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Application

— Accelerating cavity
— Magnets

— Diagnostics

—> Dump

v Vacuum
v" Radiation
v" Control

v etc..



Particle Source

s PLS-II

Parameter Value

» Thermionic cathode = Thermal emission

v High charge

Beam voltage 80 kV
Bias voltage (VDCQ) 0-1000V
Peak beam current >2 A

Pulse width (FWHM) 2 ns

Repetition rate 10 Hz

4 (2025-03-28) | ‘A& (XFEL 71571 MO )
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PS —>| —>

 Particle Source

> Photocathode RF gun = Photoemission (& &1}

v" Short pulse beam generation

Examples of Drive Lasers

* Ti:Sapphire 39 Harmonic ~260 nm

. i th i~ o~
r’ . Neodymium 4t Harmonic ~266 nm

Harmonic Beam Aperture
crystal expander
| ~few ps, few uJ
Drive laser beam
Frequency divider Electron gun
LETlS

1/N
Photocathode

RF signal

Electron beam

5~6 MeV
RF coupling ~ 250 pC e‘beam

Examples of Photocathodes:
* Cu (metal)
Circulator * Cs,Te (semiconductor)

Klystron

KTA_‘ nj2}7 ¢ 747
- ol A

—



 Particle Source

Photocathode RF gun

2.5

LAR==

: cathode
BN LA™ W o




—> INJ —>

* Injector

> “IIE 2 YAE PEH B FH TG T

Equn || HVDECK
Pulse TANK

% PLS-II = Bunching

Gate Valve0l

or BM
LECT2 LIOTRI BAS!
. l

BPRM

» Buncher (2856 MHz / 350 ps) &m B

< — O O O O O
2 ns ... 2 5 bunch (every 0.1 s)
Energy
« Emittance optimization (space-charge compensation)
* Energy chirp control > Beam current (Pulse length) %\ ‘
N >
» RF accelerating field phase (2.856 GHz) k Time
i : : : Tail Head
e TR » X-band linearizer cavity (11.424 GHz) (Tail) (Head)
NN migoizors e

—



 Injector

SASE FEL pulse energy (mJ)

MS = = = =

3.40
3.20
3.00
2.80
2.60
2.40
2.20
2.00
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

bad
3

2023-01-01 2023-01-31

» lhjector

'_ Dj247]% 7k57]

NT=

HEolziord ALlct

S

emltgggﬁﬁz_getermlnes tqﬁl g
— o

Date

rrormance at end station ,
%ei Ho @—' g“a pulse energy & Injector emittance

—> INJ —> —>
- Emitt timizati
p RF input
D P PR T T Y R |; :;l Second mirror
— w mm = = - = = m == mmam — - mm = om - = - = . = mm mm 0=
L ¢ & | | | ]| L1 | & ;o | | | ]| N N N . 0'75
®~2.8 keV
0.70
® ~3.5 keV
~5.0 keV
0.65
~7.0 keV
hd ™
® ® ~8.3 keV
—
. @® 9.0 keV 0.60 g
[ ] ® - L =]
L d L ] ® o ® ®~9.7 keV ~
o [«3
] ® ]
® o
® s ®~11.0 keV 0.55 ¢
L] [ ) ® [}
L ] -t
®~12.4 keV b=
. E
® ® ~14.0 keV 0.50 @
e —_
L4 ® ~15.0 keV =
® —]
x
« . ®>15.0 keV 0.45
P x x
e O OPEN
« x
< ® - MS
0.40
® x
. X w - = USER
x < x X % % INJ emit
two color 0.35
=% Y
® L
0.30
2023-03-02 2023-04-01 2023-05-01 2023-05-31 2023-06-30 2023-07-30 2023-08-29 2023-09-28 2023-10-28 2023-11-27 2023-12-27 2024-01-26



Injector

- Energy chirp control

INJ

FERMI@EIlettra & SwissFEL Linearizers

FER\"/“p,
(@elettra

e-gun ~200 MeV ~300 MeV

FERMI@Elettra
layout

L1

BC1  g-peam

X-band linearizer caVity (11.424 GHz2)

T T l
oo S doe

(E)=0.194 GeV, N =0.500x10

=0.304 GeV, N2=0.500x101°

2f I
2
- = Iy
2, =~
g |
52 3 -
4 2f
2 0 1 2 -2 -l 0 1 2
. ‘mm z /mm
Deflecting
(%ﬂ_\é:xg) Harmonic cavity

SwissFEL
layout

Acceleration (S-band)

= e e

Compression

(X-band)

Dj247]% 7k57]
HEAHSY Attt

D)

