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PLS-II & PAL-XFEL
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Pohang Accelerator Laboratory
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History of Pohang Accelerator Laboratory

« 1986: Pohang Light Source (PLS) project firstly
proposed by Dr. Hogil Kim (the 1st president
of POSTECH)

« 1988: Foundation of PAL (Supported by Mr.
Tagjoon Park) and initiation of PLS
construction

« 1994: Completion of PLS construction

« 1995: Starting of user service operation with 2
Beamlines

« 2009: Upgrade of PLS (PLS-II) was started

« 2011: Construction of Hard X-ray Free
Electron Laser (PAL-XFEL) was started
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‘ Quantity of Beamline Experiments
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Quality of Beamline Experiments
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Parameters of PLS-II
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Parameter
Circumference
Super-period
Energy

Beam current
Emittance
Emittance coupling
Energy spread
Momentum compaction
Bunch length

Tune (H/V)
Chromaticity (H/V)

Value

281.82 m

12

3 GeV

250 ~ 400 mA
5.8 nmrad
<1%

0.1 %

0.0013

16 ps

15.375 / 9.145
3/3
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‘ 36 Beamlines of PLS-II

ﬂORTH GATE
I 8C_Nanoprobe X-ray Absorption Fine Structure (Nano XAFS) Ty — (AP—XPS_KBSI) Ambient Pressure X—ray Photoemission Spectroscopy_8A2 I
I 8D_X-ray Scattering_POSCO (XRS_POSCO) ( (SPEM) Scanning Photoelectron Microscopy_8A1 I

I 9A_Ultra—Small Angle X—ray Scattering (U-SAXS) (XAFS) X-ray Absorption Fine Structure_7D I

I 9B_High Resolution Powder Diffraction (HRPD) (XNI) X-ray Nano Imaging_7C I

(SB I_KRIBB) Structural Biology |_7AI

I 9C_Coherent X—ray Scattering (CXS)

UNIST-PAL C&S) Crystallography and Scattering_UNIST_6D I

I 9D_X-ray Nano—Micro Machining (XNMM)

[ Insertion Device (ID)
[ Bending Magnet (BM)

- Structural Biology
- Materials Chemistry
- Eco—Friendly Materials
- Energy Materials

Nanomaterials Spectroscopy

- Spectro—Nanoscopy

- Industrial Technology Convergenceé
(Irce)

(BMI) BioMedical Imaging_6C I

I 10A1_Soft X—ray Nanoscopy (SXN)

(MPK) Middle energy Soft X—ray Spectroscopy_MPK_6A I

I 10A2_High—Resolution Photoemission Spectroscopy (H

(XRS_GIST) X-ray Scattering_GIST_5D I

I 10C_Wide Energy X—ray Absorption Fine Structure (Wide’XAl

(SB II_KRIBB) Structural Biology II_SCI

10D_High—Resolution Photoemission Spectroscopy |
X-ray Absorption Fine Structure_KIST
I (HR—PES I/XAS_KIST)

(MS—XRS) Material Science XRS_5A l

L —)
I 11C_Micro—Macromolecular Crystallography (u-MX) \\ \ (PES) Photoemission Spectroscopy_4D I

I 12D_Infrared Spectroscopy (IRS) (SAXS II) Small Angle X—ray Scattering II_ACI

| Public Beamline (XMD_GIST) X—ray Microdiffraction_4B I

B Exclusive Beamline
B Agreement Beamline

Spin— and Angle—Resolved Photoemission_IBS_4A2
(sarrES BT I

(U-ARPES) p-Angle Resolved PES_4A1 I

I fs=THz_Technical Building Il (fs~THz) (XRS) X—ray Scattering_3D l

I 1C_Time—-resolved X—ray Scattering (TR—XRS)

(SAXS I) Small Angle X—ray Scattering |_3C I

I 1D_X-ray scattering KIST-PAL (XRS_KIST) (MP=XRS) Materials Physics X—ray Scattering_3AI

subjects, 60&)0 visitors / year
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I 2A_Magnetic Spectroscopy (MS_MPK) (SMC) Supramolecular Crystallography_2D I




Operation Requirements
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<+ User Service of 190 days
<+ Beam Availability > 97%
- Maintenance of linac and storage ring
% 3 GeV Top-Up Operation
- Stable operation of linac klystrons
% 250 ~ 400 mA Beam Current

- Stable operation of three cryomodules

10

< Electron Beam Stability < 1 pm rms
- Operation of slow orbit feedback
< Photon Beam Stability < 2 pm rms
- Operation of photon position feedback by
using PBPM
< Electron Beam Stability during ID gap
change < 6 pm rms
- Operation of fast orbit feedback
< Single Bunch Current in Hybrid Mode: 5 mA

- Operation of transverse feedback system
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Measures for Beam Stability of PLS-II

o D cor Tune FB
Electron beam = — — ‘}’ Tune measurements
Vs Slbdion, IDFF Main Quad 1,2
A 1% ID gap measurements control
RFFB -~ ID corrector control 0.05 Hz
Fast Counter Corrector average
Kicker measurements """' TFS
Counteracts RF freq control --.' === BPM 250 MS/s
L 0.05 Hz ] Strip-line kicker
injection BPM Y"1 control
oscillation i ORISR |
X 1 Cell lattice S Ly L
\D or BM o =
straight Arc section-] straight Arc section-ll -

. BPM R T, G, Mechanical

@ D &} i alignments
PBPM FB ., - Few times per
PBPM SA (10Hz) “pBPM year
manipulate BPM offsets M
~1Hz SOFB FOFB

96 BPMs SA (10 Hz) 96 BPMs FA (10 kHz)
96 Correctors control 48 Fast Correctors
2 Hz control
“Photon 833 Hz

beam
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Operation Result

Beam Ccurrent
T

% Operation Parameter 0

- Beam current: 250 mA il | [ | | | | | | |
- Top-up mode injection _Beam Siza X | e | | | ]
- Injection period: 3 minutes 59‘“‘ s
- Horizontal beam size: 90 um T ‘rSize . ; ; ‘2 Tmeloes : ; ; ; ’
- Vertical beam size: 25 ym O YT
- Vertical fractional tune: 0.375 "L : : : ; : ; : : B
- Vertical fractional tune: 0.145 e l . ; ; : ]
£ "
e et T
: ; ; ; ; ; ; ; :

