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PAL-XFEL



Pohang Accelerator Laboratory

X-ray Free Electron Laser
* 0.1-nm Hard X-ray 10-GeV XFEL
* Project Period: 2011 ~ 2015

+ Total Budget: 400 M$

/ Pohang Light Source-I1
(3 GeV /400 mA)

Wavelength

» Soft x-ray: 1 nm ~ 10 nm
» Hard X-ray: 0.1 ~ 0.7 nm

Photon beam Length

* Nominal : 30 ~ 100 fs (200 pC)
» Short: <5fs (20 pC)

Undulator Beamline
» 3 Hard X-ray / 2 Soft X-ray lines




~
o |
-
N
=
-
-
<
(a
(-
O
S
.m
>
I
-
()
<







PAL

Aerial View of PAL (Mar. 21, 2013)




Aerial View of PAL (July 20, 2013)




PAL

Aerial View of PAL (Jan. 23, 2014)




Aerial View of PAL (Jan. 4, 2015)
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PAL-XFEL Layout

Soft X-ray

: BC3_S
L3:S L FEL

De-Chirper

3.15 GeV
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BC3_H L4

ol

330 2.52 T 3.45 ==
Laser ' 10 GeV i
MeV . GeV -
Heater e GeV kicker Hard X ray FEL
Linac BTL Undulator Hall Beamline
710 m 780 m 1000 m 1100 m
After Gun Before Undulator
g 2 ; T T T T T ] § e
005 3 1 5 0.4s) gl 3.5 kKA 5 05]
0.025] i E 0.40L = 1 I o . ff'" \'«,‘I }-’ ~"\f\| E o
0.0z0[ 5 pS ] E 025 ﬂ: " ‘ \“N e .Av.«.u.- o \“‘.\_\ ,f\" E 0.3
0.015 ! 5o / ’ \. | {02
0.005| 4 E 0.25( DL ,] b 5
-1000  -500 0 500 1000 000 500 0 500 1000 = 4 _/ CIJ 4 4 fﬂ -8 —é —‘4 —é O 2 4 6 8
Location (um) Location (um) Location (um) Location (um)
Begin of BC1 with 200 k particles and 100 slices

Begin of BC1 with 200 k particles and 100 slices Ead «of 323 with 200 « pa-ticles ond "00 slzas End of BC3 with 200 k particles and 100 slices




PAL-XFEL K&M Gallery

stron, Modulator
Max. repetition rate Hz 60

Operation pulse length Ls 4




PAL-XFEL Linac

Parameter

No. of SLED

No. of Acc. Column




Parameter

No. of Undulator 20
Length m 5
Period mm 26.0
| Gap mm 8.3
Wavelength nm 0.1
Magnetic field Tesla 0.8124
K 1.9727




PAL-XFEL Beamline

3 Experimental Station:
Coherent X-ray Imaging, Hard X-ray Pump & Probe, Soft X-ray Pump & Probe
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PAL-XFEL
Commissioning



Commissioning Status

* Nov. 2015

* Apr. 14, 2016
* Apr. 25, 2016
* June 12, 2016
* June 14, 2016
 July 2016

* Aug. 6, 2016

RF conditioning started

Beam commissioning started
10 GeV acceleration achieved
Undulator radiation observed
First SASE FEL lasing at 0.5 nm
Summer maintenance

Beam commissioning restarted

PAL 7



First FEL Lasing at 0.5 nm

Soft X-ray

: BC3_S
L3:S v FEL

De-Chirper

3.15 GeV

RF Gun
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|
330 2.52 T 3.45 =3 >
Laser 10 GeV Sy
Heater MeV GeV Kicker GeV Hard X-ray FEL
Linac BTL Undulator Hall Beamline
710 m 780 m 1000 m 1100 m
Spontaneous radiation
% 2016/06/12 12:18:20.631 HUIE:SCM—B‘G‘:I 8:38.875 HU1E:SCM36: HU1lE:SCM36:

Y [mm]

a0 3 15:40:05.282
I- 350
-300

-250
-200
-150
-100

-50

4 3 2 1 o0 x[;‘m] 2 3 4 5 6 7 3 5 4 £ 0 2 4 6 8 10 11.63
X [mm]

-4 2 0

) X [mm]

June 12, 2016 June 14, 2016 June 16, 2016



SASE FEL

INJ ~ HL3A HL3B ~ END HU1E:SCM36:
6.82- 6,62 2016/08/31 00:34:46.223
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Profile Mode

Projection ‘

Single line

Logbock Options l}
Information

Name H36

Position 987,61200 m

X size 1280

Y size 960

X scale -0,01840 mm

Y scale 0.01320 mm

X offset 694

Y offset 443

Camera control

MNum, of Camera 2  All Stop
Exposure Time 0.001000 s
Exposure Time ’m
Gain 300
Gain 3003

Target Position

Filter Position

ouTt #
N | @
Power
orf on | @ o
ON 'I Camera



Beam Based Alignment (BBA)

* All undulator gap open
* BBA without Corrector magnets for 4 energies

* Quadrupole offsets are applied to quadrupole movers.

 BPM offsets are applied.
* The electron beam goes a straight line.

* All undulator gap close

* BBA with Corrector magnets for 4 energies
* The electron beam goes the straight line again.

* The electron beam can be overlapped with the
undulator radiation.

PAL 7



BBA for Undulator

x Off (um)

y Off (um)
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50
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-100
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50 |

-100

BBA Scan Fit Result 15-Jun-2016 16:48:58
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FEL Intensity vs. Undulator
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Beam Position Monitor



Stripline BPM Design

SRt P

CST Simulation



Simulation Results

0.8 . .
o1,pb : 0.56580234

0.6 102,pb : 0.67373526 |+t
03,pb : 0.56556559

[\ 7 R | ] S Se—

04,pb : 0.48693624

-------------------------------------------------------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------------------------------------------------------

——Qutput2
— Qutputd

4 6 8 10

10 12

14

16



BPM Reading (mm)

®  Horizontal .
e Vertical . ®
L b g -
| .
E » :
S
O . ........................................... .

Wire Position (mm)



Bunch Compressor
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PAL‘P

400 mm

e// \

* Requirement
* Wide dynamic range
* High resolution
* Energy measurement & energy feedback



Bunch Compressor BPM




BC BPM (Outer Stripline)

Electronics #1




BC BPM (Inner Stripline)

Electronics #2




Wire Test Result (Inner Stripline)
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Cavity
Beam Position Monitor
(Collaboration with SLAC)



X-Band Cavity BPM

SRR P et

Parameters XY Cavity Reference Cavity
(Dipole Cavity) (Monopole Cavity)

Mode TM110 TMO010
Frequency 11.424 GHz 11.424 GHz
Loaded Q Factor 2000 - 3000 2000 - 3000
R/Q >2 Ohms/mm > 12 Ohms
Induced Voltage >5 mV/pC-mm > 20 mV/pC

X/Y Cross Talk Level <-20dB



Brazing & Tuning

Brazing

Cavity BPM Tuning



Cavity BPM for LCLS Beam Test
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LCLS Resolution Test Result

Fesolution {wm)

* Measured Resolution: 700 nm (x), 800 nm (y) @ 25 pC
New Cavity BPM
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PAL-XFEL Cavity BPM




Cavity BPM Resolution

BPM Resolution Y HBTL HU1 HU1E 19-Aug-2016 15:57:58
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Transverse Profile



g
Screen Monitor

pneumatic e 3-position pneumatic actuator
Tilt stage acmator . .
| * RF shield for reducing the
N .
\ wake field

CCD-camera

 Scintillator (YAG:Ce)
e OTR Target (Al-foil)
* LED backlight lamp

1:1 macro Lens - S5

l target block

Eear_for - * Neutral density filter
ocusing . e .
—— | Seh e DSLR lens (Magnification : x1)
* DC motor for remote focusing
Mirror — . - F