NT=

—

S-band
RF-gun

LINAC12_XXVI Linear Accelerator Conference, Tel Aviv, Israel, September 9-14, 2012 21



 Accelerator

NT=

“*Time-varying (RF, AC) electric field for accelerating particle

v Traveling wave (filling in space)

v' Standing wave (filling in time)

+

|

—» ACC [ —>

Input Power from RF Amplifier

E (r=0)
A
Par}icle

ST
| '¢'J

Output Power
to Load

IO SVANNVA\

/ N\ /

B I VA VA VA V4 A

Traveling wave acceleration

¢ Plasma acceleration (Laser-driven, Beam-driven)

'_ Dj247]% 7k57]

HEolziord ALlct

*Animation from “Introduction to RF for Accelerators” by G. Burt

Accelerating mode
TMO10
1300MHz

Beam accelerated

accelerate

Standing wave
acceleration

11




Accelerator

% Accelerating cavity @
v" Normal conducting (Tube) - Traveling wave
v X £0] ©f 700 m
v 330 MeV = 11 GeV (Maximum @ HX) / 3 GeV (@SX)
= Accelerating voltage (Energy gain): 10670 MV (HX 7[Z)

ﬂﬁﬁ.mmn&n&n

—

HECIHSY At

ACC

12



—> —» ACC [ —>

 Accelerator

< Accelerating cavity @ PLS-II < PLS-II M Z&E (3)
v Superconducting = Standing wave v Energy loss: ~ 1 MeV per turn (3 GeV e- beam)

LN, shield

—= 1 ' o,

Insulation vacuum —

LHe vessel — |

[
_ Tuner —— Nb cavity
| \ RF pitiup
| g , ,
=
2\ |

s R LT ]
RF coupler A
[
RF from klystron »1—‘—— — = —
'_‘ Oj2i7|4t 7157 RF ceramic
A2 mgolziory Aretct window

—

13



—> —» ACC [ —>

* Accelerator
% Magnet v Multipole magnet

v" Electromagnet magnet
= Dipole magnet » Quadrupole magnet = Sextupole magnet

Focusing
(defocusing)

14



Accelerator

D)

NT=

—

% Instruments and Diagnostics

(@]
0
P
0
10
0z
Mm
e

Dj247]% 7k57]
HEAHSY Attt

41 mjato)

ACC [ —>

FITHFHA] EE FITH 7|

[

Phase probe

Ol LA Kl
Spectrometer magnet
X5t ) M= Integrated current transformer (ICT)

Faraday cup

128

Z 0| (bunch length)

Deflecting cavity (TCAV)

Cherenkov diffraction radiation detector

&l & (Transverse profile)

Screen monitor

Oll0I & A (Emittance)

Wire scanner

Slit scanner

Quadrupole magnet scan
Pepper-pot

Stripline beam position monitor (BPM)
Cavity BPM

Photomultiplier tube (PMT)
Ion chamber

15



Accelerator (Instruments)

X

= Beam position monitor (BPM)

| Beam trajectory (PAL-XFEL)

CaVIty BPM (XFEL)

X (mm)
'

y (mm)

Coow o [ or ] _on | s |[or ]

I I
"I ot
‘. T

250
200
150
100
50
% 100 200

Charge Lim

[ 30 ]

300 400

z Position (m)

600 70

0

800 900

1000

Stripline-type

—> —» ACC [ —>
N
. t M
[ e

¢ - ¢

(a)t=tg (b) tg <t < £fe
N

£ - i -
() Efe < t < 26/fe (d) 28/c(=7) <t

ATz

o

—

Dj247]% 7k57]
HECIHSY At

SQUID sensors

T60m
i_ _______________ -: I S i OUTER SIDE: PICKUP nl
i ihre i @ I PM2 Fibre ’W T FC " i
- - = P M4
i LR |
! Fibre coupled | | = ¥|
| | 780nm Laser | | M2 M I_. ]
. H f
- z Vacuum viewpart B
| INSTRUMENTATION ROOM I ic S el 4 I
P >
. I I
[ & (gnrnl fange I
. [
Setup A Ll:d A m’l(
EO BPM (CERN) | By,
160m | I
| et Fibre M 0 o |
FC 5

