl (HEE 272 E2I1EH ]FH)
= 2XF M A IEEE & F 7|EF #EF
i TAME (&ioly #£0p o
HF (troh 3 ~ 30 MHz
VHF (=Tt 30 ~ 300 MHz
UHF (SZCtoh 300 ~ 1000 MHz
L Band 380 ~ 1550 MHz 1~2GHz
S Band 1550 ~ 3900 MHz 2~ 4 GHz
C Band 39~ 6.2 GHz 4~ 8 GHz 3~ 8 GHz
X Band 6.2 ~ 129 GHz 8 ~ 12 GHz 8 ~ 10 GHz
Ku Band 129 ~ 18 GHz 12 ~ 18 GHz 10 ~ 18 GHz
K Band 18 ~ 26.5 GHz 18 ~ 27 GHz
KaBand 26.5 ~ 40 GHz 27 ~ 40 GHz
V Band 40 ~ 75 GHz
W Band 75 ~ 110 GHz
22|0| 5ot 110 ~ 300 GHz
AOEE : 800 20 20 2
20 EE
Wifi : 2.4 GHz, 5 GHz — i
. 2.6GHz 60 - 40
Mircrowave oven : 35GiHz 100 100 100

2ERHT

®— 88—
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RAON (30|2)

KOMAC (8%}

PAL (HZ%h

4GSR (HMXh

S X =
(M=, SM L)

QWR (81.25 MHz)
HWR (162.5 MHz)
SSR (325 MHz)

RFQ, DTL (350 MHz)
22t (700 MHz)

M& (S-band 2.856 GHz)
X %2l (499.973 MHz)
XFEL (S-band 2.856 GHz)

M (S-band 2.997 GHz)
XM A2 (499.593 MHz)

Injector (RFQ, DTL) (200 MHz)

29|

1571 7 M2

CERN LHC

CERN SPS

CERN PS Booster

AH83HE RF b

400 MHz, €4\
400.8 MHz

200.2 MHz

1-18 MHz

F2 M0l 77/ N

EHE RF

okl

=
[=]

v Y EZ > Sk > 4 ZOf
v' Aperture, RF breakdown, 8, 2X%}..

v 1= RF source?| Fhl$E 18

= RF travelling-wave cavity

wideband RF system

ESS, European Spallation

Source

SNS, Oak Ridge Spallation

Neutron Source

J-PARC Linac

Fermilab PIP-1I

FRIB, Michigan State University

352.21 MHz, 704.42
MHz

402.5 MHz, 805 MHz

324 MHz, 972 MHz

162.5 MHz, 325 MHz,
650 MHz

80.5 MHz, 322 MHz

proton linac,
normal/superconducting

structures

RFQ/DTL, CCL, SRF linac

European XFEL

SLAC LCLS-II

SwissFEL

SACLA, SPring-8 Angstrom

1300 MHz (1.3 GHz),
3900 MHz (3.9 GHz)

1300 MHz (1.3 GHz),
3900 MHz (3.9 GHz)

2998.8 MHz, 5712
MHz, 11,995.2 MHz

5712 MHz (5.712

TESLAE SRF linac, 3rd-harmonid

linearizer

CW SRF linac, harmenic

linearizer

5-band gun/booster, C-band
linac, X-band station

C-band main linac

RFQ/DTL/SDTL, ACS

HWR, S5R, elliptical SRF cavity

heavy-ion SRF linac

Compact FEL GHz)
SuperKEKB 508.9 MHz main ring / damping ring RF
BEPCII, Beijing Electron- 500 MHz SRF cawity

Positron Collider II

ESRF-EBS

Jefferson Lab CEBAF

3000 MHz, 352.2
MHz

1497 MHz

*—

IRIS

linac, booster/storage ring

CW SRF electron linac
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AR 75719 RF Al AH

AL 7H5 712 RF A|&FO| Ojof T, 2H AE ZHotEey
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20 Fo P, Hof-2H HEE 7rohs| ™23 5] CERN, SLAC, USPAS § 4EE &
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Sakhorn Rimjaem, RF System, ISBA23, August 6, 2023

e TE Feedback
A 7H=7129| RF A|ARIS FA|0F = radio-frequency T7|EHE O] S oFF A}
2o HXE HLE A, YA=S HA (bunch) %EHE S0 HEIT A|ZH| A0 B

A X|L7HE £ F ofsHs AIAEILICH 4 EA| & RF 35 (cavity) 210, 3% T :
AFE SLOE QHE ZHY| Oto] B T xmaﬂ BHE D, YR} X7 M RF distribution =
Y4o=2 XU [f 0K S YES SLICH CERN ¥ 20 28, RF 252 AX — fasken
7H57] RO FA| S BHE0| Shohs SE AR H7|H YBAE Fe FA| [ Transmission Sysiem
>
ALCE  cen s ; 4
»-— LLRF Circulator _~\Waveguide
1. 9 RFE 2L}? J J”',_—
HEY DC IHE7|E &2 HorS o o 20| XS JHSSIAIPE Fe HOIuA shA I20] XIS A O
% £0/E 0 xﬂﬂtOl aL| O} RF 7t 2 HI|HE AZiso= ’L%AI?IE, URIES GEET} OfLiE} HX| s T
2 oHEO] 02 B 22 RF TEES S5 op7|Lt 02 RF &8 XU 3M &2 oKX 28Lct. 4 Master source to generate RF waves I € )
CERN RF A& &= &= MeV 0|42 04 X|0ff E2oI2{H &2 F0at=0| A7t T7| 20 MX] 20| 2R3 = LLRF system to control amplitude and phase ®
D2 RF7} 7157(0|M B 7|20| SIChD ZYSLCE  co acees = RF amplifier to boost the LLRF signal :
Accelerating

= Power supply to provide electrical power to the amplifier Cavity
* Transmission system to take power from the amplifier to the cavity
= Cavity to transfer the RF power to the beam

2. 7|12 4

Jb£7| RF A|AHIS BE 12 EE02 03)stH ELLC}

* Feedback from the cavity to the LLRF system to correct errors

|

|Z 25571 NAR ~ LIRF A0{7| » D12 RF 37| - HEH/STE » Y2 HEH - RF 35

—

e~ =0|7IA7|HA
Y IRIS & |27F&2|1H A4
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M A& (Maxwell’s eq., Wave eq.)

- O2E
sz = UE—
alr”
2y = ) - N 9217  Wave equation (=Helmholtz’ eq.)!
V-D=p o v.BE=F VQH:“(()H
s il
i 0 Ot
V-B=0
RN v
VXH:‘H‘W V2E + w?ueE =0
i v2H +w2;¢eﬁ 2= ]
VXE——()_—B _ k= w./pe
ot Propagation constant k Jarmas Clerk: Maswell
define (or: phase constant, or wave number, or separation constant),
with unit 1/m 1831 —1879

E(x,v,z,t) = E(x,y)e/(@t=52)
H(x,y,zt) = H(x,y)e/(@t=F2)

iaaas Plane wave

g is the propagation wavenumber
along the guide direction.

Ag =2m/P

Note that E and B fields oscillate with tl:eﬁm(z riia§e. = A *
10 RIS SOI27t&57|8 2
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Rectangular waveguide

Magnetic and electric fields of transverse electric (TE,,,) modes

E,(x,y)=0 y ‘

H,(x,y) = Hycos(kx)cos(k,y) y T

The boundary conditions require

ni mit

k,=— ’ k, =— Magnetic
* Y b fige|d I Magnetic
/,F field

The frequency is Vi B Elecric
/ 7 : E,=0;H,=0 TEM modes
A E,=0;H, #0 TEmodes

E,#0;H,=0 TM modes

N

Wave
propagation

1 |[m\2 2
.fc,mnf — 2\/}.!—(% (g) T (%) Electric

TE mode field TM mode

E,#0;H, #0 hybrid modes

11 e~ =0|7FA7|HA
IRIS & |27F&2|1H A4
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Coaxial linein TEM mode

— E-field ---H-field + Characteristic impedance for a lossless line: Z, = \%

+ From textbook, we look up (calculated from electrostatic equations...):

, D , 27e
(_) C' =
2 . ) In (%)

D
» 20 = \E hlz(; )

« Usually, there is low-loss dielectric between inner and outer conductor.

€ = Coer 602 . (D QG
= polhy  p, =1 Zy=—= In[— P

VEr d
Coax characteristic impedance
with low-loss dielectric

« Full shielding properties is making the coaxial line very popular for RF measurement equipment.

12 - Z0| 72 7|H1A
IRIS & |27F&2|1H A4
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RF transmission line (Coupler)

D. Alesini, Power Coupling, CAS, Ebeltoft, Denmark, June 2010

waveguide Parameter Waveguide | Coaxial
’/ o Dimensions larger smaller
== d Power handling capacity higher lower
Attenuation lower higher

Vacuum / pumping speed better worst

coaxial
Variable coupling difficult easier
Cooling better worst
Notes:

» Waveguide type is preferred at high frequencies
& high gradient structures.
» Coaxial type is preferred at low frequencies.

