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Paul Scherrer Institute
•Home of the Swiss Light Source synchrotron, a 
proton accelerator, and a spallation neutron source 
•1500 staff, 300 PhD students 
•PSI Forum has 15,000 visitors per year 
•Proton therapy facility
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Fall 2012: Swiss Parliament approved SwissFEL 
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13 Dec
emb

er 2012

Parliament approves 
2013 government budget  
including funding for 
SwissFEL building

25 Sept
emb

er 2012

Swiss Parliament passes  
research funding law 2013-16 
including mandate for PSI 
to build SwissFEL

December 2012: We received the green light to start building SwissFEL

Brief project history at PSI 
2003-2005 Low-Emittance Gun (LEG) Project at PSI 
2005-2008 PSI-XFEL Project 
2009 Beginning of SwissFEL Project
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SwissFEL location at the Paul Scherrer Institute 
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PSI-‐West

Aare	  river

PSI-‐East

71
5m

maps.google.com	  

	  11.09.2013

SwissFEL
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SwissFEL: June 27, 2013
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injector

linac
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SwissFEL under construction

ESA hutch 23.01.2015

20.05.2015

08.07.2015

mailto:chris.milne@psi.ch


What are we going to put into this building ?
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Aramis: 1-7 Å (2-12.4 keV) hard X-ray SASE FEL,  
In-vacuum , planar undulators with variable gap  
User operation from mid 2017  

Athos : 
(2nd phase)

7-70 Å (200-1700 eV) soft X-ray FEL for  SASE/seeded operation 
APPLE II undulators with variable gap and full polarization control 
To be implemented after 2017

715	  m

Phase	  2,	  2017-‐19Phase	  1,	  2012-‐16

SwissFEL	  parameters	  

Wavelength	  from	  	  	  	  	  	  	  1	  Å	  -‐	  70	  Å	  

Photon	  energy	   	   0.2-‐12	  keV	  

Photon	  /	  pulse	  (1Å)	   7.3E+10	  	  

Pulse	  duraVon	  	   	   1	  fs	  -‐	  20	  fs	  

Energy	  bandwidth	   0.05-‐0.16%	  

e-‐	  	  Energy	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5.8	  GeV	  

e-‐	  Bunch	  charge	  	  	  	  	  	  	  	  	  	  	  10-‐200	  pC	  

RepeVVon	  rate	  	  	  	  	  	  	  	  	  	  	  	  100	  Hz	  

1.77-12.4 keV

2012-2017

after 2017

Hans Braun 
and co-workers

Aramis: Hard X-ray self-seeding 

mailto:chris.milne@psi.ch


SwissFEL design parameters at 1 Å (12.4 keV)
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Sven Reiche 
and co-workers
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SwissFEL Linac Modules

#	  RF	  sta=ons E	  (GeV)

Injector 1+1+4	  S-‐band,	  1	  X	  band 0.355

Linac	  1 9	  C-‐band 2.1

Linac	  2 4	  C-‐band 3.0

Linac	  3 13	  C-‐band 5.8

C-Band RF structure with BOC 
pulse compressor installed in 
HF test stand at PSI

715	  m

Phase	  2,	  2017-‐19Phase	  1,	  2012-‐16

Florian Löhl 
and co-workers

mailto:chris.milne@psi.ch
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SwissFEL Hard X-ray Undulators

Symmetric Support Structure:  Stability & Cost effective 
Mineral Cast:  Mechanical Rigidity 
Gap Adjustment with Wedge system:  Precision (0.3 µm)

Undulator Type Hybrid – In 
Vacuum

Undulator Magnetic Length 3990 mm

Number of Undulators 12

Undulator Period 15 mm

Nominal K value 1.2

Nominal gap 4.7 mm

Magnetic material NdFeB-Dy

Pole Material CoFeVa

Key building block for SwissFEL beamlines  
12 x 17t of precision mechanic  

First U15 is getting ready for installation in 
WLHA injector test facility Q4-2013 

Key industry partners: 
• MDC Daetwyler Industries (CH)  
• Bruker (D) 
• Hitachi (Jp) 
• Micro-Waterjet (CH) 
• Vakuumschmelze (D)

4 m

Romain Ganter 
and co-workers
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Aramis Experimental Hutches

ESA

ESB

ESC

mailto:chris.milne@psi.ch


July 10, 2015 chris.milne@psi.ch Future Research Infrastructures, Varenna, Italy

ARAMIS optical layout

CRL 
Offset mirrors 
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M16 

2 – 32 mrad AU8 

AU4 

AU4 

AU4 

AU4 

CRL 

8-12 mrad 

DCM1 

DCM2 

Aramis 1 

Aramis 2 

Aramis 3 

KB-1 

KB-2 
8-12 mrad 

ESA Prime + Flex 

ESB   

ESC   
Status Offsetmirror 
•  Si (100) mirror ordered  : Jul. 2014, Zeiss and JTEC 
•  Delivery    : Jul. 2015 
•  Coating : SiC/B4C,  Si ,  Mo/B4C  : Aug. 2015 (HZ Geesthacht) 
•  Installation    : Spring 2016 

