


Acceleration

e Lorentz force

F =q(E +vxB)

» Electric field inside Maxwell's equation
V-E=4np
10B

VxE=———
C ot

* Electric field inside Electromagnetic wave
1 0°E

e ~-V°E=0




Types of Accelerator (by charged particle)
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Gustav Ising (1924) published the first concept of the
linac using a series of accelerating gap.

Rolf Wideroe (1927) built an 88-inch long, two gap
version.

Luis Alvarez (1947) achieving 31.5 MeV proton with
Alvarez-type resonant chamber.

Strong focusing is introduced inside the drift tube.

|. M. Kapchinsky and Vladimir Teplyakov (1971)
proposed the radio-frequency quadrupole (RFQ) type
of accelerating structure.




Types of Accelerator: RF linac 2/2

* William Hansen (1947) constructed the first travelling-
wave electron accelerator at Stanford University, and
accelerated the electron beam to 6 MeV.

* This research expanded to a size of 2 miles (3.2 km) and
to 50 GeV (SLAC).

SLAC produced three Nobel prizes in Physics.

Now, the linac was converted to XFEL called LCLS.



Type of Accelerator: Cyclotron
* Ernest O. Lawrence (1932)

Magnetic field bends
path of charged particle.

Square wave
electric field
accelerates
charge at
each gap
crossing. &




Type of Accelerator: Synchrotron/Collider

* Cosmotron (1948~1966) at BNL
* Proton up to 3.3 GeV

* Tevatron (1983~2011) at Fermilab
* 980-GeV p and anti-p

« LEP (1985~2000) LHC (2008~) at
CERN

e 209 GeV e+e- (LEP)
e 14 TeV pp (LHC)




CERN (EU) @ Geneva, Switzerland




Future Circular Collider (FCC): 21BEuro by 2040
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
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1st Stars L .
about 400 million yrs. |

Big Bang Expansion

13.77 billion years



Robert R. Wilson (1914~2000)

First Director of Fermilab (1967~1978)
Congressional Joint Committee on Atomic Energy (April 19, 1969)

Wilson was among a number of scientists who testified in Washington, DC before
the Joint Committee on Atomic Energy concerning a proposed multimillion-dollar
particle accelerator to be built in Batavia, lllinois. Despite the key role physicists
played in ending World War Il, some members of Congress were skeptical of paying a
hefty price tag for a machine that did not seem to directly benefit the U.S. national
interest.

During Wilson’s testimony, then-senator John Pastore bluntly asked, "Is there
anything connected with the hopes of this accelerator that in any way involves the
security of the country?"

"No, sir, | don’t believe so," Wilson replied.

"It has no value in that respect?"

"It has only to do with the respect with which we regard one another, the dignity of
man, our love of culture. It has to do with: Are we good painters, good sculptors,
great poets? | mean all the things we really venerate in our country and are patriotic
about. It has nothing to do directly with defending our country except to make it
worth defending."




Synchrotron Radiation

Synchrotron radiation angular distribution

_ p: power
) SO 3. acceleration

€): spherical angle No radiation along acceleration direction.

dP  ¢€’lal*sin’©

Strongest radiation at perpendicular direction.
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Electron Orbit
Acceleration
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Casel: % << L
At low electron velocity (non- When the electron velocity
relativistic case) the radiation is approaches the velocity of light, the
emitted in a non-directional emission pattern is folded sharply
pattern forward.
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First man-made synchrotron radiation (1947)

General Electric betatron built in 1946, the origin of
the discovery of Synchrotron radiation.

The radiation was named after its discovery in a General
Electric synchrotron accelerator built in 1946 and
announced in May 1947 by Frank Elder, Anatole
Gurewitsch, Robert Langmuir, and Herb Pollock in a
letter entitled "Radiation from Electrons in a
Synchrotron."” Pollock recounts:
"On April 24, Langmuir and | were running the
machine and as usual were trying to push the
electron gun and its associated pulse transformer to
the limit. Some intermittent sparking had occurred
and we asked the technician to observe with a
mirror around the protective concrete wall. He
immediately signaled to turn off the synchrotron as
"he saw an arc in the tube." The vacuum was still
excellent, so Langmuir and | came to the end of the
wall and observed. At first we thought it might be
due to Cherenkov radiation, but it soon became
clearer that we were seeing lvanenko and
Pomeranchuk radiation




First observation of SR from galaxy

M87's Energetic Jet. The glow is caused by
synchrotron radiation, high-energy electrons spiraling
along magnetic field lines, and was first detected in
1956 by Geoffrey R. Burbidge in M87 confirming a
prediction by Hannes Alfvén and Nicolai Herlofson in
1950, and losif S. Shklovskii in 1953.

The supernova SN1054 was observed by
Chinese/Japanese/lslamic astronomers in the
year 1054. The pulsar (the bright compact
emission) produces highly relativistic electrons
which themselves produce synchrotron radiation
in the magnetic field of the nebula.