13 iRiS 3olertariems
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Waveguide dimensions

Waveguide a b fe10 frequency range
type (in) (in) (GHz) (GHz)
WR 2300 23.000 11.500 .256 .32-.49
WR 2100 21.000 10.500 .281 .35-.53
WR 1800 18.000 9.000 328 41 -.62
WR975 9.750 4.875 .605 75-1.12
WR770 7.700 3.850 767 .96 - 1.45
WR650 6.500 3.250 .908 1.12-1.70
WR430 4.300 2.150 1315 1.70 - 2.60
WR284 2.84 1.34 2.08 2.60 - 3.95
WR187 1.872 872 3.16 3.95-5.85
WR137 1.372 622 4.29 5.85-8.20
WR90 .900 450 6.56 8.2-124
WR62 .622 311 9.49 124 -18 WR1800 WR650 WR284
e.g. for 500MHz e.g. for 1.3GHz e.g. for 3GHz

‘ P-Band L-Band S-Band

-

< >

a 14 iRis 30721
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RF =& (dBm, dB)

dB @} dBm 2| X}0| ??

dBm = 10 log(mW) = 10 [eg(W) + 30

W — 1D[dE-m-,-’1III]|

% SALUKI

Vector Network

Analyzer
= C .;:-T
= KJ;J];J j_
o = &
o A i
S = @\\ Power meter

15

PYTYTIILERS

Spectrum Analyzer

RF signal generator

Oscilloscope

IRIS

SOI27147|A4

Institute for Rare Isotope Science



715712 RE system

RF(x) =@ cos(213@< +

Amplitude Frequency Phase
RF Reference ™
> LLRF » HPRF
] |
RF feedback

= 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)
16 e =0|7IA7[%A
IRIS & 27157+
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Block diagram of RF system (RAON)

RF reference system

4
I
I
I
I
I
I
I
I
I
I
I
I
\

Master Oscillator i

\ " . . N
RF reference : 1-5/8" rigid coaxial line (Temp. controlled
Tunnel Reference / 9 ( P ) >
81.25 MHz distribution
J D/C: ~30dB
\ /
\\ ______________________________________ B [ R U T T ’/
T T
/ SSPA to LLRF to BPM N
/g FPS monitoring
) control J
B y
I l Top panel |
: DB-9 |
! e | RI-25 SMA
|
| PLL |« v '
! interlock " X Tuner
: h 1
I h 1
| v CL :: / \ Directional 1
' U coupler !
! Ethernet | - o P X Cav.
s . » 11 » N
| RJ-45 n '
I :' \ / 1
1 . . Top |I 1
! Digital panel | 11 HPRF SSPA Lo
| Processing h )
| cu<£ RF (N to AN /!
SMA S -
| (FPGA) l Ref. B/D A B L L LL T, --<-
I __For. - «—t
: ADC |, Rev. e !
1 - - il
Cav. «le —
: 4_ <_av < < l ,'
1 SMA \___/ N, )
Y / ——> REF signal
\ 7
. LLRF Controller J/ > RF Reference
N L’ — Clock signal
N N e e o o e e 47--" —> 1/Q data

Connection with othelnn.f_s. %0'%7"-&7'%;}_
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High-power RF system

Heat out

RF power in RF power out

DC power in

Amplifier Transmission system  Accelerator



RF amplifier (Choices of frequency & power)

. A Tetrode peak
Available RF sources at a glance \ Tetroce W
Klystron peak
100000 - Gridded tube market is ':‘c')‘:”"”kcw
. . pea
decreasing, pushing us to SSPA ® 10T CW
10000 - | # SSPA*100
| |
3 A | » REF cavities: 200, 267, 352, 400, 508, 650, 704 MHz
'g 1000 F} i - ] » RF guns and RF linacs: 1.3, 2.856, 3, 3.7, 3.9, 5.6, 9.3, 11.424, 11.994 GHz
3 A
[+]
| 100000 e =
} A ATAI = SESEE e PV R g
100 - ¢ t | u ' 1l " Pulsed Klystrons =
L 2 L 2 ¢ 10000 - === Sages =i MBK —fH : =H |
& 4 . —— [ Diecrode i - U
A $ S 1000 i ot A EEEI 1N
10 | | ¢ = — Tetrodes -~ N\| - = CW Klystrons;f )
o | 200 400 600 800 1000 1200 1400 1600 = 6 1 \o P L ] | @
3 1 : = ==~= ====R 0N[> — \ o [}
Frequency MHz ° . . =1t = ===C ez ] >
RAON (SSPA) & = = | x 600 i ===zo \\? §
| O
U : ==ccs = Transistor modules =~ —X
—— ®& 160 to 1000 W/ unit i T
01 | i1l YT T ' £ : J
10 100 1000 10000 100000
f [MHz]
19 "_:u_s SO0I27147|¢8 e
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RF amplifier (Vacuum tubes and SSPA)

4 N\ N
Vacuum Tubes Transistor-based RF Amplifiers
4 N ™
Grid Linear Beam Bipolar Junction Transistor (BJT)
Tubes Tubes Field Effect Transistor (FET)
Triodes Klystrons - Junction Gate FET (JFET)
Tetrodes Travelling Wave Tubes (TWT) - Metal Oxide Semiconductor FET
Pentodes Gyrotrons (MOSFET)
Diacrodes || Inductive Output Tube (IOT) Gallium Nitride (GaN)
5 JAN y High Electron Mobility Transistor
' ! (HEMT)
Crossed-field Tubes
Magnetrons Solid-state RF Amplifiers
. J/
\ =/

20 e EO|LIAI|HIAA
IRIS & |27F&2|1H A4
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RF source H|

Tetrode Klystron Magnetron SSPA
-5 327 - AR 7HS - Crossed-field self oscillation | - ¥I&=A] AX} 5=
- A5 Alo] (grid) - Y% (Velocity, density) - MX 3™, LC 3T - pallet (~1kW)
- DA AY TRG AY - nEY A - Combining

Cathode,
Control grid,

Electron gun,

Cavity resonator,

Cathode

Anode cavity

PDU A 4(~60V)
Driver (Splitter)

Screen grid, Focusing magnet Magnet Tr. (LDMOS, GaN..)
Anode Collector Antenna Combiner
Cra of2F 1GHz 7}X]

(cH=F 300MHz7}A])

o=k 300MHz o] 4t

T GHz ~ 30GHz

(powero] @z} 4~ GHz 7}X])

%3 RF 42

RES

(4 KW~MWol 4})

B =3 28 (188, MH|8)

TR B4 H]E Wg)
B (RlZT, 1A o & =4t O (Fob/2d A8 NS
DRA, FZh S 21X ¢, modulator, YZH4 nHY, 4zt P PAES

21

iRiS 3olertariems
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Triode / Tetrode (1)

Tetrode electron guns TRIODE | TRAMBFORMER

» It has a second grid to screen the control grid
from the anode for avoiding feedback.

» It produces bunched beam.

» The beam is collected at the anode, where the
potential fluctuates with the beam and hence
providing an AC voltage.

» Gridded tubes are used at frequencies B-BAT. | +
below a few hundred MHz.

» Low gain and low efficiency. TRIODE ‘ TRANSFORMER
Anode TuBe

Output
cavity
resonator\-

o

control grid®t anode® RFx2 2 #im MG MUAVAYAAVAY

Insulators

N VOLTAGE

H AL =3 o
Control ;f;ee" Gain &5, edHel n=3 2H

grid d____ Yz

- C-BAT. + =— B-BAT +

wal | 2 iRiS 3ole7tarians
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https://www.youtube.com/watch?v=lIUIGdC0Tag

Tetrode (KBSI — 165MHz, 100kW)

High power RF amplifier system for KBS/ RFQ (IPAC20177)

® TH781 (Thales)
100kW High Power RF Amplifier (80dBm)
(Drive 40dB + IPA 28dB + FPA 14dB)

- Frequency : ~110 MHz
- RF power : ~250 kW
- Efficiency : ~65 %

v
]
¥

6-1/8" EIA:
Coaxial |

Circulator
DC3

v
i
i

E-1/8" El&
Coaxial

- Water cooling

Monitoring

- High voltage : >15 kV

LLLE L HVPS(10KV/15A)
Interlock
Controller & 3 Power Supply
Integration parameters 00 e
Air Cooling [ LLRF & Control {:’:t':f[ ;;’;}EE}
Tetrode Cavity |‘ Heat Removal

Water Cooling
* Anode

i Cobinet ) o
* Atm. pressure * Anode capaciton
* Humidity i J
| © Tampariire Tetrode (TH781)
Power Supply HV filter L Pour w— - -

o0 10Vac/375A

|| 350Vde/0.9A Resonant
1200Vdc0.7A cavity/Circuit
. 10kVde/15A
= REF Input & Output
Tuning w/ Matching Circuits

Input Power
Pm

o174

ope Science

w— Thales deliverables l




Klystrons

Klystron was invented at Stanford in 1937. The
klystron severed as an oscillator in radar receivers
during WWII. After the war, however, very high-
power klystrons were built at Stanford for use in the
first linear accelerators. This opened the way for the
use of klystron not only in accelerators and radar, but
also in UHF-TV, satellite communications, and
industrial heating.

r drift space =l

‘Buncher’ “Catcher’
cavity cavity

cathode density of electrons collector
. L E ] N E ]

— H. d AN

filament LI

electron beam

}  magnet system { foop

microwave input microwave output

anode 1 | coupling

Klystron (1)

Pulsed Klystron (multiple resonant cavities):

Operating Principle: \VVelocity modulation
of electrons in a vacuum tube. The RF
signal is amplified as the electron beam
passes through these cavities.

