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LOCATION OF TWO X-FEL FACILITY IN EAST ASIA

PAL-XFEL

SACLA

There are currently two X-FEL accelerators running in East Asia. 
o SACULA in Japan (SPring-8 Angstrom Compact Free Electron Laser) has been in operation since March 

2012.
o PAL-XFEL in Korea (Pohang Accelerator Laboratory-XFEL) started in June 2017. 

Both above can produce hard X-rays with wavelengths of 0.06 nm and 0.6 nm.

NSRRC
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Example: ACCELERATOR (5712 MHZ) UNIT AT SACLA 
ITEM VALUE

1) Klystron tube.
o RF output phase variation:

o Peak rf power:
o RF pulse width:

0.03 °
50 MW
2.5 µs

2) Modulator power supply 
o peak output power:

o Capacitor charger stability:
o Output voltage stability:

110 MW
±5 ppm
±30 ppm

3) Accelerating gradient of the 
structure:

35 MV/m 
@SACLA
22 MV/m

@ PAL-XFEL

5) Support table. Vibration-free

Eacc

Ltotal
e-

Electron transfer rate = RF phase velocity

e-
90°

[m]
totalL

[eV] [ ]
gain acc 90 acc total

0
E E sin  dz E L= ³ f = ³ñ

o

( )
V[ ] 2 [W] [m]m

acc KLY_out accE 1 e P L- t´ - ³

1.8 m, 35 MV/m Wake-field damped structure

35 MW
2.5 ˃ ǎ

70 MW, 2.5 ˃ ǎ 70 MW, 2.5 ˃ ǎ

140 MW, 2.5 ˃ ǎ
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SPECIFICATIONS UNIQUE TO THE X-FEL ACCELERATOR

ITEM USUAL INJECTOR LINAC
X-FEL LINAC

SACLA PAL-XFEL

Bean energy [GeV]: 0.1~0.2 8 10

Bunch length, ps (1e-12s), fs (1e-15s): ~10ps 20fs ~ 1.5ps ~100fs

Total accelerator system length [m]: 10 ~ 20 400 800

Accelerating gradient [MV/m]: 10 ~ 20 35 22 ~ 25

Accelerating structure method:Conventional disk loaded
Choke-mode disk loaded

(Wake field damped)
Conventional disk loaded

Electric field symmetry of the 
input/output cavity:

Asymmetric
(Single RF power feed)

Symmetric
Double RF power feed

Symmetric
Double RF power feed

Accelerator phase error [ꜛϐΥ ~2

<0.2 
(for 45ꜛ  ŀŎŎŜƭŜǊŀǘƛƴƎ ǇƘŀǎŜύ

~2 
(for 90ꜛ  ŀŎŎŜƭŜǊŀǘƛƴƎ ǇƘŀǎŜύ

<0.2 
(for 45ꜛ  ŀŎŎŜƭŜǊŀǘƛƴƎ ǇƘŀǎŜύ

~2 
(for 90ꜛ  ŀŎŎŜƭŜǊŀǘƛƴƎ ǇƘŀǎŜύ

Klystron beam voltage stabilities 
[ppm]:

E0 ± ~1000 E0 ±< 50 E0 ±< 50

Modulator cabinet:
(for provide low EMI noise)

Usual open air modulator 
cabinet.

CǊŀŘŀȅΩǎ ŎŀƎŜ ŎƭƻǎŜŘ ƳŜǘŀƭ 
cabinet.

CŀǊŀŘŀȅΩǎ ŎŀƎŜ ǘȅǇŜ ƻǇŜƴ 
air cabinet. 

Copper material OFC OFC CLASS-1 OFC CLASS-1
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CONTENTS
1. Very stable of  klystron beam voltage and its repeatability.

o PFN capacitor charging voltage stability: <30 ppm (<0.003%) @40~45 kV
Ҧ CCPS (Capacitor Charging Power Supply)

o <50 ppm (<0.005%) @300~350 kV

2. Low EMI noise klystron modulator power supply.
o Faraday cage-type modulator power supply cabinet.

Ҧ Oil-field closed metal cabinet at SACLA.
Ҧ Open-air closed metal cabinet at PAL-XFEL.