* Tilt stage for Scheimflug’s

LED I I geometry
“" - * Gigk camera




Target Holder

IVIiror

YAG
YAG:Ce with patterning
i for size calibration
(Measured resolution
=8um X 6.5 um)
RF shield

*Norminal operation



Optical Transition Radiation

metal forward 025
E foil OTR
}. ﬁl’l::'l' 0.20
.( L % 015
backward z
ﬂl&gd'[l:fole E 010
strength
k . X 0.05
> 1maging
lens
0.00
CCD
camera
(a) (b)

OTR measurement setup and angular profile

N N

Radiation power m[i};f g@] ZEZ"'ZZE E'e i(¢,~4)
j=1

J=1 k=l
Jj=k

Coherent OTR can make a saturated beam image.



22
OTR Target

Mirror = OTR imaging with Al foil
- thickness : 1 um

= Target rotation: 22.5°

Metal foil

Optical Transition Radiation Distribution %0
75




SwWissFEL Screen Monitor

Observed Beam Size

40

1 | |
- 0 20 40 60
observation angle p / degress

" {coherent)
OTR

R. Ichebeck at al., Phys. Rev. ST Accel. Beams 18, 082802 (2015)



Scintillator Target

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

Mirror

= (Observation geometry of 45°
with respect to the beam axis
= Minimized holder size
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COTR Measurement Results

BC Off BC On
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PAL

Incident Angle : -18.0°

oint : (-35.15°, 0.002)
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150

100

Beam Size (pm)

500

400

300

= 200

Beam Size (j2m)

100

Emittance Measurement

Emittance Scan on INJ:SCMO03
26-Aug-2016 16:57:01 RMS cut area

E = 0.134 GeV
Q = 0.196+£ 0.00 nC
e, = 0.44+ 0.01 ( 1.00) pm

= 2597+ 0.82(27.61) m

0.5 1 1.5 2 2.5 3
INJ:MPS:IQ01:BDES (kG)

E = 0.134 GeV
Q = 0196+ 0.00
e, = 0.004T5 (1.00) um

3 =000+ 1.36(27.59) m
L = 000039 (-050)
gv' = Inft NaN (1.00)

Y2NDF= 10.15

0.5 1 1.5 2 2.5 3
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Normalized Phase Space

2
Norm. Position
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03
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0.1

0
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-0.3
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Norm. Position

Horizontal: 0.44 mm-mrad

Vertical:
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500
400

300

200

Beam Size (pm)
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Beam Size (pm)

Emittance Scan on INJ:SCMO03
26-Aug-2016 16:53:15 RMS cut area

/NDF = 577.57
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Wire Scanner

Wire Material

- Tungsten (18 i
- Carbon (34 wi

® o )
; d




PAL

Screen & Wire scanner profile :

HL4:SCM28 20160701_0312

1400

1200

1000

ann

Wire card

¥ [ram]

BLM Intensity [a.u.]

*wire position with motor position PV, **manual scale fit

T T T
1.0 08 06 -04 02 00 02 04 0.6 0.8
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BLM Intensity [a.u.]
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Longitudinal Profile



PAUL SCHERRER INSTITUT

ﬁ[b CAS-2008 Lecture on Femto-Second Diagnostics

Principle of Bunch Length Measurement with RF Deflector

. RF-deflector \

Ay
- --- ..’ :
> Ldaﬂ - screen 2 Y
) \.screen
Transversely Deflected Beam Size Ay, at Screen (for a drift space) |
Orr Vr Example:
AyB = YN cOS((”RF) LB ALdef—screen =XaMP'E.
2cE/e Parameters for 250 MeV PSI FEL Injector Test Facility
Assuming...: Oge = 273 GHz
- Qg = 0° atthe center of the bunch results in shearing of particle ZT ; 251 0 m\;1
density distribution without changing mean particle position E = 250 MeV
- longitudinal stability (bunch arrival time vs. RF phase) must be high Lg(FWHM) = 600 fs
. . = 200 um
in case of averaging of measurements _
o i ALdef—screen = 12.25 m
- pencil-like beam (zero-emittance)
_ Ayg = 770 pm
- no beam offset in the RF deflector

