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SPring-8 vs. UVSOR
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SPring-8 (http:/ /www.spring8.or jp) (C=1400m, E=8GeV, ex0=5.9nm-rad)




UVSOR Synchrotron, Institute for Molecular Science
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Synchrotron vs. Linac
Linear Accelerator A

=y B ey B ey B P B Py B e
2MeMeMeee EA;

* Average Beam Current: I,=N, x e x f,,,

« Synchrotron
« I,=~100mA = 102 [e-/ring] x 1.6x101% [C] x ~106 [Hz]
* Linear Accelerator
SYNChr'O'h"Oﬂ « I,=~0.1 pA = 1010 [e-/pulse] x 1.6x10-° [C] x ~100 [Hz]
 Radiation: oc dN,/dt
« Synchrotron
« dN./dt =N./t =~ 10%2[e-/ring]/~10[hr] ~ 108 [e- /sec]
* Linear Accelerator
* dN./df = Nfre, = ~ 100[e-/pulse] x ~100 [Hz] ~10%2 [e-/sec]




Synchrotron vs. Linac (2)

Linear Accelerator
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Typical Energy Ranges of Photon Beams from Synchrotrons
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100eV light from
750MeV Ring

Energy = 0.75 GeV
Beam Current = 500 mA
Period Length =40 mm
Number of Period = 30
Kvalue = 0.8
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86eV Ring

Energy = 8.0 GeV

Beam Current = 500 mA
Period Length = 100 mm
Number of Period = 44

K value = 4.84 (x), 9.65 (y)
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Upgrade History of UVSOR
UVSOR-I UVSOR-II ~ UVSOR-III

160 nm-rad .‘ ’\
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UVSOR-TI = UVSOR-IT

2nd Gen. = 3rd Gen.

-Brilliance Upgrade by improving Magnetic Lattice ( from 160nm-rad to 27nm-rad)

-Increase of Straight Sections and Undulators (from 2 to 4)
-Construction of Undulator Beam-lines (BL3U, BL6U, BL7V)

160 nm-rad
A

/~ “-"‘ o § OOCT



Upgrade of Magnetic Lattice

low-E, more straight sections, low-By at s.s.

UVSOR-II o Tl UVSOR-I1 low-¢ low-p non-achromatic optics (2 =27.4nm-rad): One quadrant of the ring
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UVSOR-I — UVSOR-IT
(April, 2003)
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U R II Electron Energy 750 MeV
- Emittance 27nm-rad

Straight Sections 4mx4+1.5mx4
Filling Beam Current 350 mA (multi-bunch)
Injection Interval 6 hours

'oﬁ&:.

FEL Optical Caviry
@‘ "e, Reserved for
<¥$ ’4 ‘ Future Undulator

..rﬁ’?

1m In-vacuum

Undulator i
2.3 m Variable
’
3m Variable Polarization
Polarization | I Undulator : e
2m In-vacuum

Undulator
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=
Reserved for Future
Undulator
. S THE el N Al
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UVSOR-II=UVSOR-IIT
3rd Gen. = 3.5t Gen.

Make all four long straight sections available for undulators (by moving
the injection point) <2010>

*Further Brilliance Upgrade (by in‘ror'oducin% combined function bending
magnets) ; from 27nm-rad to ~15nm-rad <2012>

- Top-up operation (constant intensity operation) <2010>

1)y, 1=
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12 Hours

12 Hours
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27 nm-rad ~15 nm-rad
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Towards Top-Up Injection

Energy Upgrade of Booster Synchrotron
and BT completed in 2006, 2007

' = - 7 &—,0 d
1 Clrcum]erenC\,g 532m %
Béam’EnF:rg NSO MeV
’g@a dius™ T W
REfMquency a* w
Emittance %, +27 nm-ead
Energy bpreadv’, 42x10-4

A Ilmg Current Sy 350 mA (mﬁm buncﬁ) -
100h1A (Single-bunch)

Remfocemen‘rof RaleTIOH
Shielding in 2006

Improvements in Beam Monitor
System & Control System in 2008




Top-up Injection
at UVSOR
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New 4m Straight Section
by moving Injection Point

Apr, 2010

18



Further Emittance Upgrade
by Combined-func. Bends.

In 2012

Bending radius
Magnetic Length
Bending Angle
Field Index (n)
K1 (pole shape)
K2(edge shape)
Pole Gap (Min.)
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Undulators in UVSOR-III

Variable
In-vacuum  Polarization In-vacuum
Undulator Undulator ~ Undulator

Variable
Polarization In-vacuum

Undulator Undulator

Variable Polarization
Optical Klystron




SR Spectra of UVSOR-TIT
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Beam Current

Number of Beam-lines

400

350

<o

0o

250

200

150

100

50

25

20

15

10

UVSOR Upgrade History

T
| . Current (m&)

| & Emittan:ce(nm)l

(000000000000
00333

.
s0000008s .