3. Accelerating structure.
o High electric field gradient operation. 

Ҧ 30~35 MV/m @SACLA

Ҧ High quality OFC (Oxygen Free Copper). @SACLA, PAL-XFEL

o CHOKE-mode structure (so call Shintake-structure). 

Ҧ Wake field damping structure. @SACLA. 

o Double-Feed Coupler Cavity. @SACLA, PAL-XFEL

o Very small phase error.

Ҧ < 0.1ꜛ  Ϫt![-XFEL
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Location of SPring-8

Japan

Tokyo
Osaka

Kyoto

Nagoya

Hiroshima

Largest synchrotron radiation 
facility in the world.

Located 600 km 
west of Tokyo.

Storage Ring:
e- beam energy:      8 GeV
Storage ring:           1436 m
Photon beam line:  62

Presented by Dr. T. Inagaki

1030~1033 photons
Peak Brilliance

[/sec/mm2/mrad2/0.1%b.w.]
~1024 photons

~100 fsec Pulse length ~ 1 psec

Laser light Coherence Spontaneous emission

Ҩ X-FEL
Convectional
Ҩ Storage ring

X-FEL: 
Next generation of 
the light source

Facility: 700 m
Accelerator: 400 m
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Peak Brilliance Evolution
Presented by Dr. T. Shintake ( )
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!ǎ ŀ ά/ƻƳƳƻƴέ tǳƭǎŜŘ tƻǿŜǊ {ǳǇǇƭȅ

Same modulator throughout the accelerator.

Key point:   Compact, stable, low noise, movable

Spare

If one of them has 

trouble, quickly replace

Modulator Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

E-Gun

1 unit

Injector

1 - 6 unit

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Modulator

Main accelerator

54 - 72 units

Power Modulator

- Peak power: 110 MW

- Pulse duration: ~4.5 msec

- Repetition rate: 60 pps

Presented by Dr. T. Inagaki

400 m 230 m
700 m

Experiment Hall



Jan/08/2026@NSRRC

hiroshi.matsumoto@kek.jp

COMPRESSION OF BUNCH LENGTH BY RF ELECTRIC FIELD

Electron GUN:

2 ns (500 MHz) 2 ns

1 ns

SHB (500 MHz):

2 ns (500 MHz)

2 ns

<0.5 ns

Pre-buncher (3000 MHz):

лΦоооΧ ƴǎ όоллл aIȊύ

2 ns

<0.1 ns
Buncher (3000 MHz):

лΦоооΧ ƴǎ όоллл aIȊύ

2 ns

<0.1 ns Accelerate to ̡ Ґм

ҥ Depends on the electric field strength (V/m) of the cavity.

ҥ Depends on the electric field strength (V/m) of the cavity.

2ns

2ns

<0.5 ns



Jan/08/2026@NSRRC

hiroshi.matsumoto@kek.jp

C-band (5712 MHz) CHOKE-MODE accelerator

SPring-8 (Japan)

¢ƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ 
synchrotron radiation facility

8 GeV storage ring  (1997~)

SACLA  (2011~)
(SPring-8 angstrom compact free 
electron laser)

Extremely intense X-ray laser.

C-band (5712 MHz) 
8 GeV accelerator

High RF frequency
Ą High accelerating gradient
Ą Shorter accelerator length

Presented by Dr. T. Inagaki

C-band (5712 MHz)
Mitsubishi Heavy Industries, Ltd.
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Location of PAL-XFEL

PAL-XFEL

SACLA

Located ~300 km 
east of Seoul

Presented by Dr. H. S. Lee
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Presented by Dr. H. S. Lee

Facility: 1.2 km
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PAL-XFEL Parameters

Base information from Dr. H. S. Lee

Presented by Dr. H. S. Lee
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LINAC tunnel of PAL-XFEL
Electric heaters (5 kW each) for high-precision temperature control