16



—> —» ACC [

* Accelerator (Instruments

=  Screen monitor (PAL-XFEL

INj - HL3A |HL3B ~END| sx | SU1E:SCMDP: Reconnect| SAVE | options [
2023/12/07 20:18:33.065 Information
10. 10.06
Name SX DUMP
X size 800 #& Screen Monitor 3 = 0
8 8 Y size 1040 ;
X scale 0.02060 mm INJ ~ HL3A |HL3B ~ END| sx | HU1E:SCM36: Reconnect  SAVE | Options }
6 4 6 Y scale 0.02140 mm 2024/06/07 10:49:17.078 Information
X offset 565 s d -0 | 40055 || Name H36
A ] A Y offset 470 0.8 - -4095 X size 1295
Update rate 2.00 Hz 0.6 - Y size 966
0.4] . = X scale 0.01840 mm
2 ] 2 Camera control 1 3200 -3000 Y scale 0.01320 mm
Num. of Camera 0  STOP 0.2 5 X offset 610
o —0 Exposure Time 0.000018 s 0 : Y offset 516
g ] (e 7209 1 Update rate 0.00 Hz
B Exposure Time | 0.000018- 0.2 - P :
2 4 =2 Gain 1 -0.44 1000 Camera control
Gain 1= -0.6 Y 2 Num. of Camera 0  STOP
4 -4 . 0.8 - E; Ti 0.000100
B siop 0.3 5 xposure Time X s
B g Exposure Time 0.0001=
. 1 . ] 2000 -4095
1.2] Gain 300
149 Gain 300=
8 4 8 1 -1500 2
-1.64 Acquire |  Stop
o 4 : -1.8]
10 10 5 ] 1000 Target Position
1232 S 122 22 - FY
10 15 19 752 6 244 -1000 Acquire
: -500 o & In
-2.64
X . 55 Color Style o -0 Beam (
Yo oy L] powes . o (= | ——
TR g 207 Profile Mode OFF ON | @ LED L ! B i o : (SISt ROl ouT Trans.
Height : Projection o — : 72 e IN Y 1000%
0 T T T T T T T T amera 600 Color Style
752 6 4 2 0 2 4 6 8 8.96 Simgile i : 0 JET
400 Power
Width 4.00/
Height: | 4.00] 2004 Profile Mode OFFﬂI @ LED
R - 63 Fremr e e e Projection
RN 0.0y 12141618 2 22242628 3 32343638 4 42444648 5 5 ’I i ON Camera
ingle line

Electron beam (PAL-XFEL SX) Photon (2.47 keV)

N U1 714
AN zizolziors Aot



* Accelerator (Diagnostics)

» Quadrupole magnet scan:

—> —» ACC [ —>

measurement

at the location A by measuring beam size at B for different Q settings

» Well-demonstrated method under uncoupled linear beam dynamics

v' Linear transformation of beam matrix under linear system

_._.LI_
A YQ B

(0} 0} 2 /
_ T v :[11 12] =[<x > <xx'>
Z:B — MZAM > 021 022 <xx'> <x'?>

M=y Yl

Gmeas — 1qiuadd2{)2)k2 +(2d€alqluad+2d2€ quad)k_l_( quad_I_Zd quad_l_dz quad)

» Projected emittance

= Normalized emittance

' oj2f7 |t 7147
r‘ 271 7h]

N
HEolzighy Atelct

€Exrms — det(X) = \/011022 — 0

€Exnorm — IB VE€xrms

|

18



PAL eLABs
@2025-02-21




* Accelerator (Diagnostics)

—> —» ACC [ —>

% Emittance measurement by quadrupole magnet scan for MeV-UED electron beam at eLABs

4 le-6

Q&

S
Parameters Value v 3

‘0
Beam energy* 3.08 MeV / 3.50 MeV % p)

3

Norm. X emit. (yBe,) 0.0806 / 0.0916 (um) IS
v 1

5

Norm. Y emit. (yBe,,) 0.0542 / 0.0616 (um) g
0)

|
a‘.‘

4 J

-

[ S
- ®

—=- ax?+bx+c:(a:2.007e-09, b: 4.218e-08, c: 2.416e-07)
—=- ax?+bx+c:(a: 1.777e-09, b: -4.488e-08, c: 2.920e-07)

*Beam energy determined by (diffraction pattern / bending magnet)

KTA_‘ nj2}7 ¢ 747
- ol A

—

Quad strenght K (m~—2)




« Application

s+ Beamline

(r“ oj2}7| g 74|
—

hhhhhhhh

App

v' Storage ring (PLS-II)

v Undulator (PAL-XFEL)

> &7 8& FATE Aot fE A/ FE

21



Application

% Storage ring @ PLS-II
(&)

