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PAL-XFEL

Apr. 2011: PAL-XFEL project started

Apr. 2016: Commissioning started

- Jun. 2017: User-service started
days for user (95

ity)
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Layout & Parameters of PAL-XFEL

304 2004 1k,
2 ps —*  300fs —*  Gdfs
Heater BASO BASA @
s 4
Gun M LO L1 | DF1 L2
XLIN

Main parameters
e” Energy 11 GeV
e Bunch charge 20-200 pC
Slice emittance < 0.4 mm mrad
Repetition rate 60 Hz
Bunch length 5fs-50fs
Peak current 3 kA
SX line switching Kicker Magnet

BASE

EE—

L3B

3k

20fs
HX Undulator (HX1)

BAS3H

l-ll—hlmmmlfl/ﬁ}_" -
L4 106&"1.!"

dump

Nt

DF2H Dechirper

SX Undulator (SX1)

3.15 GeV

dump

| BC3S |

Self-seeding

! DF2s
Dechirper BAS3S

L3S

Undulator Line W sx

Photon energy [keV] 2.0~ 15.0 0.25~1.25

Beam Energy [GeV] 4~11 3.0

Wavelength Tuning Energy Gap

Undulator Type Planar Planar

Undulator Period / Gap [mm)] 26/ 8.3 35/9.0
PAL;
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Linear Accelerator Tunnel

Parameter | Unit | Value_
Energy GeV 11

Charge pC 200
No. of SLED 42

No. of Acc. Column 173
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‘ Klystron & Modulator Gallery

Parameter m Value

RF frequency MHz 2856
No. of Klystron & Modulator 51
Max. repetition rate Hz 60
RF pulse width us 4

JFALIZ pOHANG ACCELERATOR LABORATORY
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Undulators

No. of Undulator 21
Length m 5
Magnet Period mm 26.0
Minimum Gap mm 8.3
Wavelength nm 0.1
Magnetic field Tesla 0.8124
Y K 1.9727
W paL
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Beamline

| a9
Experimental Station: Hard X-ray Pump & Probe, Coherent X-ray Imaging, Soft X-ray Pump & Probe
PAL .2 pOHANG ACCELERATOR LABORATORY
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Diagnostics for PAL-XFEL

< 5um

Beam Position &
Beam Energy

Beam Size

Bunch Length

Beam Charge
Beam Arrival Time
Beam Loss

Stripline BPM

Cavity BPM

Screen Monitor

Wire Scanner

Coherent Radiation Monitor

Transverse Deflecting Cavity

Turbo ICT
Beam Arrival Time Monitor
Beam Loss Monitor

160
49
54
9

4

3

10
10
26

<

<

T um
10 um

10 um

10 fs
1 pC

< 30 fs

PAL.
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Screen Monitor

Vacuum
Air Actuator

NN

« Generally destructive to the beam (energy

R R NN

S NN

N

1N\
.§.\\\\

absorbed, scattering of particles as they

[o

Fluorescent
Screen

|

_I ——umll— Beam

%

pass through screen)

« Camera shutter should be synchronised to

. =/
beam arrival for best results % F ,/
|

 Full 2D transverse profile in one shot e —
View Port
» Actuator required to remove screen from ) e
Camera Camera
beam path Controller
Image
Processor
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Various Targets

s Example: Color CCD camera

YAG:Ce Herasil Quartz:Ce ZrO,:Mg

— very different light yield i.e. photons per ion‘s energy loss
— different wavelength of emitted light 'OHANG ACCELERATOR LABORATORY
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Phosphor Screens

« High conversion efficiency (300-400 photons from one 10 keV electron on a 5 pm thick layer)

Relatively long fluorescence decay time (up to many ms)

Opaque, thus typically used as thin layer of small grains (down to 1 ym) deposited on a substrate

Resolution is about twice phosphor layer thickness

Layers are mechanically fragile and can be damaged by high intensity beam

Proxitronic data sheet

Type | Composition Light Emission Decay Time
Range Maximum Color Decay of Light Intensity
from to typically at from 90 % to | from 10 % to
10 % in 1 % in
P43 Gd,0,S:Th 360 nm | 680 nm 545 nm green 1ms 1,6 ms
P 46 Y3Al;04,:Ce 490 nm | 620 nm 530 nm yellow 300 ns 90 us
green
P47 | Y,Si0s5:Ce,Tb | 370 nm | 480 nm 400 nm blue 100 ns 2,9 us
white
P 20 (Zn,Cd)S:Ag 470 nm | 670 nm 550 nm yellow 4 ms 55 ms
green
P11 ZnS:Ag 400 nm | 550 nm 450 nm blue 3 ms 37 ms