Generations of Synchrotron Radiation
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Insertion Devices
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Average brightness (photons / sec / mm? / mrad? / 0.1 % bandwidth)
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Progression of X-ray source
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Spectrum of Radiation Source

Chart of the Electromagnetic Spectrum
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Aerial View of PAL (July 27, 2016)
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Brightn
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Emittance ~ (source size x divergence)
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Coherence
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direction of
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ldeal Source of Light
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(} ]x )\Ilu ‘]\l Radiation emitted from light bulb is chaotic.
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N | [ | Monochromator can be used to obtain temporal coherence.
|1\ “3‘ ‘ “\ ‘1 “ “% ‘\ (11
1' { /‘:;‘ Il | I
/1 i 11 [ |
| Pinhole and Monochromator can be combined for coherence.
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‘ | ’ Laser light is spatially and temporally coherent.

A. Schawlow (co-inventor of laser concept), Scientific Americans, 1968
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Single molecule imaging

Ordered Structures Disordered Structures
Equilibrium Phenomena Nonequilibrium Phenomena
Transient States

Era of Disordered Matter
Coherent X-ray Probes

future H. Dosch (DESY)




Limits of conventional light source

e Difficult to use X-ray crystallography to samples which are difficult or impossible to

crystallize.
* protein molecules with membrane proteins
* some of whole cells
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Coherence Wanted

20 um pinhole

X-ray holo‘graphyt

Le ns‘%s s Iinaging at the nanosc cale

The fHalloween storm’
How the S y ic

mask and sample

Lensless imaging

: Au mask
Of magnEtIC SiN, membrane
nanostructures Magnetic film
by X-ray
holography

S. Eisebitt, J. Lining, W.F. Schlotter, M. Lorgen, O. Hellwig,
W. Eberhardt & J. Stohr / Nature, 16 Dec 2004

i
LenslessimagingF1.ai




Needs for Shorter Pulses

* Intense X-ray with long pulse damages biological samples due to

photoelectric effects.

* Note that the minimum pulse duration length of 3rd generation light source ~ 10

ps due to quantum nature of ISR and CSR.

Q 2 fs (FWHM) X-ray pulse

getting structural information’ before damage
t=10fs = 20fs t=50fs i

t=21fs {=2fs t=5fs

~ 3.8X10° photons per A2
with 12 keV photon energy.

and S, respectively.

Energy

F Total
""" Kinelic

o
]

- Potental __~""

— 2

ST SR

s

|
—50 0

Time (fg)

Nature Vol 406, p. 752 by R. Neutze

1%108

Explosion of a single protein molecule (T4 lysozyme)
white, grey, blue, red, and yellow mean H, C, N, O,

kd mo

Particle stream %%‘
2

X-ray beam

Classification Averaging

Orientation

Single-molecule coherent diffraction imaging

Pulse monitor

Diffraction pattern
recorded on a
pixellated detector

Reconstruction



Free Electron Laser (FEL)

E-Gun Linac Undulators X-ray beamline
_— <@

Low emittance High gradient
e- beam dump ‘




Mechanism of FEL: SASE

Self-Amplified Spontaneous Emission (SASE)
A wonderful instability !

The initial random field of spontaneous radiation in an undulator is amplified
in the medium of a relativistic electron beam traveling through a long

undulator to intense, coherent radiation by strong interaction between
radiation and electron beam.

1 )

-1

0

z/A

At entrance to the Exponential gain Saturation
undulator regime (maximum bunching)

(J. Madey, H. A. Schwettman, W. M. Fairbank, IEEE Transactions on Nuclear Science, 20, 980 (1973))


bunching animation.mov

XFELs are extremely brighter and ultrafast!

XFEL 10

Synchrotron

12 photons
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Note: Synchrotron sources are much higher rep. rate than XFELs



Worldwide light sources

Emittance/y’ (pm rad)

1E-3

1E-4

1E-5

1E-6

1E-7

1E-8

L | lllllll

v llllll'!l

Y PLS-I

ELECTRA 2.0
-~ ®

Off-axis injection

-
: ¢y SLs-I
T. L ALS-U S - -
L. <@ o Diamond-I|
T . -~ SOLE'L'U CLS'”
- . -~ .
L ~
>~ o 90 pmat3 Ge
- . : ’b\ \ %

-

. ~

10pmat6GeV . >

In(e /v°) ~ -3 In(L) -

[l 1 1 1 1 1 1 L

oL T~ Korea-4GRBs Uy

HEP®

in operation

planned/study
construction/commissioning
PAL-4GSR, PLS-II

Sz’ring—S—II

PETRA-IV_

200 300 400 500

Circumference (m)

600 700 800 9001000

3000



3GSR vs. 4GSR (with challenging technology)

PLs-II
* The 3" Generation Storage Ring Lattice: —

APS chamber
* The 4" Generation Storage Ring Lattice

JLI-I_' I-I- ||.l." .I-I '_I-IJI‘ KOREA 4GSR

22m

B
A 500 500

y (pm)

y (um)
o

-500 -500
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Major Parameters for Korean 4GSR

4GSR Ring Value Unit
Cell Number 28 -
Desian Parameters Circumference 798.84 [m]
9 Electron Energy 2 [GeV]
Natural Emittance 58 [pm rad]
Horizontal Tune 67.395 -
Vertical Tune 24.275 -
Na'g:zjl rI;:otr‘lz.(intal 115.344 )
Tune and Chromaticiy ot OI \a/ |:t|‘y |
atura e? .|ca 84,693 )
Chromaticity
Horizontal Chromaticity 35 (target)
Vertical Chromaticity 35 (target)
Energy Loss per Turn 1009 [keV]
Energy Spread 0.1197 [%]
Horizontal D [
- g orzontal Damping | 14075 | ms)
Radiation related quantities Time
Vertical Damping Time | 21.127 [ms]
Longitudinal D [
ongitu |r?a amping | g5 ]
Time
Hori tal beta functi
orizontal beta function| ., -
at the ID center
Vertical beta functi t
Twiss functions at the ID ertical beta function a 2459 [m]
the ID center
Di ion functi t
ispersion function a 13 —

the ID center

Injector: Booster

Total # of BL: 52 (60)

