CERN Accelerator School on
Free Electron Lasers and Energy Recovery Linacs

Photon Beam Transport

Makina YABASHI

RIKEN SPring-8 Center

vabashi@spring8.or.jp
June 8, 2016 @Hamburg




Initial Remarks

Photon beam transport = Photon beamline or X-ray
beamline

Not just “transport”

Control & characterization of photon beam properties
in 6-dimensional phase space (+ polarization)

Key bridge & interface between accelerator and
experiments



Goal

e To provide key concepts on design and
working principles of x-ray beamlines & optics

e To promote comprehensive understanding of
both XFEL machine and x-ray beamline as a
light source complex



Hard or Soft ?

Interaction with matter: High Low
Environment: Vacuum : ; Ambient
' pressure
Photon energy
~4keV
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Prototypical photon beamline at 15t gen.
synchrotron sources (‘70~)

Synchrotron Radiation as a Source for
X-ray Diffraction
G. ROSENBAUM & K. C. HOLMES Nature 1971
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Facility dedicated for utilizing X-rays
Establishment of basic scheme of beamline
Development of various X-ray optics (e.g.,
monochromator, focusing mirrors)
Common optics installed into “optics hutch”

Beamline at 2"9 gen. SR (‘80~)

-~ . Photon Factory (KEK, Japan)
Kohra & Sasaki, NIM 208 (1983) 23

K. Kohra. T. Sasaki / Present status of the Photon Factory
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Typical configuration of undulator BL of SPring-8
Courtesy of Dr. Goto (SPring-8)

Facility dedicated for utilizing undulator radiation
at low-emittance storage ring

Matured technologies

“Coherence” much pronounced

Higher quality required for x-ray optics to
preserve coherent wavefront and to avoid
speckles

Speckle patterns from
conventional Be window
(1-km BL @Spring-8)

Front-end

| ;
Undulator e e een s
_ _ Experimental

station
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Shielding hutch

Optics &
transport




Beamline at XFEL

XFEL: Pulsed x-ray source with excellent transverse
coherence

Shot-to-shot changes in x-ray properties: photon
diagnostics needed for conducting good }'TJ AR
experiments 2 Cias(us) Ay
X-ray properties sensitive to machine parameters:
BL provides useful information for achieving stable
machine operation

Enhanced connection between accelerator and BL

&7 Y 4 * oot
SACLA*(Japan]" =

Frontend section Optics hutch
SCM (MCP)
Beam scms |/ SCM6 S GM SOV BM2
XFEL dump SCMI SCM2 | SCM3 BM1 WM SCM4 = [

[} 2 i
L 8 =i M2a Mb S gh

S(FE) MI DCM S(TC)

Figure 3. Photon diagnostic system on BL3. SCM1-8: screen monitor module:
BMI.2: thin-foil beam monitor; WM: thin-foil wavelength monitor; GM:
scattering-based gas monitor; SCM (MCP): screen monitor with a micro-
channel-plate image intensifier.

Beamline configuration of SACLA XFEL
Tono et al, New J Phys 15 (2013) 083035



Summary: Development on x-ray
beamline

- Prototypical BL - Establishment - High-quality - Photon diagnostics
for parasitic use of basic scheme optics for for both users &

- Separation from  for dedicated coherent x-ray machine
accelerator use applications - Closer connection

to accelerator
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2. Preparatory: Phase space
1. Transverse phase space & coherence
2. Longitudinal phase space
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Phase space

Role of photon beamline: “Control & characterization of photon
beam properties in 6-dimensional phase space (+ polarization)”

Transverse x 4
Position: (x,y)
Angle: (0x, Oy) X

Longitudinal x 2

Frequency (=photon energy or wavelength) hv (=hc/A)
Time: t

Brilliance: photon density in 6-D phase space



Transverse phase space:
Propagation & focusing of Gaussian beam

o

N "
(b) ? (

@ oy (b) oy, () ox, (d)  Ox,

i H i H N
—— + i i i i i i [
\ N,

(a)

(@)
N

/\exp(‘?ix;) 4y %@ ) W\
U AT 8

A N

2Ax?