User Beamtime
curront 300.33 mA

e K9kt User Beamtime . Em

2024.06.11.10:00 ~ 06.21. 10:00 Fill-Pattern: 299+1

I { | |
ld‘M 16124 20124 22124 4 nma 06:24
=18h =i6h =idh

ctron Beam Position X Y
|5=0:58 FOFB 1 #10,#12 (X, Y)BPM&Correc(orﬂIQli

‘ of. 5A%0.030 9A=0.000

(o Photon Beam Position 5A 9A

—> —>1 —>App—>

v 300 JHSl &Rt Y BIXIE SAI0 HE (300 mA)
- Bunch-to-bunch spacing 2 ns

v 8IS BXIDF scattering SO0l 2lof AIZ2H0] NIE+== 8dF Z 4
- beam lifetime

vV A5 &I RAE = A=FHA G =D
- Top-up mode (filling pattern)

M
)

06/20/2024 |
12:24:16

intenance - 06/21/2024
Enorgy 1.10GEY curront -0,01 mA Lifotime 0.00 hrs 11:34:47

- Machine Study ey~

2024.06.21,10:00 ~ 06.25. 10:00 Fill-Pattern :

1D Gap [mm]

0824
=4h

! | B ML
19:84, 2134 290040 0134 08734 -oma Y] 09134
-i6h “34h a2 -10h “oh -4h ~2h

XS vl Photon Beam Posltlon ~_5A 9A

vaf. BAA/A SASN/A

(T8 'S
aloals O .~l
= olole|= w




« Application

» Undulators @

v" Undulator
v' Beam-based alignment (BBA)

v Undulator tapering

o R

=N mzolztory At

App

23



—> —> —> App —>

*Undulator

PAL-XFEL HX Undulator
(permanent magnet)

i \
Incoherent i \ Coherent
A

radiation

radiation

Magnets
<)

Undulator
radiation

—4— Two-stage (ar:1.7/ay:0.4)

Electron

p—
(NS

Magnets

o
IN

X 2.47 keV gain curve
[NIMA 170458 (2025)]

I | | ‘ | | | | | | | | I
40 60 30 100

(A Distance (m)

FEL intensity (m])
=
o

|\ [ | T 1 \‘ T 1 | T

O
o

)
NS
o =

ot

RAch b7 AEAE S22 (2025-03-28) | AT (XFEL 7H57| RO &)

Yd ey



—> —> —>App—>

Undulator beam-based alignment (BBA)

Beam pipe (Undulator) Beam pipe (Beamline)

\'4
A\ 4

©

photon

P. Emma, R. Carr, and H.-D. Nuhn, NIMA 429, 407 (1999)
Phase H.-S. Kang, H. Loos, PRAB 22 060703 (2019)
shifter

Und Und Und Und f.
ﬂi—;ﬂ_ﬁy\-ﬂ“-ﬂ"-ﬁi oF——# &
DCM

X-band Cavity
BPM Quad

with individual mover

BPM reading [Ref] I. Nam, KPS'24 (2024)
'A‘ Of2H7 |5t 7147

NT=
TEQIAM ALt

—



Undulator alignment

o

NT=

—

v N AS 2L EHE AL
(Wire position sensor, WPS)

v X S H YO M= TAEOe] §2 A 2

wire position (um)

WPS'Y (8)

7:00

—28.00

—28.25

—28.50

-28.75

—-29.00

wire position (um)

-29.25

—29.50

-29.75

Il 1 1
7:30 8:00 8:30 9:00 9:30 10:00

time

WPS'Y (22)

9.00 —
WPS Y (1)
5850
c
Ssas
3
;aon F
Bos

7.50 -

7.25 1 L 1 L 1 1 L

7:00 7:30 8:00 8:30 9:00 9:30 10:00
time

7k
ol WPS'Y (15)
E [
59
=
Ses -
e

67 -

66 _ Il Il | Il 1

7:00 7:30 8:00 8:30 9:00 9:30 10:00
time
— p— :
> /A0 /et A/ EE5E
D222t 7157

HEIZIQHA ARIE!

Il
7:30 8:00 8:30 9:00 9:30 10:00
time

2 Al (6/12)

AY (um)

FEL in

1750
1500
1250
1000

750

FEL energy (u))

500

250

10 15
WPS number

\

J

C 1L

25

9.7 keV Self-see

ing)

26



Au Kz —- — —> App —>

Undulator tapering A= (14—

Hard X-ray Undulator Taper Control

g-Beam Undulator K Photon Wavelength Moving r -1---+---o—--+_-.+_.,_,_,_,_+_‘__$‘
!-4'5
1.8700 14.633 ke h
ol Mode P Disable | -
Initial Parameters Gain taper i.
e-Beam Fnergy GeV m E
& 1870 ent | 11 =
Photon Energy = 14.625 keV i :
0.085 nm Loss (MeV) : | 0.00)
! Quﬂd[‘ﬂﬁc -2 U J 20 S0 40 ] _.: i . ' J a0 a0 100 110
loss due to th isti kefield effect > |i energy loss due to the FEL lasing = quadratic - -
energy 10Ss aue 10 tne resistuve waketiela ernec inear Self_seedlng Sectlon
Undulator resonance condition Losing energy as

