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I
PAL-XFEL

Apr. 2011: PAL-XFEL project started
(Total Budget: 400 M$)

Apr. 2016: Commissioning started
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PAL-XFEL Parameters

30A 200A TkA 3kA
2 ps — > 300fs — >  60fs - 20fs
HX Undulator (HX1)
Heater BASO [ BCH BAS1 BAS2 BAS3H (2.5~12.8 keV )
., Te———— 3
Ll I I L l-I/—’I/lﬂ_ i 4'\‘
Gun L3B DE2H Dechirper 10 GeV
dump
SX Undulator (SX1)
[BC3S | (0.3~1.2keV)
| DF2s
Dechirper BAS3s  3.15GeV
dump
Main parameters Photon energy [keV] 24~15 0.28~1.0
e Energy 11 GeV Beam Energy [GeV] 4~11 3.0
e Bunch charge 20-200 pC )
Wavel hT Ener Ga
Slice emittance < 0.4 mm mrad avelength Tuning = it
Repetition rate 60 Hz Undulator Type Planar Planar
Bunch length 5fs—50fs Undulator Period / Gap [mm] 26/8.3 35/9.0
Peak current 3 kA

SX line switching Kicker Magnet
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Beam Service Statistics

Beam Service Availability (2020.1 ~ Cases Of Service Downtime
2020.7) (2020.1 ~ 2020.7)
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User Service Schedule
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FEL Energy in 2020
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FEL Optimization Process

1. Beam based alignment in undulator section
2. Lattice matching in undulator and linac

3. Undulator offset tuning

4. Undulator gap tuning
5.
6.

Undulator tapering tuning
Phase shifter gap tuning
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Undulator BBA

= Beam positions are measured at four different beam energy: 4, 5, 7, 10 GeV
= BPM offsets and quad offsets are calculated to get dispersion-free straight orbit

= All cavity BPMs and quads have its own mover which can move up to +/-1 mm
with precision of 1 um for horizontal and vertical directions
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Wire Scanners for Lattice Matching

Beam abo _
dum Self-seeding
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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

70 ; T > Matching HU1 02-Dec-2017 02:25:52
00 1 5 J/ Old (kG)  New (kG)
? ~/ 500 -78.447 -104.709
= - Ve _ -32.837 71.327
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@ - -
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After Lattice Matching in Undulator

Emittance Scan on HUL:WSM10

02-Dec-2017 02:43:20 Asymmetric Normalized Phase Space
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Undulator Offset Tuning

« Finding of an undulator mid-plane by vertical offset scan
e To use the optimum field region in an undulator

UND
[ — i — - — - — R F— FEL Photodiode
1e—9 HU1:UN13-0-OFFSET
ffset = 0.034. mme. ... . o o l
1.55 Q...S.e_E 0(?3 ml?n. : .: e
o Y

Ipp (arb. unit)

~0.20—0.15-0.10—0.05 0.00 0.05 0.10 0.15 0.20
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Undulator Gap Tuning

x107°
Tryv=(al+ad(g-a2) erfe(-(g-a2)/a3) +a5 +tabg ] ]
al =3.2707E-9 +2.7678E-11
L a2 =9.0536 £3.3702E-4
a3 =0.016153 +4.6752E-4
| a4 =-1.5499E-8 + 3.6233E-10
ad =-7.9066E-9 + 1.648E-9
a6 = 1.2935E-9 + 1.8342E-10

DCM energy scan [ HU117 gap = 10 mm ]
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Undulator Tapering Tuning

ay Undulator Taper Control . Hard X-ray Undulator Taper Control

or Show Apply

Phaotor Wavelength

Wavelength ne

St Couastllarex— E

Disable PS Cont Disable

Gain taper Post Saturation taper

9 11 tial K .87 Se t : 8 9 11
20 20 20 I E . | k ment 2 20/ 20
-45.00 0.00) 0.00 0. I E v . -80.00 0.00) 0.00

Post Saturation taper

0
Distance (m)

V]
] T

Undulator Selector Undulator Selector

Undulator K Cal.

