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In The Beginning There Was an Awesome
Pulsed Source of Femtosecond X-rays

and laser do | need
?
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a(--m Guaranteed: Ultrafast photochemistry and photobiology
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« - m Guaranteed: Strongly correlated electron systems

1. Understanding correlated materials
studying the dynamic interaction
of lattice, orbital, charge & spin.

2. Use ultrashort pulses to manipulate
materials on an ultrafast time scale

- magnetic structure
- electronic polarization

Vibrationally induced phase transitions l

Wavelength (um)
80 40 30 20 17

Insulator-metal transition
Rini et al. Nature (2007)

Pr,,Ca;;MnO;

£

20 40 60 80 100
Photon energy (meV)

Courtesy of Paul Beaud and Gerhard Ingold

Electric field controls magnetic order '

TbMnO,

Kimura, Ann. Rev. Mater. Res. 37, 387

- Large amplitude electro-magnon excited with
THz pulse

- Excitation: d-d transition in Mn3+/Mn%+ system
- Fast removal of orbital order triggers collapse of
Jahn-Teller distortion

Structural and charge order dynamics '
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a - Speculative: more accurate protein structures ?

NP . “[Abefore X-rays | £ 1ifc Cytochrome ¢ oxidase
_f(' L5 ) U gz-:- 1 Is very sensitive to
fol - gnjﬁ 604-630 nm | radiation damage
ME 'éft'eﬁgz?s(:réy' RS —
o " + Long X-ray exposure
05 “’\. 2oof  582-630 nm leads to errors in the
o e e e tw 2% 2 4 e s o active part of the

Wavelength [ nm ) Time (s )

protein

H. Aoyama et al. PNAS 106,
2165 (2009)

Shorter X-ray pulses should at least
avoid measuring the structural damage

R. Neutze et al. Nature
406, 752 (2000)

d==50rs3 r=c =501
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a1 Speculative: nonlinear X-ray spectroscopy ?

Hypersatelite lines | Low-probability core-hole processes might become

Nom. chisq=1.4428

Norm.
resld

measurable with high peak powers

2
0
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Figure 1. K_LN satellite spectrum of Ti ionized by 64 MeV O 400 Mg

ions. The spectrum was fitted with the model presented in the g ®
text. Voigt profiles were used for the satellite lines. The KL? line X 200 %
was fitted with two Voigt functions of fixed widths obtained % . %
from the photoinduced spectra and two asymmetric lines 5 ° - ,i)lli[ ll S

o o
describing the M satellites. O o ©

M. Kavcic et al. X-ray Spectr. 32, 381 (2003) 256 258 260 262
Energy (keV)

There’s also significant ideas available from nonlinear
optics and nonlinear spectroscopy in the optical regime

o

-100

3.02 304 3.06 3.08
Energy (keV)

J. Hoszowska et al. Phys.

Shaul Mukamel

200

100 -

Counts/1500 s

N
o
S

354 356 358 360
Energy (keV)

Rev. Lett. 107, 053001 (2011)

Nonlinear Optics
1 /
¥ // THIRD EDITIO
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\What kind of X-rays
and laser do | need
?
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a7 m IS function structure or dynamics ?

Structure Dynamics

- Laser spectroscopy

- NMR

- time-resolved diffraction

- X-ray absorption spectroscopy

— X-ray crystallography

- electron microscopy

— atomic force microscopy

- electron diffraction

- X-ray absorption spectroscopy
- NMR

Water transport through an aquaporin channel in a cell membrane

Protein structure of human hemoglobin in http://www.ks.uiuc.edu/Research/aquaporins/
the T-state with oxygen bound at all 4 Tajkhorshid, E., Nollert, P., Jensen, M.O., Miercke, L.J., O'Connell, J.,
hemes (from PDB 1GZX Wikipedia) Stroud, R.M., and Schulten, K. (2002). Science 296, 525-530
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= On what timescale do we want to measure structure ?