= Additional bunching cavities

- Resonate with the pre-bunched
electrons beam

- Generate an additional
accelerating/decelerating field

- Better bunching
= Focusing magnets

- To maintain the e-beam as
expected and where expected

RF out
(high power)

© Absorber

24 }WWWZ.SIacstanford.edu/vvo/acoelerators/klystron.html

Collector
=—— | Anode
Cathode
&
Filament
i L
&

2|

CERN LHC, TH 2167 Klystron; a4
330 kW @ 400 MHz - T

= owmw e SULULE U Ral T UL SCience


https://www.youtube.com/watch?v=Fvud81pYGOg

Klystron (KOMAC, PAL)

= Klystron for PAL

= Klystron for KOMAC (RFQ, DTL)
: S-band (2.856 GHz), 80 MW pulsed (4us) Klystron

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

“v’tt“'l"'-ﬂ'“.i--_‘_}f e
i i ! i

il

RF Input
Input Cavity
= i I

) | L Body Focus Magnets
e . /mENEERNE
<7 Heater N\
e LY L ll ,
ower Supply 3 . sttt ne e il
30V. 40 A DC % P e
10V, lﬂu«l > = U l 9
1-Phase, Cunrd . Enﬁ! .
9k, . + EEEREEEEE e 2 i i
Mod anode A/C | Jeie ek Mk
Power Supply ) ¥ 1
N sk, 20mADC | Klystron body ﬁ':‘::s":;':;’ Girder [ I ]
15V, 0,15V for 300 V,12 A, DC (x2)
. Optical fiber Cor Beam P. Supply — 08— ¢ o=
m eyl 25 IRIS SO|271&57|AH 1A
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Magnetron (Oscillator)

Hot cathode emits
electrons which

travel outward Stable magnetic
field B

» Magnetrons work by
having an electron cloud
rotate around a coaxial
cathode due to interaction
of electrons in crossed
electric and magnetic
fields.

» Cheap and fairly efficient
for RF powers of below 5

Electrons from a hot filament would
travel radially to the outside ring if

it were not for the magnetic field. The
magnetic force deflects them in the
sense shown and they tend to sweep
around the circle. In so doing, they
"pump" the natural resonant frequency
of the cavities. The currents around the
resonant cavities cause them to radiate
electromagnetic energy at that resonant
frequency.

MW pUISed or 30 kW CW microwave I Current around
at 3 GHz (100 kW at lower " s path of an p e

. inductor. Oscillating magnetic
frequencies). MRt g oL and electric fields

produced in the
cavity.

» Phase stability is not good = ousu
enough for large
accelerators.

parallel resonant

» It is normally used for small circuit,

industrial or hospital linacs. » / c
| cavities é/'—

The cavity exhibits
aresonance
analogous to a

Charge at ends

P . Electrons from the hot
> o] of cavity plays L
g l“ center cathode arriving
magnet .0 — ::t;e ;2;:0?1 a at a negatively charged
P ’ region tend to drive it
| 1 back around the cavity,
= ool e = "pumping" the natural
Courtesy: |. Konoplev, Available RF power sources for reliable and robust medical accelerators resonance 2\ LC resonant frequency.
o — =
26 IRIS SOI27147|A4
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https://www.youtube.com/watch?v=bUsS5KUMLvw

High-power RF SSPA (1)

= ZISZ 20| OfL| 2}, LDMOS, GaN #2 transistorS AIE%ll RF MHS 7|2 557
= RF combiningE &0 kW~ kW, MW (<1GHz) &2 & vacuum tubeE Y& LCHX|SI= FA

In a push-pull circuit, the RF signal is applied to
two devices

» One devices is active on the positive
voltage and off during the negative voltage.

» The other device works in the opposite
manner.

» So that the two devices conduct half the
time, the full RF signal is then amplified.

Vdc

—+

L=l (1~

NPN BJ1
Vin Vout
-—— ——
PNP BJT
27 =

ID [mA] l[) [mA]

bias line

Vos 2
&)

(A)

(B)

(©)

(D)

Class

Class

i -/ "AB"

Class

L]

Class

.
: + Area of no conduction ) _!?'i

l “ . 3 In—stitu_teﬁr Rére isotope Science



High-power RF SSPA (Pallet ~ 1.5kW)

325 MHz, 1.5 kW pallet (for SSR1)

1.5kW

Circulator

Matching

0:) Input
balun

Matching

] ] circuit

circuit

Bias
circuits

Balun transformer:

unbalanced port balanced port

v ° ° v
/\ |/\ n*z/2 ( ,-‘ ; ,‘ t
I\ ]t Zl_b L n*z/2 ¥
I\J -qJ —Q7Q»
o J NSt
£
n Vdc
0 o
NPN BJT
0 o
Input balun Output balun

(Unbalanced-Balanced)

28

(Balanced-Unbalanced)

180 °
NPN BJT

Output
balun

Circulator

1200 W
Load

b implementation

ol

®— 88—

IRIS

SOI27147|A4

Institute for Rare Isotope Science




High-power RE SSPA 71

1 N x RF modules

2 | Splitter by N \\ e e 3
__—1 Power combiner x N
—

SSPA
Drive
Ampl(s)
RF input
1W @ 352.2 MHz RF output
Pre- 1 : e.g. 150 kW
Ampl. " A
I |
Transmitter Local control | : 4
Cg:::gg f inteﬁgcc:lking I
Power |
control N R Y
AC/DC power converter

High Power RF Solid State Amplifiers for Accelerators and Storage Rings (Jorn Jacob, 20718)
29 . mma~ =0|27}A7 A
IRIS & | 2714213+
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High-power SSPA 7l &t =7

Pair of transistors in push-pull

650 W RF module 75 kW coaxial power
» DCtoRF: 11 =681t070 % combiner tree

6-Ways Power Splitter LT TR

BOKW Directional ey
6-Ways 50kW Power Combiner reconstt-oupler

RF Amplifier
Module

_— i

SOLEIL 45 kW @ 352 MHz toy
S%.!E«Erlulm solid state amplifiers (2004 & 2

ESRF 75 kW @ 352 MHz tower
solid state amplifiers (2012)

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

6kW Directional Couplet

30 Power Supply Controller

[l
e

9-Ways Power Splitter

- -S:Ways 6kW Power Combiner ___.



High-power SSPA 7l &t Atgf| (CERN SPS)

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

From Beam Control

1716 spitter

16 x 1.3 kW

16 x 140 kW P>

L N W !
) ) J, l
. _I_ 4 stages of
I 3 dB hybrid "
l combiners 140 kKW SSP
2 Mw from THALES

Figure 13: 2 MW 200 MHz CERN-SPS SSPA.

—_—

A color code has
been defined not
to mix the RF
connections

ae
ve

DI2Ia e

933532

333300 Indeed, modules
R =
S A tower is gre all the sgme,
@ccas composed of ut mounted top
85005 : Onafamme and bottom affect

3335 R — the RF connections
o5 y

In addition, the
frame has been
made such that all
cable lengths are
identical, needed
for the cavity
combiner

- One cavity splitter
- One cavity combiner
- Electrical distribution
- Water distribution

Homogenous magnetic Strong capacitive
coupling of all input coupling to the
loops output waveguide




High-power SSPA (power density)

Approximation,

P O W e r d e n S I ty Power density (f) = Power density, o yu.+/ 200/f \ ?j;i:fst?;f;et;:g

including power supplies and combining systems less with respect to
&P PP g sy frequency, and
AND granularity providing 100 % availability ! taking into account

a smaller combining

70 ,
SOLEIL 45 kW @ 352 MHz system size
2004
Power density o0
3.5 kW m-3
" 50 ——200 MHz FCC1 MW @ 400 MHz
Power density
——400 MHz w 43 KW m-
40
ESRF 150 kW @ 352 MHz 2 —800 MHz
2012 2
Power density 30
6.5 kW m3
20
FCC 200 kW @ 800 MHz
10 %  Power density
CERN 160 kW @ 200 MHz 10 kW m-
2021 .
Power density 2000 2005 2010 2015 2020 2025 2030 2035
15 kW m-3