5 kW

5 kW

5 kW

5 kW

Presented by Dr. H. S. Lee

S-abnd(2856 MHz) Ҧ
Mitsubishi Heavy Industries, Ltd. 
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CONTENTS
1. Very stable of  klystron beam voltage and its repeatability.

o PFN capacitor charging voltage stability: <30 ppm (<0.003%) @40~45 kV
Ҧ CCPS (Capacitor Charging Power Supply)

o <50 ppm (<0.005%) @300~350 kV

2. Low EMI noise klystron modulator power supply.
o Faraday cage-type modulator power supply cabinet.

Ҧ Oil-field closed metal cabinet at SACLA.
Ҧ Open-air closed metal cabinet at PAL-XFEL.

3. Accelerating structure.
o High electric field gradient operation. 

Ҧ 30~35 MV/m @SACLA

Ҧ High quality OFC (Oxygen Free Copper). @SACLA, PAL-XFEL

o CHOKE-mode structure (so call Shintake-structure). 

Ҧ Wake field damping structure. @SACLA. 

o Double-Feed Coupler Cavity. @SACLA, PAL-XFEL

o Very small phase error.

Ҧ < 0.1ꜛ  Ϫt![-XFEL
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Example: ACCELERATOR (5712 MHZ) UNIT AT SACLA 
ITEM VALUE

1) Klystron tube.
o RF output phase variation:

o Peak rf power:
o RF pulse width:

0.03 °
50 MW
2.5 µs

2) Modulator power supply 
o peak output power:

o Capacitor charger stability:
o Output voltage stability:

110 MW
±5 ppm
±30 ppm

3) Accelerating gradient of the 
structure:

35 MV/m 
@SACLA
22 MV/m

@ PAL-XFEL

5) Support table. Vibration-free

Eacc

Ltotal
e-

Electron transfer rate = RF phase velocity

e-
90°

[m]
totalL

[eV] [ ]
gain acc 90 acc total

0
E E sin  dz E L= ³ f = ³ñ

o

( )
V[ ] 2 [W] [m]m

acc KLY_out accE 1 e P L- t´ - ³

1.8 m, 35 MV/m Wake-field damped structure

35 MW
2.5 ˃ ǎ

70 MW, 2.5 ˃ ǎ 70 MW, 2.5 ˃ ǎ

140 MW, 2.5 ˃ ǎ
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VERY STABLE OF  KLYSTRON BEAM VOLTAGE

INPUT CAVITY

DRIFT SPACE LENGTH (L)

Reference RF (2856 MHz)

CATHODE

ANODE

HEATER

MODULATOR
POWER SUPPLY

e-

0̒(@V0)
0̒Ҍɲ̒(@V0Ҍɲ±ύ

0̒-ɲ̒ (@V0-ɲ±ύ
t: timeELECTRON BEAM IN 

THE KLYSTRON

V0

e-

Phase comparison
[ ]

( )

( )

32
20 2

6

ɲ Ŝ [ ± ɲ±
 Deg.

360 mc ˂ ±
ʴ м

V V
          ʴ м       

0.511 10

j
= ³ ³ ³

-

°Dè ø
= +é ù³ê ú

ɲ  ˒ώꜛϐΥ tƘŀǎŜ ŎƘŀƴƎŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ŘǊƛǾŜ I± ǾƻƭǘŀƎŜΦ
e [C]: 1.6 x 10-19, electron charge.
m [kg]: 9.11 x 10-31, electron mass.
c [m/sec]: ~3 x 108, light speed.
L [m]: 0.645, drift tube length of TOSHIBA E3712

0˂ [m]: 0.105, free wave length, c/f [f: 2856 MHz]
V0 [V]: nominal klystron beam voltage.
ɲ± [V]: klystron beam voltage change. 

To achieve a phase variation of 
0.03° in the output RF of the 
klystron, the beam voltage variation 
must be less than 50 ppm (5 x 10-5).