Phase Shifter Cal.
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L
Phase Shifter

Phase shifter delays the path of electron beams
compared to FEL radiation.
Scanning the phase shifter is a control option for phase

delays of electron beams.
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—
Phase Shifter Gap Tuning

« PS gap scanning with the FEL power measurement
« To find optimum PS gap in the tapering condition

UND PS
r— o —  —  (— r—— FEL
:=I_l )~ | B Photodiode or QBPM

PS scanning
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Phase Shifter Scan
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C. H. Shim ef al,, Phys. Rev. ST Accel. Beam 23, 090702 (2020)
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FEL Optimization using Phase Shifters

1.8

16! ——gap scan
" | |¥—calculation set
—+—without PS

T Phase shifter scan
/

:;1.4'
Eq2}
1.0
08!
£ 0.
— 0.6
02|
0

| 4 times enhancement

Phase shifters are fully
opened.
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Pulse Energy Statistics

Long-term (10 hour) Photon and electron energy jitter
T T T T T T T T T T T 160 i

20+ - I SASE FEL
% 140 HC___] Electron beam
£ PN NSNS Pope R F AT AP g e A
%” 15} - 120 P~ X104
g 1 Jitter : 4.33 % in rms % 100
LUJLI I 0 % intensity jitter: 3.1% 4.3 /o g BD I
> é 0.6 o B
v T 04 3.1% S 6o}
~ 05F 3 . - T
& 52 Short-term (3 min.) in & max 10

OD 0.5 1 1.5 2 25 3 3.5 - rn ean
00 | ) ) Tim[? (minute) ) . . | | | | 20 F
12:00 13:00 1400 1500 1600 17:00 1800 19:00 20:00 21:00 22:00
Time (2018-12-06) 0 1
0.1 -0.05 0 0.05 0.1
: Energy Jitter (%

- FEL beam pulse duration 24.7+0.7 fs (FWHM) nergy itise (%)
- M, (= %*7/452) 112 Electron jitter: 0.012% rms
- Fluctuations after saturation 3.2% Photon jitter: 0.025% rms
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Self-Seeding Project History

« Collaboration with APS/USA, LCLS and TISNCM/Russia
— Design of Diamond crystal monochromator by APS
— Diamond crystals fabricated by TISNCM, Russia are checked at APS for its property
— Engineering design by PAL staff and fabrication by Korean company

— Feb. 2018: Installation of HXSS

« Commissioning of PAL-XEL HXSS

— Oct. 2018: Nominal bunch charge 180 pC for 7,8. keV, crystal offset calibration with crossing
points of self-seeding (Collaboration with LCLS)

— Nov. 2018: Seeding for 3.5 keV with 30 um crystal and 14.4 keV (Collaboration with LCLS)

— Aug. 2019: Seeding performance improved with laser heater

— Oct. 2019: Optimized peak brightness and bandwidth for seeding at 9.7 keV, 14.4 keV

FALI2 poHANG ACCELERATOR LABORATORY
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Hard X-ray Self-seeding

= Schematic of hard x-ray self-seeding with a diamond crystal

Diamond (400) : Photon energy: 7-10 keV
C(400), E.=8.3 keV, n=0°, 6=56°
Diffracted
e B Photon
E beam
_g 15| ]
Rl 10 fs (FWHM)
£ 10 e-bunch
P
1] L m
0 10 20 30 40 30 & 70
Tire (15)
100 pm thickness, 2 pieces
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Previous Results (Nov. 2018)
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=1 l = ‘ ; 3 z 6 -
' : & S | 06ev
i % 4 o} B ?F-Svf_"’M) a4} FWHW)
v W W w
c 1 | = [ [
: /\ - = — : 2MM |
. = H___fh_k___h- " . J\&% 0 T ] 0 )
20 10 0 10 20 20 -10 0 10 20 20 -1 6 10 20 -20 0 20
E-E_(eV) E-E_(eV) E - EC (eV) E - EC (eV)
(¢) -20
: 150
¢ s |arge portion of pedestal ) ——
-10 5 il [ =elt-Seeded
z % 100} pill
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Laser Heater