Buncher




Hybrid 7-bend archromat

30

Korea-4GSR

m Longitudinal gradient bending magnet :
= Center bend |
= Quadrupole |
= Combined magnet |
Reverse bending magnet |

= Sextupole 1
1

|

I I (2.94,0.96)1
] ]

0 5

“Layout of an arc section”
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Comparison between PLS-1Il and 4GSR

Parameter

Electron energy
Horizontal emittance
Vertical emittance
Bunch length (rms)
Circumference
Superperiod
Tunes (H/V)
Harmonic number
RF frequency
Energy loss per turn
Beam stability @ ID (x/y)

Injection mode

Units
GeV

pm

pm

PS
m

MHz
keV

um

PLS-II
3
5800
~ 58
16
281.82
12
15.36/9.15
470
500
1040
<4/2
Top-up

KOREA-4GSR
4
58 (RB: 39)
~ 5.8 (RB: 39)
13 (50 with HC)
798.84
28
67.395/24.275
1332
500
1009
<25/045
Top-up

Optical Functions (v =15.375, vy=9.145)

-
[¢)]

-
o

(6)]

Beta Functions, B,y [m]

(]

0o 5 1.0 1.5 20
Position [m]

— 0.15

- 0.10

- 0.05

< 0.00

+—1 -0.05

X

[w] " ‘uoisiadsiq

n,(m)



> w

SR Lattice Structure (linear)

Natural evolution of ESRF-EBS and APS-U

ESRF-EBS type

- Dispersion bump w/sextupoles.
- Longitudinal gradient dipoles.
- Phase advance of Ad,~ 3mand Ap,~ 1t between

corresponding sextupole

APS-U type: Reverse bends in Q4, Q5, and Q8.
Massive use of combined function magnets
6.5 m straight section and 2 T center-bend (E_.=21 keV)

Minimum emittance @ 4 GeV
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Booster

Linac

Injector System

1. Same tunnel with SR
2. Enough dynamic aperture: (Ax: -27 ~ 27 mm, Ay: ~ 14 mm). -
3. Two normal cavities in one straight section.

1. 2.997 GHz RF system for better injection _
2. Photocathode gun and 6 accelerating sections

QF/2 SF SD BD QF BD QF/2
. QD QD
under design
4GSR Linac Multi-bunch | Single-bunch Unit | 4GSR Booster Value Unit
Energy 200 200 MeV Cell Number 50 -
) Circumference 756.86 [m]
| 2997 28 5997 28 Electron Energy 0.2-4 [GeV]
Frequency (Accelerator) 7. 7. MHz Natural Emittance 6906 (om rad]
Emittance (at 200 MeV) <200 <200 nm Horizontal Tune 19.208 -
Relative energy spread (rms) <1 <0.5 % Vertical Tune 9.268 -
Pulse to pulse energy variation <0.25 <0.25 % Natural Horizontal 135.146 i
Pulse to pulse beam position <0.20 <0.2 mm Tune and Chromatici Chromaticity
t .
Pulse to pulse jitter <100 <100 ps y Natural Vertical 14.617 .
Chromaticity

Pulse charge 3to10 01to2 nC - —

Horizontal Chromaticity -2 (target)

i <

AlBe I Lol 2.0 =1 ns Vertical Chromaticity -2 (target)
Repetition rate 2 2 Hz



https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_beam_energy
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_beam_energy
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_optics_maximum_normalized_emittance
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_optics_maximum_normalized_emittance
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_optics_maximum_rms_energy_spread
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_error_maximum_pulse_to_pulse_energy_variation
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_error_maximum_pulse_to_pulse_energy_variation
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_error_maximum_pulse_to_pulse_beam_position_variation
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_error_maximum_pulse_to_pulse_beam_position_variation
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_error_maximum_pulse_to_pulse_jitter
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_error_maximum_pulse_to_pulse_jitter
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_beam_multi-bunch_minimum_pulse_duration
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_beam_multi-bunch_maximum_pulse_duration
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_beam_single-bunch_maximum_pulse_duration
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_repetition_rate
https://wiki-sirius.lnls.br/mediawiki/index.php/Parameter:LI_repetition_rate

S R I nj e Ct i on S C h emes Injection schemes (from Andreas Streun)