Volker Schlott 12 CAS on Beam Diagnostics, Dourdan, May 28t - June 6t 2008



Transverse Deflecting Cavity

6
5
4 4
3 3
2 2
1 1
(E| E
Eo Eo
- >
1 1
2 2
3 3
-4 -4
K )
-6 -6
5 -7
7 6 5 4 3 -2 a1 0o 1 2 3 4 5 6 7 7 6 S5 4 3 2 a1 o0 1 2 3 4 5 6 7
X [mm]

Deflector Off Deflector On



Bunch Length Measurement

TCAV bunch length on HL4:SCMB3 15-Jun-2016 21:27:45 Gauss

o =106.30+ 6.54 pum
y Bunch length
200 0226.68610.298 pm 6.7 Zgz :
= 0.15120.029 P S s U
e ol cal =24.81740.794 pm/pm (170 pC > 3.07 kA)
]
N
7
= 100 |
fan]
~
4 X 104 Profile 15-Jun-2016 21:27:45 Gaussian at -1
50t | 2
35t yarea = 1.026+ 0.30Mcts\%
ymean = 0.45+ 0.00'mm %
0 3t yms =166.2+ 3.77;um

yskew = 0.00+ 0.00

-1 0.5 0 0.5 1 ykurt = 0.00+ 0.00

HL3B:MODDF2:AACT (norm) 25 ¢

Counts

15} b

-200 0 200 400 600 800 1000
HL4:SCMBS3 Position (zm)

1200






g
Coherent Radiation Monitor

F:PhasereL209
1280
N *
Dipole 12401 -
Magnet ' mirror - *
‘ for CxR g 1220 *a
—/CER z .
c 1200
splitter = * [
1180+
)
pyro 1140 —k L ! : : !
detector | _.].. 0 > O o 0 -
_ * Measure coherent radiation
filter I oyro intensity with pyro-detectors
detector
* Located after bunch compressors

e Calibration with the transverse
deflecting cavity

* Bunch length monitor & feedback



PAL 7

Beam Charge Monitor



Tu r b 0 - I CT Charge measurement:

BCM-RF mode S&H
Input charge 200 pC max (more without front-end amplifier)

Measurement single range 100 fC — 200 pC

Bunch repetition rate Single bunch — 2 MHz
Output voltage 0/5V.log of the beam charge
Reaction time 500 ns to > 99% final value
Noise 100 fC or 1 % of charge
Non-linearity 3%

Time response Hold till next bunch

Trigger on-board or external (pos. edge. > 2.4V, > 30 ns width)

; 1

’/ 1.
..__“ 1 .”iI'M"" Is*—b’ "—'

ol

J16LN-H-Turbel

ICT-CF3"3/8-22.2-UNV-




Beam Charge Monitor

I (@ Angle SET

Pin hole ]
size

v

R P

o ol

PAL-ITF Laser Pulse System

(z) Beam Charge READ

Turbo-ICT S-BPM

Photo Cathode
- RF GUN O’-

EPICS P

Half-wawve plate

(3) S-BPM Sum READ

Half-wave plate Angle vs. Charge

T-ICT value vs. S-BPM sum

14-MAR-2014 09:48:50

600
pC
g S00
[

400F

5 3001

ARGE

% 30 40 50 60

ITF.LASER:M1 Deg.

70

« 10"

5]
i

" , .
o

E T-ICT value

& 2t BPM1 sum value

EI

E 1.56F

ml

=T

o

=

v

Eﬂ.fv- ’
E BPM Gain Set : -12dB
B o e
BPM Low Limit ITF.LASER:M1 Deg.

