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What’s PAL ?

Pohang Accelerator Laboratory is belonged to POSTECH
(Pohang University of Science & Technology). Private
Institute supported by Korean government.

POSTECH, founded by Pohang Steel Company (POSCO)
in 1986

PAL operates

— PLS-II (3 generation synchrotron): superconducting RF
— PAL-XFEL (4t Gen. Syn.): normal conducting RF

Pohang is one of industrial & Science cities in Korea.
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* Nuclear power plant for 2 years

* In accelerator for 26 years
- Magnet (especially superconducting) design
- Beamline (synchrotron light) design
- Superconducting system



Bird View of PAL Site

PAL-XFEL, 2 km long PLS-Il, 286 m circumference




PAL-XFEL Parameters
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Main parameters

e Energy

e Bunch charge
Slice emittance
Repetition rate
Pulse duration
Peak current

et N ~ Soft X-ray
B 2130 m |
| |
10 GeV Wavelength [nm] 0.1~0.6 1~45
20-200 pC Beam Energy [GeV] 4~10 3.15
ngI-rlr;m il Wavelength Tuning 0.6~0.1 4.5 ~ 3 (energy)
10 fs — 100 fs [nm] (energy or gap) 3 ~1(gap)
3 kA Undulator Type Planar, out-vac. Planar
DC (Phase-1) Undulator 26/8.3 35/8.3

SX line switching

Kicker (Phase-2)

Period / Gap [mm]



Milestone PAL-XFEL

2002 ~
Apr. 2011
Jun. 2012
Apr. 2016
Jun. 2017

Studying and persuading government
PAL-XFEL project started

Ground-breaking

Commissioning started

User-service started

€ 14 Jun. 2016 First SASE lasing at 0.5 nm
€ 28 Oct. 2016 Lasing at 0.15 nm

€ 27 Nov. 2016 Saturation of 0.15 nm

€ 16 Mar. 2017 Saturation of 0.1 nm: Goal




Klystron Gallery - PAL-XFEL

IPAC2017, COPENHAGEN, DENMARK,
2017 MAY 14-19



Linac Tunnel - PAL-XFEL

IPAC2017, COPENHAGEN, DENMARK,
2017 MAY 14-19

10



Undulator Hall - PAL-XFEL
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Storage Ring, PLS-II

PAL 2

Parameters Values
Energy [GeV] 3
Current [mA] 400
Emittance [nm-rad] 5.9
Harmonic number 470
No. of Insertion Devices 20
Electron energy loss / turn [KeV] 1242
RF frequency [MHZ] 499.973
Number of RF cavity 3
Accelerating Voltage [MV] 4.5
RF Voltage per cavity [MV] 1.5 (5 MV/m)
Klystron amplifier [k\W/each] 300
Cryogenic Cooling Capacity @4.5 K [w] 700

X PLS-Il has 32 beamlines (16 ID and 16 BM)



LINAC (3 GeV) as Injector

Injector LINAC

» Length = 170m

» 3.0 GeV, full energy injection

= 2,856 MHz (S-band)

= 10Hz, 1.5 ns, 1A pulsed beam
* Norm. emmittance : 150pymrad

» Thermionic Electron Gun

» 16 Pulse Modulators (200MW, 7.5us)
» 16 Klystrons (80 MW, 4us)

= 15 Energy Doublers (gain=1.5)

» 46 Accelerating Sections




PLS-ll Storage Ring

Beta functions (m)
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5.8 nm-rad
15.37/9.15
499.97 MHz
281 m




User Statistics
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Introduction
Superconducting RF System in PLS-I|
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3 SRF Modules @Tunnel
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LHe Vessel

70K Thermal Shield

Vacuum Vessel

Thermal Transition

Wave-guide

HOM Absorber

RF Window

CESR-3 Cryomodule, Designed by Cornell University
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PLS-Il, SRF 500 MHz Cavities

= Orbit stability @ high beam current to 400 mA

= High beam power W/ 20 insertion devices

Higher synchrotron radiation brightness,
order of 2 (100 times) compared to PLS

PLS-1l operated with 380mA topup mode,
But, nominal is 400 mA.
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Specifications of SRF System