Area of ellipse is called emittance

Emittance is conserved with optical transformation
Minimum emittance: Ax - AB~C - A Diffraction-limited condition
e.g., XFEL: Ax - AB~10 um. 1 urad~ le-11um ~ 1 A/4rn

Large Ax, Constant AB  constant Ax, Large AO Small Ax, Large A8



Distribution in transverse phase space (x-0)

Small size/small divergence Large size/large divergence
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Composed of many coherent m(%
elements (wave packets) with Qﬂ
random amplitudes and phases



Transverse coherence
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Full transverse coherence

XFEL generates transversely
coherent x-rays

Partially transverse coherence




Distribution in longitudinal phase space
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Large bandwidth/long pulse Small bandwidth/short pulse
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Minimum area: Aw + At~ A/2m Fourier-limited condition
X-ray pulse can be compressed into very short duration (A/c~1e-18 s =1 as)



Short summary

- Phase space is a useful concept for intuitive understanding of
photon beam properties and optics design

References:

- K. J. Kim, “Characteristics of synchrotron radiation” AIP Conf. Proc. 184 (1989)
565: Excellent introduction of synchrotron light sources with usage of phase
space

- M. Born & E. Wolf, “Principles of Optics: Electromagnetic Theory of
Propagation, Interference and Diffraction of Light,” 7t ed. Cambridge
University (1999); standard textbook on general optics and interference

- J.W. Goodman, “Statistical optics” A Wiley-Interscience Publication, New York,
(2000); facilitate essential understanding of coherence and statistical optics

- A.Yariv & P. Yeh, “Photonics: Optical Electronics in Modern Communication
(The Oxford Series in Electrical and Computer Engineering)”, Oxford Univ.
Press, (2006): One of the most standard textbooks on optics and beam physics
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3. X-ray optics
1. Interaction of x-ray to matter
2. Optical elements
3. Function

18



X-ray optics

X-rays:
High penetration to materials

Small (but non-zero)
interactions with matters
Design of x-ray optics is feasible,
but not straightforward

We could not use magnetic forces



Major interactions of x-ray with matter

Incident x-rays

Compton Thomson
scattering scattering
(inelastic) (elastic)

e /o%e.
e 0°

® ® Absorption (photoelectron ejection)

-> Secondary process: fluorescence,
Auger process

Transmitted x-rays



Key optical property: Refractive index
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3. X-ray optics

2. Optical elements
Reflective/Refractive/Diffractive
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Reflective optics: Total reflection at
surface with grazing angle incidence

n=l Q)

n=1-46+if
Refraction angle: Snell’s law n = cosfo Reflectivity/transmissivity at interface:
cos® Fresnel’s formula

Total reflection (6 = 0) with incident

angle smaller than 6, 1 e .—PB/8=0 w/o absorptior
= I8, TE P

. _ 962 90/ \ 0o g \‘\ \\’/B/b— 10

1 o = COSQC = 2 \/9 g‘ \\ ‘/\L/-B/S =1 w absorption
- - “« \

> O, =+v26 ~ 1le-3 (rad) 3 ‘k‘
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L ‘
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Reflective optics: X-ray mirror

6.~ mrad
-> give small deflection angle to incident x-rays

(beam steering)
10cm~1m

-> focusing with specific surface shape

-> long length required along the meridional
direction (1 mrad x 1 m length =1 mm acceptance)

long <mWavelengtho=:short

221, (Z + f)N
gcsz\/ "’(Zn /) =A-Acy/p

-> Total reflection only for A > A for fixed 6,

Reflectivity

(low-pass filter in frequency domain)

-> reject higher harmonics or gamma-rays from
source

4

5000 10t 1.5x10% 2%10)

low < Photon:energy 2> hﬁigh




Refractive optics: lens

n>1
1
VIS
X-ray Deflection angle (~ 8) < 10 urad
Hole
Stacking in array

Compound Refractive Lenses |
(CRL) +

A. Snigirev et al., Nature v
384 (1996) 49




Diffractive optics

Perfect crystal

Silicon, di

amond

Fresnel Zone Plate

RS>
S

(FZP)

Ny
.