L. Patthey, U. Flechsig 
and R. Follath

Double Crystal Monochromator 
 
•  Fixed offset (20 mm) and variable offset (4 – 42 mm) 
•  3 crystal pairs, Si (111), Si (311), tbd 
•  Common Bragg axis 5 – 80 deg 
•  4500 eV – 12400 eV 
•  Pink / Monochromatic mode 
•  Delivery & Installation  Oct. / Nov. 2015 

KB-System 
 
Specification 
•   full energy range 1.7 – 12.4 keV 
•  Variable spot size 
•  Mo / B4C coating  
 

Status 
•  WTO tender published  12. Dec. 2014 
•  KO-Meeting   30. Jun 2015 
•  Delivery & Installation  Nov. / Dec.  2016 
 R. Follath et. al., SRI Proceedings (2015)
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SwissFEL Experimental Stations

ESA:
Ultrafast 
photochemistry 
and 
photobiology

ESB:
Pump-probe 
crystallography

ESC:
Materials science and 
nanocrystallography

PSI Bericht Nr. 09-10 
September 2009

Ultrafast Phenomena at  
the  Nanoscale:
Science opportunities at the SwissFEL X-ray Laser

http://www.psi.ch/swissfel/

Phase I: 
Ready by 2017

Phase II: >2017

Scientific Case 
B. Patterson 
editor

Bruce Patterson 
and co-workers

generated by the absorption of four photons by
the PS II reaction center are stored in the four
consecutive redox states of a Mn4CaO5 clus-
ter, known as the Si (i = 1 to 4) states. The
accumulated energy is used in the concerted oxi-
dation of two molecules of water to form dioxy-
gen (1), returning the catalyst to the most reduced
S0 state in the Kok cycle (Scheme 1). Due to its
efficient catalysis of the demanding four-electron
and four-proton chemistry of water oxidation,
the Mn4CaO5 cluster has been a model system
for synthesizing inorganic water oxidation cat-
alysts (2, 3).

The structure of PS II in its dark stable state
(S1) was studied extensively using x-ray diffrac-
tion (XRD) measurements on cryo-cooled crys-
tals (4–7) at synchrotron radiation (SR) sources
with resolutions ranging from 3.8 to 1.9 Å. One
inherent limitation of XRD measurements on
this system, however, is the high radiation sensi-
tivity of the Mn4CaO5 cluster. An increase of
the average metal-ligand and metal-metal dis-
tances is observed in the XRD data as compared
with the extended x-ray absorption fine structure
(EXAFS) data that were collected below the
threshold of radiation damage [reviewed in (8)],
indicating that the structure of the cluster is
either altered or disrupted. Such specific damage
(photoreduction of the metal center) (9, 10) oc-
curred despite the fact that all XRD measure-
ments were carried out at cryogenic temperatures
of 100 to 150 K. It is now generally recognized
that for some other redox-active metallopro-
teins, it is difficult to obtain intact structures with
SR-based XRD, even at cryogenic temperatures
(11, 12). Recently, a new approach to protein
crystallography was demonstrated at the X-ray
Free-Electron Laser (XFEL) of the Linac Coherent
Light Source (LCLS), with ultrashort x-ray pulses
of high intensity enabling collection of diffrac-
tion data at room temperature (RT) before the
onset of radiation damage in various systems
(13–18).

Whereas XRD is powerful in determining the
overall protein structure, various x-ray spectros-
copy techniques can provide critical comple-
mentary information about the active site due to
their element and chemical sensitivity (8, 19–22).

To understand the intricate interplay between
protein and metal cofactors that allows complex
reactions, it is desirable to combine both ap-
proaches in time-resolved studies under func-
tional conditions.

Among the various spectroscopic methods,
nonresonant x-ray emission spectroscopy (XES)
probes occupied electron levels (see Fig. 1, bot-
tom right). In particular, the Kb1,3 line is a probe
of the number of unpaired 3d electrons, hence
providing information about the oxidation and/or
spin state (22). Experimentally, XES performed
using an energy-dispersive x-ray spectrometer
(23) is particularly well suited for such combined
shot-by-shot studies, as excitation energies above
the 1s core hole of first-row transition metals are
also ideal for XRD; therefore, neither incident
nor emitted photon energy need to be scanned.
Although it has been demonstrated that the shot-
by-shot approach can probe the atomic struc-
ture of intact proteins at high resolution (17),
the question has remained whether ultrabright
femtosecond pulses can also probe the intact
electronic structure of active centers such as the

Mn4CaO5 cluster. This is by no means obvious,
because, in contrast to XRD, in which radiation-
induced damage leads to loss of diffractivity, such
a self-termination of the signal is not expected
in XES, and electronic structural changes hap-
pen on a much faster time scale than a Coulomb
explosion. Recently, we used solutions of Mn
model systems (24) in a liquid jet (25) at LCLS
to demonstrate the feasibility of RT femtosecond
Kb XES.