Timaldey)

10 days operation result (2023. 4. 26 ~ 2023. 5. 4)
12
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Fill Pattern & Hybrid Mode

% Various fill pattern

- Harmonic number; 470

- 400, 430, 430+1, 350+1, 340+3, 6OX5, etc. <) Untitled o i3
%300 + 1 hybrid mode Fill Pattern Control ™ [* [&
- 1st Transverse Feedback for equally filled 386 th Single Bunch (mA) [IISEE
300 + 1 (245 + 5 mA -
bunches (up to 3mA) t 1 12 mA) |
- 2nd TFS for unequal bunch (5mA serviced Bl ............................ ............................ o ]
in 2021) T | | |
Eal T S _
—
L
Sol _
q ; ; m——i—
I 100 <00 00 40
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‘ Beam Availability & Machine Faults (January 1, 2023 ~ August 1, 2023)

* Stability 2023 Fault Time: 19.07 hr
- Beam availability: 99.4% (3245.2 hr / 3264 hr)

- Mean time between faults: 120 hr

- Mean time trouble repair: 0.74 hr

L L L 1 L L L

3500 - -

3000 - . -Adsorbor
=) 1 Pickup
E 2500 + 1795 < Unknown
¢E> Control
£ 2000 n
= | I co
S
3 1500 [_Jcm

B L rF
& | I verF
» 1000
500
320 B 455 173 | 177

2013 2014 2015 2016 2017 2018 2019 2020 2021
Year
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Supper-conducting RF Cavity

LN, shield

Y
iy ,.:—!IE"" - o
m Insulation vacuum
! LHe vessel — | B
tu Tuner —— Nb cavity ]
= \ RF piggap =]
‘F_[Ei ItE 1
1 | D ]
RF coupler At A\
; P i
D > 4
: 5 m y
3 Cryomodules in Storage Ring RF from klystron B) JI- — J o 1
57 i
/
RF ceramic
window
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Cryogenic System & Major Faults
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jpuun] Buly abelolg

Heat Exchanger

For He Gas

499 973MHz

Waveguide
Superconducting RF
Cryomodule
g
_____________________ .
E
b
m
22 MV
300kW Max.
LV & HV POWER SUPPLIES _RF
Circulator
o D — R
T N\
Water
Load
RF System

By Younguk Sohn,
December 05, 2012

Low Level
RF

- Recovery 5
| - Compressor 3
1| 3 3
’| Heat 2 @
=]
|| ||| Exchanger v =
3 s
- Tt 3 2
i I | @ Main S
| || z Compressor
L =
-
’ x
E o He Buffer &
/ E T Storage Tank
J 25
.
. £ E
‘ ’—»— MCTL LN2 Line
= (5]
9| (8
- =
S
C‘.‘L:£| Heat Exchanger
L I
. ; Turbo
CV —GI—e_crL_ Eu 11-50K | Expander L__
CV-GHe_wr| L LN2
W% K 4T vaive Phase Separator
SiLee GHe Line Cold Box
Valve Box "
- (He Refrigerator) 3
LHe Line o]
w0
Specifications g
— # of SRF cavity: 3 @
= RF Voltage / cavity: 2.0 MV a3
FPa. Q
LHe Dewar RF Power | cavity: 250 kW 3

Cryogenic System

'

-

. " 8 " 8

RF power [ klystron: 300 kW
Amplitude stability: 0.3 %
Phase stability: 0.3

He refrigerator: 700W @4.5K
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. LN2 leak (2014/2/19~3/22)

. Turbine trouble

(2017/2/14~5/4)

. Coldbox controller trouble by

earthquake
(2017/11/19~12/12)

. Compressor control rack pan

mal-function (2019/9/12~9/25)

. Cavity #3 leak

(2019/9/26~10/22)

. Coldbox valve mal-function in

2020

. Cryogenic emergency interlock

by blackout in 2020

. Cavity #1 leak (2022/8/22)



PAL-XFEL Layout & Parameters
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304 2004
2 ps —*  300fs —*
Heater BAS{] BAS1
I L1
}{LIN
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

1l Ska
BOfs — > 20fs

BASE

HX Undulator (HX1)
BAS3H (2.5~128keV)

H 0 3| /I{F=#+—_ ’Xss

Dechi
DF2H echirper 10 Ge\!‘

Nt

BC3S | dump

SX Undulator (SX1)
(0.3~1.2keV)
mmemens .
SSS Self-seeding
L3S | DF2s

Dechirper BAS3S 3.15GeV
dump

Undulator Line WX s

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

17
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Operation History of PAL-XFEL

Apr. 2011: PAL-XFEL project started

5 =

Apr. 2016: Commissioning started
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'FEL Stability (12 hours, October 19, 2022)
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FEL Photon Energy up to 20 keV
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Profile Monitor HUIE:SCM36 28-Nov-2019 01:32:42

05

04

0.1

(((-¢/71.21d/79.065)/2-b/1094.7).%10.445).%180-0.0015774%¢121.6 ()

E-beam energy: 10.446 GeV (K=1.87 for 14.5 keV)

Energy loss measurement

Correlation Plot_Eloss 20.00keV 28-Nov-2019 01:54:41

067

03¢

# (((-e/71.2+d/79.065)/2-b/1094.7).%10.445).%180-0.001 5774 *g+2 1.6

_y = Aexp((x - B)z.-"Cz.‘-"Z) +D

A=0.48191 £0.033704

rB= 1.0254 £0.0047308

C=0.05653 £0.0050752
D =-0.016888 £0.0088925

+>/NDF = 0.00363
| rms fit error = 0.0582

T&E 15 1

g gﬁ e TR g

%

04 0.6 0.8 1 1.2 14
HBTL:MPS:CHOI:lcmd SP Current Set ()