Specification :
Resonant frequency [MHz] 499.973
....... R/Q[Q]89
....... Qo>1x109@vacc320Mv(~7MWm)
....... Qe137E5+/02E5
....... Frequency tum n g . ran ge(s tepm Otor)ﬂ . 50 kHZ w|thre solut|onof1 0 HZ
....... OperatmgTemperature[K]44
....... AcceleratmgVO|tage/Cav|ty[|\/|V]13_25(45_85|\/|V/m)
....... MaxRFPower(cw) /Cav|ty[kW]300(operat|on <200kw)
....... HOMRemovalFemteAbsorber
....... InputpowercouplerWavegu|de

* 300 KW in TW cw
* 150 kW SW cw at full reflection
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Superconducting 500 MHz RF Cavities

CESR Type




Accelerating Voltages @ Bare Cavity
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PLS-II Specification /
Q0 > 1.0E09 @VRF <=2.0 MV
dule t PLS-Il Specification
@cryomodule tes Q0 > 0.5E09@ 2.8 MV
@vertical test ‘
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RF Voltage [MV] @4.2K

e PLS-II C3 (3100-01)
e PLS-I C2 (3100-02)
e PLS-II C1(3100-03)
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Q0 Degradation, VT vs HT (SAT)

QO
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X Cavity 2 was less QO than spec. 1.0E9 @2 MV/m

@ Cavity 1 @VT
O Cavity 1 @HT
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Input coupler and RF window

oo oOo0uo

[

Waveguide transfer line coupled via a coupling slot.
Fixed coupling.

Solenoid winding for magnetic field biasing to mitigate
miltipacting (MP).

Waveguide disk ceramic window.

Each window tested to 400 kW (CW if possible, otherwise
pulsed, average power is usually limited by available RF
load) in traveling wave (TW) and >125 kW in SW.

Coupling adjustability is provided by an external to the
cryomodule 3-stub waveguide transformer.

Depending on the CESR operating mode, Q. is setto
1.5%10%, 2x10°, or 4x10°.

VACUUM SIDE
ALUMINA HSK

WELDED ALUNMINURA Ti COATING
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Window Conditioning & Test

® 9O days (~10 hours/day) for conditioning and test of RF
window at Test Stand @warm temperature

® Travelling Wave Mode; Spec.
- 8 hours @300 kW CW
- Max AT=29 C (<60 C)
- Vacuum pressure: 2.9~4.9E-9 mbar, no trip (<1E-7)

® Standing Wave Mode; Spec.
-4 hours @150 kW CW
- Max AT=47 C (#24), 56.5C (#25)
- Vacuum pressure: 1.2E-8 ~ 5.9E-9 mbar, no trip



Site Acceptance Test (SAT) @PLS-II

| eak Check: Cavity from atmosphere and He vessel
= Spec. (@warm & cold temp.) < 2e-10 mbar |I/s

Window & cavity conditioning
= On-resonance and off-resonance
» Pulse conditioning: 1, 2, 5, 10, 20, 50 msec and CW mode
» Repetition rate: primarily 10 Hz with 1, 2, 5 Hz

RF Voltage (Vacc) and Q0 Measurement
» Long term operation: 2.03 MV, Q0=6.8e8 (Spec: >5.0e8)
= Maximum Vacc: 2.5 MV (8.5 MV/m), Q0=6.4e8

Q external: 1.65E5

Tuner performance test: stroke > +/- 150 kHz, resolution <10Hz




Site Acceptance Test

Test-pit With radiation shield Cryomodule control system

1.00m 100M5/5 H13A 19 2012]

J e 333430p 1M points

hﬁ

11:04:27 )




Cooling with Liquid He

~15 hours: room temp. to 4.4 k

300

hold cooling
during 5h 30min

Y

250 - M‘&

/“*ﬁ.-m_._.