Building on the feasibility of these sepa-
rate femtosecond XRD studies of PS II (18) and
femtosecond XES results, we have designed
an experimental setup for simultaneous XRD
and XES data collection at the LCLS. We used
XES to determine the electronic-state integrity
of the Mn4CaO5 cluster. Simultaneously, we
used a visible-laser pump (centered at 527 nm)
and an x-ray laser probe to collect RT XRD
measurements of the S2 state, and we compared
our results with the XRD data from the dark
S1 state. The schematic of the setup is shown
in Fig. 1 (26). Suspensions of PS II microcrys-
tals (5 to 15 mm in the longest dimension) were

1Physical Biosciences Division, Lawrence Berkeley National Lab-
oratory, Berkeley, CA 94720, USA. 2Linac Coherent Light Source
(LCLS), SLAC National Accelerator Laboratory, Menlo Park, CA
94025, USA. 3Max-Volmer-Laboratorium für Biophysikalische
Chemie, Technische Universität, D-10623 Berlin, Germany.
4PULSE Institute, SLAC National Accelerator Laboratory, Menlo
Park, CA 94025, USA. 5Institutionen för Kemi, Kemiskt Biologiskt
Centrum, Umeå Universitet, Umeå, Sweden. 6Stanford Synchro-
tron Radiation Lightsource (SSRL), SLAC National Accelerator
Laboratory, Menlo Park, CA 94025, USA. 7Department of Physics,
AlbaNova, Stockholm University, S-106 91 Stockholm, Sweden.
8European Synchrotron Radiation Facility, F-38043 Grenoble
Cedex 9, France.

*Present address: Synchrotron SOLEIL, F-91192 Gif-Sur-Yvette,
France.
†Corresponding author. E-mail: vkyachandra@lbl.gov
(V.K.Y.); bergmann@slac.stanford.edu (U.B.); jyano@lbl.
gov ( J.Y.)

Scheme 1. Reaction cycle of wa-
ter oxidation at the Mn4CaO5 clus-
ter in PS II. h, Planck’s constant; n,
frequency.

Fig. 1. Setup of simultaneous x-ray spectroscopy and crystallography experiment at the CXI
instrument of LCLS. The crystal suspension is electric-field–focused into a microjet that intersects
the x-ray pulses. XRD data from a single crystal are collected downstream with a CSPAD detector,
and XES data from the same crystal are collected at ~90° to the beam via a multicrystal XES
spectrometer and a compact position-sensitive detector (PSD). A Nd-YLF laser (527 nm) is used to
illuminate the crystals. The timing protocol (top left) consists of a fixed time of flight Dt between
the optical pump and x-ray probe. The schematic of the energy dispersive spectrometer is shown
(bottom right), as well as the MnII and MnIV oxide Kb1,3 spectra and an energy-level diagram for
XES (bottom middle).

26 APRIL 2013 VOL 340 SCIENCE www.sciencemag.org492

REPORTS

 o
n 

Se
pt

em
be

r 9
, 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fro

m
 

B. Patterson et. al., CHIMIA 68, 73 (2014)
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ESA: Ultrafast photochemistry and photobiology

A. Listorti et al. Rev. Chem. Mater. 23, 3381 (2011); 
A. Hagfeldt et al. Chem. Rev. 110, 6595 (2010);  
M. Henderson Surf. Sci. Rep. 66, 185 (2011);  
S.C. Roy et al. ACS Nano 4, 1259 (2010)

M.A. Henderson / Surface Science Reports 66 (2011) 185–297 187

List of acronyms and symbols

2PPE two photon photoemission
A anatase
AFM atomic force microscopy
ATR attenuated total reflectance
B brookite
CB conduction band
CT charge transfer
DFT density functional theory
DOS density of states
DSSC dye sensitized solar cell
e�/h+ electron–hole pair
EDTA ethylenediaminetetraacetic acid
EELS electron energy loss spectroscopy
EMA effective mass approximation
EPR electron paramagnetic resonance
ESR electron spin resonance
EXAFS extended X-ray absorption fine structure
FTIR Fourier transform infrared spectroscopy
HOMO highest occupied molecular orbital
HREELS high resolution electron energy loss spectroscopy
HRTEM high resolution transmission electron microscopy
IEP isoelectric point
IPA isopropyl alcohol
IPS inverse photoemission spectroscopy
IR infrared
LDA local density approximation
LUMO lowest unoccupied molecular orbital
m0 electron rest mass
me electron effective mass
mh hole effective mass
MBE molecular beam epitaxy
MD molecular dynamics
ML monolayer
Nint interstitial N
Nsub substitutional N
NEXAFS near-edge X-ray absorption fine structure
NMR nuclear magnetic resonance
NRA nuclear reaction analysis
Ovac oxygen vacancy
OHbr bridging OH group
OHt terminal OH group
OPAMBE oxygen plasma assisted MBE
P-25 Degussa P-25, mixed anatase and rutile commercial

TiO2 standard
PED photoelectron diffraction
PSD photon stimulated desorption
QMMD quantum mechanical molecular dynamics
R rutile
RH relative humidity
RHEED reflection high energy electron diffraction
SEM scanning electron microscopy
SFG sum frequency generation
SHG second harmonic generation
STM scanning tunneling microscopy
TCE trichloroethylene
TEM transmission electron microscopy
TMA trimethyl acetate
TMAA trimethyl acetic acid
TOF time of flight
TPD temperature programmed desorption
UHV ultrahigh vacuum
UPS ultraviolet photoelectron spectroscopy
UV ultraviolet