laser plasma
) " X-FELs
X-rays||«----- .
laser-slicing synchrotrons
high-harmonic generation . electronics R
lasers
attoseconds femtoseconds picoseconds nanoseconds microseconds milliseconds
10-185s 10-1>s 10-12¢ 10-9s 10765 10-3s

motion of nuclei

electron motion molecular vibrations
core-hole lifetimes optical phonons
molecular bond formation

rotation of molecules electronic relaxation
molecular librations fluorescence
vibrational dephasing  thermal effects

large-scale protein motion protein folding
phosphorescence chemical kinetics

110 as delay period of the ¥ /°"“/J odoan B Hemoglobin R>T
. " NANRE transition takes =
between electron symmetric o /g Y , 9 m
emission from stretch in H20 is h \f:’m e j microseconds c
conduction band 10 fs e r?n:fra
and |OW€I’—|ymg N Pl vmbleughtl < 200 fS : gedesr range
states in Tungsten V frpom . g
upon irradiation 0
i : Uw,@m through to
The Fe K_edge Core_ H’Ji\éju\cm trans-configuration Seconds
hole lifetime is 4 fs all - trans - retinal Hb animation
from Wikipedia
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a1 X-ray probe techniques for disordered systems

Emission energy (eV)

“ [b
| ) (Resonant) X-ray
f°°° | = emission
3 %
B e T o B spectroscopy
s 8
28980 ------ 000 . ‘)-E—rayenl'lissimr'i specltrur'r,\_l{){ES v
& 3500 4 |:2cl—)(ES \':(;Jg 2
- monochromatic (0.01% BW) and - high pulse energies (5-10mJ) ™" : - o KB:s VaCXES
broadband (1-4%) - short pulses (20-50 fs) - ' T ol KB
» variable focus (1-100 um) - tuneable wavelengths including & wof Oy @—\/\
_ = 1000 1 %200
- tuneable energy (2-12.4 keV) IR, visible, and UV : P\ ©
- ultrashort pulse durations (<1 fs - preparation for THz and <10 fs o0 a0 oo s e
to 50 fs) Emission energy (eV)

X-ray absorption spectroscopy '
Sample-flowing systems X-ray scattering l

Microdroplet Openjet Capillary Gasnozzle

distances to
\ neighbouring
atoms
photoelectron > *
o 4
|
g oxidation state, ¢

@ geometry, °

. coordination ®e
{¥ environment <100fs

NNVIANVAANVZAN
F

- >I< unoccupied @ . '_’—'_.g.
< electronic states SN e® o
Absorption Sl
N probability N /
\ e\ \ ~100Hz <100fs
Li2s W
K
Absorbing atom Scattering atom
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o

X-ray probe techniques for ordered systems

» monochromatic Si(111) and Si(311) * Nigh pulse energies (5-10 mJ)

and broadband (1-4%)

- variable KB mirror focus 1-100 um

- tuneable energy (2)5-12.4 keV

» Ultrashort pulse durations (<1 fsto 5

fs)

Elastic X-ray Diffuse Scattering

Resonant X-ray Diffraction '

Unoccupied states

X-ray

a3
A

crystal planes

%

L

| L

L

P | %
0 ——

e
% | N
5% | s
%
2
-
=%

Core state

X-ray Diffractio |
Peierls system: coherent phonons (Bi Jahn-Teller dynamics (LCMO)

" ﬁﬁm (@)

08 - 5‘ =
‘W

06 |- I,

0.4 14 0.96 mJiom? i‘i?;!‘?i‘iffifflifiiiiii

02 [® 24 miem®

» short pulses (10-20 fs)
» flexible pump setup (polarization and
wavelength UV to NIR)

g° THz excitation and <10 fs

_k
o

o
©

(b)
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j‘

Normalized diffracted intensity
(=]
2]

3 A
¥ 3.0 % 02 - 4.7 mlfem’ M
- 28k & oo L i
0.7 |- 5 2¢f 5 N ig\g b Al ©
g 24p " " . 102
§rie——— s gt
0.6 1 1 I Ablsorbed Fluence f;n.].fcm ) Dj: i L
-1 0 1 2 3 o
Tlme (pS) > Tlme-(ps)
[ Johnson PRL 2008 ] [ Beaud PRL 2009 ]

excitonic CDW system (TiSe5 ) magneto-structural transition (FeRh
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TDS from Si(100) measured at the SLS (courtesy J. Johnson) [ Vorobeva PRL 2011 | [ Mariager PRL 2012]
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= Now we just need an XFEL...