X, y-scan stage
i y g

IR laser E*"g / E = U g S
i i —~ \ Polarizer
Spllttef

Photo-Dic‘aﬂa/Filter

Screen
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- LH OFF (SASE)

20 | o
Seeded Peak vs Laser Heater a o %WW\MWM
SR —/
w12 E
= 0
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< 25 5 1 =
LL © y—
- — 0.6 o
W o5 =) 10.6 &
' »n 0.4 0.6 © Slice energy spread
(]CJ I O increases, but more
5 L— - - - = 0.2, " ©  smoother
15 20 25 30 —= ol | | o 4 L modulatior
o at LH (keV) 5 20 25 30 : LH ON (Self-seeding)
€ LH ON i
Slice energy spread is 20l
minimum but slight g0
modulation is still -20 | | -10 0 10
remained. 10 5 0 5 10 s (um)
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L
Results for Self-Seeded FEL at 9.7 keV

4 : : .
« Photon Energy Ec = 9.7 keV 7 | Zave. secded wio Lt @ | =
."é‘ 3| — Ave. Seeded w/ LH = 100
. > 1 — >
« Averaged FEL energy: ~850 pJ ( ~1.5 mJ for single shot ) S ﬂ Ly {ra=am o
@ 2 EOZ% i
« SASE bandwidth (FWHM) = 27 eV > e fev“;) >
2 2 2
 Measured bandwidth = 0.35 eV (Resolution = 0.26 eV) PC_’- T 4“5’ 10
® - i = 0] :
De-convoluted bandwidth (FWHM) = 0.22 eV 5 55 0 5 - 10
 FEL Pulse duration = ~ 20 fs 5 E - Ef: (eV) |
. . _ ) - gg\esdid w/o LH (C) )
« Chicane time delay = 30 fs 2 | ZsecdedwiLH =
S 6] 1 1 5 10°
- Bragg orientation = [115] o Soeh =
S 4 03 )
* Diamond thickness = 100 um (c100) %‘ Bandwidth (eV) *§>,‘
S 2 3 107
 Portion of SASE in seeded FEL: ~6 % = ‘ <
O h
« Fraction of energy enclosed within +1 eV : ~ 80% -5 25 0 2.5 5 -10
E-E_(eV) E-E_(eV)
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Peak Brightness and Spectral Flux
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« For self-seeded FEL, almost one order of magnitude of the peak brightness and

spectral flux is enhanced compared to that of the SASE mode
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- Profile Monitor HU1E:SCM36 28-Nov-2019 01:32:42

Extending FEL Range up to 20 keV

(YAG) screen monitor
located 42m
downstream from the
last undulator

y (mm)

E-loss measurement

Correlation Plot_Eloss_20.00keV 28-Nov-2019 01:54:41 2 2.5 (w ) 35 4
T T T T T T T X (Imm
0.6  * (((-c/71.2+d/79.065)/2-b/1094.7).¥10.445).*180-0.0015774*g+21.6 iy %107 Correlation Plot Spectrum 20keV NoAtten 28-Nov-2019 02:13:42

Tr # BL:HX:OH:PD:analog in current 1 5 b
y=Aexp((x-B)~/C/2)+D
A =5.8096e-09 £1.1895e-10

6 Spectrum % B= 19.98 +0.00046897 |

y=Aexp((x - B)z.-"Cz.-"E) +D
A =0.48191+0.033704
04 rB= 1.0254 £0.0047308 .
C=0.05653 £0.0050752
0.3 |- D=-0.016888 +£0.0088925 _
>/NDF = 0.00363
| rms fit error = 0.0582

FEISEEE LN
o %ﬁi e R g

02t % ]

04 0.6 0.8 1 1.2 14 1.6
HBTL:MPS:CHOl:Iemd_SP Current Set () 199 1992 1994 1996 1998 20 2002 2004 2006 2008 20.1
F:BL:HX:OH:DCM:CTRL:Energy Set Set DCM Energy ()