Undulator K = 1.409
FEL Pulse Energy: ~0.48 m)J

1.6

20

BL:HX:OH:PD:analog in current 1 Current Channel 1(A) ()

%107
T

y (mm)

-0.5

Correlation Plot Spectrum 20keV NoAtten 28-Nov-2019 02:13:42

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

2 25 3 3.5 4
X (mm)

# BL:HX:OH:PD:analog in current 1 7

 Spectrum A= 5.8096¢-09 £1.1895¢-10

v=Aexp((x - B)z.«"Cz..-"Z) +D

B= 19.98 =0.00046897
k3 k C=0.021183 £0.00055836
I ] D=-3.8872e-10+5.8894¢-11 .
+*/NDF = 1.55¢-19
rms fit error = 3.86e-10

19.9

1992

1994 1996 1998 20 20,02 2004 2006 2008  20.1
F:BL:HX:OH:DCM:CTRL:Energy Set Set DCM Energy ()

Bandwidth: ~ 21.2 eV (rms)
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Highest FEL Pulse Energy

S ]
Lh
T
=

= Epeam: 7.325 GeV
" Ephoton: 7-13 keV SASE FEL

Bandwidth:
~13.0 eV

<
3F  Pulse Energy 26
= Norm. emittance at injector: = =3.18 mJ é Al
0.35 mm (hor) / 0.31 mm (ver) 229 i
p—
= Norm. emittance at Undulator: > Dt o .
o0 708 7.1 712 714 716 718
0.35 mm (hor) / 0.31 mm (Ver) g Photon energy (keV)
= Peak current: 2.8 kA z Loy _
7]
= Used undulator number: 19 ,_4‘? 1+
= XFEL pulse duration: 36.0 fs (FWHM)
0.5¢1
O* i* * £TT

-0.5 -0.25 0 0.25 0.5
Corrector magnet current (A)
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SASE FEL vs Self-Seeding FEL

SASE FEL at 6.99 keV Self-Seeding FEL at 6.99 keV
2018-05-3021:02:20.914 2018-05-31 00:43:55.456
10000 |
9000 00
" ~ 5000 -
& 7000 =
2 2
F 6000 g 4000r
= =
5 3
£ 5000 =
£ = 3000
E 40001 E
3 3
& 3000+ £-2000 |
2000
1000 F
1000 |
1 1 1 1 1 1 1 1 0 - - . 5 : - - -
6975 6980 6985 6990 6995 7000 7005 7010 5075 €030, €935 €950 €995 7000 7005 7010
Photon energy (eV) Photon energy (eV)
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Self-Seeding FEL

Self-Seeding was installed under collaboration with APS, LCLS and TISNCM (Russia) in 2018

Single-shot spectrometer

SASE Seeded .
Diamon v
e EEbe! | I PRl 3] ERIMEEEmEEEE-. —
roll
----F-------] I--------- L ] ] l
I I
UNO05~12 Chicane UN13~24,
Diamond (400) : Photon energy: 710 ke

C(400), E,=8.3 keV, n=0°, 6=56°
25

Diffracted

= 207 . Photon
E .~ beam
g | ]
B 10 f= (FWHM)
2 10}  e-bunch 1
E
o e
0 10 20 30 40 50 60 70
Tirre (£2)

100 pm thickness, 2 pieces
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Progress in Self-seeding FEL

« Photon Energy Ec = 9.7 keV 14

— SASE
—SS

« SASE FEL Energy: 2 mJ 12}

« SASE FEL bandwidth (FWHM) = 27 eV

-
o
T

* Averaged Self-seeding FEL energy: ~850 pJ ( ~1.5 mJ

o
T

for single shot )

[=3]
T

* Measured bandwidth = 0.35 eV (Resolution = 0.26 eV)

Average intensity (a.u.)

.

* De-convoluted bandwidth (FWHM) = 0.22 eV

« FEL Pulse duration = ~ 20 fs ol /Jt\

-15 -10 5 0 5 10 15
E-E_(eV)

« Peak brightness (photons/s/ mm? /mrad?/0.1% BW): 5 x 103>
24



Peak Brightness and Spectral Flux
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% 107V

& n

= B Seeded - n

= 36 n

o, 10 o SASE | 2z "o,

8 R = »

= = g

= L 1[ n
NE /\ ¥ ~10 £ /\

= i O = o

T . S X ~10

w1034 o =

— i

= u = O

IS e m|

a - = 10°F 9 g

) - @ i O

i o =

[

= 037 =t O
=10 ()

= o

= 7

g 1 1 1 I i 1|:| 1 1 L '] 1 1

& 7 4 R q 10 14 7 4 B q 10 12 14

Fhoton energy (')

Fhoton energy (ke

* For self-seeded FEL, almost one order of magnitude enhancements of the peak brightness

and spectral flux were obtained compared to that of the SASE mode

I. Nam et al, Nature Photonics (2021)
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Energy Scan for Self-Seeding FEL
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1400
-— - F:FEL_LENERGY
1200 t 1
¥ . Hyg % L f\ﬁ%\%
510000 4 ,ﬁ% G %{%’H g _
>~ % / \ E¥ % % % Lt”
% 800 | # ﬂ% ¥ 4
=
W 600
m 7.2 keV
o 400
200
0 1 | | 1 1
7.1 7.15 7.2 7.25 7.3

Correlation Plot 27-Nov-2021 04:19:58

F:HU1:RF:PhotonEnergy_Set Photon Energy Set (keV)

g 0]

Energy control for Hard X-ray Self-Seeding

« Range: Photon energy + 1 ~ 1.5 %
« e-Beam energy : Adjustable

« Diamond crystal angle : Adjustable

- -

1XSS

NCI
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HU1E:SCMDP
HU1E:SCM36 2021-11-23 01:25:08.642