1 transparent
p-up dipole bump | | anti or thin large p » brightness, symmetry
—/ ESRF-EBS septum, SLS-2 || large DA > 3 mm-mrad
1st]turn ' ' : l l I ) I .\. Off-aXis ““\ NLW'K ....................
| e —— ] R - |
- u ) i resonance injection?
2w 2nd tum \ KEK-PF, BESSY I, MAX IV J------------!-------'
= 3rd turn = ¢
[ 4th turn on-axis } e
1k " NLK off-energy orbit
SOLEIL/HALS (2019) S, DA
longitudinal
® o} . accumulation fast kicker to inject TDC (Crab cavity)
£ off-energy “between” buckets PAL
o off phase (achromatic region)
1Lk Il negative RF pulse
“golf club” schem SOLEIL
HALS . .
2k Dynamic Acceptance trqnsuent harmonics
“RF gymnastics Triple RF-system
1 L 1 1 1 " | " | ! HEPS
-20 -10 0 10 20 b
X (mm) Ty || swap kickers: fast rise & fall kickers stable plateau
"|APS-U, ALS.U
Peter Kueke, Overview of the 2~ RULz Topical Workshop on Injection and injection Systeme, ALERT Workshop, July 10-12, 2013, loannina, Greece <
Injected Beam
R .
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B = Lot osm N oc ) Moz ™ o |
, Ipasiltiun 1 . | Stored Beam
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SR Beam Injection

1. Well demonstrated scheme will be used.

2. Baseline: conventional four kickers injection.
- Dynamic aperture: (Ax: -10 ~ 10 mm).

3. Including advanced scheme: NLK.

u Septum Magnet

= Bump Magnet
0.7 (m) 0.7 (m)
| KEIQWE R I
Stored Beam 1.0 = Injected Beam I ' I ' l l I i B
| T TR TR TR TR N TR T NI R T T NI R B | 0.8 = AstTurn i
* = 2nd Turn ]
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 06| = 3rdTumn )
s (m) 04 ]
__o2f ]
o - 4
S 00} )
Tul @ |
-q > -0.2 - -:
o A 04 |- -
O = 06 | 4
- Wi 08l :
5 . 40k ]
L 1 L 1 n 1 L 1 L L L
d -20 -15 -10 -5 0 5 10
X (mm)
Type 1 Type 2

No beam loss in injection simulation with RF

3D Modeling with Kicker magnet 3D Modeling of Tilting Stage



Magnet System for SR

Korea-4GSR needs 980 demanding magnets.
Center bend features 2T field, and Permendur
is adopted for the pole.

Longitudinal Dipole used staggered
independent coils, and reluctance gap in the
return yoke to follow the design field.
Quadrupole, Dipole Quad magnet achieved 60
T/m gradient using tapered pole, without using
expensive Permendur.

Sextupole is not so demanding but requires
non-interfering H/V/SQ windings.

Central BM
LGBM
Reverse Bend
Quad Bend
Quadrupoles

Sextupoles

Fast
corrector

Magnets/Sec

Total

28
112
168

56
336
168

112

35
980

1*28 (Permanent magnet)
4%28
2*3*28 (should have B, B’)
2*28 (should have B, B’)
6*2*28
6*28 (should have B”, H/V Corr,
Skew Quad)
4*28 (H/V combined corrector)

31+4 (fast corr.)

SR magnets



Magnets for Booster and transport lines

In addition to SR magnets, we need 341+
magnets for the booster and LTB (Linac to
Booster), BTS (Booster to SR) line.

Parameters of the magnets are being
optimized for BD, and manufacturing aspects.
(For example, the field strength, and length of
the dipole magnets in the booster).

Physical parameters (eg, minimum pole gap,
required uniformity) are being summarized to
start the actual design.

No technical difficulties are expected for
these magnets since the magnets are more
easily realizable compared to SR magnets.

Magnet F:\lef;i;:f Remark
Gradient Bend 100 2*50
Quadrupoles 100 2*50
Sextupoles 100 H/V Correctors Combined
Fast Corr. ?
Total 300+ Total number of magnets
Booster magnets
Magnet TVeL?nLiit:Z(rj Remark
BM 4 0.5m,0.35T
Septum 1 0.8m,030T
MaLgT:ets Kicker 1 0.8m, 0.0125T
Quad 10 0.2m, 5.7 T/m
Correctors (H/V) 4 0.1m,0.01T
BM 2 1.6m,0.73T
BTS Septum 5 0.6m,-1.17T
Magnets Quad 10 0.5m, 21 T/m
Correctors (H/V) 4 0.3m,0.08T

LTB, BTS Magnets (41+ Magnets)




Longitudinal Gradient Bending Magnet (LGBM)

Dipole and higher order multipole along the orbit.

- |B| field strength

10—1-
10—2_

10—3_

1B| [T]

10744

1024 -
Wl
1076 =

d M ;\
0 500 1000 1500 2000 2500
s [mm]

EM version is selected for construction costs and total cost of
operation during the lifetime.

3D field map with 1mm step size is calculated, and the
multipole along the orbit is calculated.

Except the quadrupole component which comes from the edge
focusing, higher order was negligible.

To match the design field, reluctance gap at the return yoke is
implemented for each magnet section



W [m]

DQ and Quadrupoles

. Conformal map @ ,
=7 w=u-+iv= - (@ +iy)” £ E e =
20 | 27"(? 27"(? m 30 i‘. ; 4
15— 0 \ . ¥I
; ~— B y
, : | I I I 0 20 40 0 2 ] &0 100 120 140 o 20 40 ISDZ [m]sn 100 120 140
T m - B’ along the magnet b6, b10 along the magnet
U plane
Vi 7/ 3D FEM Model
17 7 7 / % * Quad, and DQ magnets are similar design. Two DQ types have longer effective
— 00 o _'//‘/-. length and decided to be arc shape. Other quad, DQs have straight shape.
0 7 o e Apertures are all 15 mm for quad, and 15, 20, 30 mm for DQ magnets.
_ // * Shims are introduced in w plane, and transformed to z plane and the geometry is
B 7 o analyzed in 2D, and 3D with real permeability.