Year

CERN LIU-SPS 200MHZz RF SSPA (ESSRI 2022)
32 f i Z=O|QJFA7|GIA
IRIS & |27F&2|H
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SSPA Developments in the world

m

SOLEIL

ESRF

LNLS & SIRIUS,
ThomX, SESAME
BESSY Il

SLS

ESRF

APS R&D
SPring8

CERN SPS

GANIL-SPIRALZ2

MAX IV, SOLARIS

High Power RF Solid State Amplifiers for Accelerators and Storage Rings (Jorn Jacob, 20718)

In house

SOLEIL/ELTA

In house + transfer to Sigmaphi
Electronics

Cryoelectra GmbH

In house, based on SOLEIL
design

In house, pioneering cavity
combiner

In house

In house

THALES

Bruker, now Sigmaphi
Electronics

Rhode & Schwarz,

FhA tranemittare

352 MHz

352 MHz

476 MHz

500 MHz

500 MHz

500 MHz

352 MHz

352 MHz

509 MHz

200 MHz

88 MHz

100 MHz

35 kW (booster)
160 kW (SR)

150 kW

160 kW

40 kW (booster)
75 kW (SR)

60 kW

85 kw/

Tested at 90 kW
200 kw

110 kW

16 x 144 KW =2
MW, pulsed

2.5 kW, 5 kW, 10
kW and 19 kKW units

2 x 30 KW cabinets

Several stage coaxial
combiner (40 kW towers)

Several stage coaxial
combiner (75 kW towers)

Several stage coaxial
combiner

Waveguide combiner for
last stage

Several stage coaxial
combiner

Cavity Combiner
(single stage)

Cavity Combiner

2 Cavity Combiners +
waveguide comb x2

1st Stage:80 x 2 kW cavity
combiner

2n stage: 16 x 144 kW
3 dB coaxial hybrid
network

3 dB hybrids

[Single power circulator

— Phase shifters adjusted
to tolerate cavity reflections]

3 dB hybrid

T e e

Institute for Rare Isotope Science



RAON HPRF System (1)

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

SSR1 69 325 8 3 1/8 inch EIA
SCL2 (high-

(high-energy) SSR2 144 325 20 4 1/16 inch EIA
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

SCL3 (low-energy) .
QWR 22 81.25 4 1 5/8 inch EIA
HWR 102 162.5 4 1 5/8 inch EIA
P2DT & CSS HWR 4 162.5 4 1 5/8 inch EIA

34 iRis 3olertarias
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RAON HPRE System (2)

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

QWR (22 sets) HWR-A (26 sets) HWR-B (76 sets) SSR1 (69 sets) SSR2 (144 sets)

Gallery

Tunnel

. 3| B |
- ~| - b
: “ o 4
. 5

= oyl

QWR 1ea. HWR 2ea. HWR 4ea.

/ 1 module / 1 module / 1 module / 1 module / 1 module

35 eI~ =0|27IA7|HA
IRIS & |[27147|H14
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RF power requirements (Optimal loaded-Q)

_ 1+ ﬁ Vazcc Rs?:

4p

QWR

SSR1

Rsh

Q

4000
3500

3000

2

I _
1+220 b cosg, | +| 20,2
()

QL Q ace ) 0

QWR - Optimal QL #|4F S! RF Power Requirment

A
Detuning w/ Be

2500

RF Power [W]
~
8
o

N
Detuning w/o b;\\\\

1500
—s—Pg (beam
1000 8 ( )
—s—beam + detuning $+20Hz
»—beam + detuning +40Hz
500 beam + detuning +80Hz
—s—beam 0.01mA + detuning +80Hz
o
1.0E+05 5.0E+5 1.0E+06 Qext (~aL}
SSR1 - Optimal QL A| 4t 2! RF Power Requirment
10000 \

9000

8000

RF Power [W]
wn
g
Q

—e—pPg (Eacc)

—s—beam + detuning +40Hz

3000
—e—beam + detuning +60Hz
2000 beam + detuning t80Hz
—e—beam 0.01mA + detuning +80Hz
1000
v o
[} 2.0E+6 4.0E+6
1.0E+05 1.0E+06 Qext (~QL) 1.0E+07

1.0E+07

1.0E+08

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)

HWR

HWR - Optimal QL #| At 2! RF Power Requirment

6000
5000
4000
5 Detuning w/ beam -
i~ N
£ 3000 N
& Detuning w/o beam s
= \.\\
2000

—e—Pg (beam)
—e—beam + detuning +20Hz

-o—beam + detuning +40Hz

1000
beam + detuning +60Hz
—e—beam 0.01mA + detuning +t60Hz
1.2E+6
o 2.0E+6
1.0E+05 1.0E+06 Qext (~QL) 1.0E+07

SSR2 - Optimal QL #| At 9! RF Power Requirment

7

SSR2

20000

18000

Detuning w/ beam

16000
1a000 < -
-,
=oe-

__12000
z
£ 10000
&
by
=

8000

6000 —»—Pg (beam)

—s—beam + detuning +40Hz
4000 *—beam + detuning +60Hz "...d‘/
beam + detuning +B0Hz T "
2000
—e—beam 0.01mA + detuning +80Hz
\ 4
o 2.0E+6 4.0E+6
1.0E+05 1.0E+06 Qext (~aL) 1.0E+07 1.0E+08

*—
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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), Pressur

e —
G |
51T 22

Driver &
control

SSPA unit

Two sets of 4kW SSPA / 1 rack

 162.5MHz 4kW PA3nit

||

SSPA for SCL3 (128 sets)ly

25KW
Circulator

.—'
Source I Coupler
MRF1K50H  2way 2way

Combiner Combiner

-
Sﬁ:e_’ b%-’

pallet 4 Way

MG olertar|ans

Institute for Rare Isotope Science

=)

Coupler



4 KW SSPA for SCL3 (QWR, HWR)

1) RF output (4kW), Gain (>66dB), Gain linearity (<6dB (-20dB range), <3dB 2) Efficiency (> 50% (AC to RF, -3dB from max. RF))
(—]_OdB ra nge) —e—RF output —e—Gain [dB] —=—Pout(dBm) —=—Eff(%)
70 68 70 F0.00
65 &5 pi &50.00
:g 60 :;E__ 50 //r ____/ 50.00 g
= g = =
g 55 ..'E %,-55 40.00 g
2 & o B
E 4 64 50 P 30.00
s .__,/ Drain voltage can be adjusted for high efficiency,at low power
45 63 . - -
The SSPA has the function to adjust the drain voltage.
g0 10.00
40 62 -10 -8 -6 -q -2 o
-10 -9 -8 -7 -6 -5 -q -3 -2 -1 o Input power [dBm]
Input power [dBm]
3) Full reflection test (stable output at any phase) 4) Long-term power test < 1 deg. <1% (within £1 degree C of water temp. )
—=—Power [W] —s—Phase [*]
SCL3 SSPA Full reflection test 4200 128
67.00
4150
—e=RF_Power 127
66.50 4100
W 126
4 kl'n'! S6.00 _ 4050 .
= £ 4000 125 B,
5 65.50 2 ¥
E & &
é 3950
65.00 124
3900
64.50 123
3850
Cooling water temp. change was about +2°C during test.
oo (i) 15 30 45 60 75 a0 105 120 135 150 3800 122
(] 4 8 12 16 20 24
Phase change [degree] Time [hour]
Measure RF power while changing reflection phase with a movable short
$— s — o > A
38 IRIS SOI27t&57|8 2
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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 5~1
RF performance test , Full reflection test (Movable shorter), long-term stabi )

Drive PA Unit

5kW PA Unit x 2EA

6way 6way
Divider Combiner

Limiter PAD VWA MMIC PAD MMIC Drive

RF IN B ZF @’D’@»D»D , = RF OUT

Drive amp. unit

5kW circulator 5kW PA unit 'I'R'IS SVI=/I5/1914

Institute for Rare Isotope Science



325 MHz, 20 kW SSPA for SSR2 (1)

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 20 kW SSPA
RF performance test , Full reflection test (Movable shorter), long-term stability test

1800

2135.3(MAX 2147.3)

1904.5(MAX 1916.5)

1500

'I'I SVIE/IF/ICT™

Institute for Rare Isotope Science



325 MHz, 20 kW SSPA for SSR2 (2)

20 kW SSPA -

- i =% 4-way combiner

4 X 5kW PA unlt AWay Div ss — Isolator Unit AWay Comb R - ° —-t (Z-Stage hybrid combiner)
» 4 x 5kW Circulator unit =g 1H| £ E = 1

4 b' RF Input (3 I M == T . .
u -way combpiner Y B S =0

Y [==ZET] ~
= Absorbing unit (for combiner) o -
= PDU (Power distribution unit) ==
. —
= CCU (control unit) ( = =
B = Il‘iﬂ:?.l {=) 201w AF Output

= inlet/outlet Cooling water manifold L

‘ PA unit 1 PV sampling 2%

JMB 2022.2.8 Ver

Pallet1 (,,2 Circulator1

5 kW PA @  ETem
configuration L e
@ é ) Term2
Pre AMP oA Pallet3 @ Circulator3

N C) e P SiINGE
C Term3
Y Palletd @ Circulatord
Phase  Variable Q
@ Termd

b © o
Controller  DC/DC Pallet5 @ CirculatorS
e Cibe A -
t::(ee:—l_ oé C @ Pallet6 g) Cil’wlat::ms A s EEe——
oA [ Ac/DC | = = 8 R o o
Moherborrd OO O O |53, © O E2.| ctda . 5kW Circulator unit
e 5kW PA unit 11 & .