12
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Scintillator Screens

 Optical transparency at wavelengths of their own specific emission energy

Resolution is comparable to screen thickness

Short fluorescence decay times (< 1 ps)

Some have high mechanical strength, so thin (> 50 pm), freestanding screens are feasible

Desirable:
« High density, more energy absorbed for same thickness
« High conversion efficiency, more photons per energy absorbed

YAG:Ce LuAG:Ce YAP:Ce BGO

Density [g/cm?] 4.57 6.73 5.37 7.13
Hardness [Mho] 8.5 8.5 8.6 5
Chemical formula Y,AILO,, LuALO,, YAIO, Bi,(GeO,),
Wavelength of max. emission [nm] 550 535 370 480
Decay constant [ns] 70 70 25 300
Photon yield at 300 K [103 Ph/MeV] 35 20 25 8-10

- =7 PtunANG ACCELERATOR LABORATORY
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Optical Transition Radiation (OTR) Target

 Transition Radiation is created when relativistic
charged particle cross a dielectric boundary

' >
 Typically, metal targets are used, as metals | "
have large negative dielectric constant at
optical frequencies

Forward OTR

|

A part of the emitted photons (OTR) is in the
visible and can be used to image the particle

distribution
 Forward OTR is emitted in a cone around the ®

particle trajectory /
 Backward OTR is emitted in a cone around the —

‘reflected’ particle trajectory Backward OTR

PAL]
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Properties of OTR

* Intensity scales with: 10000 e A —
200
) 9000 —1=100'
] oC 9 8000 = 7

2 -25\2

(9 +7/ ) 7000 7
 Maximum at 1/y 0 |
%‘ 5000 7
-é 4000 7
« Number of (visible) photons per particle: w00l ]
1 /1 2000 7
N - (2 11'1 7/ 1) ° ln Ld 1000 F i

1377 Ao

0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
0 [rad]

Practically: 1-3% of particle number

PAL|
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Advantages & Disadvantages of OTR

- Advantages

* Like a phosphor screen, but without resolution limits (resolution possible down to
optical wavelength)

« No saturation, linear intensity to destruction threshold (>10'? e-/mm?)

 Disadvantages

« Few photons per electron, which are emitted into a large angle at low particle
energies

* Practically only feasible for strongly relativistic particles (y>100)

PAL]
. GAL2 POHANG ACCELERATOR LABORATORY
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Screen Monitor for PAL-XFEL

pneumatic « 3-position pneumatic actuator
actuator

Tilt stage
« RF shield for reducing the wake field
« Scintillator (YAG:Ce)

CCD-camera
 fhags « OTR Target (Al-foil)
1:1 macro Lens . 5158

« LED backlight lamp
target block

Gear for « Neutral density filter
focusing
N.D. Filter oeAM « DSLR lens
. « DC motor for remote focusing
Mirror —
LED * GIgE camera

« Tilt stage for Scheimflug's geometry

PAL.2 pouaNG ACCELERATOR LABORATORY
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‘ Target Holder

Mirror

YAG:Ce with markers
for beam size callibration

(Measured resolution
= 8um X 6.5 um)

RF shield
*Norminal operation

JFALIZ pOHANG ACCELERATOR LABORATORY
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OTR Target

= OTR imaging with Al foil
- thickness : 1 um

» Target rotation: 22.5 °

Metal foll

Optical Transition Radiation Distribution %
75

PAL,
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Unexpected COTR @ LCLS

ﬁHELMHOLTZ =

‘ GEMEINSCHAFT

H. Loos et al., Proc. FEL 2008, Gyeongju. Korea, p.485.

R. Akre et al., Phys. Rev. ST Accel. Beams 11 (2008) 030703

@ Linac Coherent Light Source (LCLS) @ SLAC

» uncompressed beam, OTR behind BC1
Lo * OTR Screen
QB L1x ) 6,=2.4ps (rms)
I}un b oLis | . : .
— » scan of quad QB — intensity varics by factor 4
DL BC1 L2-linac BC2 L3-linac BSY
135 MeV 250 MeV 4.3 GeV 14 GeV