Multi-Beamline Operation 2021-11-23 01:27:10.375 -
-E' 3000 > 800
E 2 2000 E 0 400
> 1000 >
-h 200
4 0
0 5 0

42024

~ Double Bend X 2oz
- Achromatic Dogleg
»HX @ 30 Hz

mm]

60 Hz
® @

3 GeV Small
Kicker

6°)
/. Symmetric
/. FODQ

e -

X [mm] 5 0 5 10
X [mm]

. |

New Branch Line | A

" ,"“‘ SU1E:SCM10 2021-11-23 01:27:19.144
|' i | 2021-11-23 01:27:18.921 0 600

|
— =
" E 0 2000 E 0 400
; \ =2 > 200
0
5 0 5 10 0

1 Septum +
3 Bending
magnets
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LLRF System for PAL-XFEL

RF-DS
PSI MIS EVR (Ref)
*g yy 7y
2 b step
L7 g 10 RF 9 _
a = 7 IF RF {I High power
© z 1o RF
6 @ RF receiver o
o AR —p Crl 2/ Modulator
o Interlock TrigEgE 7 Interlnck j'
N:um ADC l
. FPGA- F b | SSA
Industrial PC» rae ), ADC-  pacp——ap I RF o ARS-232
DAC i [ transmitter
- T L
‘[ 4 CLK Ref J<
LO & CLK
generator
LO h
(LLRF-Digital) (LLRF-Analog)

Poster ID: 43, Jinyul Hu, New development of X-band LLRF for PAL-XFEL Linearizer
28
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Status of 4GSR

K:S| =71 =28txia sz a

KOREA BASIC SCIENCE INSTITUTE
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() Korea-4GSR Project

A=l Fx

SHst7| et X| T
KOREA BASIC SCIENCE INSTITUTE
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4GSR Outline

** Multipurpose Synchrotron Radiation Construction Project
- Period: 2021 July to 2027 June (6yrs)
- Budget: 1.0454 Trillion KRW (= USD 750M)
- Land: 540,000 n} / Building: 69,400 n
- Location: Ochang, Chungcheongbuk-do

Specifications

- Beam Energy: 4 GeV
- Beam Emittance: less than 100 pm-rad (CDR: 58 pm-rad)
- Circumference: 800m

- Beamlines : more than 40

- Accelerator: Gun, Injector LINAC, 4 GeV Booster PA L Q
- Lattice: MBA-7 Bend Achromat ‘j ’
POHANG ACCELERATOR LABORATORY

K'BI st 7| =0t x| H

KOREA BASIC SCIENCE INSTITUTE
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‘ Project Timeline
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CDR

TDR

N
/|

Accelerator & Beamlines

N
/

Site Construction

)

Building & Facility Construction

>

E

K:BI etn7| =X | HATH

KOREA BASIC SCIENCE INSTITUTE
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Design features of Korean 4GSR

< High photon beam performance from storage ring.
- The best performance in the range of 10 ~ 30 keV.
- Capability to generate photon beam up to 100 keV.

< Considering well demonstrated technologies for the design.
- Off axis injection with conventional injection scheme
- General technologies for magnet and vacuum systems.

- On schedule user service and full performance.

% Synergy with PLS-II and PAL-XFEL.

- Supporting full range of synchrotron radiation application.

K5 =271 znstxi g

KOREA BASIC SCIENCE INSTITUTE
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Lattice Design of Storage Ring
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Parameters Value

« The storage ring is a 800 m, 4 GeV, 28-cell ring with natural | Energy (GeV) 4
. Circumference (m) 799.297
emittance of 62 pm :
Emittance (pm) 62
% The unit cell is a H7BA with 2 T center bend Tunes (H.V) 68.10, 23.18
“ It exploits longitudinal gradient bends (LGBMs) and reverse | Natural chromaticity (H,V) -109.6, -84.7
bends (RBs) to suppress emittance —
Chromaticity (corrected) (H,V) 45, 3.5
30 ' ' 180
-Quaq:ll:gionlzl radient bending magnet
55 :gee%rzglienjingmagnet e 155 Hor. Damping partition 1.84
Tgiﬁi?ﬁ?'ned?nfﬁﬁagnet Momentum compaction 0.78 x 10~*
= Octupole
“ = Energy spread (os) 1.26 x 1073
—~ 15 0 ~ Energy loss per turn (MeV) 1.097
E £
> 10 60 E
@ | ~ Beam current (mA) 400
= 5 0 Bunch length (o,) (mm) 4.058 / 16.232
, . # of Beamline 25 (ID)
28 (2 T Bend)
=2 [ | | 7| -30

0 5 10 15 20 25
s (M) K:3| 2271 2nexsozs
» KOREA BASIC SCIENCE INSTITUTE
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- Booster Parameter m\TORY

Length 772.893 m
Injection system Electron Energy 02-4  GeV
& Photocathod Gun & 200 MeV Linac Natural Emittance at 4 GeV 7717 pm rad
% Booster Ring : 2 Hz, 773 m, FODO Natural Emittance at 200 MeV 19 pm rad
% Injection & Extraction Momentum compaction 0.000925
Injection section Horizontal Tune 19.195 -
Vertical Tune 14.19 -
Natural Horizontal Chromaticity -27.7 -
Natural Vertical Chromaticity -19.3 -
Energy Loss per Turn 1671.3 keV
Energy Spread 0.107 %
Horizontal Damping Time 8.4 ms
Vertical Damping Time 12.3 ms
Longitudinal Damping Time 8.1 ms
Synchrotron Frequency 4217 Hz
Synchrotron Tune 0.01087
Bunch Length 11.17 mm 'T',_fu‘:;:
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Construction Site

PAL.2 poHaNG ACCELERATOR LABORATORY
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- PAL2 pouaNG ACCELERATOR LABORATORY