IRIS SOI271&572|1A 44
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325 MHz, 20 kW SSPA for SSR2 (3)

Drive amplifier

6-way divider

6 x 1kW pallet (circulator)
6-way combiner

SRSl .+ &2

Class operation

Transistor

Operation mode
Input/output Impedance
Input return loss

Input power

Output power
Harmonics

Spurious

RF input connector
RF output connector
Gain linearity

42

AB

LDMOS FET (BLF978)

CW & Pulse

50 Ohms

>20dB

0 dBm (Max. 2 dBm)

> 5 kW

< -30 dBc

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

N-type

1-5/8” un-flanged

<2 dB (-10 dB range)
< 6 dB (-20 dB range)

iRis 3olertarias
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325 MHz, 20 kW SSPA for SSR2

COM-TECH

2-stage hybrid combiner

Circuit, Electrical and Thermal simulation was performed.

Schematic Rlesmulis

I
I

€

The overall frequency responses for the 4 ways are simulated
based on the 3D EM model of the single Hybrid Coupler. The
deviations from the ideal value will be < 0.1 dB (Typ. < 0.05 dB)

43

4-Ways Multicoupler 325MHz:
Electrical and Thermal Simulations

Breakdown Margins

The E-Filed distribution is simulated for 1 Watt Peak Power, the maximum E-Field is

worth 1778.12 V/m.
The Arc Resistance for air has been conservatively assumed = 1.6 MV/m

izl H
o

ORI - £ emvim Y2 o - o ——
I'""“"_(Ekuc-u'p,._.y) = l?75“‘,_““) = 809.7 kW Preas = 0.5 - Ppoay = 404.8KW

The estimated Breakdown Power is > 400 kW, which is >> 20 kW operating Power
=> The safety margins are widely met,

Thermal simulation (output Hybrid Coupler)

Input Power = 20 kW
Environment Temperature = 20 °C

N

Max internal temperature: 99 °C Max external body Temperature: 45 °C

The over temperature of 25° C is compliant with the
standard specific: I'-J_|h7 | ﬁ ?. A
Max Operating Temperature (Body) = 65°C are Isotope Science



325 MHz, 20 kW SSPA for SSR2 (5)

Final Unit1 Monitor

= .
EPICS OPI for 20kW SSPA | P

Moritor P —
Firal Urit] T ERd
E <« RVS 0.00
E System Name:SC ) Firal Unit2 Current. 0.00 A
Firal Unit3 . [’"’"’ =
L @ 000
1oc IP: 123.456.789.100 _ >

A Final Unit4 <@ RVS 000

Main Current 0.00 A
Cooling t‘r"" 2220 B
Interock(PAT2) o | o0.00
< RVS 0.00

Interlock(PAZ4) Current 0.00 A

D = T .
i Temp 24.00 ©
Set ) @
Monitor Temp 26.60 °C P ! [. @D o000
allet 5
) . @ FWD 0.00 kW » @FWD 0.00 kW » OFFSET <«@RYS 0.00
Final Unit1 Current 0.00 A
< ORVS 000 kW <4@RVS 000 kW Event

@ FWD 0.00 kW
»@RVS 0.00 kw

Temp 26.30 °C
>  FWD 000 kW L FWD 0.00 kW
PA2

40 RVS 000 kW
(L FWD 0.00 kW

Final Unit2 Teso,

21.60 °C

J.r-nn 23.10 ¢
L L pewo 000 KW R
‘allet Sk
ent 0.00 A 4 RVS 000 W <
Current 0.00 A L FWD 0.00 kW

Final Unit3

EPICS OPI for each 5kW PA

Final Unit4

Cooling

Interlock(PA12)

Temp 26.30 °C

=2
1=}
S

Interiock(PA34) @FWD 0.00 kw @ FWD 0.00 kW »

<4« (RVS 0.00 kW <4 RVS 0.00 kW Moaior

Setup el U
Temp <@ FWD 0.00 kW Fial Urit!

21.90 C Find Urile:

OFFSET S@FRVs| 0.00 jW

Fined Urits

Temp 26.10 °C Findl Unite

R 7700V | 200 A ( FWD 000 kW ( FWD 000 kW p—
S 376.00 V 200 A <4 RVS 0.00 kW FrercekPA1Z)
T 37400 V. 200 A L FWD 0.00 kW Ierck(PAzE)

> RVS 000 kW Sanp

OFFSFT

Fuen

*—
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160 kW SSPA for RFQ -

= 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

20 kW rack

3100 ek 3078 et

e T H

Couplar3} G

Directional coupler
aansmen  41/18inch

A
L |

40 kW Hybrid

Duecuoosl Combiner

coupler.3, Ineh

Dummy Load
4-1/16 Inch

1 1

D/C
6-1/8 Inch

40 KW Hybrid
Combiner

45



(new) 160 kW SSPA for RFQ - A &=

10Way Divider x 2ea 5Way Combiner x dea

= (new) SSPA H|Zt (2026) : 81.25MHz, 160kW (80KW * 2) =
= 80KkW SSPA : two 40kW SSPA rack, hybrid combiner
=  40kW (1 rack) : ten 5kW PA unit, 10-way combiner *“‘*’“-;

15kW

= High power circulator (final output) LLRE r_&:x

DPA 3 RCU
PA 1 = PA 11
| ABS1 | | ABS 11 |
PA 2 PA 12
| ABS2 | | ABS12 |
PA 3 PA 13
| ___ABS3 | | ___ABS13 |
@
PAS ——— PA T4
PAS S . PA 15
| Emergency SW | | Emergency SW |
PAG PA 16
[ ABSS5 | | ABS15 |
PA7 TG PA 17
| ABSG | s |__ABST6 |
PA 8 HEE) . = PA 18
Inside
ABS 7 ABS 17
PA 9 PA 19
ABS 8 ABS 18
PA 10 - PA20
R T N ?'-l-*

= = mm e nsulue 10r Rare Isotope Science
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LLRF control system
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=
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e ) |
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LLRF control system

= Low-level RF control system

v RF generation, RF processing

v' Feedback control (amplitude, phase)
v" Resonance control (tuner control or water cooling) e R e A s Satoty I
v" RF interlock (Machine Protection) S s A kg
RF On/Off S v g s
(e onvor ] g s {zoow CW (for 30-kW 10T)
Q
= Klystron/1OT
L Circulator
RF signal | signal conditioning . digitization mwmh =T
= "| /down conversion | amp./phase/l/Q detection Digital FB System Kly Coupler
2 - PI Pr of Pr
= I — 18 moduarer Je———| F & 0K ] —
i2] v I ditamcarod 1300 MH:z ity -
= R PR e . 1 A t Q l uner Control
% | RF signal | vector modulator ! N ,
Qo i : . digital signal processing / 2
0 D . [ Upconversion - eseeny i DIO Digital feedback board
o . / | algorithms i
= L amplification | 40 MH:z R
; (o w OLK (1310 MHz)
(feedback applications) : o E : ~siaf cod)
- monitoring /control system -‘ Setl
. . DAC ADC Hie -
‘ LLRF looks very similar to many other applications, IF=10 MHz 1300 MHz
e.g. diagnostics (bunch-by-bunch feedback, position monitoring, ...) DAC —
DAC
ADC
- EPICS-IOC| 2
@ it PP Linux ?5 ADC
. /
48 I Z0|R7IA7|%A
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CAS 2007 (LLRF DSP by schilcher)
representation of any sinusoidal RF signal: phasor
(assumption: we measure the vertical component with ADC)

$Q
y(t) = A-sin(wt+ o)
y(t) = Acosygsinwt+ Asinygcoswt
A Q ~— ———
P, o] =:1 =)
|
[: in-phase Q: quadrature-phase
component component
L — I - sinwt + - COS Wi (sometimes 1/Q are
y(1)
defined vice versal)
I = A-cosyg A= /I?+ (2
. : Q definition:
@ = A-singpg o = atan (T positive frequencies
< counterclockwise rotating phasor

49 iRis 3olertarias
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sampling of RF/IF freq.:

IQ sampling (2)

Js=4-f

CAS 2007 (LLRF DSP by schilcher)