LCLS-Il Injector
(Sector 10)

LCLS-II Linac
(Sector 11-20)

] LCLS-Beam

et Transport Hall

LCLS-Il Beam

Transport Hall m

LCLS-II
Undulator Hall
Front End Enclosure

LCLS-Nl
! Experimental Hall 2

Elettra
synchrotron radiation source

=%

¥ FERMI
HGHG FEL source

\\‘Y?'i !

outh Korea But these ones are all much too far away....
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hy don’t we build our own ?
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o m SWisSFEL

Phase 1, 2012-16 é )
! Phase 2, 2017-19
- - Seed| d’ArtagncTn ‘ Athos 0.7 -7 nm
-4 O 1" SO ooy s 0a-oTem
: | : : : 5.8 GeV %
I ! ] [ 1 ot
: | : : : ; 1.77-12.4 keV
Gun & Booster . Linac 1 Linac 2 Linac 3 Undulators User Stations

»
»

715m

<&
<

Aramis:

Athos :

(2" phase) APPLE Il undulators with variable gap and full polarization

1-7 A hard X-ray SASE FEL,
In-vacuum , planar undulators with variable gap.
User operation from mid 2017

7-70 A soft X-ray FEL for SASE & Seeded operation .

control.
To be implemented after 2017

SwissFEL parameters

Wavelength from
Photon energy
Photon / pulse (1A)
Pulse duration
Energy bandwidth
e” Energy

e Bunch charge

Repetition rate

1A-70A
0.2-12 keV
7.3 x10%
1fs-20fs
0.05-0.16%
5.8 GeV
10-200 pC
100 Hz
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= Reflective X-ray Optics

We need to steer the X-rays to the experiment
x> O /

COSs & ___
;s — NR =
COS ¥

COS Q. = Np

At grazing angles below the critical o < a"h 4

angle we get total external reflection

2 mrad
o771
o A
a|degrees| ~ A|A]/10
8 0.6}
c "
0]
‘t}" Maximum reflected angle (mrad)
é" 0.4}
@Q
o L 0 ter aom
0.2 | —— 100m B,C /50 nm SIC on Si
—— 50 nm SiCon 5
I -_— s s~ o
ﬂ_.l:l ..... T T T |
0 5000 10000 15000 20000

photon energy (eV)

Fhoton Energy (ke')

Courtesy of Rolf Follath
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a7 X-ray mirrors for XFELs

'8

We need to know: 28.11.2012, updated. 23.9.2013 - 200 pC, 21 fs (rms)

» Photon energy range .
. \ urce size* um 44 31 29 28 27 26 25
« Beam size on the mirror T — md 64 34 23 18 15 13 11
o Pulse energy and average power Pulse energy ml 020 0.15 0.16 0.18 0.18 0.18 0.16
| Spectr. Bandw.* % 017 0.09 0.09 0.07 0.06 0.06 0.06
. . Size at MH* mm  0.41 0.22 0.15 012 0.10 0.099 0.075
We need to optimize: e - e
» NO absorption edges FootpritonM,*(imagy mm 97 52 35 28 23 21 18
. Fluence at M:ﬂ‘ mJicm? 6.6 17 41 75 107 142 176
» Maximum thl’OUthUt Footprinton M, 4mrad) mm 173 92 62 49 41 35 30

« Reflected angle N
® M | ITOI' |ength M at64m, M at 153 m Optics should accept 5 rms

5. Raiche, 27. Now. 2012; hitpe:dintranct psi.chiSwiss_FEL/SwissFELSimAmmis-Dasign

Top view 4-bounce scheme Focusing mirrors Aramis 1, ESA
crystals / mirrors Mis_sa
Offset mirrors = _
2 Aramis 2, ESB
L (3=}
6 mrad 6 mrad
- — =il ¥ /*I
DCM A 0
— x
Distance from end of undulator (m)
- T T T T T T T T T T T T LA | T T T T 1
64 66 76.5 8 93 96.33 985 10 10 10 120.3 1218 12265 135.5137.05 137.85 151.  151.
5 5 4. 5 7 83 3 5 124.15 140.35 1 9 153.

August 28, 2014 chris.milne@psi.ch FEL'14 Basel, Switzerland
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-

a7 X-ray mirrors for SwissFEL Aramis %J

Small grazing incidence angle Mirror should accept 50 of beam
+ high reflectance (at least 40)
long mirrors
L:,=800 mm at 64m > o Ls,=570 mm at 64m 3 mrad
........ mra 0 —  B4C Looks OK at low

energies, but angle is low
and high energy cut-off is
too

10— — = Of
08} ' N \ - 0.8}
06} | ] 0.6}
04} | | ]
- ——B4C - 1
[ ——SiC \\ \ ]
0.2_ Si