UV–vis ultraviolet–visible optical absorption spectroscopy
VB valence band
XANES X-ray absorption near-edge structure
XAS X-ray absorption spectroscopy
XES X-ray emission spectroscopy
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
habci family of vectors equivalent to the [abc] vector
[abc] specific crystal vector
{abc} family of surfaces equivalent to that defined by the

normal vector [abc]
(abc) specific surface termination defined by the vector

[abc]

Fig. 1. Schematic model illustrating the seven fundamental issues associated with
TiO2 photocatalysis addressed in the review.

phenomena occurring as a result of photon irradiation of TiO2 sin-
gle crystal surfaces. In these reviews, Yates and coworkers explored
the relationships between a surface’s properties (e.g., reactivity,
structure, electronic properties, etc.) and various observed photo-
chemical events (e.g., O2 photodesorption). This approach allows
the researcher to understand and control for many variables (such
as coverage, surface structure, temperature, etc.) while examining
in detail various fundamental aspects of photon-initiated events.
The surface science approach typically utilizes well-defined mate-
rials (e.g., single crystals) and ultrahigh vacuum (UHV) techniques
to understand physical and chemical phenomenon occurring at in-
terfaces. It is the aim of this review tomotivate readers to approach
the subject of TiO2 photocatalysis from the same perspective.

The structure of this review was developed using an expanded
version of the common TiO2 photocatalysis cartoon shown in Fig. 1.
This cartoon shows a TiO2 nanoparticle with superimposed on it a
simple electronic structure of the TiO2 valence band (VB) states,
the conduction band (CB) states and the bandgap. The cartoon
illustrates seven key issues (labeled 1 through 7) that will be
considered in discussing the fundamental processes important
to TiO2 photocatalysis. The first of these is photon absorption
(Section 1). Much effort has been aimed at understanding and
altering the optical properties of TiO2, particularly for enhancing
visible light absorption. In contrast, much less is known about
the optical properties of TiO2 surfaces or about how alterations of
bulk optical properties affect surfaces. The second issue involves
the behaviors of charge carriers after their creation (Section 2),
in particular how these carriers reach surfaces and what happens
to them there prior to being involved in transfer chemistry. Since
the essential characteristic of TiO2 photocatalysis is the electron
transfer event, the third subject is dedicated to reviewing various
electron transfer processes at TiO2 surfaces (Section 3), with
the focus on the dynamics of single electron transfer events. In
order for electron transfer to occur, donor and acceptor molecules
must approach the TiO2 surface, and in many cases, become

sider herein a means for using sunlight to convert CO2

and water vapor into hydrocarbon fuels that are com-
patible with the current energy infrastructure. Ideally,
such solar energy powered photocatalytic materials,
used on a closed-loop basis as depicted in Figure 1, can
be used to recycle CO2 from a climate altering waste
product into a fuel.

While encouraging progress has been achieved to-
ward photocatalytic conversion of CO2 using sunlight,
further effort is required for increasing sunlight-to-fuel
photoconversion efficiencies. Immediate research op-
portunities include uniform cocatalyst sensitization of
the entire nanotube array surface for enhanced conver-
sion rates, and the design of cocatalysts to improve
and control the product selectivity. Highly efficient pho-
tocatalytic materials will enable the use of flow-through
photocatalytic membranes, wherein CO2 and water va-
por would enter one side of the nanotube array mem-
brane with a fuel exiting from the other (see Figure 16).
Paulose et al. have reported fabrication of free-standing,
mechanically robust, TiO2 nanotube array membranes
of uniform pore size with thicknesses ranging from 4.4
!m to 1 mm;91 work is currently underway to explore
such membranes for photocatalytic reduction of CO2.

Acknowledgment. Support of this work by the National Sci-
ence Foundation, CBET-0927262, and the Department of En-
ergy ARPA-E, DE-AR0000008, is gratefully acknowledged. The au-
thors thank Prof. Thomas E. Mallouk of the Pennsylvania State
University for helpful comments and suggestions.
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Figure 16. Depiction of flow-through photocatalytic membrane
for CO2 conversion.
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We want time-resolved electronic and structural information on these systems as they evolve

Electronic relaxation in nanoparticles

the formation of [Fe(CN)5OH]4� is also been considered21. Importantly, while the calculated

dissociation bond energy of Fe-CN23 would appear to rule out a dissociative mechanism

associated with the pentacoordinated intermediate, the signal contribution originating from

the existence of such an intermediate would be expected to be more pronounced at early

times. In contrast because the formation of [Fe(CN)5OH]4� requires a secondary di↵usion

limited reaction, it will contribute more at later times. Fig. 6 shows the pre-edge intensity

of these systems. For the pentacoordinated species (yellow line), [Fe(CN)5]3�, the pre-edge

feature is significantly stronger and shifted to lower energies than [Fe(CN)5OH2]3�. Given

that this component should decrease with time, the fact that the pre-edge features actually

increases with time is not consistent with the presence of an [Fe(CN)5]3� intermediate.

[Fe(CN)5OH]4�, would be expected to give rise to a decrease in the strength of the pre-

edge feature which will become more pronounced with time. This is not consistent with

the observed trend and therefore we rule this product out within the time scales presented

here. However, it is important to note that while the calculations demonstrate that on the

time-scales (picoseconds) investigated here these products do not contribute, this does not

rule of their contributions at shorter or longer times. For example, a dissociative mechanism,

and therefore the formation of [Fe(CN)5OH2]3�, i.e. via a Fe(CN)5]3� intermediate may still

occur, but these results demonstrate that such changes would be expected to occur on a

time-scale much less than our present resolution of 50 ps.