500

4 400

1 300

1 200

100

ITF:BCM1:CHARGE R
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Beam Arrival Monitor



PAL

Beam Arrival Monitor Pickup

Tret dBMag 0.5dB/ Ref-2dB  Cal 1 Tre2 dBMag 5dB/ Ref-35dB  Cal 2
811 | 28}048lohz 1734308 | | g M| 2.8}0472[6Hz [22.03 dB
0'= 2; W1
5 M
=T.u ~&J []
--1.5 .30 l |\
2.0 --35 :
L 25 L. A
25 40 7
L 3.0 - -45 a
L .35 = // \\
-35 -50 v =
F-4.0 I .55 ] \
. v a
Ch1 Base Freq Center 2.82 GHz 1B Span 20MHz Ch1 Base Freg Center 2.82 GHz 1B
Tre3 [EF] dBMag 5¢B/ Ref-35d8  Cal 3 Tred dBMag 0.5dB/ Ref-2dB  Cal
y 472|GHz 21.764 dE M] 2.820468|GHz
L - L.
L 20 v F-0.5
—-25 it F70 M’—
- -30 - 1.5 '
- -35 - H-2.0
- -40 - --2.5
- 45 - ‘ F-3.0
L _50 F-3.5
L 55 // L
-55 = -4.0
..ni‘/
Ch1 Base Freq Center 2.82 GHz 1B Span 20MHz Ch1 Base Freg Center 2.82 GHz 1B
4/3/2014,3:09 PM
v W
“
L3
Parameter Value Unit

Operating Frequency 2,823 MHz
Coupling Coefhicient 0.1
Quality Factor 10,000




g
Beam Arrival Monitor Signal

2826.25 Using LLRF @ ITF ( 10Hz, 200 pC, total 20 min)
MHz T 5000
LLRR g
2856 S 000 .
MHz 0 1 2 3 1 5 5 = :
T 4000 , : ,
g} 2000
29. 75 %
MHZ < 0 : . L : - : ? B
ADC | |
238 MSPS g:
N / : — J
3 4 5 B 7 8
g Time [us]
Matlab 05
Program

|

Amplitude, Phase

F‘haaermS [deq.]
=

| | | | |
a 200 400 GO0 800 1000 1200
Tirme [5]
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Beam Loss Monitor



Beam Loss Monitor

* 1 beam loss monitor per 1 undulator
* To protect undulator magnets

* Cherenkov radiator (acrylic or fused-silica rods) with PMT

Beam Loss Monitor




Beam Loss Monitor

Conceptual Design

Detector
power
Tunnel (+5V/-5V)
Gallery

Electronics

radiator

Cherenkov Cherenkovi . ol / 7
! radiator | _ i N |/

Proto-type Detector

s>

PMT | PMT
module module

LED
Pulser

Ctrl.

System

MIS
Network

Timing

PMT
module

LED
(for heartbeat)

PMMA rod
(for radiator)



BLM Head vs.

Optical Fiber —

Acc. Bending magnet
E-beam ' +—m Dump
43 MeV, 75 pC °
Screen T
Optical fiber Dllmp
Acc: 36.5 kV modulator V

Beam on
Screen on
Bending off

Beam Loss Monitor

BwL | DC50) (628

soval  \/oltage error = =100 mV

Beam Loss Monitor

Optical fiber

sovy  \/oltage error = £100 mV



Diagnostic Systems for PAL-XFEL

Beam Position &
Beam Energy

Beam Charge

Beam Size

Bunch Length

Beam Arrival Time

Beam Loss

Stripline BPM

Cavity BPM

Turbo ICT

Screen Monitor

Wire Scanner

Transverse Deflecting Cavity
Coherent Radiation Monitor
Beam Arrival Time Monitor

Beam Loss Monitor

49
10
54
9

10
26

<7um
<lum
<1pC
<10 um
<10 um
<20fs

<30fs
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Summary

e The PAL-XFEL construction was started 2011 and
finished at the end of 2015.

* The commissioning was started in April 2016 and
the first SASE FEL was observed at the end of June.

* For the successful commissioning, various kinds of
diagnostic instruments were installed in the PAL-
XFEL to measure beam parameters.
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Thank you
for your attention
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