Proposed LLRF System for 4GSR

RF analog front board Digital control board

Number of
RF Input Channel :
f

Lo
8 _ | PBelbputChannel: SFP Optical
RFinput 1 O gana RE iter ]—-(é)-—[ Amplifier }—;[ Band pss e }—o IF Output E E Tranggiver
ADC
IF1 C Directional } { : : P‘aA
Monitoring coupler | ! F 485 Tranceiver
' T ! = Xilinx Zyng-Ultrascale+ Series
. : ;
v Q v Q i
RF Input 2 Band :;ss filter Amplifier }_‘[ Band p.:ss filter }_' IF Output K_ E A
1
ADC
)
IF2 Directional 3 { - ;
Monitoring K coupler i T i SORAN. G801, DoRs
] 1
H 1
Lo : :
H |
RF Input 3 Band F;Rans filter ]—@—-[ Amplifier ]_‘[ Band plans filter }_' IF Output } { % E
' 1]
1
IF3 Directional
Monitoring C m‘;g:a E T 5 PLL
1 1
1 |}
Lo 1 i
o~ RF F I '
REF Band pass filter Amplifier '—‘[ Band pass filter ] 3 { ! g ADC E Zync Module
]
REF i i
Monitoring C - :

—D IF Output
—b IF Output

~ ” Digital controlled IF )
RF Output 1 RF Switch ] [a“genuam(m)]-—[ Bond s ter 'o— From DAC

t Lo T
[ e e ]v.@é)_( o)

—

@) " Digital controlled IF @)
RF Output 2 [angnualo,(m)]-—[ Band pass filter ]n— From DAC

t Lo 1
RF ’
[ Band pass filter Amplifier ]

Yong-Seok Lee, Progress in LLRF system development for Korea-4GSR K5 2=7I=a=sxidATH

KOREA BASIC SCIENCE INSTITUTE
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SPI Flash, 128801

24V Interlock
DAC Power Down
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Status of KOMAC
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Korea Multi-purpose Accelerator Complex i Kz e

o One of branches of Korea Atomic Energy Research Institute (Gyeongju)

o Operation since 2013

e

. ’ ':: f!“-‘, P
Guest Hom" a




100 MeV Linac and Beamline J A —

Linac commissioning in 2013 \ FL |
General purpose beamline and user service starts (2013~) ‘\ "
Rl production beamline (2016~)
Low flux beamline (2017~)

Accelerator test beamline (2017~)

Prototype Rl beam production beamline (2018~)
Pilot operation of neutron beam service (2018~)

Total 4 proton beamlines are under user service at 2023

© © © © © © © ©
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n ] Pl )
100 MeV Linac and Beamline i Kensa e Eneroy

Features of KOMAC 100MeV linac Output Energy (MeV) 20 100
. 50-keV |njector (|On source + LEBT) Max. Peak Beam Current (mA) 1~20 1~20
+ 3-MeV RFQ (4-vane type) Max. Beam Duty (%) 24 8
* 20 & 100-MeV DTL Avg. Beam Current (mA) 0.1~48 | 0.1~1.6
* RFFrequency : 350 MHz Pulse Length (ms) 01~2 |0.1~1.33
+ Beam Extractions at 20 or 100 MeV Max. Repetition Rate (H 120 50
- 6 Beamlines for 20 MeV & 100 MeV ax. Repetition Rate (Hz)

Max. Avg. Beam Power (kW) 96 160
1] TUMHEL || . . a

DTL I & RFQ 4

OHARE
|~

(Tunnel)
Neutron beamline
\ J

4 )

(TR101) &
RI production BL
Under operation

e |FE L

Fowurcanm ry [| oPERsTI RHH

COLLECTON

(TR105) : L R L ey R T o | S
Test beamline & \_ B ||
\ I Pk L L P I e IS I L [ | = || []ELECTRICA RH
( 7T
o) (TR103) TR102 (TR23) Under user
bezrrgl)tg%%ﬁgilon GenBe[aLIJﬁgtregose '—‘gW'ﬂUg l)3|- Ger&eral purpose operation
i i Under operation
L beamline operation Under operation p

- Under test
operation
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100 MeV Beamline Target Rooms i Sz o

@ Application : Proton beam irradiation for general purpose
(material / nano-science, semiconductor etc.)
@ Proton beam
= Energy: 20 MeV /33 ~ 100 MeV
= Beam power: 10 kW @ 100 MeV
@ Status : in user service (2013~)

o ZOMeV TR(T R23) o 100MeV TR(TR103)

@ Application : Rl production: Cu-67, Sr-82, etc.
@ Proton beam

* Energy: 33 ~ 100 MeV

» Beam power: 30 KW @ 100MeV
@ Status

» Installation: Dec. 2015

= Started operation (2016~)

@ Application : Space radiation, Detector R&D, etc.
@ Proton beam

= Avg. Current : max. 10 nA

= Uniformity: < 10%, 100 mm X 100 mm

» Flux: 1x10°~ 1x108/cm?/ pulse
@ Status : in user service (2017~)
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100 MeV Linac Operation Statistics é?Q Korea Atomic Energy

Accumulated statistics (2022)

30,087 nrs 3,158 94.7 %

Annual operation plan

User service 28 weeks [& o Machine study 7 weeks & 3| Maintenance 17 weeks

96.5 % 96.1 % 97.0 %

94.7 % -
O—O\Q?E)SVO_O—O """ Availability

323L7hr 30384 h 31130k  meg™ 31315  3,138.9 hr

Operatlon
time

2017 2018 2019 2020 2021 2022

95.6 %

N N T 43
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100 MeV Linac User Statistics T i

= Period: 2022.02.28. ~ 2022.12.30. (133 days / 28 weeks)
= Number of project: 95

20 MeV - 6 projects, 100 MeV - 89 projects
i — ST

1. 1%
Etc.
User number Affiliation number 1.7% 39 1
Environment " cemiconductor
i Indust ' u
Institute Industry Y Y 16.3« / material
6 11
90 88 Biology
324 | 34
18.5
University University Neutron
146 17
23.9%