AL 02

ool e 1
0 5000 ~ 10000 15000 20000 0'00 5000 10000 15000 20000

0.4}

Reflectance
Reflectance

photon energy (eV) photon energy (eV)
' 1.0 10 keV
What about a dual-layer coating ? | ©
B4C/Mo looks better 15nm B, § o5
at higher energies 20 nm Mo % S oy P
] ——2660-SACLA [Ax0]
and still good at | |
Si bulk 00k

lower energies

0 5 10
incidence angle (mrad)

Courtesy of Rolf Follath
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==

w X-ray monochromators

Photon energy (eV)

10 100

Mirrors

100 nm 10 nm 1

Wavelength

Normal incidence Grazing Incidence

mMonos monos

Hard X-ray crystal monochromators

i g -~
= e
"
.-""--. "

T =
.-'"'--..-.. .
-
.-!_,-"'-. T —
_ 1 3
1 - E
= 1+ orysia D 3
e Tl m— - £ 20
2sin 6 ©

nA = 2dhk£ sin @

1000

[+2]
[=]
T

-
(=1
T

I'»

oft X-ray grating

10000 10%

S

monochromators

nm 1A

Crystal monochromators

——InSb (111)
—sSi(111)
—Si(311)

5000 10000 15000
photon energy (eV)

0 20000

Courtesy of Rolf Follath

August 28, 2014

chris.milne@psi.ch FEL'14 Basel, Switzerland



PAUL SCHERRER INSTITUT

a - m Switching from pink beam to monochromatic

We want to be able to switch easily between the two modes

BUT we don't want to have to move everything when we switch

— 649

Focusing mirrors

High harmonic
rejection mirrors

Top view 6 mrad
DCM CRL
Offset mirrors
L 414
— - 0
mfa 5 055" 10 2 - 32 mrad
o T ES-A
Side view 44 mmj@&
A )
N -
M4 M, Mig M, Mg Mg
Distance between elements (m)
12 28. 2 1.3 12.0 1.5 0.8 1.5
- l l l l l l l l 1
1 1 o) 1 1 1 §) 1 Z 1 1 1
64. 76. 10 107 108.3 120.3 1218 1226 124.15
5 5 5 3 5 5

Distance from end of undulator (m)

Solution: Two vertical offset mirrors to correct for the monochromator®
*Added bonus: harmonic rejection !

August 28, 2014 chris.milne@psi.ch FEL'14 Basel, Switzerland



qg—g. Harmonic rejection

The harmonic contribution is about 1% for each

subsequent harmonic I P T
So if we have 102 photons per pulse at 5 keV s
we also have about 10'° photons at 15 keV 3 -

That's not so small

Cadpulpted. 310 nm Mo / 18 nm B C on Sdeoon

2 |—25.2mm
= |
m ]
% ] 2300 eV, ©,=60° Q\ ©,= 16.8 mrad _
E T
Crystals Mirrors E
Mo/B,C &
Q.00 Q.05 0.10 Q15 020 18 keV, @,=6.3° ot mad, a N\ 5.5 mm
sin(8) /5 (1/nm) T~ 3 f
- 24.6 mm —
| 1309 mm -
(fix)

But the second set of mirrors can be usea
to cut-off further orders of magnitude of the

higher-order harmonics
Courtesy of Rolf Follath
FEL'14 Basel, Switzerland
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= {m Experimental X-ray focus

There are lots of ways to focus X-rays onto your sample

KB mirrors ;
Incident hard X-ray

Horizontal focusing
mirror

| | R » Chromatic
Vertealncueing N + Capable of very small focus (<1um)
. | _ » Short working distance
» Achromatic Focal point

» Easy alignment

» Small focus (~1um) with reasonable  Inflexible (specific focus at specific X-ray energy)

working distance (~1 m)

 Asymmetric focus possible .
. Capable of de-focussing m(l)?rlnpound refractive lenses Chromatic

* Moves X-ray spot around * Beam always on-axis

———x * Very | king dist {
ATTXIIT i s e

* Focus profile depends on quality of
lens

\/
Series of concave lenses

You need to pick what's right for the experiment

August 28, 2014 chris.milne@psi.ch FEL'14 Basel, Switzerland
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= X-ray Photon Diagnostics

Position and Intensity Monitors '

© e
00

| EE3 W

i

CI

Diode shielding
downstream

x-ray beam
entrance

Photodiode (PSI)

Photodiode (PSI)
Diamond film (PSI)

Active area

Diamond film (PSI)

« Use a THz streak camera concept to measure the arrival time and length of the photon pulse.