* The fundamental component, and two first allowed harmonics b6, b10 along the
magnet is calculated for each 1mm slices which were well within requirements.

z plane

* Each quadrupole and DQ types have different photon exit slot size.



Sextupoles

Conformal map 300 smao*
, 2 (z+iy)’ . X e . )
Ww=utiv=—5= 5 = 1 = L
3r, 3, ~ z\ : S
' 0 50 100 150 200 ?
2 fm] 0 50 m;[m] 150 200
B” along the magnet b9, b15 along the magnet

e Like quadrupole, shims are introduced in w plane, and transformed to z
plane and the geometry is analyzed in 2D, and 3D with real permeability.

 Max B”=2212 T/m2, with effective length 250 mm.

e Apertures are all 22 mm to meet the minimum vertical photon slot size
requirements.

 The fundamental component, and two first allowed harmonics b9, b15 along
the magnet is calculated for each 1mm slices which were well within
requirements.

* All sextupoles should have H-corr/V-corr/Skew Quad windings.

* To minimize the interference between the coils, the magnetic efficiency
should be kept high (about 98%) which is achievable due to low pole tip field.




Cross check for overlapping components

_\_\_\_\_\_\_\_‘—\—\_

1
) (S
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o

LGBM1 - Q12 Corrector2 — Q52

DQ51 - ID beam pipe Q32 - Dipole beam pipe




Magnet Power Supply (MPS)

1. PS configuration with modular structure for easy and fast recovery from fault.

2.  PSconnection option: Individual or grouping (series) for high power unipolar PS.

Quantity 1,228 Quantity 840 Quantity 112
MPS Type Unipolar MPS Type Bipolar MPS Type Bipolar
Input Voltage 380VAC 3phase Input Voltage 220VAC 1phase Input Voltage 220VAC 1phase
Max. Current 120 A Max. Current 15A Max. Current 5A
Max. Voltage 40V Max. Voltage 5V Max. Voltage 20V
Max. Power 4.8 kW Max. Power 75W Max. Power 100 W
Accuracy TBD Accuracy TBD Accuracy TBD
Repeatability 10 ppm Repeatability 10 ppm Repeatability 10 ppm
Reproducibility 100 ppm Rfeproduublllty 100 ppm Rfeproduablllty 100 ppm
Ripple and Noise 10 ppm Ripple and ;\lm:le - 1SOOOppm ;pple and I:m.:)el = ig ppm
L -t tabilit t-t tabilit i
Long-term Stability (8h) 10 ppm ong-term Stabili y./.( ) ppm ort-term Stabi |‘y.( min) ppm
— Temperature Stability S5ppm /K Temperature Stability S5ppm / K

Temperature Stability S5ppm / K - - - -

- - Line Regulation 110 ppm Line Regulation 110 ppm
Line Regulation 110 ppm ; X
Load Reeulati 10 Load Regulation +10 ppm Load Regulation 110 ppm

od - ceu’a |or.1 - pp‘m Setting Resolution 18 bit Setting Resolution 20 bit
Setting Resolutlon. >18 b!t Readback Resolution 18 bit Readback Resolution 24 bit
Readback Resolution >18 bit Small Signal Bandwidth 10 kHz
Parallel Operation up to 4

Specification of Power Module
for High Power MPS

Specification of Slow MPS

Specification of Fast MPS




SR Vacuum System

+* Main features of recent vacuum systems for 4GSR:

Small aperture * Low gas conductance
» * Hard to install discrete

Tight space vacuum components

1. Required average vacuum pressure is low 102 mbar (CO equivalent).

2. PSD gasis pumped by distributed pill-type NEGs and lumped sputter
ion pumps.

3. 5°Inclined side chamber wall absorbs SR photon beams.

4. Thermo-mechanical analysis results show that both aluminum and
copper alloy are suitable for the SR vacuum chamber material.

5. Booster ring vacuum chambers are made of 1 mm-thick stainless steel
and pumped with lumped Sputter ion pumps.

Bending magnet ";.C‘* =
beam port -




\/
0.0

Handling of SR heat load and chamber material

Most intense thermal load is 0.77 W/mm? from
the center bend.

Thermal analysis results show that both
aluminum and Cu alloy can be used for the
vacuum chamber material.

- Aluminum chamber can be fabricated by extrusion,
bending and welding.

- Cu alloy chamber can be fabricated by machining of
two pieces (top and bottom) and welding.

Temperature of the sharp edge at a beam exit
branch is 68°C (endurable).

Thermo-mechanical analysis

++ Heat load from Center Bends

B Bend Total
angle power
Center bend 196T 262 6 kW

s+ Results

Material Tmax (chamber)
Al6061T6 73°C
OFC Cu (€10100) 58°C
CuCrZr (€18150) 60°C

e AI6061T6 h=0.01 W/mm2K

73.118 Max
67.998
= 62.879

$7.759

4752

21.041 Min

00 40.00 (mm)
)

20.00

.