A)
)l

4

P\

g

N\

AVAVAVAN

AWA VAN

Grating

:[an




Contents

3. X-ray optics

3. Function
Focusing/monochromator/speckle-free

6 e.qg., Q-magnet nor chicane ...
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Function of x-ray optics

Tailor of photon beam properties in 6-dimensional phase
space (+ polarization)

Transverse x 4
Position: (x,y) < focusing
Angle: (Ox, Oy) X

Longitudinal x 2

Frequency (=photon energy or wavelength) hv (=hc/A)
< monochromator
Time: t

Brilliance: photon density in 6-D phase space



Function (l): Focusing

- Focusing capability is one of the most essential functions in x-ray
microscopy and analysis

- Reflective, refractive, diffractive optics are used for focusing

9

\
N
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Transverse phase space:
Propagation & focusing of Gaussian beam

=- A!é Numerical

(a)

(a) eX“ (b) GX“ (C) GX A

. é@‘% E@ W
N Q

=

Large x, Constant O Constant x, Large 0 Small x, Large ©

Smaller beam size, larger divergence (NA) Ax - NA~A
> Large NA is required for generating small spot
X-ray beam can be focused into small spot (*nm)



Comparison

Reflective Refractive Diffractive
RS>
Nl
\.\ \

High efficiency (R>70%) - Operation feasibility - Utilized in various types of
soft x-ray microscopy

Achromatic - Tunable focal length o
Small spot (7 nm) with changing # of - Variation in patterns for
stack phase control

Fabrication complexity ,
- Prefer to high energy x- = Compact design

rays (> 10 keV) for Fabrication complexity
reducing absorption

Small deflection of exit
beam

Efficiency limited by
diffraction

- Bandwidth: AA/A ~ 1/N



Resolution (nm)

Trend of spot size

Beam size ~ 10-/(year)/10

Mulilayer Mirrors

Total-reflection Mirror

FZP

Refrative Lens
Multilayer Laue Lens

1985 1990 1995 2000 2005 2010 2015
Year 1 nm in ~ 2025?

Resolution Trend of X-ray Microbeam

Courtesy of Dr. Yoshio Suzuki



Focusing with mirrors

Total reflection only working at grazing incidence condition
Combination of two cylindrical mirror was first proposed by .
Kirkpatrick and Baez (JOSA, 1948) L

E
308

High reflectivities, but challenging in fabrication i, 7 nm
Cylindrical = elliptical shape for generating small spot szz
without aberration o m&
Technological developments since 2000 for achieving accurate s
figure shape 200 K. Mimura et al.
Incident hard X-ray ¢ 180nm Nature Phys. 2009
. _ 150 |
Horizontal focusing G
mirror o 90nm
g 100 ®
7]
50
: " 0
Vertical focusing “x\ 2001 2002 2003 2004 2005 2006 2007
mirror - Year , 2009
/ World Record of Spot Size

Focal point Focused by KB optics



Intensity (arb. unit)

Nano-focusing for XFEL

Focusing of XFEL = production of extremely high intensity of X-ray pulse

Low divergent beam (~urad) = small beam size at focusing optics = limitation of
NA - difficulty in achieving small focus

Combination of two focusing system: first one for enlarging divergence and beam
size, and second one for small focusing

50 nm size achieved with extreme intensity over 10?2° W/cm?

® Beam profile

—~Wire scan proﬁle s | Focusing optics 1 ‘
—Gaussian 45nm(FWHM) e
Focal point 1
1 O B (V*‘,J\—-I\ : __.‘I\ o / I Focusing optics 2
,—’_’,," . Focal point 2
08 | 45 nm (FWHM) 2 \
0.6 .
Vertical
. . .
04 | ¢ direction
) (m)
02 r vﬁ/’ >
o
®e
00 Ty _g(((“_.'.:.’ii.o:.os_?dgo_«rol.