(Nuclear) Physics



100 MeV Linac RF System Layout i Kz e

I:l MO1

; $<106¥K105 K104 Y/K10 K101 ; i
MEBT
2

H

DTL'IO? DTL106 DTL'IOS DTL104 DTL'IO3 DTL102 DTL]O DTL24 DTL23 DTL22 DTL21 RFQ LEB1 Ion
T00OMeV 91.7MeV 80.4MeV 69.1MeV 57.1MeV 45.3MeV 33.1MeV O.OMeV 15.8MeV 11.5MeV 72MeV  3MeV Source

50keV
h b & b BB @& -t & & & & )

RCCSI07 RCCSIOS RCCSIO3 RCCSION RCCS24 RCCS22 RCCSO3
RCCSIO6 RCCSI104 RCCSI102 RCCS23 RCCS21
[ ] Modulator
o 12 tanks, 9 klystrons, 4 modulators W Kiystron
o 20 MeV DTL : 4 DTL tanks / klystron @ Circulator

mm RF window

[ SSPA
o 2~3 klystrons / Modulator @ Rccs

o 100 MeV DTL : 1 DTL tanks / klystron

o Resonant frequency control: Cooling water temperature by using
RCCS (Resonant frequency control cooling system)
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High Power RF System

Specifications

Maker THALES Canon
Model TH2089K E37621
Frequency [MHz] 350 350
Peak RF output [MW] 1.6 1.6
Efficiency [%] 58 61
Gain [dB] 43 46.5
Pulse length [us] 1,500 1,500
Repetition rate [Hz] 60 60
Beam voltage [kV] 107 105
Anode voltage [kV] 54 88
Beam current [A] 26 25.9
Weight [kq] 2,500 2,790
Length [m] 4.9 5.3

o Two types of klystrons are used
- TH2089K is modified version from CERN klystron

- E37625 is modified version from J-PARC klystron

o Filament operation time > 60,000 hrs

46
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)

Klystron Modulator s ey

WATER COOLING QIL PUMP
SYSTEM SYSTEM
(155¥5021500C) (155¥502307DC)
Features of KOMAC Modulator ooge moen momemew  awe
(1S5YSOZ4000C) (155YS025400C) ”m
2EACH

+ Peak Voltage : -105 kV pem
 Peak Current: 53 A —
« Pulse width : 1.5 ms i
* Repetition rate : 60 Hz Wt T T
* Duty cycle : 9% (1.5 ms, 60 Hz)

 Peak Power: 5.6 MW @
« Average Power : 504 kW ’

| EQUIPMENT CONTROL
-

-pul i |
12-pulse rectifier o HE _
Transf. .
f\} ; LC Filter

2.2kv
AC grid (+1.1 kV ; Squar t —I_ \\ Pulse DC _l_ Pulsed DC

+ noise 105 kV
60Hz 1.1kV) 20 kHz I |]ac 105 kv |
3.3kV +2.2 kV 20 kHz ——

Capacitor bank -2.2 kv 105 kv

16 mF x 7EA (parallel ;
x 2SET (pos., neg.) t I
Full bridge inverter |

(using IGBT) x 3SET  C-core type Nanocrystalline
120° phase shift (LC resonance with leakage
inductance of H.F. TR)
Turn ratio = 18

N N 7 T 47
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Low Level RF System s SR

Features of KOMAC LLRF

FPGA: Xilinx Virtex-4

« ADC :LTC2255, 14 bit, 125 M/s max.
« DAC : DAC5686, 16 bit

« Manufacturer : Pentek (U.S.)
 Model : 7142-428

 |F Frequency : 50 MHz

Lo Frequency : 300 MHz

« Sampling rate : 40 MHz (1Q sampling)

VME 5100 board | o
! CPU A LAN communicati

PCI communicatior] 7410 EPICS

(Monitoring, control)

PENTEK 7142 | ¥ H H P
PC infrface Commercial available digital board (PENTEK
|_3JDAC 16 bits] |50 MHz, 50 MHz, ® » 350 MHz |350 MHz | Switch RF
US?(EHEEGA A6 LPF i BPF Pl interiockf > ]Pre Amp.
VIRTEX-4 300|MHz " | Forwarg
Trigger 4XCAVSX55 1.6 MW(peak) v
RF dummy I
Cqupler
closk 300 MHz LO Window
- reference
40 MHz clock v
. Multiplier x4 L
Timing system 350 MHz Cavity
300|MHz 1
50 MHz 350 MHz [ 350 MHz | |
LPF -
BPr \ Pickup from 350MHz cavity
300 MHz LO reference
Oscilloscope 4] Dglggfor
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Low Level RF System s SR

o Iterative learning feed forward control was implemented to
compensate beam loading effect

- Feed-forward controller working parallel with feedback controller

- Feed-forward table is updated based on the error iteratively

P-type lterative Learning Controller

Stored data Wj

L
» Learning 5 + & Memory
function

»  Memory

v

Q

Q filter
Wit1]  Input
Amplitude 14 .|."f:_|:\ Error ej“. , F'Ifee%back Vis1 :@ Ujpq Plant Qutput J’j+1:
_T controller Cavity

Poster ID : 102, Haeseong Jeong, et al., Development status of LLRF system for KOMAC

49



50

Status of RAON



Rare isotope Accelerator complex for ON-line expreiements
(RAON)

@ Accelerator System
@ RI producing System

@ Conventional Utilities
@ Experimental System

Waste Storage
Assembly Bd

SRF Test Bd.
High Energy B

Guest House

IF

. HQ Office = g : ,.r;!
- s Accelerator e 4‘ —
Control Center SCL2 Jf o) 3 > o &
= ~ , =20 P e
: e S : o vl High Energy A
/’ ; Low Energy A - S
\\ .. 2 ; V’:} = g {
(i j Cryogenics Bd.
Utility Bd. . oAy »
Electricity Bd. oSN NS o ’
€ Campus Area : 952,066m* (including the reservation area of 144,640m*)
e 7]x € Building Area : 76,259m*(11 bldgs) with total bldgs. Area of 116,252m’
1‘§ institute 51
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Isotope Separation On-Line (ISOL)

ISOL (Isotope Separation On-Line)