X-ray Beam

electron TOF

IR Beam/THz Field

KE giectron = Epnoton — Binding Energy +W

Courtesy of Luc Patthey and Pavle Juranic

X-ray Pulse Duration and Arrival Time |

3.5

Streak scan for the Xe 2psn2 electrons
at a photon energy of 10 keV

Incident X-ray Spectrum '

{a) (b) il
e it ——
high-resalution - J""'j.‘; T
specimgraph fr'-,-_“. —— , )
[ E— =
- e ﬂ W |l||
- P -
i '-?f;*“*r L[Vl b
e LY
R R 5 s B S
_----—"'“' - Phatnn
T — = nemy o]
benl 31111 L e - |
cnynel fulbrange e a5 e = |
apacigaph Y
o b, === |
L -
- - St B = |
1 i - _u."' "-u‘i_ = I" | | I Ilj
L - L
o R YT
nnnt&[ﬂﬂil crystal L= e

D. Zhu et al. App. Phys.
Lett. 101, 034103 (2012)

diamond
beam splitter
grating

E undiffracted beam |
dfﬁ}-ac.!
©d beap, Cﬁﬁiiﬁ;juh
cry®

\7
l XFEL 7.1keV < 80 fs unfocused
a Spectral encoding » Sapphire I «—
. i
© Chirped Optical
B continuum laser
o8 800 nm ~50 fs
o
SigN,—|—
0 5_00 1,000 ] Spectrometer
Pixel »

b Spatial encoding

SigN
l- = &

0 500 1,000
Pixel

400 pixels

Ed
M. Harmand et al.
Nat. Phot. 7, 215

(2013)

€ Pump-probe
experiment

-
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a [ Prioritisation

This is a multi-dimensional problem and needs to be established through
discussion with potential uses, external review, and realistic projections

Experimental Station A at SwissFEL

October 2008:
January 2010:
September 2011:
March 2012:

mid-2012:
June 2013

January 2014.

XFEL Workshop at EPFL in Lausanne to stimulate ideas

Science case document published (available online)

Open meeting in Bern for all potential interested users in Switzerland
and elsewhere to provide details on current status of project

ESA Instrumentation Workshop to figure out what should be
implemented at ESA

ESA budget numbers established

Completion of ESA Conceptual Design Report and presentation of
concept to Photon Science Advisory Committee

ESA Advisory Committee Meeting to obtain specific and technical
feedback on plans prior to preparation of Technical Design Report

At this point we know what we should prioritize, who Is interested In
what techniques, how we're going to do it, and the general time-frame

August 28, 2014
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o=

So call all your friends, let’s go do an experiment !
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Experiment #1
Serial Femtosecond Crystallogrpahy
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w X-ray nanocrystallography: Retrieving crystalline structure

Liquid jet

~
SO Tse
~
~
S~
~

~'
~
~
~
~
~ -t
~
o
&~

Interaction Front pnCCD
point (z =68 mm)

H.N. Chapman et al. Mature 470, 73 (2011)

1.8 million shots
20% hit crystals
17 hours
10 mL of sample
10 mg of protein

" TT0 ' Upper font detector
Rl 15202 j ¢
.t 1424%

"1920 e 12,0

e i 7162
1271 4y l & .
A i 790" -
+ —
O0gede 1 % £ 4142
— g2t eeTs v 570
RERY 811 SaERIT
Lower font detector . =55
10214 8174 497

S. Boutet et al. Science 337, 362 (2012) |*

Liquid Jet

B
‘; ‘ ’
a U
B a Q
,. g
0 )
e °

1.5 million shots

4% hit crystals
0.007% were useable
3-4 hours

Y Interaction m

(10 um? focus)

CSPAD detector
(z=93 mm)

Be lenses

y L
o [YSOZYIIE at 1.9A

Undulator
(420 m upstream)

J.C.H. Spence et al. Rep. Prog. Phys. 75, 102601 (2012)

August 28, 2014

X-ray diffraction gives information on
the positions of all the atoms in the

crystal
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= wm Detectors

PAUL SCHERRER INSTIT

CSPAD v1.0 [T} Jungfrau
CS-PAD 2
e! A_Q Sensor 8x4cm

NATIONAL ACCELERATOR LABORATORY

T

8x ASIC

ADCs 40ch

GOTTHARD appearance of a
[® single module

like readout
board

2x Gbit link

Noise uniformity

MPCCD |

A «.;v’
Ly .‘ by 2 -
8 ~ )
,-"’ { \:“ \ ‘ 5 -
L | . £

SACLA
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« - m SFX measurements

position

neutral
atmosphere
or vacuum
environment

50 cm

KB Mirror Chamber

resolution = 211/Qmax
Qmax =55 A’1

(y) uonnjosay

X-ray energy (keV)