FIG. 6. Calculated pre-edge intensity as for the proposed intermediate structures.

Another possibility for the changes between the 50 ps and 100 ns transient spectra is

the formation of the double ligand substituted product, [Fe(CN)4(H2O)2]2�, previously sug-
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Bond breaking and bond making

Figure 4: The angular solvent density of water (a) and ethylene glycol (b) around [Fe(CN)6]4�.
These density plot, shown with the same isovalue are generated using the Situs program [32].

Figure S3 showing the pre-edge spectrum of [Fe(CN)6]4� in water. The principal molecular orbitals

for the important transitions clearly demonstrate the increasing role of the solvent for the higher

transitions, and this is strongest for the highest transition, D.

By comparing the spectra in water and ethylene glycol, the changes in the B and C features

reflect the solvent induced changes to the electronic structure of the complexes. For ethylene glycol,

the shift of C (composed of ⇡⇤(CN) + Fe 3d) to lower energies (compared to water) reflects an

increase in ⇡-backbonding consistent with the multiplet simulations of ref. [11]. Here, the hydrogen

bonds formed between the solvent and the CN� are crucial as they withdraws ⇡-electron density

from the CN�, helping to stabilise the negative charge on ligands. This is compensated by an

increase in the ⇡-backbonding with the metal centre and concomitantly a reduction of �-donation

for Fe-CN, which shifts the B feature in ethylene glycol to higher energies [11].

A similar situation was reported for the nitroprusside ([Fe(CN)5NO]2�) complex. Here, the in-

crease in the ⇡-backbonding for the cyanide ligands was reflected in the weakening of ⇡-backbonding

for the NO ligand [34,35], due to the latter having a weaker interaction with the solvent. IR spec-

troscopy showed that the overall bond strength of the cyanide ligands do not change much due to

the compensating ⇡-backbonding and �-donation e↵ects, highlighting the importance in the NO

asymmetry of the complex for observing this e↵ect. For the present complexes, the presence of 6

cyanide ligands means that the complexes does not have any asymmetry, but molecular motions

of the surrounding solvent can introduce a local time-dependent, anisotropic environment [36].

Our MD simulations show that for water this e↵ect is likely to be smaller than ethylene glycol,

as the disordered solvent shell of the latter means solute-solvent interactions at one CN� will less

likely be compensated for by interactions at the CN� in trans position, giving asymmetry and

6

hν

355	  nm

[Fe(CN)6]4-

Protein function

Intermediate states of homodimeric hemoglobin (HbI) ligated with CO

R. Neutze and K. Moffat Curr. Op. Struc. Bio. 22, 651 (2012)

Photochemistry

Supporting Information, section S1.1). Cuts at fixed emission
wavelengths provide kinetic traces, shown in Figures 2b and
S1. The emission in the 400 nm region is due to fluorescence
from the initially excited 1A2u state.13 At least two kinetic
components are contained in the data, and the emission shows
clear modulations at early times (see insets) due to vibrational
coherences (wave packets) in the 1A2u state potential. The traces
of Figures 2b and S1 were globally fitted to a sum of two
exponential decay components convoluted with the experimental
response function (190 fs fwhm) and an oscillatory component
multiplied by an exponential decay representing the wave packet
oscillation and coherence decay, respectively (see eq S5 in the
Supporting Information). The best fit yields the kinetic time
constants that are listed in Table 1. Short (1.5-2 ps) and long
(15-30 ps) components show up, which are solvent dependent,
as is also the damping time of the oscillations. The long decay
component can be identified as the rate of ISC, while the short
one, manifested as a narrowing of the emission band, is
attributed to vibrational cooling in the singlet 1A2u state. The
oscillation period is 224 ( 1 fs (149 cm-1, independent of the
solvent), in good agreement with the excited 1A2u state Pt-Pt
vibration frequency from steady-state absorption spectroscopy.8,18

These results are complemented by detailed TA studies in a
broader range of solvents.

2.2. Femtosecond Broadband Transient Absorption Spec-
troscopy. Figure 3a shows a representative set of time-
wavelength TA data upon excitation at 370 nm into the 1A2u

(dσ*fpσ) band of PtPOP in ethylene glycol. All data have been
corrected for group velocity dispersion as described in the
Supporting Information (section S1.2).

The transient spectra contain four features: two excited-state
absorptions (ESA, positive change in optical density, but plotted
against the negative ordinate axis), the ground-state bleach
(GSB, the dip at 370 nm is a pump artifact), and stimulated
emission (SE, both negative change in optical density, but
plotted against the positive ordinate axis). The latter two features
overlap in the 370-400 nm region. The GSB remains un-
changed up to the longest time delay of our experiment
(1.6 ns), in agreement with the final excited state (3A2u) lifetime
of several microseconds.8 Based on Figure 2a, the SE band
around 400 nm is due to the 1A2u state. The ESA bands around
335 (ESA1) and 460 nm (ESA2) are present at all time delays
but seem to red-shift on the time scale of several to tens of
picoseconds. The evolution is more pronounced for ESA2 than
ESA1. Their large intensity indicates that they belong to allowed
transitions from the 1A2u (at early times) and 3A2u (at late times)
excited states (vide infra). Figure 3b shows a 3D zoom into the
region of the SE band. It reveals a spectral substructure that
initially decays in the very red wing while increasing closer to

the center of the band around 400 nm. The central “hole” at
early times is filled up on a time scale of ∼2 ps.