600 -300 0 300 600 _
Position (nm) Mimura et al, Nature Commun 5 3539 (20%4)



Achievement of Hard X-ray Cu-Ka atomic laser

9 keV (pump) &
8 keV (seed)

BNEE NENN]

Two-stage Yoneda et al.,
focusing Nature 524 446

gkev (2015

Intense pump x-rays
/‘\strip K-shell electrons

and generate

“population inversion:

LS 2 Cu foil
Pump intensity [W/cm?] @
- 1013 100 | — Amplification of Ka
= .-IoE T T T Tl T R e E il _ASE_ .
= 0 (resonant) line
a L — 1 06L
S I W/ Seeding 1 sl \,\( .
3 104§' D.-& % B L ] | | |
S £ 10% 1. f 379908010 8030 8050 8070 8090 08 |7 ” ||| =
5 _g L i Phaton energy [eV] 06 |- ‘.I ol
S 2 - \ Kot
D 3 102F E 04 - | g
= : seeding laser ] | | |
8 B f ] DE e K\ |I [ =1
c E =
Eaoly % :
E

10° 10°
Pump energy density [J/cm?]

7,990 8,010 8,030 8,050 8,070 8,090
Photon energy [eV]



Function (Il): Monochromator

- Monochromator is the key optical device in SR beamlines

- Energy resolution (typically several percent for SR) is insufficient
for most x-ray applications (crystallography, spectroscopy, etc.)

- Perfect crystals are widely used as monochromator optics

Linewidths are not

\M/ infinitely small 2>

DNV AVAN 0 A TWhat is the bandwidth ?
VAN B /
5 - 2d
AN
\ J /
/ A 4

N/

Path difference & = 2dsin0,
Diffraction occurred at 6 = nA

v

o /2 g

- Monochromator based on
angular-wavelength relationship

Bragg’s law: A=2dsin0,



Representation of perfect-crystal monochromator
in angular-frequency (0-A) phase space

Bragg’'s l[aw:
A=2dsin0,

1.2

e
| I —

o
N L=
T T T T 7T

Reflectivity
o o o
[e2]

0

5 4 3 2 1 0 1 2 3 4 5
W Normalized angle

Dynamical theory of diffraction: Multiple
reflections in perfect crystal gives finite angular
width (Darwin width) for total external reflection

A. Authier, “Dynamical Theory of X-ray I W.M. DuMond. Phvs. Rev. 32 (1937) 872
Diffraction” Oxford Univ. Press (2001) W.M. DuMond, Phys. Rev. 32 { )

® (~ 10 urad)

“DuMond diagram”



Monochromator on DuMond diagram
A=2dsin0; —> AA=2d-ABcos0,

1) AB, >>m 2) AD, <<
7\4 A 7\4 A
t % ©
A7“( ut - /
AM
Aout_rg ot 6 @ Moutt
) A tn B — —wcot by
ﬁ‘ Aein' . -
0- 0-
A
3 j“t=\/A0m2 + w? cot B,
Typical parameters with silicon (111) monochromator

Incident Incident Darwin width Output resolution

resolution | divergence A@. (AM/N) gt
(AMA),.

Bending magnet ~1 ~100 urad ~le-3

Undulator radiation ~1le-2 ~10 urad ~20 urale wSi (111) ~le-4
@ A=1 A (05=9.1°)

XFEL ~le-3 ~1 urad ~le-4



Application of monochromator:
Precise ID tuning

BPM

L o 1 a0,
miic il i ]
2RFFYY QR E ToAAREEO

— -HI}[ H H >

W
- For efficient lasing, overlap between e-beam and p-beam with an
accuracy of ~urad is required
- E-beam trajectory easily bends at the edges of undulator modules
- P-beam goes through along the e-beam in the undulator
- P-beam can be used to monitor the e-beam trajectory in each
undulator module