V0 <±50ppm 

1.1 At PAL-XFEL, the requirement of phase jitter of klystron RF output power is within лΦлоꜛ

OUTPUT CAVITY

üCooling water temp.: 30ꜛ/ ±лΦмꜛ/ 

üPFN Capacitor Charge Voltage Stability: <30 ppm
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20 SECTION PFN FOR 50 MW KLYSTRON

B

C
50 Ҡ, 1 m Ҩ SCOPE

CVD (1/1e-4) Ҩ 34.6 V

C

CVD monitor waveform

20 nF

720 nH

720 nH

20 nF

6 Ҡ

6 Ҡ

1 mH 1 : 17

NOTE:
Theoutput voltageof the CVD is influenced by its 
intrinsic error as well as the length and capacitance 
of the coaxial cable; therefore, calibration must be 
performed on the actual unit.

20 nF

720 nH

720 nH

20 nF

20 nF

720 nH

720 nH

20 nF

ACCPS
The stability of the beam voltage is limited by the performance of the charger.

4.8 ˃ s @75%

Ҩ -350 kV

PTR: 1 : 17

VPFN_CHARGE: 41.14 kV

IThyratron: 6.83 kA

VREVERS: 0 kV

B
Over all view Expanded view @top

B

±0.15%

3.4 ˃ s

Return line (real current flow)



Jan/08/2026@NSRRC

hiroshi.matsumoto@kek.jp

PULSE MODULATOR STABILITY TEST RESULTS

ITEM PAL-XFEL SACLA

Digital scope: Tektro (1st) Tektro (2nd) Tektro Lecroy

CCPS VOLTAGE (STD) [ppm]:8 @100 KHz 8 @100 KHz 8 @100 KHz 12 @100 KHz

GND fluctuation for CCPS [ppm]: 5 @100 KHz 6 @100 KHz 8 @100 KHz 8 @100 KHz

Beam voltage Vk (STD) [ppm]: 31 @100 KHz 27 @1 MHz 24  @1 MHz 32 @1 MHz

GND fluctuation for Vk [ppm]: 28 @100 KHz 19 @1 MHz 16 @1 MHz 26 @1 MHz

Beam current Ik (STD) [ppm]: not measure 49 @1 MHz 25 @1 MHz 32 @1 MHz

GND fluctuation for Ik [ppm]: not measure 38 @1 MHz 18 @1 MHz 32 @1 MHz

MEASUREMENT CONDITIONS

ü PAL-XFEL and SACLA@SP8 use the same configuration as 

shown in Fig. 1.

ü GND fluctuation was measured before the start charging of 

CCPS and before turning on Thyratron at PAL-XFEL and 

SACLA@SP8.

ü PFN charging voltage: 42 at PAL-XFEL and 48 kV at 

SACLA@SP8.

ü Measurement time: 3 min. at PAL-XFEL and 2 min. at 

SACLA@SP8.

Four CCPS (each 30 kJ) operate in parallel. Single CCPS (35 kJ) operate.

Thyratron tube is stopped: Charger stability is very sensitive to EMI noise.[ppm: 10-6]

Fig. 1

CCPS: Capacitor Charging Power Supply



Jan/08/2026@NSRRC

hiroshi.matsumoto@kek.jp

CCPS CHARGING SCHEDULE & SYSTEM EMI NOISE
Stability: <5 ppm Ҩ

External trigger

ҥ ECHARGE

пн ƪ± Ҩ

47.17 ˃ V (Standard deviation)

Measurements taken during 
quiet periods.

A

A

[ ]

2 [V] 2 [V]
CHARGE CHARGEW [W]

PEAK AVE

C P

 [W]
 [A]  [A]  [A]PEAK
PEAK AVE PEAK [V]

CHARGE_MAX

1 1C E C E2 2P ,  P  
T T

2 P 2
I ,  I I

E

³ ³ ³ ³
= =

³
= = ³

p
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STABILITY MEASUREMENT OF  BEAM CURRENT

PFN Voltage : 42 [kV]
Accumulation time : 3 [min]
Repetition Rate : 60 [Hz]
Trigger Thyratron : Synchronized with AC line 

K
ly

st
ro

n
 b

e
a

m
 v

o
lta

g
e

 [
V

] Ҧ

¢La9 Ҧ

18.5[ppm] @STD

Klystron beam voltage

37.6[ppm] @STD

CCPS and thyratron tube shutdown time

Measurements taken during 
work periods.