(i.e. 90° phase advance
between two samples)

amplitude
A
> | / 2 3 -, > t
AN AN
+ DC offsets of carrier frequency
y(t) = I-sinwt+ Q- coswt wio =0 ylto) = @ + samples are not exactly 90° apart
I = A-cospy wh =7/2: y(th) = I (e.g. due to ADC clock jitter)
Q = A-singg Wty =T : y(t2) = —Q =) ripple on I/Q values with freq. of carrier ( e.g. £;;)
wt3:37r/2: y(t3)=—1 AQ (
b (K N
= & 2”'7 Tu-‘
rotated vector t. £ T ot
t“ 2 gon% {
| > l ”‘4:: 1 zo
time [us)
50 e =O|7FA7|A
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IQ sampling (3) (Non-IQ)

CAS 2007 (LLRF DSP by schilcher)

choose sampling frequency £, and IF frequency £, such that:
N o
N -Ti=M-Tip| f= a fiF N, M: integers
Nsamples in M |F periods

==p phase advance between two samples: Ay = w;pT; = 2‘}T£ — ng

Trr N
==y sampling “whole” IF sinusoidal signal if M, N are properly chosen

I - sin g + ¢ - cos g
I - sin + () - cos
I - sin s + () - cos s

example: M=3 (IF periods), N=25 Yo

_. o=
—
1

I-singpn_1)+ @ - cosn_1)

M

N

== Overestimated system of linear equations

== can be solved by least mean square algorithm

N—-1
Z y; - sin(i - Ayp)
=0

YiN-1)

where ¢; =i-Ap=i-27

2

— I:ﬁ°

—1

2 .

Q= i ZG y; - cos(i - Ap)
—

51

f N-Ty=M:Tip
(sin and cos can be pre-calculated
and stored in look-up tables)

M
i-:=-‘ﬁ' =’.2_
pi=i-Bp=i-2r

it
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SEL (Self-excited loop)

= suitable for High QL cavities Master
= Resonant frequency can be found easily Oscillator clhase  Amplitude Klystron
u Automatic turn-on process W|th a |0t Of SRF cavities M A H
= Good for Large Lorentz detuning, high microphonics -I
Set Point
Phase Amplitude Klystron
Limiter Controller Confroller Amplitude Detector
Ve (i) A —’ Phase (Gradient Detector)
Detector

Cavity
“Driven” Feedback

GDR (Generator-driven resonator)

Amplitude Detector
(Gradient Detector)

(v |=4—Loop Phase

Amplitude

Master Set Pomnt
Oscillator 'FPhase
Set Point Cavity
@ @ .
=/ Self-Exited Loop
? Phase -
Detector
Digital SEL T+ & Amplitude
set poin
fs
. . 1 A |
Cavity N Deci < — > > t it
pickup 1Q 1Q o cavity
ADC > CORDIC CORDIC DAC
DEM Q mod.
™ Deci g >(*, >
fs P T
(81.25*D/M) loop Phase shift
* — O —
52 IRIS SOI27147|A4
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Block diagram for RAON RF system

RF reference system

4
I
I
I
I
I
I
I
I
I
I
I
I
\

Master Oscillator i

\ " . . N
RF reference : 1-5/8” rigid coaxial line (Temp. controlled
Tunnel Reference / 9 ( P ) >
81.25 MHz distribution
J D/C: ~30dB
\ /
\\ ______________________________________ B [ R U T T ’/
ST— T
/ SSPA to LLRF to BPM N
/g FPS monitoring
) control J
| y
I l Top panel |
: DB-9 |
| e | RI-25 SMA
|
| PLL |« v '
! interlock " X Tuner
: h 1
I h 1
| v CL :: / \ Directional 1
' coupler !
! Ethernet | - ( \ P X Cav.
r /& » » 11 n N
| RJ-45 n '
I :' \ / 1
1 . . Top |I 1
! Digital panet |1 HPRF SSPA r La
X Processing h K
| cu<£ RF (N to AN /!
SMA S -
| (FPGA) l Ref. B/D A B L L LL T, --<-
I __For. P < :
l ADC |_ Rev. | o
| - - il
Cav. <«J< —
: 4_ <_av < < l ,'
1 SMA \___/ N, )
Y / ——> REF signal
\ 7
. LLRF Controller J/ > RF Reference
N L’ — Clock signal
N N e e o o e -7 —> 1/Q data I
53 Connection with othelms %0'%7"%7'%;¢
Institute for Rare Isotope Science



LLRF control system for RAON

» 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

- Pl control (Amplitude / Phase) | M @
- Latency pickup o P Deci > !
ADC > DEM CORDIC CORDIC
. S
(81.25%D/M) —_Non-Q / P 1
Ref. phase Phase shift
) Phase SP SEL/GDR
Phase SP (Open)
Open/Closed
0
fs
GDR(&Closed)/SEL
. Q .
SSPA drive P Q Microphonics ~ ~
DAC |« .
mod. Compensation <
|
* — O —
o4 IRIS 3027157344
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Feedback control (amplitude, phase)

wSCUom Q4 S 297 < L0 on
“scor oo ; | o 028 o Zsasta2 012
\ ALUN-00 22 Z ZLN-013 D42 2“
* S0 208 la #SCLI1018 020 pag T
N0 002 2018 231 1 X V
L0086 1 SKUn0e f
AN UVEL LT 3 : nal SO0 200 <t (.0} 028 25
2051248 20080205 WG LU0 000 251245 20050248 20051208 050208 202512051%11-018 %92 2
100520 140540 160623 “S0L31-009 o0 160500 160520 10340 140400 16042)  #90131.01 o019 20051205 20251205 20051205 20051205
—e '-:g':, TS 1 L oo — v Y-_"-‘_‘-‘-’ o m— . AN-00 028 160059 160320 * o;:. HOL00 160423
o —snom o | Fanen —onon —gnon—sings i —a)
PSRN 081 “SCL AN . ‘ SNAN 004
2SI A 0% LA " P SOA22 [11]
#0203 oo L2 A 0% z‘” ) SN
ZCLIZAM 004 #5012 AM 017 | 750132 A24
SO A5 030 L VSCLIZALS o03 102 SCLI2AS
sz [ i “ LA 032 s ’ S A2
ST Q%0 24 LAY o 1
20051205 2051205 2051205 250205 PSCUIAE 026 20051245 20051205 2005-12:05 202512456 2512050 1401I2-A18 - 2l
160320 16039 160400 160823 LAY 009 160301 160320 10340 160400 160823 250132019 008 2251240 20251248 2251240 2251245 205-12-0%
Yiere YL A0 028 Time ¥ LI-A0 008 1460301 160320 160340 160400 0423
AD] ==SCLIZ-AOE == 40112 A I-—- T A AT) ==SCLI2-ANE =408 5J-AT . __Time ~
. oA —i RAQE L2 AL
3 U 088 #5012 025 4 SORE AN
|§ SCLI2-802 LN o “f 2400822 o
x i Y4I24800 048 “50132 813 000 ; i s o
o YSCLI2808 098 KU 006 u§ SLARW4 008
3 { U2 018 258 on 2 { SULRES D2
" U6 008 *SCL2 16 002 " | VSLREE D00
2 CSIMT 0% 2 st o0 2l 1 veRT 012
20059205 205120 20059205 2050245 00502405 #5208 2251248 20251245 20250205 2050205 20251246 750132 818 02 2025-120% 2005-12-05 2051205 200552408 NTSI205 RS D2
w2 %0320 W00 160800 140823 2L 030 160300 160320 1460340 10400 160821 L2819 Q018 oy 0320 1603280 140400 W23 ETTe PR P 02y
3 e AL N “$0112810 017 LVHE - — . Zscuram 210 ; RNk o A suLen 001
- =120 5 - ¢ =y -
“s2en 019 % 250132 841 058 4 ssanes o1
YL 0N ‘ L2 018 |§ SSOREN 021
0132833 023 LR ) (-}, ] z ! A LR Q1
“LE8M O AR #5013 844 on o} Areh SORESE 000
“saares 0o i ' L2 45 08 i { 2B 010
#1283 003 =t <532 846 002 ‘} synas 004
w27 R #5002 847 033 24 #512657 006
20061205 202512 20059205 NS5 SOUINBE 019 20051245 2059245 20251245 2051205 0251205 240112240 017 20051205 20051205 20251245 20051205 05205 FLREs Q16
160320 16039 160400 160423 v50132819 024 1600459 160320 160340 160400 160621 w0132.809 037 160256 160320 160340 160400 WM weanew 013
Tiene M0 on L] Y2850 020 : Yome 250020 013
—CLIZ M -~ L l‘—", 2 B4Y - 4 —tCLI 04 =~ s Pt I A5 - 2 —OLR2 -~
250080 AL} uran Q%
S8 00 scen 002
“KL86) 034 KiRan -~
oscismt o2 A ® Requirements
#5206 016 SCLIETS - o
450266 003 KLI2A76 - 1 /
T T - Amplitude: <+ 1 %
20051200 20051205 20512408 w0132 868 013 2 s ALV e St el P . °
160220 WL WOR00 160423 YL 020 20059205 251208 20251245 2051205 20251245 - Phase. < i 1
Tieww SS10820 | 018 160258 160820 160340 160400 160423
-_— o — L3206 — 3 Tiere