Cf. central cone of the undulator radiation

1/g=1/16000 = 60 urad for 8 GeV - too large

&

C—&3

—

1]

—

i
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PD Signal (V)

0.07}
0.06|
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0.02f
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0.00F
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Monochromatic radiation pattern

Central cone is composed of different wavelength

My
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2 2
Au (9 0
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27/ COS 9 2y 2
Premse K value Tunlng
F|tt|lng Funr:tmn l | | |
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‘ *upes 3 Monochromator
- Y
Incident beam
Wavelength-angular
correlation
. e ] T T
.............. -50 0 50

461 462
Wavelength

¢ (urad)
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X-ray based undulator alighment

Profile of monochromatized spontaneous radiation

Angular diameter: ~10 urad
Centroid: 1 urad

High-sensitivity screen

ID#13 ID#14 monitor for spontaneous x-ray

detection
ﬂl?nt-end Optics hutch &
E-beam SCM (MCP) SCM7 SCM8
T SCML_scM2 [ seM3 B WM sk o ° §5c|_||\/|sl =l [ n e g
N M - O O N -
= O g O o . — & M2a M2b /I SHA
S(FE) M1 DCM $(TC)
3
o -
A
T. Takashi et al., Phys. Rev. ST-AB , \
15 (2012) 110701 600
1 1
-50 (0] 50 i

¢ (nrad)



Function (lll): Speckle-free X-ray optics
for transversely coherent sources

Coherent illumination on imperfect optical elements can easily produce speckles

Measured at 1-km BL of SPring-8

7

Beryllium window

Yabashi et al., J Synchrotron Rad.
21 (2014) 976

IF1 grade Be PVD Be




Function (lll): Speckle-free X-ray optics
for transversely coherent sources

Coherent illumination on imperfect optical elements can easily produce speckles

' Measured at 1-km BL of SPring-8

Fresnel

Elastic Emission
Machining (EEM)

Flow of suspension liquid

.,

o~ ® Processing particle

*Werkpiece
PCVM+EEM
processing

Mirror e
Sub-nm accuracy in figure

Path difference: 0=2dsin6 shape has been achieved

d<A/10 = d<A/(20-sin6)= 0.1 nm/(20-2.5 mrad) = 2 nm

d




Short summary

- Reflective/refractive/diffractive optics are used for controlling
X-ray properties of beam size (focusing) or bandwidth
(monochromator)

- Special high quality is required for x-ray optics under coherent
x-ray illumination to avoid speckles

References:

- J. Als-Nielsen & D. McMorrow, “Elements of Modern X-ray Physics” (Wiley,
2001): General introduction of x-ray optics and x-ray applications

- A. Authier, “Dynamical Theory of X-ray Diffraction” Oxford Univ. Press
(2001): An authentic textbook on dynamical theory of diffraction

- Yabashi et al., J Synchrotron Rad. 21 (2014) 976; Overview of recent
development of x-ray optics for coherent x-ray applications



4. X-ray diagnostics
1. Pulse energy
2. Pulse duration
3. Arrival timing

Contents
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X-ray diagnostics

Characterization of x-ray beam properties in 6-dimensional
phase space (+ polarization) + coherence

- Total intensity
- Transverse x 4

Real space: (x,y) < fluorescent screens

Angular direction: (0x, Oy)

< L X 0: free-space propagation + size measurement

- Longitudinal x 2

Frequency (=photon energy or wavelength) hv

Time: pulse duration t

+ arrival timing T for pump-probe
experiments with external optical laser

- Coherence



Key words

Absolute or relative ?
Resolution and range ?
How fast ?
- XFEL: Shot-to-shot fluctuation
- Shot-to-shot measurements are desirable
Destructive or nondestructive ?