150 cm

Detector distance (cm)

16M Jungfrau

75 um pixels

30 x 30 cm? area with a hole for the direct beam
vacuum compatible

. adaptive gain for high flux measurements

11}
n
w
=)
=]
[}
=
-
o
7
c
g
=

August 28, 2014

chris.milne@psi.ch FEL'14 Basel, Switzerland



PAUL SCHERRER INSTITUT

= m Sample delivery: liquid jet for SFX and WAXS

gate valve

in vacuum =
microscope ) £
ol /

Cfi) microscope focus

nozzle rod =

:ﬁ . »‘ “‘V@rtlcaf jet geome‘try

é (B) X-ray interaction point Cin€XT ghamber (LCLS)
jet manipulator

connector to

catcher U. Weierstall et al. Rev. Sci. Instr. 83, 035108 (2012)

Based on Gas Virtual Dynamic Nozzles (Spence et al.)
Liquid jet injector for nanocrystalline samples

In use at CXI (LCLS) and SACLA

Also useable for photochemistry (WAXS)

5 microns

Massive drawback: working in vacuum is a headache \ounp o

AccY  Spot Magn Det WD
2000 kY 50 150x GSE 146 AUX 1.1 Torr ASU
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w Liquid jet accessories

Gas pressure control

High-pressure liquid chromatography
connections everywhere

Gas tanks for pressurization or HPLC

-------

Anti-settling tank (prevent crystals from
settling in container

Remote controlled valves to switch between “
samples, buffer, water 1 g._. =

l. Schlichting, J. Miao Curr. Op. Struct. Bio. 22, 613-626 (2012) , A
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w SFX sample delivery: Making things simpler

SACLA development
uses GVDN in
compact helium box

CSPAD detector

yy "“\

U. Weierstall et al. Mat. Commun. 5:3309,
doi: 10.1038/ncomms4309 (2014)

| L

F"
‘ E.m.

:

N A

e ‘A‘
N

B8 aperture ‘
ke

1T
Yiiddddl

Lipidic Cubic Phase jet uses
less sample and is more stable

August 28, 2014 chris.milne@psi.ch FEL'14 Basel, Switzerland



= SFX Data Processing http://www.desy.de/~twhite/crystfel/

s

| ﬁ1.2-
7 Radial integration £,/
(WAXS) g oef
Z0.2-

0" 0:5 1 1:5 2 2.5

q

CrystFEL: a software suite for snapshot serial
crystallography

Thomas A. White,"* Richard A. Kirian,” Andrew V. Martin," Andrew Aquila,”
Karal Mass,** Anton Barty® and Henry M. Chapman™*

rpsl AL A5, S15-541

: o ® o IRk
§ s I o s 3
& o, %
a 8 6 g g o a 5
[ [ [ F_ 2. = !
b
o . 1 A e
08 o LR 1oAppl, Cry
@ “
@ =]
) a

followed by | il
; e Crystallographic data processing for free-electron

peak flndlﬂg S jumarEe - laser sources
. _ -t : i Thomas A. White,”* Anton
(S FX) o BT Barty,” Francesco Stellato,”

James M. Haolton,”" Richard A.
Kirian,”* Madia A. Zatsepin® and
Henry M. Chapman™"

Acta Crvst. QRN AL LabY, 12471123410
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Experiment #2
X-ray spectroscopy experiments
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= X-ray spectroscopy experiments at XFELs

- Stochastic X- -ray spectrum Single-shot XAS

Y. Feng et al. Proc. of SPIE . Elliptical mirror 7., g1,

ransmission grating .
,sp 8504, 850405-1 (2012)ﬂ ] eamstopper Dl Si Crystal
XFEL ' )

2f " Side View

\ ‘ F w ‘ 320000nnr: IIU U U H U H;?c
\j | | (1111

spectral intensity (a.u.)