Measurements taken during 
work periods.

B

B
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CONTENTS
1. Very stable of  klystron beam voltage and its repeatability.

o PFN capacitor charging voltage stability: <30 ppm (<0.003%) @40~45 kV
Ҧ CCPS (Capacitor Charging Power Supply)

o <50 ppm (<0.005%) @300~350 kV

2. Low EMI noise klystron modulator power supply.
o Faraday cage-type modulator power supply cabinet.

Ҧ Oil-field closed metal cabinet at SACLA.
Ҧ Open-air closed metal cabinet at PAL-XFEL.

3. Accelerating structure.
o High electric field gradient operation. 

Ҧ 30~35 MV/m @SACLA

Ҧ High quality OFC (Oxygen Free Copper). @SACLA, PAL-XFEL

o CHOKE-mode structure (so call Shintake-structure). 

Ҧ Wake field damping structure. @SACLA. 

o Double-Feed Coupler Cavity. @SACLA, PAL-XFEL

o Very small phase error.

Ҧ < 0.1ꜛ  Ϫt![-XFEL
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FARADAYS CAGE

Noisy circuit

0= =ñ ñS S
Eds Hds

:ñS¤ surface integration on metal

E: electric field
M: magnetic field
I: induced current

I

0=ñS Ids¤

no interference for both inside and outside

H x E

EMI: Electro-Magnetic Interference
I: current

just potential earth

No need thick cable between metal case and 
ground, because you know just potential earth.

need low 
inductance.

put metal case cover

Faraday s Cage is the best way to reduce the EMI leak from modulator power supply.
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INTRODUCE EMI NOISE FILTER

Simple communication holes on the metal 
cabinet would cased be large EMI leak.

H x E

Noisy circuit

Cross talkEMI current from 
somewhere

There is no EMI leak from inside of metal 
cabinet at an ideal metal shielded cabinet. 
However we need communication between 
inside and outside.

H x E

Noisy circuit

current flow

Zero current flow at 
ideal case

Need filters to reduced EMI leak 
from metal cabinet. 

H x E

Noisy circuit

Clean communication 
signals

EMI filter

No actual current flow at 
ideal case

Right wayWrong way

Large EMI current flow

Large EMI current flow 
on metal surface

EMI radiations
Not perfect, but very efficient

0,    0

:  surface integration on metal

= = =ñ ñ ñ

ñ

S S S
Eds Hds Ids

E: electric field
M: magnetic field
I: induced current

I think it seems to confirm it again.I think it seems to confirm it again.
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EMI NOISE SOURCES IN RETURN LINES

The induced electromotive force V is proportional to the rate of time change of the number ˒of 
magnetic lines of force passing vertically through the coil. Faraday's law(1831)

FIG. 1: induced electromotive force by the coil.

[V] d˒
V N

dt
= ³

N: number of turns of coil
˒Υ ǘƻǘŀƭ ƳŀƎƴŜǘƛŎ ŦƭǳȄ ǘƘǊƻǳƎƘ ǘƘŜ Ŏƻƛƭ
t: time change

In the FIG. 1, when turn on or off the switch, the ammeter displays a current 
proportional to its speed, alternating positive and negative. When the magnetic flux 
passing through the coil, an induced electromotive force V (induced electrokinetic 
force) is generated in the coil, and as a result, current flows.

N

=- ³[V] dI
V L

dt

Inductance of current return line.
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Purpose of electrical grounding of facilities

Transformers on poles

100 V

100 V

100 V

E
a

rt
h

 L
e

a
k
a

g
e

B
re

a
k
e
rs

B
re

a
k
e
rs

Breakers

200 V
Outdoor Indoor

Electrical equipment

Earth
grounding

Earth
grounding

ҥMain leak current (IM)
ҥ[Ŝŀƪ current (IL)IM >> IL

The current path in the event of an electrical leakage at the equipment.