- Destructive: full photons are available for diagnostics,
more accurate measurements

- Nondestructive: diagnostics parallel to experiments



Temporal structure

Normal conducting XFEL: ~100 Hz

10" phs/pls

Synchrotron light sources: ~ 500 MHz

105 phs/pls

e ——
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Pulse energy measurement (l)

- Pulse energy is the most fundamental parameter for both machine and
experimental sides
- Pulsed nature -2 signals easily saturated; reliable measurement is challenging
Cryogenic radiometer XGMD: Gas monitor detector (DESY, PTB)
/

lon signal
(intensity)

lon signal
(position)

10% hPa

‘/ . Electron signal Electron signal
Cavity (position) (intensity)

Detection of small temperature Detection of electrons/ions ionized
increment after x-ray absorption with x-ray irradiation
Destructive Nondestructive
Portable Vacuum system
T. Tanaka et al., Nucl. Instrum. Methods M. Richter et al, Appl. Phys. Lett. 83 2970 (2003)

A 659,528 (2011). K. Tiedtke et al, J. Appl. Phys. 103 094511 (2008)
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Total intensity measurement (ll)

Detection of x-ray scattering (mainly Compton scattering) from thin foil

Geometry

H Compton
Sgattering U

|~ .
X-rays \ X /‘ R

D Diamond thin film
(Highly transparem/)/ D

Photodiode Quadrant-photodiodes
Hamamatsu, S3590-09
(10 x10 mm?)
OC(IL+]R+IU+]D) Position Pl K IL_[R—KA[
(center - x[_|_[— xBMy
L T4R
of mass) I
y=K U DK Al




Shot-by-shot measurement

2011/11/11 20:22~21:22

SASE Pulse Energy (mJ/pulse)
=
w

0.2 'E=5.79 GeV' -
. K=2.1
— 0
0.110,,,,~13% 2=0.225 nm -
| E =5.5 keV
oL . s
0 0.5 1.0

Time (hr)



Mutual Calibration
UN[; : -

4.4 keV
. : : , , Photon Pulse energy /J
100 F 3

M2 . ' D
XFEL Si filter KGM

M1

(fundamental)

R 4.4 32.2640.35 32.9+2.0

! 5.8 1042+13 106.6%6.1

9.6 953%+23  93.9%6.1

z 'f 13.6 422+1.1  40.8%2.9
16.8 0.96+0.03 -

0.1 F

AIST (JPN)  PTB

Excellent agreement 52

Thickness of Si filter (mm)



4. X-ray diagnostics

2. Pulse duration

Contents

53



Pulse duration measurement

Deflection cavity after undulator: THz streaking method:

Measure time-resolved energy photoelectrons -> modulation of
loss/spread after x-ray lasing energy with external THz field
(streaking)

2 Im RF
J ” ) ‘tron Screen
IIIIIVAIIIII ' To user expe
"0': Undulato X-band RF deflecto 3 ¥ tmng & FEL
K9 )
; A= 90° o ; = - o
p.\'n' .B.rs
FIG. 1. A layout of the diagnostic system with a transverse rf deflector and an energy spectrometer.

3

XTCAV: @ LC LS \ o e e e S Grgu ra's etal, Nat. Photon 6, 852 (2012)
Ding et al., PRST 14, 120701 (2011) Fruhling et al., Nat. Photon 3, 523 (2009)



Distribution in longitudinal phase space

-
2

Large bandwidth/long pulse

Distribution in frequency domain E(w) <- FT -> Distribution in temporal domain A(0)



Simulation for SASE-FEL (l): Longer pulse

Temporal profile Energy spectrum
—

I T 12] I ' I
t=30fs S b |
60 5 I
3 L] enverope <2
= 40r (pulse duration %
S 20.5) -
= &
20 l 5
' 2
0 s s | s | s | ! s &
-30 20 -10 0 10 20 30
| L

. I L
Time (fs) 90700 97 972 9730 9740
hoton energy (e
1 .