Cuts at fixed time delays deliver the corresponding transient
spectra, which are shown in Figure 4a. The ESA around
335 nm could be assigned to the A2ufA1g (5dσ f 5dσ*)
transition on the basis of the calculated 5dσ-5dσ* splitting of
∼4 eV.5,17 The ESA around 460 nm most likely belongs to the
transitions from the A2u singlet and triplet states to 1,3Eg states
that can be described by the electronic configuration (5dxz,
5dyz)7(6pσ)1 (the dxz, dyz manifold splits into π (eu) and π* (eg)
levels for a d8-d8 complex10). Additional information is
contained in the kinetic traces, which for three characteristic
wavelengths (340, 410, and 460 nm) are shown in Figure 4b.
They reveal dynamics on the time scales of hundreds of
femtoseconds (modulations), a few picoseconds, and tens of(18) Rice, S.; Gray, H. J. Am. Chem. Soc. 1983, 105, 4571–4575.

Table 1. Comparison of Relaxation Time Constants (Standard Deviations in Parentheses) for PtPOP in Four Different Solvents, Obtained
from the Analysis of the Transient Absorption (TA) (Excitation at 370 nm) and the Time-Resolved Fluorescence Up-Conversion (FU) Data
(Excitation at 380 nm)a

τ1/fs τ2/ps τC/ps τ3/ps T1/fs

solvent TA TA FU TA FU TA FU TA

ethylene glycol 260(20) 2.14(0.02) 1.93(0.04) 30.3(0.2) 224.0(0.1)
ethanol 280(70) 2.11(0.03) 2.0(0.2) 2.30(0.08) 2.3(0.4) 25.6(0.2) 28.9(0.4) 223.8(0.1)
water 210(40) 1.31(0.04) 1.5(0.2) 1.76(0.08) 1.5(0.5) 13.7(0.2) 15.4(0.3) 224.5(0.1)
DMF 45(5) 1.69(0.04) 1.75(0.08) 11.0(0.1) 222.8(0.1)

a τ1 and τ2 are vibrational relaxation times, τC is the coherence decay time, τ3 is the intersystem crossing time, and T1 is the coherent oscillation
period in the excited-state potential. The τC times were obtained from a global analysis on a set of representative kinetic traces.

Figure 3. Transient absorption (TA) spectra for PtPOP in ethylene glycol
excited with a ∼100 fs laser pulse at 370 nm. (a) 2D time-wavelength
plot of the TA data. The inset zooms into the initial 10 ps. (b) 3D
time-wavelength-∆OD plot zoomed into the region of the SE band which
partially overlaps with the GSB in the region <400 nm (same data as in a).
One recognizes periodic intensity modulations and a spectral fine structure
in the long-wavelength lobe of the SE band, indicated by dashed arrows
and magnified in the upper-left inset. The “hole” in the GSB band is a
pump artifact. ESA, excited-state absorption; GSB, ground-state bleach;
SE, stimulated emission.
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After having quantified the kinetic decay components, we
now turn to the analysis of the vibrational coherences. Figure 6
shows the linear combination of the fourth and fifth largest time
profiles from the SVD analysis scaled by their respective
singular values (see Figure S2, Supporting Information). These
vectors contain most of the oscillatory features in the TA
spectrum and can therefore be used to determine the charac-
teristic time constants of the wave packet dynamics, independent
of the kinetic processes analyzed above. The coherent modula-
tions strikingly persist for more than 5.5 ps after excitation (∼25
oscillations). The oscillatory trace of Figure 6 was fitted to a
superposition of two cosine functions with different amplitudes
(A1, A2), phases (φ1, φ2), and periods (T1, T2), multiplied by an
exponential decay function with time constant τC being a
quantitative measure for the coherence decay time of the wave
packet dynamics, according to

An excellent fit is achieved for T1 ) 224.0 ( 0.1 fs, T2 ) 281
( 1 fs, and τC ) 2.16 ( 0.05 ps (the fit region started around
300 fs to avoid the coherent artifact around time zero). The
T1 ) 224 fs component is identified as the Pt-Pt stretch
vibration in the 1A2u excited state and is in very good agreement
with the fluorescence up-conversion data. The superimposed 280
fs oscillation, causing the beat pattern in Figure 6, is due to
coherent vibrational Pt-Pt stretch oscillations in the ground-
state (GS) potential that are excited via a resonant impulsive
Raman-type process (resonant impulsive stimulated Raman
scattering, RISRS).20 It is noted that the excited-state coherent
oscillations are exceptionally harmonic and the coherence decay
can be perfectly fit by a purely exponential decay function.