1985 1330 1935 2000 2005

Year

2010

T T T T T T T T T T T T T T T T T T T T T T T

History of UVSOR Beam-lines

Bending
IR

=
=
I vviggler
=51

Undulator

- W
= o
< <O
o~ N

T e w— wm wm w wm e e e w— w— wm w— w— —

2006

—~ o o
[ —d
o O O
L I SN I S

2010
2011
2012
213

(wu)soueniwg



(BEHZE) BHEITDITVITS(H)
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BLaV BL3B

BB~ \ ; 828

Electron
Storage Ring

8 —t—t . .
BLYU 0 5 10m

B—A34yM$
) a2 l—X&

67

Beamline = Optics Energy Range Targets  Techniques
BL1B | Martin-puplettFT-FIR S o Solid | Reflection/Adsorption 1B 77~V ESEAIE. R&D
BLGB Michelson FT-IR *EV-ZL e\L I Solid Reflection/Adsorption 6 B TH Z- | REE\%J; é]\%\ 11— _U— — Eﬂ% ?E
BL7B 3-m normalincidence T 1.2I-ZEV 1 Solid Reflection/Adsorption 7B Slngle bunch:B1] H'J ?L%%j\f]] L ’C'T;IEFH
BL3B S et e Eagle [ ] ' -’l'!v ‘ Solid Reflection/Absorption 3B *j*il';$mﬂf — X 75$ % 5
Z - = —-_

BLS5B Plane grating I 6»6'>OOFI Solid Calibration/Absorption hB VAT L !%rtx?/fk//\

18-m spherical grating I I ". l 7 : I Photoionization R
BL2B (Dragon) 23-205 eV = Photodissociation 2B ﬁﬁ% 'T$ ° ﬁﬂ%jj TJ:;E—F

Varied-line-spacing plane I [ ' I- Gas, Lig. | Photoionization, XAFS _—
BL4B grating (Monk-Gillieson) 25 eV-1 keV Solid Photodissociation, XMCD 4 B % FEJ {)ﬁ 715 o XM C D

FTTTTH

BL2A Doublecrystal g eV g kN L Solid Reflection/XAFS 2A -4 keV3E DXASH E’ ZF - OITEER&D
BL1U Tandem undulators/ T I. Gas v Laser Compton Scattering 1U %ﬁ%/}? Sﬁ %“é : %ﬁ f-7r a1 — -Ij— — Fﬂ%?ﬁ

Free electron laser 1.6-13.9eV Solid Orbital Momentum Light

10-m normalincidence | . I e s A= WAN Vo1
BL7U (modified Wadsworth) 6-40 eV Solid Photoemission 7U ittﬂ_lﬁ 7] ﬁt{: ﬁbARP ES
BL5U Varied-line-spacing plane [ [ . | Soiid ARPES U %”;5(/} \ EijZ,AR P ES B \ﬁ¢ Eﬁ %‘é E‘:I

grating (Monk-Gillieson) 20-200 eV Spin-resolved ARPES

Variable-inc.-angle-varied- I [ .l . ARPES — YA
BlsU i = | [T TIT IR s 6U  HATABXHRARPES — PMMEREBHMA
BL4U Varied-line-spacing plane I [ . I Gas, Lig. | XAFS

grating (Monk-Gillieson) 50-700 eV Solid Microscopy (STXM) — S o . .

S | I , — AU AERHN situ, Lib R, 7 LERED

BL3U Varied-line-spacing plane . Gas, Lig. | XAFS/Photoemission

grating (Monk-Gillieson) 60-800 eV Solid Photon-emission T .

3U &k RN situ/operando XAS




|Photoelectron Momentum Microscope

(a) Microscopy mode exit aperture
detector :

y (nm)
(a) -3000 -2000 -1000 O 1000 2000 3000 4000

reciprocal pattern

real image =
sform -
ourier Wans= c '
lens ]
Q
2
8|
T HEE
A Q= =
k:0.0 A 58 °°
X cl|®
&
- i=3
x:-50 H'“> E 8
=5 -1 =
ki-0.0AT 4

2000

contrast aperture g
$200 um 4 (b)
reciprocal pattern \s= . 70

=¢$125 um

v

~\ entrance aperture'
reciprocal pattern= $200 um

counts (Intensity)
(%l
T

¥ field aperture 91 mm =y,
real image = ¢1 mm X

T | 1
0 2000 4000
y

-4000 -2qoo
1 (nm)