Electron beam energy at the i-th undulator radiating X-ray

MBiinear . i
Ei = Eipit + ﬁ . (l < nquad,start) @ / K = \/2 . < ); r_ 1)
o u

AEjinear . AEquadratic . 2, >
. 2" (l - nquad,start) (l = nquad,start)

(Ntot - nquad,start) .
Lower K according to

decreased e-beam energy
'._ Dj2471gt 7157
M=N mzoisiors seres
s [Ref] . Nam, KPS'24 (2024)

27



AT

—> —> —>App—>

Undulator tapering

Hard X-ray Undulator Taper Control Hard X-ray Undulator Taper Control

Undulator K

Post Saturation taper

Initial Parameters

.

¥ 14.625 keV
elength 0.085 nm

e. Index

-ulation

C
o
=000 oo o0

Linear Quadratic

Distanci

Undulator Selector

Undulator Selector

Undulator K Cal.

* Alarm ¢ Undulator K Cal.

Phase Shifter Cal. * Alarm

[Ref] I. Nam, KPS'24 (2024)

28



— — — > DUMP

* Dump

SU1E

SUQ16 suan suam §0.01 sD0z '
.I 1 Ip 1 1
| R | IR I

1 1 1 1 1

capm st capm sl capm_sisf] BPMSET BPM_SER BRI 553

HX @
Mt ——H——H =

CBPM.HZ3  CEPMHM CBPMKI BPMHE BPM_HE2 BPM_HES BPMIEL

HUE

900 1000 1100 1200

107
1072
103
10
10
10
107
108
10

< Z[CH 10 GeV AL &
'A‘ ajeio st 7447] v getelo] s

ra

Rl

I
kMO

O‘Il 600 700 800 900 1000 1100 1200

O|&
| Tl OH [1] Nam-Suk Jung, National Workshop on Radiation Safety in Particle Accelerator, 15 Nov. 2022, Seoul, Korea
NT=

— |

HEIZIQHA ARIE!

29



— > > —{ DUMP
* Dump
> PLS-II » Dump X 200 turn
|
» Turn off SRF ;
1
|
1
J J — Particle trajectories I
0ol |
| ' : |
4 s |
1
100 J \ — -10 I
0 10 1‘ s 0 I |
I b | I g ™)
g & I
| —
|
L I |
0 10 15 it 0 10 I 15 it
i
RF ON RF OFF '
|
v 7tRE A MEE o
v KE2= M QK| (20 X/Y) *Simulation by 20 =35} (4GSR 2= 2| X THA O &)
(‘r_A [ |t 7471 **Lattice for 4GSR storage ring was used

) HEQIZM Afict

30



Control (PAL-XFEL)

% EPICS (Experimental Physics
and Industrial Control System)

FEL Operation Mode =

LINAC Operation Mode

0 N I K
o | FeL frun 3

BC1CRM VAC

PhotonEnergy : 9.940 keV UND_K : 1.8692
FELEnergy: 2021uJ 350%

Beam End Point - SX BB
MOD LLRF Beam
Control Control Stopper

-

Photon Beam Control mis READY

L Shutter I—' o
[on [ore [ pass [mocx |
[‘on [orF \nulnm \m\wm

[‘on' [oFF [ETeie] [crose| | cLose

son Gl | FELTuring | Dall FEL Sa1 | BELEEL WHATT

e
da 2.5 ab b
R Tﬂr A b e L T e T e e ] e e T
" ! e Haj 1 u»l:
':' b bdle e s s At 7}
x|

Lavae Shuter

]

Qo7 nevs e Qs G E A GAO4 700 [N Gws 6

T

Cummot =5 HD_|

koane  Wooeuw  Woknw  Mloruw  Womwns  Mjconss W

I\

s oer Y onny  Wpon  memns
. . * . . . Sy [ RSN 3 .
- H - - - - . - - - - I Cat 407 A - . " -
W ok |V sl | W oamla [V mclh W amd |V owld PN |
wla
N e - o
s | ® W | o —
|8 ® o - . - N wan
v amla V amla |V wmk |V swla | W aml |V omla [V cwla
v e e an ame ame
[= UEf/18r /1= /1 S '
HMSolziokA Afeict