Proton Beam Uranium Target Reaction Products RI Beam RI Beam
(ex: 1Mo, /Sn, '*IBa)  Separation (**Sn,Beam)

Acceleration of light atomic ions for collisions with heavy atomic targets

Production of large amounts of rare isotopes

o
7| et el
1 institute for Basic Science 52



In-flight Fragmentation (IF)

IF (In-flight Fragmentation)

Uranium Beam Carbon Target Reaction Products RI Beam RI Beam
(ex :5Ca, *Se, 1%Zr) Separation (19%6Zr, Beam)

Acceleration of heavy atomic ions for collisions with light atomic targets

Production of various rare isotopes

o
1S ZIEnetrei el
institute for Basic Science 53



ISOL + IF

ISOL +IF

. ! \ &
® @ O o ¢ Q| @
| | | | | | | | | |
[ I [ [ I [ [ [ | I

Proton Target Reaction RI Beam RI Beam Reaction RIBeam  Exotic
Beam Split Products Separation Beam Split Products  Separation Rlbeam

RAON will be the first kind of facility having ISOL and IF method combined
After producing rare isotopes with ISOL, RAON again accelerates them with IF

[
1O ZIEneraze



Rare Isotope Beam (RIB)

Driver

Primary Beam 80 MeV (p), 600 MeV (p),
Energy 18 MeV/u (U) 200 MeV/u (U) < S0 b (p)
Exper!ment KoBRA NDPS In-flight Fragment 1SOL
Facility Muon facility

L L High energy
- IF Separator Experiment Hall
Low energy -

Experiment Hall oo LT Bh

1*1 o W4 B god g o =T |

institute for Basic b('lence 55




Accelerator Systems (Test FaC|I|ty & Cawty Tests)

« SRF Test Facility: 3 Vertical Test Pits (3 cavities per pit), 3 Horizontal Test Bunkers
» Test all the RAON Cawvities:

22 QWR (82.25 MHz), 102 HWR (162.5 MHz) and SSR1,2 (325 MHz)

*"'“” fnoduie 162.5 0.12 66 146  15e+9 106  A/B=14/19 2.05
81.25 0 047 6.1 106  13e+s o
QWR VT Results Mo Target
Loces10 / 1.5e+9 @6.6 MV/m
pede g o ,”."-‘o\’ ,’é'..“‘.""fO\tlt.v.
{ » Sag
100E+10 #‘tkﬁm“ " y L 0w,y
“&! b ’! 1) 3 'V!‘o Yo o
1.00E+09 . i .“;.:..‘.E*?...&:“‘.:... ,3.. .
. 51T T B TR e T T
d N . #o ‘e ° .. .\' = %o, ."& e
L] d . o ‘e o ®e ®e,
1.00E+09 0.8 o. - L [N o o.\ .
1.00€+08 = w .‘
1.00E+08
1.00€+07
a 2 4 [ E] 10 12
Eqec (MV/m)
& QWR-A1{B) SOWR-R1I) SOWR-AZ)_2rd SOWR_#3(E) & QWR-A4{B) @ QWR-A5(B) @ QWR-A5())
O OWR-AG(b]_1st SOWR-NE(B)_2nd S OWR-AT) QWR-AE()_151 & QWR-#8(j)_2nd CWR-#9(j) SOWR-A11(b)

HWH ) e 16} £ ®HWREITY 5
HWR-#19(/) 109.2%) w #204)) 2% MWR-#21()) (20.18) HWR-#220) (1026} & Te
. 100E+07
& CWR-R11[) S OWR-H12(]] S TWR-A13(] S OWR-140] & OWR-A16(} CWR-#17} SUWR-AIB(]_2nd o 2 a & 8 10 12
j I ;l: J__" COWRMISN]_1st  ® QWRHIS[_Ind & GWR-0[) GWRAZIG 1t @OWRAZI[_Ind  OOWR-w22() # Target|2 de+8) Euee (MV/m)
institute for Basic Science 5 6



Beam commissioning started in Oct, 2022

* Cryomodule(CM) & Warm section is
assembled in the clean booth at tunnel
 Total Particle counts < 30 counts / 10 min

dET i -
1 institute for Basic Science 57

A o

' ‘ -t ke T
Compressors and Oil Removal System (WCS) Cold Box (CB)

Left warm side, right — cold side

TECH




HPRF SSPA System

Cavity Quantity | Frequency | RF Power RF Transmission
(EA) (MHz) (kW) Line
69 325 8

SSR1 3 1/8 inch EIA
SCL2 .
SSR2 144 325 20 4 1/16 inch EIA
4 RFQ (NC) 1 81.25 160 (80*2) 6 1/8 inch EIA )
MEBT (NC) 4 81.25 20,15,4*2 3 1/8 inch EIA MEBT)
SCL3 , : 150kW, 81.25M
QWR 22 81.25 4 1 5/8 inch EIA
\_ HWR 102 162.5 4 1 5/8 inch EIA )
P2DT & CSS HWR 4 +2 162.5 4 1 5/8 inch EIA
Superconducting linac #3 (SCL3) Superconducting linac #2 (SCL2)
QWR (22 sets) HWR-A (26 sets)  HWR-B (76 sets) SSR1 (69 sets) SSR2 (144 sets)

>

Gallery

Tunnel
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High Power RF System

o System characteristics (Solid State Power Amplifier, SSPA)

Parameters Unit Value Remark
QWR: 81.25 + 1 :

Frequency range (QWR/HWR) MHz HWR: 162.5 + 1 1dB compression

Power (CW and pulse) kKW 4 kW @ 0 dBm input with any VSWR

I/O impedance ohm 50

- . < 6 (-20dB range) within specified range from m

Gain linearity dB < 3 (-10dB range) ax

Input return loss dB <-20

Stability - Phase degree 1 water temp. 25+1 °C

Stability - Power % 1 water temp. 25+1 °C
O Status

* Installation of all 22 QWR, 106 HWR SSPAs
» Test of each unit was finished

» Supported SCL beam commissioning

HPRF & LLRF in Galley
1S Z1=nrerez e
institute for Basic Science 59 59



Low Level RF System

o Characteristics

Specification

Iltem Spec

Digital LLRF based on FPGA

Each cavity owns its LLRF, one by one fo afe .