25
£
L.N £ 20
3 15
9280 93A00 93A20 93l40 93A60 93‘80 9400 % 10
photon energy (eV) '5 5 '
()]
0]
Spectral |nstab|I|ty and detector linearity 064 966 968 570
250 Energy (keV)
M RaW data Aﬂer Non llnear COI‘I’eCtIOI’] [ rrrrmrrer e e T
200 | = [ (b) o 4+
2.0 LC)
g 1501 = = 15} 3 L B — Ll
E) S I re .
8 oot E_é ag 1.0 | 8 2F g
= = os _ % -2 . ‘ ' : I
50 | ' I 1 B 9.66 9.68 Eng}?g?/ (ke9\7§2 9.74
0.0 : : : '
o LALLM .-y e P —— 9.65 9.70 9.75  9.80
(au) Imono (VoI Imono (Volt) Energy (keV)
H.T. Lemke et al. /PCA 117, 735 (2013) T. Katayama et al. App. Phys.

. . ] . o Lett. 103, 131105 (2013)
Shot-by-shot diagnostics and techniques have significant advantages at XFELs
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Jm X-ray intensity normalization for scans

Xregyeereeoyy (Kedl))
—— 250 r
1600 — AAH T — _ white beam m——
L mono beam C—
1400 f .
S ~ 200 |
1200 I I A ( L A -
- I I "/
< 1 M %]
§ 1000 . - V 8 150 | L LS
3 I S S ‘ :
5 ! g
> 800 Hi - - 5
(5] [&]
5 1 8§ 100 |
2 600 i
400 — 50 -
200 i
0 i riTI_I'Frhﬁ—v—l—nl
0.2 0.4 0.6 0.8 0 2 25 3

X-ray pulse energy (a.u.)
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a7 m Introduction to von Hamos X-ray spectrometers

cylindrically [* "\
bent crystal | »

focusing plane
(C) continuous focusing (d) segmented focusing

&5
\ | sample
\‘\ .-

\\

von Hamos geometry

1t
E,

(b) dispersive plane

200 [F | | — =
—— Experimental measurement e
— Gaussian fit o — Si(311)
150 |- 0.6 / \\ H
0.4 Si(311)
FWHM
o / 248 meV \
§ 100 + 02
3 - FWHM = 299 + 8 meV j & -
g 0.0 == —
4+ 8.0296 B.0298 8.0300 8.0302 B8.0304
2
(a9
50 _
= Si(311) mono
0 " used Si(444) diffraction from
| | | | | analyzer
8.027 8.028 8.029 8.030 g.031 |" focal spot~ 80 pm
Scattered X-ray energy (keV) " Mythen pixels 50 um
= Resolution: 100 meV

» Dispersive so you get a complete energy range per XFEL pulse

25 cm radius of curvature crystals means compact setup
Scan-free setup means no moving parts

Development of segmented crystals provides excellent energy resolution
Scales easily with additional crystal+detector pairs to cover other energies
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o=

HoXS: Holochromatic X-ray Spectroscopy

IGoaI: The ability to obtain a holistic picture of the sample

High energy resolution off-resonant spectroscopy (HEROS)

I | |
Energy diagram level 70000 - data
. neory| HEROS at LCLS Initial state
| & ! 1| final state: A’ |
i :g : T 2p3/2 | A :
i }:;* %} excited(electron, i 60000 ———- 2p1/2 B N i EFerm| _________
| 2 |
i 8 __l:,____ Eermi i i 2000
i E1- | Einitial | = -(:)—virtual{state( i n 50000 + i /1/]/)*
1 I = )
| s 3 v _ge-
! : ! O 40000 -
: :_O_Eﬁnal i i
\ 1 N T * S I e
: L :
: Il E I\/\X/—:;;-out i 30000 - -
| X-ray-in : I E, S N ki
: E;<<Einitial Einit'ial i _____
A . T
200004  Teeeeeeaald
I | |
HEROS: J. Szlachetko et al. 7980 8000 Lozl 8040
Struct. Dyn. 1, 021101(2014) Emission energy (eV)
X-ray emission spectrum (XES)
4000 T T ///‘/ T T T T T T T T T T T
Initial state  Final state 3500 c2¢-XES -
Tt T l"______________"l 1 T |
| 2 . @ ! 3000 Kalﬂ KB -
I | m——————— : : 13 v2c-XES -
| —',‘.'.'.— | :—.'“— ! 2500 4 [ 1 .
] [ 1
. eeee !  eeee 2 -
l : o 'S 2000 KB, ¢ .
L eee— | —908— 5 | Ka g ’ -
l \ b , O 2 KB
. \ Pl | € 1500 - .
i *_\ O O i : @ o X-ray-out : ] ]
. ! ! 1000 4 x200 .
: X-ray-in i i i i X5 ]
0 1 v I v ///" 1 M 1 N I N 1 N I N I v
8020 8040 8880 8900 8920 8940 8960 8980 9000