Source Inc_angle
distance (H)
2.25m 25352

Tmax (Water channel)
46°C
40°C
41°C

Time: 1

092804
0.36837 Min

Al6061T6

Inc_angle
(V)
50

omax

5.4 MPa
9 MPa
11 MPa

Omax=5.4 MPa

Foot print  Thermal load
V-height
0.44 mm 0.77 W/mm?

Oyield (Cold worked)
214 MPa
120 MPa
210 MPa

40.00 (mm)
)

20.00



Dynamic pressure calculation

\/

=  0.0035 is used for the sticking coefficient of pill-type NEG.

*¢ H, pressure distribution (Molflow+)

=  Average pressure with only pill getter pumps is 5E-9 mbar and 4E-9 mbar with additional 7 sputter ion pumps.

= Wire heater is inserted into the side channel of the vacuum chamber for 180°C bake-out.

100e-9 100e-8
[mbar]
% Sticking coeff. of NEG = 0.0035
s Pumping speed of SIP=01/s
== 17
| S
100e-3 100e-8
[mbar]

¢ Sticking coeff. of NEG = 0.0035
% Pumping speed of SIP = 140 1/s

A

pressure (mbar)

N

m

[0 0]
|

1E-9 1

—— NEG only

;:4-___; % —— NEG+SIP




Prototype of a 3D printed getter

“Pumping speed (S) measurement”

n Mesh structure design for maximum specific surface area

" Fabrication of Ti getter using 3D printer with titanium powder in vacuum
environment (Electron Beam Melting in vacuum = high purity Ti)

" Pumping speed of one 3D printed Ti getter is measured to be 0.6 I/s, which is as
much as 60% that of the conventional NEG

= Alloy (Ti, Zr, V, Al,...) powders are necessary to increase the pumping speed and
to lower the activation temperature

“Design of 3D printed getters” “3D printing via EBM”

Sampl 3D CAD Diamete | Height Area Relative Electron Beam
e design r (mm) (mm) (mm?2) | Area (%) i"::::m
9 KITECH
Bulk 30 6 1978 100 antiaenya
n Stigmators
I l Focus coils
CZ 30 6 4859 246 Deflection coils
_':r?»glld
Eleeaclron
(o} 30 6 6974 353 e "
ake__| l,_Vacuum 10 20 30
s Chamber . ' .
n Powder! . .
e 3D printed Ti NEG
guid /| 1]{ [
ca 30 6 9094 460 platf plate
Electron Beam Melting

- X s=c (PI_P01
P; — Py,
1G1 @HHo
(Py) -fg Pl
— ;| Orifice (3 mm)
rRGA@HH (©)
SV
1G2 BHHo [ == Orifice 2 mm)
(P,) = XTX
| — |
¢ D

NEG pill pump

To turbo-pump

N

\ Conventional NEG

H'.‘

——CO

pumping speed (I/s)

—
3D printed CP-Ti NEG

New alloying !!
Porous microstructure !!

(Ti, Zr, V, Al,...) |

ctivation 450°C .5 h
Sorbtion pressure 3e-6 mbar
T

1 1

10™ 10" 10° 10

sorbed quantity (mbar I/g)

1



NEG coating (test)

HV supply
il I/ |
> +
NEG wire — gi Test chamber
>
-
Leak Gauge
- valve ¥4
TMP @
—L- Weight X

Roughing
Ar| | Kr pump O

SED 20.00kV WD 25.0mm ©x10.0k Ana.P.C S — M
POMIA FOV: 9.6 % 03/14/2022

SED 20.00kV WD 25.0mm €©x10.8k Ana.P.
POMIA FO\

Electron Image 2 - Wt% Wt% Sigma
= 13.25 0.72
2007 5.35 0.81
z [z] 0.18 0.04
= M= 0.58 0.11
7 : If P 0.32 0.03
% 100= i 23.04 0.33
= ¥ 33,93 0.48
= it 0.74 0.08
= 3 % (g 3.1/ 0.09
o= P\ a5 Nodin-a 0.24 0.07
l IR EENEFUREEENEN I (5 T T R QR 19 21 0 61 I
0 2




SR RF System: HOM-damped Cavity

* EU HOM damped cavity Parameter Unit value

+ HOM: Higher Order Modes et e e

 BESSY developed 500 MHz copper cavity with HOM dampers Quality factor Qs ] 90000
in radial direction. Coupling beta (variable) : 18

* Many light sources adopted this system such as BESSY II, Max. power coupler kw 120
ALBA, ESRF-EBS, and PAL-EUV Eff. gap voltage at 70kw kv 700

* Diamond (UK, 500 MHz), Soleil (France, 352 MHz) have Operating temperature « 20
changed their RF system from SRF to NRF for their upgrade EZ:::gZ:::zzpmum :E’ﬂom ;0
facility to avoid long shutdown in case of the system failure. Watergpressure . 0

 NRF: Normal conducting RF Total water flow \/min 143

e SRF: Superconducting RF Leak Rate mbar I/s <2e-10

| HOM absorber | "[“
— } HOM damper ‘

\ coupling section ——#
‘

| end disc; |t Cavity body |

- = 2 ""\ o
coupling section \ 4 r - ==
- »f_.,-couphng section ‘

Intermediate section |




Diagnostics

Most diagnostics will be available from 3GLS with
minor improvement excepting PBPM and beam
Size measurement.