[V] [A] [ ]
Body Leak Body

[Joul] [W] [sec]
Body Body

V I R

Q W t

W= ³

= ³

If not grounded.

Electric shock

Wen grounded.

No electric 
shock

1. Purpose
To reduce and prevent electric shock to the human body due to electrical 
leakage of equipment.

AC outlet

Earth
Grounding

ҧ Connected to facility earth ground.
ÅThe work current in a device and the current due to equipment ground fault are completely different phenomena.
Åcurrent to flow through the device in the event of a leakage current in the device.
ÅSince the working current of each device is in a closed loop, no current is generated at the facility ground when 

there is no leakage current.



Jan/08/2026@NSRRC

hiroshi.matsumoto@kek.jp

CABLE SELECTION FOR RF AND VIDEO SIGNALS 
RF & RF video signal, ACCT, Video camera

The seamless outer conductor has a 
small series inductance and small EMI 
leakage to the inside. 

dI
EMI voltage L

dt
´ ³

For Strength 
Protection

=˒B·S·cosɗ [V]

2

d˒
V N

dt

N S dI
    

L dT

= ³

³
= ³

N: number of turns of coil.
L: coil length. [m]
S: cross-sectional area of the coil. [m2]

:˒ lines of magnetic force through the coil (magnetic flux).
ɗ: angle formed by the coil surface and the magnetic field. [̄ ]
B: magnetic flux density. [Wb/m2 = 1T]

Noise search loop antenna

EMI noise
(Magnetic flux)

BNC
connector

Scope and or spectrum analyzer

0˒.3 ~ 1 mm, 3 ~ 5 turns

8˒0 ~ 100 mm

Enamel wire or formal wire

t![-XFELfacilities chosethis type of cable.
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CLw{¢ ah59[ hC άhL[-CL[[95έ  ah5¦[!¢hw !¢ {!/[!

Modulator
  NICHICON CO.
  IDX CO.
  NIHON KOSHUHA CO.

Insulatingoil-filled
- Compact: 1.5m x 1m x 1m
- Air-tight: rubber O-ring at top

 Stainless steel tank
- Electric shield
- Movable

Inverter Power Supply
  TOSHIBA ELECTRO-WAVE CO. 

  NICHICON CO. 

 ̧Output :  50 kV and 30 kW
 ̧Voltage stability : < 0.5 %p-p
(Preliminary measurement: ~0.15%p-p)

C-band Klystron

Modulator
(Oil tank)

Inverter HV 
power supply

1 m 1.5 m

1 m

Advantages

1) Environmentally free: Most high-voltage circuit failures are caused by άƘǳƳƛŘƛǘȅέ and άŘǳǎǘέ.
2) Low noise: Klystron drive voltage stability is limited by noise.
3) Compact size: Allows higher space dielectric breakdown voltages.

Base information from Dr. T. INAGAKI

@SACLA
Presented by Dr. T. Inagaki
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/Lw/¦L¢ 5L!Dw!a hC άhL[-CL[[95έ ah5¦[!¢hw !¢ {!/[!

Charging Voltage  49 kV

Average power : 30 kW

Repetition rate: 60 pps

Stored energy  475 J

Beam Voltage  -350 kV

Pulse width:      4.5 usec

@SACLA
Presented by Dr. T. Inagaki
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²I9b ¢I9 a!Lb¢9b!b/9 Χ

Lift up top panel All components are fixed by hanging from the top panel

Hold for 5 minutes until 
oil is drained.

@SACLA
Presented by Dr. T. Inagaki
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LAYOUT OF COMPONENTS

HV input
(from Inverter 
power supply)

HV output
coaxial cables 9 in 

parallel
(41 ʍ for each)

EOL clipper
Return protection
diode & resister

HV capacitors
22.3 nF x 18 sections

Coils
(Pulse Forming Network)

Thyratron tube
(50 kV switching)

Cooling water pipe

Glass-epoxy resin
Base information from Dr. T. INAGAKI
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