(o Increased by 25 %)
comparison with incoherent level — only fraction of 3-10-

@ OTR monitor observation with BCl, BC2 switched on

» OTR 12 e » OTR 22
[ o S
iZ iZ S » strong shot-to-shot fluctuations
20 40 &0 20 40 &0 20 40 &0 / doughnut Structure
m)  mcasured spot is no beam image! » change of spectral contents courtesy:
. . L wai- . S S. Wesch
@ interpretation of coherent formation in ferms of "Microbunching Instability (DESY)
E.L. Saldin et al., NIM A483 (2002) 516

7. Huang and K. Kim, Phys. Rev. ST Accel. Beams 5 (2002) 074401

. . :LERATOR LABORATORY
Gero Kube, DESY / MDI 4t XTEL 3-Site Meeting (RIKEN), Oct 301 —Nov 3% 2011



P

Radiation Power of Incoherent and Coherent Radiation

Coherent synchrotron radiation emitted
by electron bunches

PN \VAVa
RAVAL 43 < OEEA VAVE

incoherent coherent
N .
Radiation power m(ZEJ ¢ ] ZEZJ’ZZE E* i(4,~4)
J=1 j=1 k=1

j#k
If ¢ ~¢. vV, thenthe 2"dterm >> 1stterm as there are N 2 of them

and results in coherent emission. JR LABORATORY
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Scintillator Target

=  YAG:Ce scintillator
- Thickness : 100 or 30 pm

= Observation geometry of 45°
with respect to the beam axis

= Minimized holder size

= Big error from target thickness

J iy
View port — Scintillation Light

< Lens

AT
e
Camera

PAL|
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Beam Size with Observation Angle

observer
1 1 cos [arcsin(Z22) 1 ¢
S:dCDSﬁ- Sjn2ﬁ+ - _2 [ L(zn ) ]
\l_n_z cosa 1_31;13@95(1:

Observed Beam Size

1 40 ! | ! -
5 5 5 VAR
35k e TP b / ...... SRRRRPRR. "
d Ea0f i _________ oo ]
scintillating @ : : ./
Crys‘tal | z 25 ............ : ........... :..:/I .......................
¢ 20 S — f ________ A
= sl N SUSUUUINUN ASUSURTONS NUURRO SEVUROO
5 : : /.
g : : .f';,: ___________________________________
primary beam g 1o L N
Sl \/;’ ..................................
: A4 : : .
Observation of light from a scintillating crystal S0 w0 0 20 4 &
observation angle f / degrees

with an arbitrary observation angle

R. Ichebeck at al, Phys. Rev. ST Accel. Beams 18, 082802 (2015)‘1_,'04}{? POHANG ACCELERATOR LABORATORY
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SwissFEL Screen Monitor

7 {coherent)

OTR

R. Ichebeck at al, Phys. Rev. ST Accel. Beams 18, 082802 (2015)PAL.2 poyang ACCELERATOR LABORATORY
24



P

Geometry of New Target Holder

Top view Top view 60 . Incident Angle : -18.0°
T LI T T T

[5,]
o
T

=
o

w
o
T

[
o
T

Apparent transverse size [um]

=
o

Min point : ( -35.15° , 0.002)

| 1 3 : ; Ly i
,,,,,,, o B -80  -60 -40 20 0 20 40 60 80

— Scintillation Light —— Scintillation Light Observation angle [Degrees]

< > Lens < "> lens

Incident Angle (a) : -18°
Observation Angle (B) : -36°

&5 Camera

OTR Target YAG Target

PALI2 pOHANG ACCELERATOR LABORATORY
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3D Design of New Target Holder

FPAL2 pOHANG ACCELERATOR LABORATORY
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‘ Pictures of New Target Holder

JFALIZ pOHANG ACCELERATOR LABORATORY
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Measurement Results of Screen Monitor

BC Off

BC On

OTR

28
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Working Principle of Wire Scanner

Intensity

Radiation . . .
detector Position

* 1D Profile is measured either as intensity of radiation (Bremsstrahlung) or as secondary
emitted electron current over position of wire