Compact visible interferometer and soft x-ray
pinhole will measure beam size up to 5~7 um
limit @ large beta.

Variable Cu
Attenuator

& Motor
ble

-

D=9.14m

CcCD Lens Fluorescent Pinhole Al Cooled

screen Assembly  Aperture
& Goniometer
10 A=450nm, L;=5m, ¥'=2mrad, 5,=20.0mm
1.2 — g=8.8 pm, y=0.86
0.8 — w270 pm, y=0.24
== g=8.8 pm 1.0}
—— g=27.0 um
e R T o8
= VL f;-
0.4 w 5 0.61
EUV £
= i 0.4
0.2 i
[rei] 0.21
I
1/
00 . : ' 0.0 L . : . -
10 10 10 10 Lo -0.15 -0.10 —-0.05 000 005 010 0.15

Wave length [nm] Arb. Length [-]

Compact visible Interferometer system



& Orbit FB Top 52 =0

Control

1.  EPICS based control system (epics.anl.gov) %

LASER ON

2.  Reliable control system with PLS-Il and o e
PAL-XFEL experiences will be prepared = I e
with DB capability for Al.

Databaseserver ~ Web server Storage server Repository Middle layer server Operation server
@@ > v 0 Mo HD
d o8 =3 g 1 1
I l l ‘ ‘ \ l ‘ Ethernet
BPM server MPS server Vacuum 10C RF 10C Timing (EVG) Interlock system
LRSI | O | OEEN [ LR | [
Gain taper Post Saturation taper
—— e
| |- o e |
Vacuum 10C

Timing (EVR)

T . E
— .7

Wzeees . - -

Timing (EVR)

1
1
1
. S A S

Vacuum I0C

p——
— L == -4

Nasssey - L

Timing (EVR)

1
'
'
1
o e o

Timing (EVR)

— I —

Timing (EVR)

Timing network Al Undulator K Cal.

Phase Shifter Cal.

Interlock Field Bus

Fast Orbit Feedback
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Beam Stability

Beam stability goal @ 10 % coupling

- RMS position stability: < 2.5 um (H) and < 0.45 um (V)
- RMS angle stability: < 600 nrad (H) and < 110 nrad (V)

Beam oscillation without FB: <1 um for H and V (Vibration suppression)
All FB: SOFB+FOFB, RF FB, PBPM FB, IDFF, Fast Counter Kicker, etc.

PBPM: Diamond blade and calibration table

On discussion for including BPM drift effect into FB system.

X 400 mA:330 + 1 (12.4mA)
ID ID Co 3150
Electron beam 1 i — G
7 iy, IDFF )
58" ID gap measurements ey o
RFFB -~ ID corrector control o CHETY
Fast Counter Corrector average
g
Kicker measurements
Counteracts ORF(:JSfrEq control
TR : z
injection
oscillation ®BPM ) =il
> 1 Cell lattice
B D or BM T =
D A straght Arc section- i straght sec _
. BPM ; Mechanical
® ) : alignments
PBPM FB - Few times per
year

PBPM SA (10Hz)
manipulate BPM offsets

~1Hz ) SOFB
i . _ PBPM X BL-4C ) o 96 BPMs SA (10 HZ)
Hear: 000499 m 96 Correctors control
of ' 10 | 2Hz
{ l 1 I | “Photon
i ‘1’” - beam

FOFB

96 BPMs FA (10 kHz)
48 Fast Correctors
control

833 Hz

BPM/COR: pv name/name/list/selection list, bpm calibration factor, frequency control,
GUI Initialize, Data Structure, Response Matrix, SVD, reference orbit, intensity

dependent table, ......

{ SOFB Loop Start

Create GUI

GUI control BPM Measurement

Check Stopflag

()

Orbit Compensatlon for beam current

Check DCCT ( Beam current

SVD calculation

[ Vertical plane feedback check ]

Feedback Apply

RF frequency feedback check ]

Feedback Apply

[Honzontal plane feedback check]—

Feedback Apply

\——1 SOFB Stop

RFM

| T
Libera 5 5
Brilliance+

Libera

Brilliance+
t1 |

Piok—upis

| Sync Triggers |

l
RSA22 | Pick-ups . |Rsa

[Wpss BM] o o o IMPSs BPMs
 [(4ea)| cell# 1 | (Bea) | |(dea) (Bea)

SOFB algorithm and FOFB system configuration



Beam Instability

Impedance budget will be managed during TDR.
Impedance database will be taken for particle tracking.

Active and passive harmonic cavity (3HC) were used in
particle tracking and bunch length increase to 16 mm.

Transverse ByB feedback system will be prepared.