Modulator 1275 Klystron, HV, Interlock
R LLRF 51 357 SSA Status, Stability
Magnet MPS 645 9675 Magnet Current, Interlock
Laser Laser 2 20 Cleanroom Temp/RH, Power
/Sg];l)\l{/l 196 588 Beam Position, Electronics status
CRM 4 8 Intensity
Diagnostics

f M

PAL-XFEL Operation Monitoring Parameter

[Ref] S18H4, AT, =3, BYS

3, 2491, 4k=6 KPS’ 24 (2024)

Phase shifter Z3 >0 Gap value, Motion status
Motion Quad Mover 29 58 Positon, Motion status
Collimator 16 64 Positon, Motion status
Beam Stopper 3 3 Position
Gauge 129 129 Vacuum Level
Vacuum
Valve 83 83 Open/Close status
LCW 2 18 Temperature
Utility
Chiller 1 5 Temperature
MIS - 92 Device Status with Hard wiring
Interlock
PSI 28 41 RMS, Tunnel Door
Fic. Soft Interlock i 122 Status calculation device,
Beamloss
Attenuator 1 11 Position
Beamline Mirror 2 2 Position
GMD 2 2 Intensity

Total ~1.5k ~13k
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Control + Al (Machine learning)

| 2 Ontimization | | 2 Diaanostics

< Anoma

letection | 1
| 4th ICFA Beam Dynamics Mini-Workshop on
Machine Learning Applications for Particle Accelerators

/ O | C March 5-8, Gyeongju, Korea

ICFAMLXAPAZOH
30, 145001, 2023.
hop, August 2023.

lated Screen Images

n=2
n=1

ental Screen Images

\'24 (2024)

Argonne &

oy Machine Learning Applications for Particle Accel&rators
= il 457 (20244 3% BF) \

mu HER beam
vacuum gauges
MR tunnel. The CC
10 m on ave

The folle h
expected functionality
SuperKEKB: air leak:
frequent thermal cycl
radiation (SR) from |

0058
Solenald (Tesia)

¥yl \ Lipi Gupta et al 2021 Mach. Learn.: Sci. Technol. 2 045025
SuperKEKB MR. One

ans, four straight sections, and one
and DOI Tsukuba (Belle T1).

2469-9888/24/27(6)/063201(12) 063201-1 Published by the American P ~1 A~
S 1

’ ey, F- - I — =

FIG. 1. Layout of the

Pa—_ Destieten Lo Work in progress
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« Operation (PAL-XFEL)
% Beam tuning = Machine learning > 2! Z/%X/2} & 53}

v RIEIY AW SRSt Y X ™3t > H A 10~12M 2t &8 (B 79 B Z/Z 2 A, 0] 9.5 keV)

<
NS
=
o
0z
=
i
Pl
FO
-
_Olﬂ
rir

A% M A~ 0|F B& (0 5.0kelV, 10.0 keV & SX)

FEL Tuning - HX

Cs-Studio = [m] x

WMOD H

PAL-XFEL Tuning G Ope v FEL Se iz
HX

- i
Load PV List

HU1 BBA

HL HL3A sBL OH SHUTTER Rate ] 5|75 | Laser Shutter

FAS3 ‘ELOCK| PABS |BLOCK| PABE |BLOCK‘ g OPEN Elos 60,0 60 Hz | OFf ‘

INI

V-offset Scanning 0 i: ® Qnen GUI

CLcK
RF Phase Scan

FEL Check
Set Energy (LEM)

INI _ S
Open OPI/ GUI

CLICK
Meas. INJ Emit. 60,0 | Meas. Emit. |

Quad Matching
(HL4 & HU1)

Nt
Qpen OFI / GUI

CLICK
HL1 Q@ Matching [ Meas, Emit. [ Quad Matching |

Tapering
P S Scanning
Meas. & Save

[
14 FEL Tuning HX 52 =8

=M EE

(PAL-XFEL HX Tuning®l Al 201 &)

S5t 7|7

1 Introduction
2 FEL Tuning Procedure
3 Electron Beam Optimization (Accelerator)
3.1 Injector (INJ) Optimization
3.1.1 Emittance Measurement
3.2 HL1 Optimization
3.2.1 OPI - HL1 Q Matching
3.2.2 HL1 Emittance Measurement
3.2.3 HL1 Q Matching

3.3 HL4 Optimization
3.3.1 Set Linac Energy
3.3.1.1 HL4 Emittance Measurement
3.3.1.2 HL4 Q Matching
3.4 HU1 Optimization
3.4.1 HU1 Q Matching
4 Photon Optimization (Undulator)
4.1 Undulator BBA
4.1.7 Instruction
4.1.1.1 HU1 BBA
4.1.1.2 Energy Change
4.2 Undulator V-Offset Scanning
42.1 Instruction
4.3 Undulator Tapering
4.4 Phase Shifter (PS) Scanning
4.5 Self-Seeding (SS)
4.5.1 Instruction
5 FEL Measurement
5.1 E-loss Scanning
5.2 Spectral Bandwidth
5.3 Pulse Duration
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Electron Linear Accelerator for Basic Science