We also performed a global analysis of the TA spectra without
prior decomposition of the data. A representative set of kinetic
traces at fixed wavelengths were globally fitted to a function
which is the sum of the population kinetics (eq 1) and the wave
packet oscillations (eq 2, without the second cosine because its
contribution was too weak) as employed in the SVD analysis.
The global analysis result presented in Figure 7 shows a good
match with the experimental traces over the whole spectro-
temporal range, and the fit parameter values (see the Supporting

Information for details) are in good agreement with the
parameters from the SVD analysis. Characteristic of a wave
packet oscillating between the classical turning point of the
potential, the modulations exhibit a phase shift of approximately
π between the red and blue sides of the stimulated emission
band, as is clearly visible for the traces at 407 and 380 nm in
Figure 7a.

Transient absorption data sets were measured for different
excitation wavelengths (360, 370, and 380 nm) within the 1A2u-
state absorption band. SVD/GF and global analyses were
performed on them in order to extract and compare the
quantitative kinetic components (see Supporting Information,
Tables S1, S2 and Figures S4, S5, for details). Time constant
τ3, assigned to the ISC rate, was found to be independent of
the excitation wavelength (within the measurement uncertainty).
The rate of vibrational cooling (τ2), however, changes by almost
40% for excitation between 360 and 380 nm (Table S1). The
τ1 time constant could not be determined with sufficient accuracy
for the off-resonance excitation wavelengths. For the sake of
comparison, it was fixed to 0.2 ps. A very small lengthening of
the wave packet period on the order of 1 fs (or, equivalently,
∼1 cm-1) with increasing excitation energy is obtained from
the analysis (see Table S2), which can be understood as resulting
from a slight anharmonicity of the potential toward longer Pt-Pt
bond lengths, showing that the 1A2u state potential is largely
harmonic.

2.4. Solvent Effect on the Relaxation Processes. The results
from the SVD/GF analysis of the TA data sets in the different
solvents for excitation at 370 nm are given in Table 1 (see
Supporting Information, Figures S8 and S9). In general, the TA
and FU fitting results are in satisfactory agreement, given the
different excitation wavelengths in the two experiments. Both
the vibrational cooling (τ2) and the ISC (τ3) times show a(20) Pollard, W.; Lee, S.; Mathies, R. J. Chem. Phys. 1990, 92, 4012.

Figure 6. Linear combination of the fourth and fifth largest kinetic
amplitude vectors from the SVD (open black circles), together with the fit
to an exponentially damped superposition of two cosine functions with
different periods (red curve). Fit results: T1 ) 224 fs, T2 ) 281 fs, and τC

) 2.1 ps. The inset shows a zoom into a short time range.

fosc(t) ) e(t-t0)/τC(A1 cos[2πt
T1

+ φ1] + A2 cos[2πt
T2

+ φ2])
(2)

Figure 7. Kinetic traces from the transient absorption at fixed wavelengths,
together with their fit functions using a global fit model (see text and eq S6
in the Supporting Information) for 2 mM PtPOP in ethylene glycol excited
at 370 nm. (a) Short time range. The vertical dashed lines facilitate the
observation of the phase shift of π between the oscillations at the red and
blue sides of the stimulated emission band (e.g., 407 and 380 nm). (b) Long
time range. The traces have been offset vertically for clarity.

J. AM. CHEM. SOC. 9 VOL. 133, NO. 2, 2011 309

Dynamics of Binuclear Metal Complexes in Solution A R T I C L E S

photochemical reactivity.1 The UV-visible absorption spectrum
of PtPOP is characterized by a strong, narrow band around
370 nm due to absorption into the 1A2u (d-σ*fpσ) state and a
weak band around 460 nm assigned to the corresponding triplet
3A2u state. Franck-Condon analyses of the low-temperature
vibronic progressions of these absorption bands and their
corresponding fluorescence and phosphorescence spectra (around
400 and 520 nm, respectively, see Figure 1) have demonstrated
that they are dominated by the Pt-Pt stretch vibration, with a
vibrational frequency of ∼150 cm-1 for the singlet and triplet
absorption bands and ∼118 cm-1 for the emission bands.8-10,14

The mechanism of ISC, i.e., the nonradiative relaxation from
the 1A2u to the 3A2u state, in binuclear d8-d8 complexes is still
a subject of debate.15,13 In PtPOP, the formation of the triplet
state from the singlet occurs with unity quantum yield8 on a
picosecond time scale.10,13 Direct spin-orbit coupling between
these states is, however, symmetry forbidden. In addition, their
potential curves are vertically parallel10 (Figure 1) and separated
by a large energy gap, while no intermediate state is known to
lie between them.5,15 A higher-lying 3B2u triplet state has been
invoked as a thermally activated channel for ISC in both
PtPOP13 and Rh2b4

2+ (b ) bridging ligand)12 complexes in order
to explain the temperature dependence of the ISC rate.