Longitudinal Density Longitudinal Density

I i(ick (Angle, Energy)
Longitudinal
_ Transve rse\\

Position

Hundreds of MHz bunch rate Monitor (BPM)
-

Kicker

Bunch

Driver

Position (X, y, timing)

N

pac [ y(n) = Z a, x(n - k)
FPGA *°°  FIR filter

Feedback Processor

] Total voltage
........ main RF voltage
boke: ey 0 R 3rd harmonic
ulloss
. osl -~ ulbhloss
( 7/
< E -
AT B
“ sk
10
L 1
0 | 2 3 4 5 O



Beamlines (10 initially)

getel Yol x| =0l s 44 eI e
SAXS: 1 A 0|5
5~20 keV AEJE < 1O'|4 } IVU @ Bio-SAXS HfO| 2
@ XRD AR,
5~40 keV AE/E < 104 Undulator
/ @ XAFS Oof LA X|
0150 keV sub-micro beam - @ XAS HEE A,
S AE/E>1.5x104@1keV @ XPS ATY
@ L= 2AIY ZEo] SHx 23 Ykl 100 nm 0|5} g K,
(Nanoscale Angle-resolved Photoemission) 0.1~2 kev AE/E < 104 Undulator @ Nano-ARPES N |
© ZUS X-M 3F watel . @ XRD A, XIS,
(Coherent X-ray Diffraction) 330 kev sub-micro beam Undulator @ CDI 2%, =tst
ASEZ A zpitEk glgtol 2 nm ~ = um SAXS/WAXS .
© BRS 2R QHA 4~40 keV N K VU @ SAGMW A7, shet
(Coherent Small-angle X-ray Scattering) AE/E < 2x10* @ XPCS
@ MAIZH HAM B4 2B watel . A, 23,
(Real-time X-ray Absorption Fine Structure) >~40 keV T Hm Undulator @ XAFS YN BPNES!
MHIZX L 27Ee atel N
~ 0 H}O
(Bio Nano crystallography) >~20 kev 1A olet VU © MX ol
® 104 x| so|ZF Hatel 28, off %],
~ Z7tEgs Lo .
(High Energy Microscopy) 5 ~ 100 keV S¢EdlE 0.1um Superbend @ Projection imaging HEO| 2
Lt Z2H a2t 625 ke 50nm O3} WU @ Ptychography/XRF HEZ A, AX,
(Nano-probe) 1~10 pm @ XRS ol x|, 2+, =}3t

1~3: QM2 Bt




Brilliance (PLS Il vs 4GSR)

BM: Line(PLS-I1), Dot(4GSR)
Wiggler: Line(PLS-Il), Dot(4GSR)

Out vacuum undulator: Line(PLS-11), Dot(4GSR)

In vacuum undulator: Line(PLS-I1), Dot(4GSR)

Cryogenic undulator: Line(4GSR)

Photon energy (eV)
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Typical X-ray Beamline

Photon-transfer line Experimental hutch

=7:/l4 Liquid-N, cooled
Double Crystal Monochromator
In situ SI(111)&Si(311) exchange

/| Si(111) : 5~25keV
Si(311) : 7~35keV (up to 45keV)

Source
Multipole Wiggler (MPW10)

M1 Mirror
Vertical collimating mirror
(Rh/Pt, Ag-coated 2 strips)

M2 Mirror
Refocusing mirror
(Rh/Pt, Ag-coated strips, Si-cylindrical)




Difficulties for 4GSR beamlines

High Thermal Load
Vibration

Beam Stability
Mechanical Stability
Fine Control

Data Server

Infrastructures

PLS-II (in-use) APS-U (required)
DCM Cooling Power ~ 500 W DCM Cooling Power > 700 W
Max. Power Density ~ 35 W/mm? Max. Power Density > 80 W/mm?

Mirror Colling Power > 500 W

Horizontal Gap Vertical Polarization Undulator
(HGVPU) (example)

STRONGBACKS MAGNET MODULES MOTORS AND GEAR SYSTEM

INTERSPACE COMPONENTS

o S 3, T : IPAC2019,10th Int. Particle
GIRDER Gty L Y S ) Accelerator Conf. ISBN: 978-3-

95450-208-0
SUPPORT
POSTS

ALIGNMENT CAM SYSTEM
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Advanced Photon Source Upgrade
Project (APS-U) : Considerations for iy
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X-Rays have opened the Ultra-Small World
X-FELs open the Ultra-Small and Ultra-Fast Worlds

Ultra-Fast

Ultra-Small

Nature

Flea % -3

10 m+=1mm

Human hair

Technology

) Head of a

‘ pin ~ 1mm

) Micro gears
~30 pm wide :
s 1100 um 10 -100 um AN,
R dameti

& The Microworld

b ¢ - II_.v .I...' ‘... Y b .
Red blood cells 10 m 1 LLm —
& white cell ~ 5um 10 um [l

&

_ ©
Virus ~ 200 nm g +-100 nm connected with
3
o
c
z
DNA helix g T 10nm

~3 nm width E
9

10 mt1nm

Water (%) 4-0.1nm

molecule Atom

DVD track

1 um Electrodes

nanotubes

~ 2nm diameter

Atomic corral
~ 14 nm diameter

Carbon nanotube

Nature

Hydrogen
transfer time
in molecules

is~1ns

Spin precesses
in 1 Tesla field
is 10 ps S

10"%s

Shock wave propagates
by 1 atom in ~ 100 fs

Water dissociates in ~1 0 fs

0.3_.

Light travels
Tumin3fs

O 10"%s

Bohr period of
valence electron
is~1fs

Technology
1ns
ing time ¢ | Magnetic recording
Computing time =% ; re
per li:::it is 9_ 1ns time per bitis ~ 2 ns

100 ps m
( |

Optical network switching
10 ps time per bit is ~ 100 ps

1ps '_ Laser pulsed
current switch ~ 1ps

100 fs

10fs

vy

Oscillation period of
visible lightis ~ 1 fs

1fs —'J\*—

Shortest laser
pulseis ~1fs
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