= Introduction to PAL eLABs

g g;lc:rilg?d gf:)alier:loid |Def|ecting Cavity | |Dipo\e Magnet | Faéiiay

Solenoid [Dipale Niagrnet | q u pl -i - i 3 i E ;
| Ll 1, 1y | | ,
e : . W E%'"' 1 “.I H o | ..@' =
o} L | S , N | | i L \
: -COR:m I 3 - / ! |COR03| |CORD4| i % i E i i i ESM x Faraday
| e fea . [ - 3 o | fows] L\l
0 | z(m) 0 14 1 6.7 85 102 2(m)
» MeV-UED* experiment » Advanced accelerator researches

v' Beam energy: 3-5 MeV v' Beam energy < 70 MeV

v" Beam charge < 1 pC v" Beam charge < 300 pC

» Experimental demonstrations * Research plans
v' Al, MoO3, Bismuth samples : : : .
P v" Demonstration of various beam diagnostic systems

v Photoneutron production and detection

v Cherenkov radiation monitor

*Ultrafast electron diffraction

'.A_‘ oj2i715t 7447
AN zizolziors Aot

—
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= Photoneutron Production and Detection (Mahdi Bakhitari) @2023-05

v' eLABs linac operation (70 MeV)

Measurement using neutron 1- Fast neutron measurement setup 2- Thermal neutron measurement setup
time of flight (TOF) method

Dump

®=16cm

g

D 3 (&

ngsten *

2
'3
=

~
[

i

Electron energy: 7v iviev —
Electron charge: ~ 300 pC

or /12571
T

’ il Soco Mo

W target
5cmx 5cm x 1.75 cm

Electron energy: 70 MeV
Electron charge: ~ 300 pC

W target
5cmx 5cm x 1.75 cm
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» Microwave measurement for pillbox cavity

v" Resonant frequency, quality factor (*VNA), impedance (using **TDR)

» Beam position monitoring using conducting wire

> Electron beam operation of eLABs

*VNA: Vector network analyzer

/ N **TDR: time domain reflectometr
KT_‘ j247]t 7147] /
" Il ArTH
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= Microwave measurement for pillbox cavity

> Pillbox cavity: Normal conducting standing wave cavity
» Microwave measurement:

v Resonant frequency
v" Quality factor
v" Frequency tuning

v Impedance

% Vector network analyzer (VNA) & time domain reflectometry (TDR)

ﬂﬁﬁ.mmn&n&n

—

HECIHSY At
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= Figure of merit (‘45 X|) for cavity

o TH& ool A o

[0

2 = A=K 7tot= X[

> Resonant frequency (&7 FIt5): Cavity T+ A2t

- Cavity = RLC 2| 2 > Cavity T+ &+ Inductance (L) & Capacitance (C) 2F &2t

v" Frequency tuning (Mechanical, cooling temperature)

» Quality factor (Q): 7t% M S ZOtLE ol o2 &5t

EOiL; 22 7 XS4

v 7tE IR A|ZH0| Tt &2 & (Time domain)

Energy stored in cavity

_ 27Tf0U

Time average power loss

Ploss

v &7 FI5=2} 3 dB bandwidth Zt2| H|& (Frequency domain)

> Q =10% 100 MHz &% HOﬂ 100 Hz bandW|dth

> Field profile (bead-pull method)

Field profile measurement
'A oj27|ut 7} 7| (Bead pull)

r= F2olziorM Aloict

d

fo

i




* Resonance frequency of pillbox cavity a ([\

2. Time-varying electromagnetic field (wave) in the cavity

3. Frequency of EM wave depends on the mode (due to periodicity)

1. Maxwell's equations with boundary conditions for cavity (cylindrical conducting cavity K/
<

% Transverse electric (TE) mode = No longitudinal electric field d

% Transverse magnetic (TM) mode = No longitudinal magnetic field

% Transverse electromagnetic (TEM) mode: Coaxial structure

4. Resonance frequency for pillbox cavity (TE, i, T My modes)

TEoq ™, A8 o TEy

c AR 2 (em\°
TE _ Pnm + o ™ _ & (19"_7") + n
nml = on a d nml = on a d




= Geometry of pillbox cavity (& &)

Cavity 1 Cavity 2

HIX| = (mm)

95

35

c o 2 e\’ =
TE __ nnm
nmi = 5 (a) "‘(d) Z0| (mm)

80

155

L= (GHz)