Microscopic imaging by photoelectron
= element selective 1 um  A50 nm
= work function sensitive Au checkerboard pattern

2020.11.19 HEEZH=2020 F. Matsui, et al., JJAP 59 (2020) 067001 2/10



|Photoelectron Momentum Microscope

(b) Momentum mode MM
' _deflector/stigmator

exit aperture
realimage 4
N

detector
reciprocal pattern

cisdisnivamommt it

contrast
aperture ¢4 mm

reciprocal pattern

: entrance aperture
. real image = ¢$800 um
magnetic deflectors

i y 1z -
sample /
extractor

PEEM momentum A field aperture $20 um
deflector/stigmator deflector/stigmator real image = $20 um

Valence band 3D dispersion mapping
> Wide k acceptance (£3 A1)
= high k resolution (A 0.01 A-1)

2020.11.19 HFEEZEH£2020 F. Matsui, et al., JJAP 59 (2020) 067001 3/10
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Scanning Transmission X-ray Microscopy: S XM

Order Select Aperture
(Pinhole)

Sample

Fresnel Zone Plate

Central Stopper Q

- Photo Diode |
. CCD
- PMT

- l/'/

X-ray

- High spatial resolution (20 nm~)
- Local X-ray absorption spectroscopy

- High transmittance
* Non-destructive observation by CT (3D)
* Lower radiation dose than electron beam N 21
*In-situ Observation 15
« Samples in air, in solution or in vacuum
- Used in soft X-ray region
* Absorption edges: light elements and transition .

35

metals 0 100 200 300 400 S00 600 700 800 900
Energy [eV]



In-situ electrochemistry

Electrochemistry of
FeSO4 solution

e =3
_;m/./\
?Iﬂ"' Felll) ‘
T2 704 76 T8 THO TN
Enegy (eV)

Opticsl dunity por rm

Uptake of drug into human skin
S TRMEE XERIAMER

30 um (b)co 104m 20 30

B -




Diffraction Limit ?

Brilliance (Photons/sec/mm2/mrad2/0.1%b.w.)

hv =100eV

7 UVSOR-I1 U3
110
—
/\\“‘“‘“ 0.01nm-rad
g 10" x
f ﬁl 0. lnm-rad
||’ ‘||I
17 1nm-rad
6 10 ‘Il Iﬁ
} K 10ntn-rad
4 10" |
’j /\ 1 00nm-rad
210" ) /
0 S\AA

90 95 100 105

Photon Energy [eV]



Coherence of Synchr'otr'on Radiation

Spatially coherent
Temporally coherent

Undulator radiation
from a single electron

Undulator radiation 8 ipafiallyllin;ohe;enf T
from an electron bunch o emporally incoheren

Diffraction-limited

Spatially coherent
Undulator radiation

) Temporally incoherent

)))

Free Electron Laser % )» Spatially coherent
Temporally coherent



MK. et al. Sci. Rep. 7, 6130 (2017)
Double-slit Diffraction of Helical Undulator Radiation

Quartz Double Bandpass ¢¢D
Undulator Window Slit Filter Camera




Interference between harmonic radiations
from helical undulators in tandem

-- |
--

Undulator #1 Undulator #2 Q'uartz Baqdpass UV Camera
Window Filter

355nm(l1.3nm)

#:S=-1,L=0 #:S=-1,L=0 48 =+1,L =0 #:S =+1,L =0
#2:8=-1,L=-2 #2:8=—1,L=—1  #2:S=+1,L=+1  #2:S=+1,L=+2

M K. et al. Sci. Rep. 7, 6130 (2017)
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Harmonics of Helical Undulator Radiation
= Optical Vortex carrying Orbital Angular Momentum

FRIEFA

ZEEXRFEL 70 0 KHRE Y~ T464-8603 £HENTFRETEE

SREX

AN 70 b KARELSY—~ T841-0005 BEEMFEH K 8-7
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Cricular Aperture: Imrad radius
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Photon Energy (eV)
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O. Chubar et al., NIM A 435 (1999) 495 3rd
S. Sasaki & I. McNulty, PRL 100, 124801 (2008)

J. Bahrdt et al., PRL. 111, 034801 (2013)

M. K. et al., PRL 118, 094801 (2017)

M. K. et al., SREP 7, 6130 (2017)




Vector Beam from Undulator +el o2 I

S. Matsuba et al., Appl. Phys. Lett. 113, 021106 (2018) g;ZAT‘/’): PR R

A g
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Experimental Setup @ UVSOR-BL1U
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Vector Beam from Tandem Undulator at UVSOR BL1U