C=0.021183 £0.00055836
D=-3.8872¢-10 £5.8894¢-11 .
Y>/NDF = 1.55¢-19

rms fit error = 3.86e-10

n
T

(3]
T

BL:HX:OH:PD:analog_in_current 1 Current Channel 1(A) ()
LFS]
T

(((-¢/71.21d/79.065)/2-b/1094.7).#10.445).*180-0.0015774*2 1 21.6 ()

FEL Pulse Energy: ~0.48 mJ

Undulator K = 1.409 Bandwidth: ~ 21.2 eV (rms)
E-beam energy: 10.446 GeV (K=1.87 for 14.5 keV)
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Two-Color FEL Generation

« Two-color FEL generation was tried in 35[ | A
PAL-XFEL for the first time in 2020. * BLHXOH:PD:analog.in_current_1
3 L
« 8 and 12 undulators were used before 500 eV
and after the self-seeding section. 2.5 7 T -
2

. i 1
9.67 and 9.89 keV FEL pulses were ' Pump;9.67 keV, 72 u gﬁ

Photo Diode Intensity (A.U.)

obtained successfully. 1.5
lculati X scale : lm %
1T " Probe: 9.89 keV, 142 u
el E s s
: 0.5+ | | |
: 9.6 9.7 9.8 9.9

Photon Energy (keV)

- 200
| 07 08 00 10 1L 12 48 14 49 16 A7 18 19 20 2l 22 2 24 as
Undulator ID

Photon Energy Measurement Result of Two-Color FEL
Undulator Gap Setting for Two-Color FEL Generation
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Energy Doubler (SLED) Tuning for 10, 30, 60 Hz Operation

< Cooling water temperature control of energy doubler

- Repetition rate: 60~ 10Hz 60hizse 30Hz 10Hz
1L
1 &7 %7 97 o]
Lo LO 4 A

= 4 1 L] ] % —

6 1= 1= 1 MOD21

=] A= (S, 1
T . JeBTe] 1 !
E 2842 1381 .1
TolES B _qE C1EE] ~
221=" 12940 1= & SLED Output Power[MW]
o376 {23708c0ds ]
o— 5 Jo o S
é 12 _E -';% 17 1 SLED Surface Temperature[C]
50188422 109 P )
[ 2 EM {0 'O%'
o= 3 {281="
=12 19 9c4-
_ 4-. 10 o {0 & e .
o= Wo-s Je KLY Reflection[MW] -
@D_go'w“’:w 18 1o 1 |
$odE5Te 16837 5 f
=—1 152138] ]

ICES

2] ] ] 8] = SLED Cooling Temperature[

8= 3 o= 5 - ' ' -

T 13:.00

2018-08-10

SLED Qutput Power[MW] KLY Reflection[MW] SLED Surface Tem Coali

« SLED can be simply tuned from 10 Hz to 60Hz by water temperature
control after one time mechanical tuning.

1. 60Hz: SLED temperature 0°C (27.75 °C)
2. 30Hz: SLED temperature 0.4 °C 1 (30.15 °C)
3. 10Hz: SLED temperature 0.55 °C 1t (30.30 °C)
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Simultaneous Operation of HX and SX

|

« We have completed modifying SX
branch line during Feb. 2020.

« The optics of the new kicker-SX branch
line was confirmed by using a DC kicker
magnet power supply.

« The pulsed switching FEL operation at a
low repetition rate (2 Hz) with an AC

kicker power supply was succeeded on
August 2020.

« The preparation of the HX-SX sharing
mode operation by using a 60 Hz
pulsed kicker is ongoing.
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Magnets for HX-SX Parallel Operation (Continued)

HX, SX branch section

| sextupole
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User Beamtime Operation Status

2020 Beamtime summary

User beamtimes between Mar 25 through May 12 were moved to Jun 28 through Aug 30.
Maintenance schedules in summer shut-down were minimized.

170 days of user beamtime was maintained.

YV V V V

Remote experimental supports (so called “mail-in service") were provided for foreign users.

2021 Beamtime operation

» From 2021, remote experimental support (so called “mail-in service”) is no longer available.
» At least two users are mandated to participate for sample handling and conducting experiments.

» User beamtime will resume in March after one month of regular maintenance period.
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