2L : —=—Cavity Bot
< ——Cavity Top
g W . ——He Heater
® 150 —+—LHe In @QVB
8 ///( ——GHe cold out @VB
E 1 / ——GHe warm

—+—FBT near
10 ==RBT near
50 4
0

13-1-2118:28 13-1-21 22:33 13-1-222:38 13-1-226:43 13-1-2210:48 13-1-2214:52

28



Conditioning Window & Cavity

Last 16 hours Aug. 14, 2012
1.E-06 . . ‘ ‘ : . 20
6:14:24 PM  6:57:36 PM  7:40:48 PM  8:24:00 PM  9:07:12PM  9:50:24 PM  10:33:36 PM
- 80
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Management, Cavity & Window Vacuum

SRF Modules' Vacuum Pressures
\ e CM2.Window =CM2.FBT 4+CM2.RBT oCM3.Window ©CM3.FBT -CM3.RBT +Beam
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= Partial warming-up cavity up to 40K

= Threshold pressure vacuum bursts >1 x 10° mbar 30



Partial Warmup & Cooldown
Mass-Spectrometer (RGA)

|ICURSOR Mass 7 Mass 12 Mass 16 Mass 18 Mass 28
|2013-03-29 Hydrogen [Carbon 12 || §Coovnen 16 [[fWater Nitrogen
15:08:10
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110
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Partial Pressure of Hydrogen (Black)

"\
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Partial Warmup & Cooldown

During partial warmup & cooldown with TMP operation

[CURSOR
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3) (06:07), 2.9e+9 mbar
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3" Harmonic Cavity for PLS

(Mar. 2004 — Dec. 2007)

For;

= Increase beam lifetime by lengthening e-beam bunches

= Reduce coupled-bunch instabilities from higher order mode (HOM)



Prototype 39 Harmonic SRF Cavity for PLS

PAL SRF 3H Cavity, Protype #1

» July 27, 2006
L LU o, o s, S L PO P 0, O O L L PO SO o PO O O O DO DO P S o
L7777 @ Test#1: cBP + CP (10um) + HPR (20 min) + Annealing (3hr @750c) + [-50 0]
L CP (60urm) + HPR (45 min)
oo A Test #2: Test #1 + Bakeout (12 hr @120C)

o0 | PV e g o

Unloaded Q0

~ Quench! _ _

Quench -
DesignLimt duetoshapes Vim0 10111
105 PR S S S I S SN SN NN N T SN S T ST M M T S N T T N S M

0 5 10 15 20 25 30

Eacc (MV/im) @2K

Prototype 3 H Cavity Cavity Performance from vertical test

Design/fabrication @ PAL, surface preparation @KEK, vertical test @Jlab.

First SRF Cavity developed in Korea !!
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R&D for ILC SRF

Cavity (KEK-Low loss) design by K. Saito
Design/Fabricating dies, jigs & fixtures by PAL

Fabricating two 9-cell cavities with simple straight beam pipe

Surface preparation and vertical test at KEK, Japan



Fabrication of 9-cell Cavity - PAL #1 and 2

19#6(PAL) 1st meas.
2007/7/10(Tue.)

‘ -réy started '

: --1----;'_;--:-'---5-Eacc=1 1.84MVIm ]
K "Qo=1.56e10

_____

[CBP({6+3)+CP{10um }+AN+EP(40um+D{USA, 2%, 1hr} 4

[+UPWrinse(5times)+US rinse(over flow, 1hr}@Nomura(7/4)" "]

| +tHPR{PW, 22rpm, 22Zmm/min, Thri@KEK(7/4) :
+drying 1 nightin class 10 cleanroom

[+Baking(120C 48hr)+slow cooling+100K (15hr)
(TOC=114-139ppb, Bacteria=00)

0 5 10 15 20
Eacc [MV/m]

.‘ e =2

!" - ."“ LR
i J 1] , - ;

LB B E0

. " , .\ A L\

- Max. Eacc = 27.2 MV/m



Results of Vertical Test for 9-cell Cavity

I19#6(PAL) 1st meas.
2007/7/1 O(Tue.)

« 3 Measurements of Eacc
- Average Eacc = 23.0 MV/m
- Max. Eacc = 27.2 MV/m

CBP{6+3}+CP{10um }+AN+EP{4C-um}+D{USA 2%, 1hr)
[+UPWrinse(5times)+US rinse(over flow, 1hr]@Nomura{7M)
| +tHPR(PW, 22rpm, 22mm/min, Thr)@KEK(7/4) :
+drying 1 night in class 10 cleanroom

+Baking(120C 48hr)+slow cooling+100K (15hr)

g |(TOC=114-139ppb, Bacteria=0-0)

0 5 10 15 20
Eacc [MV/m]
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Tack !
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(Gam-Sa hap-ni-da !)