Fundamental mode ‘

1.207 (TMO010)
1.922 (TM110)
2.080 (TMO011)
2412 (TET11)
2.575 (TE112)

2.686 (TE111)
3.161 (TE112)
3.275 (TMO010)
3.415 (TMO11)
3.731 (TM012)

Prm Prm
n Pn1 Pn2 Pn3 Pn1 Pn2 Pn3
0 3.832 7.016 10.174 2.405 5.520 8.654
1 1.841 5.331 8.536 3.832 7.016 10.174
2 3.054 6.706 9.970 5.135 8.417 11.620

'.A_‘ oj2i715t 7447
AN zizolziors Aot

—
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» Resonance frequency estimation

Analytic calculation

v. 1916 B4 bit (AMDGA)]

tod e Frequency

1,2073e+00 GHz
1,9223e+00 GHz
1,9223e+00 GHz
2,0802e+00 GHz
2,0302e+00 GHz
2, 2205e+00 GHz
2,4127e+00 GHz
2,4231e+00 GHz
25746e+00 GHz

bod e Frequency

2 6863e+00 GHz
2 6864e+00 GHz
3.1608e+00 GHz
3, 1610e+00 GHz
3,278he+00 GHz
3.4150e+00 GH=
3731 1e+00 GHz
3,7998e+00 GHz
3.8125e+00 GHz

- W o0 =1 M = g =
— O o0 =1 M O = a3 =

0 2,5938e+00 GHz 0 3,8130e+00 GHz

CST simulation (Eigenmode solver)




» Quality factor evaluation

» S parameter (Scattering parameter)

v Y8 Uz OH =8 = 9| H

V Sppra== T ZE /pb=UH

ex) S11 HIALE Y, S21 Rt E

S-Parameters (dB)

9

10
Freq (GHz)

11

12




= Instructions for using VNA

» VNA measures the response of device to the signal in frequency domain

1. -’F—Ef ':é."-cu’—| A7 (ex: 1 GHz ~ 3 GHz) FRRtion kit

3. DUT (Device Under Test) 12 & =%
> S11,S21, S22

4. Marker & O|28A S110]| XAV} &&= Fhbg= EFAM

5. &% Fot A2 Z Bandwidth A At A Quality factor 58
6. Tt HeE F57IH Et=
- .
& Froim

—




* Time domain reflectometry (TDR)

» TDR measures the response of device to the signal in time domain

Zy =Vo/ly
v" Discontinuous impedance reflects the incident (voltage) =====- O
wave flowing through the transmission line = J_l_ or LI
Vo
v" Amplitudes of incident and reflected wave 0
- Impedance of device under test V0+ ‘ ‘ —
______ £\
A4
v Z;:Impedance of stripline
V0+ + Vy v’ Zy: Impedance of transmission line (50 Q)
L= — 40
V0+ - VO v V4 Incident voltage wave amplitude

v Vy : Reflected voltage wave amplitude
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= Beam position monitoring with conducting wire

D)

NT=

—

v Move the conducting wire in the BPM

v Change signal amplitude (beam charge)
v Move the BPM with fixed wire (alignment)

Dj247]% 7k57]
HEAHSY Attt

B Real-Time Plot

A€ Q=B

Beam monitoring GUI (Python)

Freg. (GHz): 0z Sat
27 ¢ Volt (V) 0,80 Set
RF On/Oft
Eoor - G
= %y
Pulse Mod.: Mod, On/0if
—27 m 1 _ Update Time (s)
_'2 0 ‘2 100 12
30 W (rama)

Quit

Run

=]
=1
L

,_.
=]
! L

amplitude (mV)
s -

|
[*]
=]

S LB e

Waveform (CH1, CH2, CH3, CH4) [”

6000

7000

CH1;
CHZ2:

CH3;
CHA4:

+X
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* Principle of beam position monitoring (Pickup)

» Pickup BPM: Button-type BPM, Stripline-type BPM

v AXHOIM Ho| BEE HY| ASE SH

v =2 AS 37|90 HIE £ HIO| k| 2ol > FY M= 7|7 ZCt = o] S40i| /ALt
> ZH Mz JT|7FCHECE = BI0| SHC 22 H O|SULt
Yyl 2 y | 2 y |2
® Beam
1 1 0,y)
® - ® "
A~ 3 X 3
3 Beam X Beam
0, 0) (x, 0)
4 4 4
V=V, =V, =V, Vo=V, V3>V Vi=V; V>V,

A N
E‘ Aot ol (V3 —V3) ~ AAx (Vo = V4) ~ BAy

hhhhhhhh



= Start-to-end operation of eLABs

o R

=N mzolztory At
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