Emission energy (eV)

i m m — — — — — — — — — — — —————————————— ——————

Inelastic x-ray scattering (IXS)

diamond K-edge
I N I

v I i I
inelastic x-ray scattering |

. 42000
Final state _ von Hamos, Si(444) ]
| 40000 - photon dose = 7.2 x10'° photons|
: | ----ELNES K-edge data
/70 ! 38000 4 .
/ |
- -,' ------ | ]
OO0 | %000
: P2 -
—O-00— I S 34000
NN b
S()-O— X-ray-out : 23000
E, . |
|
! 30000 -
_________________ | 1
28000 -
26000 , : : :
280 300 320 340
Energy (eV)
HoXS#nstrument,
XES/HEROS# IXS
| 2ouecceors | $ /& sample,
~ <77
~ /
~ \ /
~
S \ i )
Sl incident#
o x4rays,

For example Fe K XES
and C or N K-edge IXS
measured simultaneously
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Experiment #3
Pump-probe experiments
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= Pump-probe measurements

P
Pump-probe measurements

transmission
diode

sample

fluorescence
APD

First we need to
get the laser into
the setup

Control over the
laser Is pretty
simple so this Is
quite flexible
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= Pump-probe jitter correction

T
—

Transmission change

0 200 200 600 800 1000 1200

o
N
T

1

Filtered signal
: © O
o H
P

o
fuud

—

0 100 200 300 400 500 600 700 800 900
Spectrometer bin (2.3 fs/bin)

' ' , J T ' ' N. Hartmann et al. Nat. Phot. DOI:
1.00 «—= scan step averages Silicon nitride 10.1038/NPHOTON.2014.164 (2014)
e phase cavity rebinned Grating
) » . T ———
% 0.95} ~—— Timetool rebinned ) Opticalprobe__ .
c _— .
g €L y £
= y.o__la
p— E 4 Late
: 090 \ y 7
:c: 10
(s]
2085} 5
B > o 3
g :
0.80 | = :
Jitter a 0 2
a Beam geometry ;\5
7 ' ‘ . ' : - ‘ - -
92 0.0 0.5 1.0 _ 1.5 2.0 2.5 3.0 3.5 b 0
Time Delay / ps 450 500 550 600 650
H.T. Lemke et al. Proc. of the SPIE8778, 87780S-1 (2013) Wavelength (nm)

b Spectrogram measurement
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a - m Getting the best pump-probe time resolution

The time resolution can be affected by many things,
including geometry and sample index of refraction

e delay (ps)

_ Ag -
tan(ﬁ ) T d. M \/ 1— (Ao fl(lf jet & ‘E_f@ig the 1 mm footprint anEd casure the XES signal as a function of time
g se

? 0 0.2
be eenlila and X-rays. We expect to contintie these measurements through the thi

shifts to measure the Ka and Kb XES signals asawellas the ilEROSisignals.

& Jet pathlength (m)
Pump laser ‘ l ‘Grating

cylindrically bent
(800 nm, 110 fs) crystal 2D detector

s ' collection of the XES spectra jj.3

the off-resonant XES through the
i : off-resonant spectroscopy (HER s collecting high-energy resolution XAS spe
: : unprecedented time résolysen tha sE4Phing-free arrangement.
i : : Ry fluorescénce
N2 B0 el delay 2

Elliptically bent
X-ray mirror

 liquid-jet sample
Sliced x-ray pulses
(~ 120 fs)

APD
Bi

Multilayer Ci—bcb

. ). Szlachetko “Solving the
S.L. Johnson et al. Phys. Rev. B87, 054301 (2013) group velocity mismatch
............ WW«MW‘* oroblem in pump-probe

it i - | | | iments” (2013)
In other words it's pretty easy to wreck time resolution .. T

At>0 At=0 At<0
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This is obviously a SwissFEL perspective, but it's by no means unique

Experiments: Users will definitely use the XFEL in ways we haven't thought of

Optics: Optics can wreck things very quickly (acceptance, coherence)
Changing the photon energy needs to be as simple as possible

Diagnostics: The most important diagnostic is the one closest to the experiment

Priorities: XFEL experimental stations need to duplicate many storage ring beam

XFEL Science Success Stories

. Serial Femtosecond Crystallography (Biology)

+ Pump-probe Experiments (Chemistry, Biology, Condensed Matter Physics)
+Nonlinear X-ray Experiments (AMO, Condensed Matter Physics, Chemistry)
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