S. Matsuba et al., Appl. Phys. Lett. 113, 021106 (2018)




Coherent Control

Brumer-Shapiro (3w;/w3) Scheme Wave Packet Interferometry Scheme

E?0+31 Hg(73S1)+Ar

I o o o e B S e e e 1 e Yl
0.50 r i . It | / %ﬂuorescence
—~ 045 Ll A ‘.',l ! ih i I
\ i: i 4 i

4 ns pulse Y A
Hg(6°P;)+Ar
)] (b)

ni
o O
W
“w O
T T
i—?
— ;_-4
Potential Energy
N,

24 N p ' iy i \ ,‘J! fs pulse train ;
' :nx‘l....l‘=..I....I....l...l....l....l.. ‘?AM"MW
, 2 5 p s p " g o Hg -Ar Distance ‘é =
H, Pressure (Torr) fs pulses =
|(_t)| 30 ns ns pulse
S p
L. Zhu et al., PRL 79 4108 (1997) VARPAN N ,ﬂ\
Delay time
(d)
K. Ohmori et al., \
PRL 91 243003 (2003) . At an p J\ A




"Double-pulse” structured light +elvo 2N

from Tandem Undulator A ——
Tandem UNdUIator‘ %&%§7§!~Dymm%ty 2= T841-0005 fe¥ FLEMETHRA:A e 8-7
5 FRSEPRERT  T444-8585 S AILEG T WK SRR A fBrh 38
ERZEIE
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K835 Sept. 2020 Vol 33 No. 5@ ]
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Y. Hikosaka et al., Nat. Commun. 10, 4988 (2019)
Coher'en'r Corn'r'ol of Afoms T. Kaneyasu et al., Phys. Rev. Lett. 123 233401 (2019)

using "double-pulse” structured light from Tandem Undulator

~% UVSOR-III Storage Ring Fluorescence detector
1, %
]0 )}) T N °

S (Alf/én APPLE T Und, Photomultiplier POPU'GTIOH Control
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= - P | 80 as o | 165 as
: Bandpass o
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filter | polarizer :, . ._-_l
shif-‘-er! ) -~ C‘ % ol 1515 as ol 1590 as
. . . Lo - .02 2
Orientation Control with L oe 0,(0&0
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Effect of e-Beam Emittance

Simulation

111111

Zero Emittance Design Emittance Design Emit x 10

J. Synchrotron Rad. (2017). 24, 934-938



Diffraction-limited VUV LS ?

hv <100[eV]

Undulator Radiation

2
hvlkeV] = — 2L [0V (K: By, z(l~5)j
1+ K“/2)A,[cm] 2rme
hv =0.1[keV]
K~15 = [Ee[GeV] ~1[GeV] }
A, = Slem]
g & 12Anm] [ ¢ ~ 1[nm] J
4 4




Diffraction-Limited Light Sources ?
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KEK ATF Damping Ring

http://www-
az‘f kek. jp/att/introduction.h

Major Performance ;

Beam energy :

1.28 GeV

Beam intensity single bunch operation :

1.0x101° electrons/bunch

multi bunch operation :

0.7x1010 electrons/bunch x 20 bunch

Beam reputation :

0.7 ~ 6.4 Hz

X emittance

(extrapolated to 0 intensity) .

1.0x10°rad.m (at 1.28GeV)

Y emittance

(extrapolated to 0 intensity) :

1.0x1071! rad.m (at 1.28GeV)

Typical beam size :

70pm x 7pm (rms horizontal x rms vertical)

1.28GeV-1nm
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Construction Cost of Synchrotron Facility

. [Tofal CostJ = [Bui Iding} + [Injecfor} + [Synchr'o'rr'onJ + [Beam- lines J

* Building = Injector = Synchrotron ~ [Beam-lines]

« E,~500MeV
* Building
« E,~1GeV
* Building = Injector = Synchrotron ~ 2BY¥

Injector = Synchrotron ~ 1BY¥

* Cost «x Electron Energy




Full-energy Injector for VUV Ring

Number of electrons in the storage ring

Ib - Neejfrev Number of electrons
I, =300[mA] in the storage ring
e=1.6x10""[C] » Ne =3X1011

froy =/ L=3x10°[m/sec]/53[m] =5.6x10°[ Hz]
Beam Filling Time ~ 1000 sec (0mA to 300 mA)
Requirements for the injector

AN
¢ =3%10'" /1000 =3x10® = 1x10’[electrons/sec]  (Considering cfficiency)

E =750[MeV ]
£ <~100x107°[m]
Ay ly <~ 107



UVSOR Facility

Laser-based
Accelerator?

'\' \. _
L = ;»""—_/‘——1_—/\=L‘; L
£§f é:sm'-»::i[‘lx U { Emﬁ; o
|| i T,
Length of 750MeV Linac; R

750MeV / (10~100)MeV/m = 7.5~75 m