« Resolution down to wire diameter (5-6 um)

* Instead of movement, many wires can be used in a ‘harp’ PAL.
POHANG ACCELERATOR LABORATORY
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Wire Scanner of PAL-XFEL

Wire material
- Tungsten (18 um)
- Carbon (34 um)

RF shield

« Three wires and a RF shield tube to minimize wakefield effect
« The stage mounted on 45° motion stage with linear motor

Ironless linear motor to minimize the magnetic field at the beam
position

Screen monitor and wire scanner FAL.Z pOHANG ACCELERATOR LABORATORY
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Beam Loss Monitor for Linac

1_*__?—"565‘m path il "

1 |
BCF-20 Scintillating fiber ( @ = 250 ym ) Hamamatsu H10722-110
- 492 nm peak emission wavelength - 230 ~ 700 nm spectral response

- 2.7 ns decay time

«  Optical fiber is wound on the vacuum chamber for Cherenkov radiation
«  Optical fiber is shielded from external light and connected directly to the PMT head

PAL.2 pouaNG ACCELERATOR LABORATORY
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Beam Loss Monitor for Undulator

Beam loss monitor

PMT
module

LED
(for heartbeat)

PMMA rod
(for radiator)

PAL.2 pouaNG ACCELERATOR LABORATORY
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Control Layout & Measurement GUI

Operation tools

(TSNS 4.

control system studic MATLAB

CA Network
EPICS

il R S— |

PMT ||
Controller |! [ ADC EVR EVR

B0 Wire Scanner Control [—[X]

PAL Wire Scans

MOtOl' IOC i A | omsa |[CAe | me | ao | LVDT Cal PMT Cal
i

80

save | saveas.. | save Config | scan Mode

) HL4:WSMO3

I load | Bpor | Load Config | wire - HL4 WSMO3
BSA 1 60 HLA:WSM04
! =
............................................................ ’ Measurement Rrzzzzomy el HLA-WSMO6
E {BTL:WSMO8
HL4:WSMO3 -] (el sy Erien = HLA:SBPM:HL77
[ Charge Norm. g HLA:SBPM:HL78
Start Scan =
otor Controller e N O D B
- - s s b 1L4:SBPM :HLS L
= 20
I lllllllg [ Retract ALESEPMALE0 = HLA:SBPM HLE3

Gain

Motor Dnver READY 10 START Wire 10 BT SBON LSS
can HLA:SBPM :HL8O
0
‘ 1 [ s
o> Log ook | SEPM:HLES % 2 w0 ) 30 o 120 0 160 180
Rack
Display Po0 Wirescan on HL4:WSMO03 07-Sep-2018 00:10:20
L N N N N N N N N §N N &N N N N [ N N N N N N N N N §~_ N N N N N N §N §N_ § N }N N §N_ §N §B §N &N §N N N N N N §N N N N _§N ] Method Select Asymmetric ® x Plane (“
Tu]lnel WDl oypane 150 :;’E;‘n’:i;’;i%‘};]‘g"g; I
------------------------------------- ottt e e e i, O O u Plane =1 ol 0.0 oAl m .
El \‘I " ‘= Show selected Show Dispersion O lipse E :;t” - “%:ii\)%g} !
1 - - 1! . ) | Wire Parameters 2100 [
1 : H 1 Inner Outer  [J Lim Units $
! E d H d il PMT ! ¥ix Wire 724] Pk 75e] ik = H
1 , 1 1 50 ¢
: ncoder ca : i : Oy Wire [ s ek | [ ess] pek % ':' %
: " v : : . r : [ u Wire 63| Pick 67| Pick T . I ."Jl .‘.‘—— _ L |
i ! i ! [ Auto Center Scan Pulses [ 150/ 0mue
: 4 ") i : - ~ : Set Width Offset 0
[ . H - - 1 =
[ S 1 1 -800 -600 -400 -200 0 200 400 600 800
=  Linear Motor b cinfilating | pi0; Con o)
1
AN Joi | .
! i fiber ’ Wire S GUI
! b J . Ire scanner
1 H ]
: - b . |
Y Wire Scanner / \_Beam Loss Monitor
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Correction of Beam Position Jitter