Integrated SRF control & operation system RF Output 1

|nC|Ud|ng OPI with EPICS (RF feedbaCk, interIOCk, RF ADC AD9653(16 bit. 4 ch Serial)

protection, quench detection, monitoring, DAQ) = ’ ’

Pulse conditioning system for coupler and cavity SoC Xilinx Zynq Ultrascale ZUSEG
Accelerator RF Reference EPICS IOC In Al'm core Of Zynq
Timing System System

Clock Gen LMKO04828 PLL

SMA \
e

Optical
Transceiver

High Power

Amplifier ‘

- SMA e

Reflected
Pickup

SMA

/ Amplifier

EPICS NW Monitoring
Tuner Control

Production LLRF

LLRF I/O Interface
i‘t)S Z|Z=arsr-p 2l Poster ID: 62, Hyojae Jang et. al.,, Operation of a LLRF system for RAON low energy LINAC }’:

institute for Basic Science 60



Beam Commissioning (Injector)

 Beam parameter measurements (Allison scanners, wire

- measuring initial beam parameters (beam sizes)

- controlling beam optics
« Emittance measurement (Allison scanner, quad scan)

« Beams: Ar®* (~30uA), Ard* (~47uA)

Select the Section LEBT (14.5 GHz)

EAWS01x WS02x

BWS03x WS04 [ EmSx =
X rm {F
[mm] 319 449 226 35 527 151

cmEsEE EWS0ly FWS02y WS0y WS04y HEmSy

fmml N 522 203 399 253 X beam size

£ \
A
= / o N\ /
4 S = \ —~ A

o [ ) \ . iy \ -

e sze N — ~
g’
o -

Energy Atomic Beam Current  Massiu 8 b i
[MeViu] number Charge [mA] [MeViu] © (Vg - .
0.01 40 9 0.032 931.494 = q0k Y beam size i
- s} LEBT RFQ |
FndBeamPaamelers Do Agan
rms emittance  beta alpha = D Lexd
Z [mm]
X plane 0.034592 14713 041093
Y plane 0.033409 36314 0.8913 —
£,=0.035

e eal

Matching Quads Quad 1 Quad 2 Quad 3 Quad 4

Before Malching 0 0 0 0

After Matching 0 0 0 0

Beam emittance & parameters
61

institute for Basic Science

Y'[Rad]

scanners)

N

sigma = 2.53 ||
center =-1.28

\

\

Beam emittance

(Allison
scanner)

1o =0.058360

-

257023

emit_n= 0.0584

alpha= -0.433
beta= 850.5

3440

Y/[mm|

0.038 mm-mrad
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Beam Size Squared [mm?]
[} w P (%3]
(=] o o o

"
=)

0
-4.5

—-4.0 -3.5 -3.0 -25
Effective Quadrupole Strength [1/m]

Emittance comparison

Quad scan
(beam emittance)

-2.0

X Y

Allison

0.048 0.067

Quad Scan

0.041 0.038




Beam Commissioning (Low Energy Linac: SCL3)

1S

2|11

institute fo

Energy [MeV/u]

T{")
-
r Bas

17.5
QWR HWRA HWRB

15.0
125 40Ar9+Beam .......
10.0

Exp: 17.39 MeV/u
1.5

TRACK: 17.17 MeV/u
5.0

||"I='
2> " = TRACK
=  Phase Scan
0.0
0 20 40 60 80 100 120

SCL3 Cavities

Select the Section SCL31

HAWS0Ix  [FWS02x FAWS03x [ WS04x
s size
{mm] 2.0 0.86 259 137
EWS0ly WSy EAWS03y WSy
ms s
[mm] 228 1.07 27 13
Energy Atomic Beam Current  Mass/u
[MeViu] number  Charge [mA] [MeV/u]
05 0 9 0.032 931494
ms emitance  beta Iph:
Xpl 0.083 0503 3612
¥ plane o0 1376 5214
Matching Quads ~ Quad 1 Quad 2 Quad 3
Before Malching 0 0 0
After Matching 0 0 0

CIEmSx

0

O EmSy

0

8 T T T
sl ) WS data
X beam size
=4
A~

=2y - / /s AN |
§ - NS A AL N
E ‘[, Y beam size
@ N T / \ /
e _ Y Y,

bl

s MEBT SCL31

s , ‘ , , ‘ ‘

0 2000 4000 6000 8000 10000 12000

2 [mm]

£,=0.083, £,=0.075 mm-mrad
(normalized rms)

Beam emittances and parameters
with 4 wirescanners in the SCL31.

beam emittance & parameters
using wirescanners

« Beam commissioning of the 18t superconducting linac in Korea.

« SCL3 commissioning was done in May 2023, achieving 17.4 MeV/u (*°Ar®*).

 Achieved beam transmission was 64%.

—
Scienc

re1 7121
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High Energy Superconducting Linac (SCL2 R&D Project)

< SCL2 R&D Project : 2022. 12. 01. — 2025. 12. 31.
< Budget : ~$10 M USD (¥12,592 M KRW)

/

% Goal : Prototyping, preproduction and SRF Test Facility upgrade

I SCL2 R&D Project I SCL2 construction
(2022.12~2025.12) (2026~)
Preproduction/standardization Construction/commissioning
- 1 set of SSR1, 2 cryomodule - SSR1 (23 sets), SSR2 (25 sets)
- Vertical / Horizontal Test - Mass production
- Preproduction verification - Horizontal Test

- Installation / commissioning

institute for Basic Science 63
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- PAL2 pouaNG ACCELERATOR LABORATORY

Thanks to:

All members in PLS-II, PAL-XFEL, KOMAC and RAON

F‘?"‘-:::_-d;- N

._Fhank you for your attention!
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