A — LT — ]
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Resonance control

Cavity STIFO o8] (21 Hel 5%)

1 : 1

H(jw) = H(jw) = —

) = 1 jag == 1+52Qr 3

A
/H = —tan™! (QQLE) ¢ = —tan™' (QQL—f)
f.[]. f{}
Af = _ o tan ¢ =~ — Jo_ (for small deviations)
2Qr 2Q1

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

Amplitude

» freq

Phase

m) 7HESHE 37|, 9| S =) Feedback MO (fast loop)

m) P &HZL(Af) =) Tuner MO (Cooling water temp.)

inic 30127taeips

L]
IRIS o
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Vertical Test (VT)& RF system (1)

RF(x) =@ cos(21@< +

Amplitude Frequency Phase
RF Reference
> LLRF » HPRF :\Cacvity
General VCO-PLL
i Detector "]  Fitter
Cavity pickup Reference
Signal
= LLRF (Low-level RF) : Frequency tracking (VCO-PLL / SEL) VWVW\ itice
ope Controlled j€¢——
= HPRF ? : RF amplifier (SSPA: 200-500W) Signal Oscillator
Phase-Locked
to Reference

57 e~ =0|7FA7|HA
IRIS & |27F&2|1H A4
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VT RF system (2) X/

= LLRF : VCO-PLL type
= Monitoring and DAQ : LabVieW

iRiS 3ole7a7es

Institute for Rare Isotope Science



VT& RF system (3) VCO-PLL &

Fulse,
Interlock
Signal Generator [
Vector (1Q) SSPA
MM~ DC RF SW b
_{ Mod 200W m —
Aften. 10dB o REV
FM I Q Interlock
Ereq”tem}' PX| Buffer
ounter
Irgr_arfafie Power Meter
ircui -
T Dscilloscope—| >‘——| DC_ |
detector
PX| Power Meter
Oscilloscope DC | X
¢
detector
Dscilloscope—l },II
e e,
Pnase | detector LHe
Detector [
T A
- sw / @ “ SW a SwW 4\\& Sw : -
,@ SP3T \ O SPAT =8 Sw ';‘a” spaT [\, sPar spiitter
Manual ,@ _C)/SLZS MHz Wariable Attenuator |
Phase 162.5 MHz S signal [
Shifter Woltage Isolator 325 MHz LNA solator Analyzer Power \__‘__.J D
Controlled
Srase [eter
Shifter
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VTE& RF system (4)

0375

0.5

0.25

Yoltage [V]
o

-0.25

o |

h U Time [ps]
QL=2nf(—At) []11(1” 0 )]

o “3g" BT
senvelope Ve @ — Ve ™® att, and Ve @ att,

{ J INAAL WYV Ts—==,

_w, | 1
ul(t) =Use 22 cos| wt [1——+ ¢
N\

'Qcaw{} 0, =0,0+p, +5.) .%gg——%a 4, ) 4
N A
PE,E gghtl A‘l 1
=Q:*B:=Q:* Pi/Poss D 4 B 1)
QO Qt Bt JQt t/ C}—l c.( —4)= hl[ﬂl]‘:}Qﬁ o 4 oif f =0 and ¢, =1, a11d%=3_ Qﬂ:%
(Bt: P Ploss, Qt: QO/ Bt) - __ : T
60 Tl =O0|271A&7|HA
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VT& RF system (5)

Frequency sweep(<- resonant frequency (VNA)) and tracking (FM)
Decay time measurement (approximately 1~2MV/m, avoiding MP)
Measuring Eacc vs Q slope

1 Specium
Scale/Div 248

n
1‘0‘*
o
i
N

o
|

240

260
i |
1 2,2

DE\ el | .@ann‘sg ﬂw-:m:’

Meas Res @ x )

-132.73 mv

-147.68 mv

R
52N

W

-20.899 mv

E4
@
S

i
812

-1.0576 mv

NS Cursor Results i

s
I l.IAt 11.684222... Hz L\V/L\t

Tvpe am- C I Track raverorm

[ h 4
=™ Trigger state L JER

| 2600l [0S trigger J

=[x )

-2
-292.98 mV*Hz

2016-11-02
21:57:40

| Horizontal

Trigger Normal
Edge &
-15 499 mYy

400 myv/div
DC 1M

=
O div

oW
400 mv/div
DC 1M

O div

oV
20 mv/div
DC 1M

=)
O div

ov
200 myv/div
DC 1M5

1 Spectrum
Scale/Div 1 dB

Ref Level -26.00 dBm

AMkr1 1.065 s

-3.00 dB

Center 163.220028 MHz
Res BW 1.0 kHz

Video BW 1.0 kHz

Span 0 Hz|

Sweep 1.500 s (1001 pts) ylﬁqi
Institute for Rare Isotope Science




VTE& RF system (6)

2017-12-13 (WED) 19:12:24
File Save

Temp. 1
2.048 |8

Temp.5
2.046 |8

Temp. 9

[_55.939 3

Level 1 (2K)
94 8 lay

Comity

HWR Temp. 2

-]

Data Save Time

Class lsec [

AlHIE =]
Comity Serial No.

Pumping(2)

Data File Name
HWRAIZZHWR #3-RT-1-2K-
Pumping(2)_2??_20171213173946.csv

Temp. 6

All Data
Save

Data Folder Name

taWHWRWAIAIE

Vacuum 1 (Cavity)
1.870E-9 IGIs

DIICVAI  3.4280000 B
[__25.8401 L]
650220 0
[ 4.8503 L]
162.480249 LUl

5.049E+9

1.224 (A E
B¢ 1.07E+10]
Qex Pt

Kappa

Pin

Pt
Gamma
Frequency

QL

Qo Pin
Qo Pt

Eacc

Beta Pin [T
Beta Pt

1 df-dp Save

2.046 |8
2.043 |8
Temp. 10

0.000 L4

Level 2 (4K)
147 1 (&

Vacuum 2

RGO AKX XK X

Vertical Test Facility

Q Z=amzs

Cool Down [ RF Configuration I Cable Calibration | RF Operation

Warm Up

RF Control

1Q Modulator
Attem (dB)

Temp. 3
2.050 S

Temp. 7
2.043 |

Temp. 4
2.047 |8

Temp. 8

[ 20441

Theta [deg]
360-

Frequency

300-
250-

162.480 269 310 [

| won

Temp. 11
0.000 LS

Temp. 12
0.000 LS 200-
150-
100-
50-

o- 41
= 28.00 KL 0.0 [E9

Frequency 38

=

+00.40%

Frequency
162.480269 LVlg¥d

Pressure 1

0.0, 5%

Vacuum 3 (Baraton)
27.130 LDl

Level 3

v

0.000 IDbIss

0.0

X-ray 1 X-ray 2

0.125892 QWA

uSv/hr

Il Graph Clear

X

Eacc[MV/m]

62

-180
.,

-100 30

BT

0 0 400
/

- 180
.

I dey

25 50

~100.00
290.00
280.00
"70.00
260.00

£50.00

(1Y 7 Asn ) Kel-x

24000
230.00
*20.00

210.00

Phase [V]

S e

7.5

10.0

Qo vs Eacc Graph

v FBAR

E New Qo

B New X-ray1 - “
H New X-ray2 - “
BOld1Qo ~

IRIS

SOI27147|AL
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RF reference system for RAON

® Temp. change = +2.5°C @ Temp. change = +0.2°C ® Temp. change = +0.5°C
u Reference freq. . 8125MHZ ® Extension (Temp. change = £2.5°C) ® Extension (Temp. change = 1£0.2°C)
noe . . 7

= 1-5/8" rigid coaxial line .
» temperature control with heater ° -

- ° o..

e ®

%’4 o..

‘::E 3 'o..

g .*" |— Extension (?)