) _Iq @_ ) "/\\FBQ ) ) H’_/\\r @ _______ _Iq EE ________ \’_X
\/ % \\\,/’E N \\\,/’E N \/ % \/ %
L | [ L L

Wire
v v Scanner v v v
BPM BPM BPM PMT BPM PMT BPM PMT
ADC ADC ADC ADC ADC ADC ADC ADC
M1 Beam Synchronous Acquisition
Wire position correction 3
" P N\ =,
Wire position > =
m
BPM reading
Beam jitter -
correction 10 08 06 04 02 00 02 04 06 08 10
Lattice Wire position [mm]
\_ ) Comparison between Wire Scanner & Screen Monitor

PAL.2 pouaNG ACCELERATOR LABORATORY
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Limitations of Wire Scanners

Smallest measurable beam size
limited by wire diameter

(smallest usually few pm)

High beam density (small size and
high inten Sity) can destroy wire e 2 e i o mamy b

(due to heat load)

Figure 2: Broken 4um carbon wire at SLC. It is possible
to observe how successive pulses have eroded the wire.

PAL|
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Lattice Matching with Wire Scanners

Beam abo Self.seedi
dum elf-seeding
Gun BASO BC1 BAS1 BC2 BAS2 BC3H BAS3H S
~ \ ~ Stopper 2 \ i =
H Tune-up "
Stopper 1 L3B " mp prain
L3A dump
Stopper 3
BC3_S BAS3S
'\O 7
L3S T .
De-Chirper Main
dump dump

TS T T T e T T e e e e s e y
2 24 2. | 2.
LD D, P D | D
% %2 A
: X o = ! W
| Hard X-ray \ndulator (HX1)
| w » ,

o dHE JH AL o g w"*';"hl I = o

L e | 0102 03 04 05 05 07 03 09 10 11 12 3 14115 16 17 18 19 20 21 22 23 24 25 26 27 28 g

kS % l i ,I i f&':‘ E—Bd}am

% D S It A ittty 5 9

Carbon wire | |
HBTL == HUA -— HU1E
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Before Lattice Matching in Undulator

Emittance Scan on HUL:WSM 10
02-Dec-2017 02:23:54 Asymmetric

Normalized Phase Space

Matching HU1 02-Dec-2017 02:25:52

70
6 * 2 / Old (kG)  New (kG)
’ . “nv_" 200 -78.447 -104.709 i
E50 o 1 s . -32.837 71.327
2 & )/ £ 126.545 74.456
= 40 . g v - -86.529  -73.082 A
N : 0 i 100 7§972 21.482 / N
= 30 E = 9932 GeV g i s .
= % - 1124£007(1.00) pm E A\ e
o X e I A e S N B N A N A Wl O e
m 20 B = 11864 0.49(19.78)m 0 e ! -
" a_ = -1.65% 0.10 (0.78) ) 740 760 780 800 820 840 860
€ = 230+ 0.13(1.00) - z (m)
0

1 2

0 50 100 150

Position (m) Norm. Position

740 760 780 800 820 840 860
z (m)

PALI2 pOHANG ACCELERATOR LABORATORY
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After Lattice Matching in Undulator

Emittance Scan on HUL;:WSMI10
02-Dec-2017 02:43:20 Asymmetric

Normalized Phase Space

40 |

GGO N |

1 JRETTTENEY |

o O |

“E“ 30 5 l'I.l\ ™ [
3 w021 S
0 é ! |
20 E = 9.932 GeV I | St L/

{2 7, = 108 0.08 (1.00) pm £ i

= . g Ve

5 §_=2329+£232(1978)m Z 0.5 |

210 a, = -0.994 0,13 (-0.78) . P l

¢ = 1024 0.02(1.00) 1 \ - :

\ ;j |

0 4 Fi l

0 50 100 150 -1 05 0 05 1

Position (m) Norm. Position

38

Matching HU1 02-Dec-2017 02:48:31

Old (kG) New (kG)

-86.925 -85.506

81.918 99.733 ]
56.895 39.026

-62.678 -56.135

21,865 23.138 .

800
z (m)

780

800 820 860
z (m)

780

840

760
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Thanks to:

All Members in PAL-XFEL and Domestic/International Collaborations

fé:-h k youfor your attention!
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