] [ ' L

Time domain Frequency domain 1

Envelope FT Spike
Spike “ Envelope

Spike width

L l L l L l L l L ]
9(}15 9716 9717 9718 9719 5%720
Photon energy (eV)



Simulation for SASE-FEL (l1): Shorter pulse

Temporal profile Energy spectrum
I ! ! I

Power (GW)

| | [x10'']3
0L t=6 fS - 3
- ] 32
601- Envelope | XS b .
B
! (pulse duration) <
40} 1 =
| o S :
B ] @)
| M\ FT £ |
% 0o 10 YL Y
Time (fs) 90730 9760”7 9770_ 9780 9790
hoton energy
Pulse duration Spikg width 03¢ R
Shorter Wider i Spike width
Longer Narrower oL i
Measurement of energy spike 1_ |
(high resolution)
L | L | L | L | L
Evaluation of pulse duration 9165 9766 9767 9768 9769 9770

Photon energy (eV)



Measurement with perfect-crystal spectrometer

\A

Divergent beam + flat crystal analyzer
Single-shot detection

%&)

AL
TZAHincot 0,

PSD

'LZ; = Single crystal
Al:AE:AHcotH éj:LAH:&Ltan@B
A E ’ L

Energy Angle Position
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Measurement
at SACLA

FEL simulation
(SIMPLEX by
Takashi Tanaka)

Example

120 prerrr e
100 F
805
6o}

40

20

 (a) AE=110 meV

(bJAE=290 meV

(C) AE=600

Intensity (a.u.)

1 22 1 0 1 14 0 1
120 prerrrrrer ey aaansatels D —
oo (d) t=31fs 3 | (g) t=8.9fs : (f) t=4.5 fs

: : : (FWHM)
80|

-2 -1 0 1 2

Relative photon energy (eV)

Y. Inubushi et al., Phys. Rev. Lett. 109, 144801 (2012).
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4. X-ray diagnostics

3. Arrival timing

Contents
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Arrival timing

Optical laser
/\ a
Interaction point

XFEL I\ | \

_ >
Optical laser /\ At+a Timing jitter

2/\)

XFEL

Measure timing jitter for every pulse E> Sorting with “tag” information



Arrival timing measurement

XFEL excites electronic system in fs scale—> probed by change of optical transmittance
Spatial encoding technique: cross-beam geometry between XFEL and optical laser

o : :
2D detector «\6‘ { Intensity profile
N
A Y

/\' Sample

Si;N,,GIG,GaAs

320 360 400 440 480 520 560 600 640 680

Iy i M: [ ".’ '

Image of transmission
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....... R Time window

-
-'-'--._'
-

Optical laser

) OPA or CPA
1D focus mirror

1~10 ym

al laser

Top view

Harmand et al., Nature Photon 7 215 2012
Gahl et al., Nature Photon 2 165 2008
T. Sato et al APEX 8, 012702 (2015)



Correlation measurement between two independent

setup

Lower branch: 1042. T153.8:

A
fs

10 keV
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optical laser
(800 nm, 40 fs)
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Correlation between independent measurements

Shot counts EH1 EH2

Optical laser
5. (CPA, OPA)

—
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. |

Optical laser
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Dffracted y
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100~ »
—
%)
Y
p—
T 0
(@]
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L
-10

- Error from the linear fit (in

20
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ZZ - Intrinsic jitter : 256 fs (RMS)
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Katayama et al., Strut. Dynamics 3 (2016) 034301



Short summary

- New developments are on-going for characterizing XFEL beam
properties, especially towards achieving high resolution

- Cross-check among different schemes is important for assuring
reliability

References:

- K. Tono et al., New Journal Phys. 15 (2013) 083035: Review of x-ray beamline
and diagnostics of SACLA

- Harmand et al., Nature Photon 7 (2012) 215: Arrival timing monitor at LCLS
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5. Design of XFEL beamline

Example: SACLA
K. Tono et al., New Journal Phys. 15 (2013) 083035
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Example: SACLA