2 / . i
®
.
° ® eee®®
1 . [ ey L L]
SCL1= o. .o .....‘....00

\ ®°s  o° L D

0 mense$388008,80088830000000

t 50 100 150 200 250 300 350 400 450
: . i Cavity nhimber .
i Ref.line#1 Ref.line#2 Ref.line#3

MO MO

.+ Ref.lin 100m) Ref. line #3 (200m)
-, {4V i
|. {, = R———

25,5079 deim

153}

Ref. line #1 (120m)

[FPiiase Nowe 10,0048/ Ref -20.000BC/ME
20,00k

T
il
Mﬂl
1108 T
—]

“|sFar,
| o o]
U A
N T < 5}
..... E ) S
O
=, pr—- v
ISOLE ¥

I FIAEAS AN ) |
- e Z=0|& A o:l ? A
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Master Oscillator

Master Oscillator

Constanttemp. and humidity

UPS for 19” rack

(3kVA)
Attenuation control
0to-15 \ SMA
[ 13dBm 2dBm v dBm ‘ o0 LNA
Variabl >
Power % Phase - a;ft € N BPF N D/C
7 splitter Shifter (0“’10;:!3] (81.25) 10dB monitoring
r
///-—A-x\\ 7dBm R Phase Linear Power Supply
- Ll
J 1 pos (GPS N detector
, : " (trom . ) | tommz
— (o '\ e Ext. /
; e /| (A1000)
Phase noise (MO) A 4
bPh?;: guwe 1000 Rer 2 00Rle Carier 81250003 Wbz 5.5078.dpm | / :
3 ohe A3he doi [ Timing (15 dBm) | _
4: 10 kHZ -148.8185 dBc/Hz y v
5 100 kHz -157.6700 dBc/Hz /‘
-40.00 >6: 1 MHZ -158.4194 dBc/Hz \
-50.00 \\\.\ _;//
o ! Max. 100 W ~40dBm
7o Integrated jitter : ~50 fs Ref line#1
-80.00 .
9000 from MO LNA Directional .| Splitter |————p Ref.line#2
s coupler dway ————— Ref.line#3
-110.0 Spare
1200 'S Control (Monitoring)
130.0 iwer, Phase, Temp. and Humidity
140.0 }C, FPGA
150.0
160.0
170.0

65 L ZEO|71A A
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OPI for RF reference

SCL3 RF Reference 2022/12/13 16:21:05
) phase [IEECCYININC 3 phose IEEYRRICNIMO Temp. MRS Terd
B o a7 ALARM | HI 22 85 | Lo 22 45 Output RECUnSHLISEER) power  [IBECEL I MSCL3 power [IETXTLE I MIMO humidity
el i Qoo Zoc lowme} | mex Master oscillator 2HIES ' | Refline#1 (scax) | Refline#2 (scL21) | Refline#3 (sciz2) |
40.00c|| 40.0¢C 50.0C 30.0C| CONFIG | 153% = Al R
a0.00c|l a00cC 45.0C 30.0C| CONFIG | 13.0% MO phase 25.88 deg. PV [ALARM]| Output | P0s | PV |ALARM| Output ]
39.99¢C|| 40.0¢C 45.0C 30.0C| CONFIG | 14.0% MO power -13.88dBm Ref linets3 (SCL22) | s00c Feed [ 145%[T =
£ Ll
40.01C|| 40.0C 45.0C 30.0C| CONFIG | 14.3% SCL3 phase 295.78 deg. ALARM | Output J r
40.01C|| 40.0C 45.0C 30.0C| CONFIG | 14.2% SCL3 power 60.00 dBm ALLSETTING — f
40.02c|| 40.0cC 45.0C 30.0C| CONFIG | 14.1% f o
40.00C|| 40.0C 45.0C 30.0C| CONFIG 14.1% 22.33deg.C ] al
40.00C|| 40.0C 45.0C 30.0C| CONFIG 16.7% 32.06 % - L
40.01C|| 40.0C 45.0C 30.0C| CONFIG 15.1% | f
ALL SET = —
4 4|
ALL HIALARM SET f
ALL LOALARM SET _ o
Zone #01
® 40.0C - Zone #3 - Zone#4 - Zone N5 Zone #6 « Zone #7 - Zone #8 - Zone #9 - Zone #10
Zone #10 Zone #09 Zone #08 Zone #07 Zone #06 Zone #05 Zone #04 Zone #03 - P
Lona.mt 37.3C
41.1¢ 41.6C 39.4C 40.0C 39.9C 40.6C 39.5C 38.8C —T-
40.0 C ® 0.0cC ® s0.0cC ® 40.0cC ® 400C ® 400C ® 400C ® 400cC : a1s
| a0.1c] 39.8C 39.6C 39.8C 41.4cC 40.4C 37.6C

&
S
n

AR

Temperature [ *C]
&
&

w
e}
n

D R RRAE R :

38
05/25 9:36:00

05/25 14:28:00  05/25 19:12:00  05/26 0:00:00
Time

Temp. control (for 48 hours) : < 40+0.2 °C

05/26 4:48:00  05/26 8:36:00  05/26 14:24:00

IRIS

SOI27147|A4
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RF reference O A| (European XFEL)

Injector Complex Area T e ™J

[l i i i i i i 5

Oom 20m 30m 40m 92m 146m 306m 467 m 811m S05m 1199m 1493m 1682m 2100m 3333m
Injector LINAC Experimental Hall

GUN— A1 — AHI——JBGO— L1 JBGI- L —BEI- 13 _

RF Clock Optical Clock - LLRF System 50 kHz BW Sub Distribution
- RF-re-snychronization for RF-cable drifts 3 kHz BW ~ S SLO |
up to 24 x LSU - MO, MLO PLL tight binding 1 kHz BW
- BAMs, LAMs >1 MHz BW
se BWs: n
5 o Residual Jitter
MO, MLO PLL § ~
REFM-OPT §™
LLRF-System £ . . - Low 1ff-noise Main-Oscillator
-Low  noise MLO
BAMS - Noise modelling, optimal BWs
67 iRiS 3o27a7aas
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RF reference G| A| (FRIB)

Operating frequency : 80.5 / 322 MHz
RF reference : 10.0625 MHz (1/8*80.5 MHz)

Reference line {2 A X[ (w/o temp. control) / BHHE 2= =4 :

: 72 £ 6 degree F (22.2+3.3 °C)
Reference line : RFS 7/8" LCF78-50J

RF reference line AX| 7@ =
~70m

A

the center of the reference-feed
reference line 6

reference line 5

e line 2 reference line 1

referenc

reference line 3 reference line 4

L o) = (@) e}
HZ22=Hat0f| 2 2} reference 2t210 A 2| 2|&H 2}

~2.5

8 - reference line 1 1.0

% 2.0 }—— reference line 2— - . /\ t

o - reference line3 |- 05

o 1.3 reference line 4 ™ // E =

éb + reference line5 T - = 00

s 1.0 . 7 S

S > 05

g 0.5 ! e ! \\ ! AN | j_ N
= \/ 3 1.0

0.0 N v
~ ™0 50 100 150 200 250 300 W O )
Cavity number

68

¢ (deg@80.5MHz) o
» Reference line {&FH 50| CHSE 81 A At

SOI27147|A4
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RF reference O A| (ESS)

- Operating frequency : 352.21MHz / 704.42MHz

- Reference 87X : 0.1% (short term: during pulse) / 1= (long term: days to months)
- RF reference : 352.21 / 704.42 MHz

- Reference line E{'2 AX| (w/ temp. control)

- Reference line : 3-1/8 rigid copper coaxial
- SNS A|ABIF FAL

4

_BPMs(24m)  352.21MHz (103.4m, LLRF, BPMs) 704 .42MHz (256m, LLRF,BPMs) _ BPMs(243.8m)

- v

216MeV

LLRF, 0 1 3 5 26 36 CY n n
D b 15 26 18

T T T

Cryo-moduio{Med beta, Hgh beta)
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RF reference 0| A| (J-PARC)

L3BT Build. 2F

- LLRF reference: +0.3 = ouch
. -PARC Linac uCoor ™
- Frequency : RF 324MHz, LO 312MHz, IF 12MHz, Clock 48MHz - Jd buried pipe
ransmitter an ivider
- RF reference : 312 MHz LO e e g
- Reference line : Optical cable (E/O, O/E) o ™8 ,
- Reference line Z2{2] AX| (w/ . water temp. control) O™ B i= -« 55" (with Cooling Wate)
§ 32uee |- : L total about 800m
D/ENO/E] . b2
. — ' Phase Dutect] De:ea Klystron Gallery
KLYSTRON GALLERY _— — £
Front End . - 400m =3 L3BT
e IS Y7 - @ (Phase Stabilized Optical Fiber (PSOF)) (Debunchen
i Q= = 7 ~ Klystron Galle:
%}fa’ 9‘_«3 - e | @Mperature of optical cables o
SEw - and dividers are controlled by
“o - cooling water system )
8 .3 17 Optical Lines
*2108m | S & 403 : Sy o S
~E 2 * 5 with Cooling Water Pip
-0 . cktite
A= = |
1550nm _JW] 1x5 « s s < x 60 LLRF Stations
—~ Optical
™ s Oplical Signal Coupie: FB System
LP Electrical Signal

LY

&< 324MHZ

972MHz _ﬂ

ale
i <
| SDTL Hﬁ ACS
@ 312MHz T Buncher T

Master 191MeV 400MeV 6‘"{'3-"“{ (3 (CIK & RF Generator b
Osc |:"“““ — PLL-VCO
om OE)
Central 48MHz CLK 324MH2
Control Room * %
I
LADC &
Digital I\::)‘d
FeedBack |Q L . -
Control Drive
\_ | 2emme A'“')
i g . A A
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