0.5 MeV 35 MeV 400 MeV 1.4 Gev
GunAperture 476MHz  CB-correction  gnergy siie 2oam dump g’r’r’:ftg’; dispersion
[ 1.41°
[] [ VT B Ll
\ L-APS@zmx2) - i i i
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iChopper  LB-correction i BC1 i BC2 ! BC3
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————————— SEEE
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g g O || . g U & M?2a M2b f/ S'L
S(FE) M1 DCM S(TC)




SACLA beamline

EH4c: 1-um f
(Nonlinear,
Pump & Probe )




Configuration of beamline & optics at SACLAsAcLA-srings

_ o Experimental
Experiment and Research Building Facility
Undulator Building j
Experimental hall .
Undulator hall Optics hutch (OH) Experimental hutches
(EHs)
EH4
EH1 EH2 EH3 EHS5
- DCM M2a  M2b ~SA GA g

Undulator dum *‘,‘,Q"‘fﬁfﬁr: I H

XFEL WP S(FEYBW S0 = lgw
—— /= ﬂt:er -& 5

H// ~100 m i
S(FE) Frontend slit Filtering (spatial)
BW Be optical window Vacuum protection
Filtering (high pass)

M1, M2a, M2b Plane mirrors Filtering (low pass)
DCM Double crystal monochromator Filtering (band pass)
S(TC) 4-way slit Filtering (spatial)
SA Solid attenuator Attenuation

GA Gas attenuator Attenuation



Basic optics

* Plane mirrors(A & B): rejection of high-energy harmonic
and gamma-rays

* Double-crystal monochromator(Si 111): Band-pass filter

i
Mirror A /
4 mrad e
. e
Mirror B
2 mrad e
Mono _ /
Mirror A < 75 keV
L.P.
Mirror B <15 keV
Mono . B.P. (0.01 %)

0 10 20 30 hv (keV) °
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Mirrors for harmonic rejection

C Rho—2.2. Sig=0.2nm, P—1., 0.229deg Carbon
4 mrad

[:=_"||
'
=

=
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'

£

[nh]
]
ey

|1'_|
Nar

H000

Photon Energy (eV)

B.L. Henke, E.M. Gullikson, and J.C. Davis, Atomic Data and Nuclear Data
Tables Vol. 54 (no.2), 181-342 (1993)



Double-crystal monochromator

2dsind = A

Spectrum at 10 keV

S1111

I I I I I I I I I I

Intensity (a.u.)
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AE ~40 eV
D —
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Wavelength is tuned by
rotating crystal

Two crystal aligned in parallel
Exit beam parallel to the
incidence

Same beam position along full
wavelength range (small
tuning of position)



X-ray Diagnostics

Wavelength monitor (ND)

High-sensitivity screen
monitor for spontaneous x-ray
detection

XFEL
ﬂnt—end Optics hutch \/
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el P sem1 scm2 [scm3 BM1 wMm scM4 scus SCM6 oM BM2
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s(TC)

Pulse energy x2

Screen monitor x7

Fixed point monitor for XFEL beam

position with semi-transparent B-
doped diamond; 20 um/100 m =

0.2 urad accuracy
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2015/9/25 SACLA Operation Status 14:22:40

Operation Mode

BL3 User Operation

Hutch in Use
BL3 EH2
--Putse-Energy q I ke ~hotonEnergy / Wavelength
':. 230 9 micro ,J/pul-% ulse . uratlon '15 0 keV; %/ 0.082 nm
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40 |
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20

Photon Energy[keV]

G 0 T T T T
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14:00 16:00 18:00 20:00 22:00 00:00 Energy (keV)

Pulse Enerpg
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Summary

- Connection between XFEL machine and beamline/optics

becomes much important in advanced x-ray sources, including
XFEL, DLSR and XFEL-O

- Tighter communications among electron & photon people (i.e.,

broader view) should significantly contribute to development of
new light sources



Acknowledgement

Drs. Shunji Goto, Kensuke Tono, Tetsuo Katayama, Yuichi
Inubushi, (SPring-8/SACLA)

Thank you for your attention

77



End

78