In this paper we combine femtosecond polychromatic fluo-
rescence up-conversion with femtosecond broadband transient
absorption (TA) spectroscopy in order to elucidate the details
of the early-time relaxation processes in the PtPOP anion, which
have yet remained unresolved. This broadband experimental
approach, in combination with the analysis of the transient
spectra using singular value decomposition (SVD) and global
fitting, allows us to unravel the details of the relaxation cascade
during the first tens of picoseconds after excitation. We also

report on the observation of a vibrational wave packet evolving
in the singlet-state potential. By means of spectrally and
temporally resolving the stimulated emission, we fully map out
the wave packet motion along the Pt-Pt coordinate. Finally,
we propose a simple relaxation model that could be applicable
to the whole class of binuclear d8-d8 complexes, unifying the
experimental observations of wave packet dynamics, vibrational
relaxation, and ISC and their dependences on the excitation
wavelength and the solvent. This work should also be cast in
the context of our previous static and picosecond-resolved X-ray
absorption studies of the geometric and electronic structures of
the singlet ground16 and excited6,17 triplet states of the complex
in solution. The present study addresses the electronic and
structural relaxation dynamics at ultrashort time scales, which
are so far not routinely accessible by X-ray techniques, and
delivers insight into the important role of the environment in
affecting them.

The experimental setup and details about the analysis are
presented in the Supporting Information.

2. Results and Analysis

2.1. Femtosecond Polychromatic Fluorescence Up-Conver-
sion. Figure 2a shows a typical two-dimensional (2D) time-
wavelength plot of the time-resolved fluorescence spectrum
obtained upon excitation of aqueous PtPOP at 380 nm. Due to
excessive scatter from the excitation beam, only the red part
>400 nm of the fluorescence band could be detected (see

(14) Ikeyama, T.; Yamamoto, S.; Azumi, T. J. Phys. Chem. 1988, 92, 6899.
(15) Shimizu, Y.; Tanaka, Y.; Azumi, T. J. Phys. Chem. 1984, 88, 2423–

2425.

(16) van der Veen, R.; Milne, C.; Pham, V.-T.; Nahhas, A. E.; Weinstein,
J.; Best, J.; Borca, C.; Bressler, C.; Chergui, M. Chimia 2008, 62,
287–290.

(17) van der Veen, R. M.; Kas, J. J.; Milne, C. J.; Pham, V. T.; Nahhas,
A. E.; Lima, F. A.; Amarasinge, D.; Rehr, J. J.; Abela, R.; Chergui,
M. Phys. Chem. Chem. Phys. 2010, 12, 5551–5561.

Figure 1. Simplified potential energy scheme of the 1A1g ground state and
1,3A2u lowest-excited states of [Pt2(P2O5H2)4]4- (PtPOP). Note that the 1A2u

and 3A2u potential curves are vertically parallel. The optical transitions are
indicated by vertical arrows. The molecular structure of PtPOP is shown
on the left.

Figure 2. Time-resolved fluorescence data for PtPOP in water excited with
a ∼120 fs laser pulse at 380 nm. (a) 2D time-wavelength plot of time-
resolved fluorescence spectra. The inset shows a zoom into the initial 1.7
ps time window. (b) Fluorescence time traces (open circles) at various
wavelengths (same data as in a), together with their fit functions using a
global fit model (solid lines, see text). The inset shows a zoom into the
initial 3.7 ps time window. The weak modulation during the first 3 ps is
due to a slow fluctuation in the laser power.
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resolution set of time-dependent structure factor ampli-
tudes from which the variation with time of the average
conformational state of a protein is obtained. A time
resolution of !100 ps to 5 ns was achieved in studies of
photodissociation and rebinding of CO to myoglobin
[3,9,10], dimeric hemoglobin (Figure 1a) [11], and of
the reversible photocycle of the blue light signaling
photoreceptor known as photoactive yellow protein,
PYP (Figure 2a) [12–14,15"]. Technical challenges
specific to Laue diffraction, such as energy overlaps
and closely spaced spots, have been overcome [8,16,17].

When X-rays are generated from highly stable undulator
sources at a third generation synchrotron, Laue diffraction
readily yields structure amplitudes accurate enough to
reveal small structural differences such as the time-de-
pendent location of a partially occupied CO molecule
[3,11,12]. The electron density differences between myo-
globin structures after and before CO photodissociation
showed remarkable agreement [18] with similar studies
using cryotrapping techniques [19,20] but, in addition,
directly measured the trajectory and time scale of CO
motion [3,9,10]. In contrast to myoglobin, ligand binding
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Time-resolved Laue diffraction and WAXS studies of homodimeric hemoglobin (HbI). (a) Light minus dark 1.6 Å resolution Fobs # Fobs difference Fourier
map of subunit B 100 ps after photodissociation of CO (green positive difference density contoured at 7s; red negative difference density contoured at
#7s; s is the rmsd electron density in the unit cell). Reproduced with permission from reference [21""]. (b) Time-resolved difference WAXS curves
DS(q,Dt) (laser on minus laser off; time-delay Dt indicated) recorded from HbI. Black curves, experimental data; red curves, modeled curves generated
from linear combinations of three time-independent species-associated difference scattering curves derived from a kinetic analysis. (c) Population
changes with time of the three intermediates I1, I2 and I3, for wild type HbI. (d) Schematic of the structural transitions for wild type HbI between the CO-
bound form denoted HbI(CO)2 and the partly liganded intermediates I1, I2 and I3. The green and blue arrows indicate the magnitudes and directions of
the differences in heme–heme distances and subunit rotation angles relative to HbI(CO)2.
Panels (b), (c), and (d) are adapted with permission from Ref. [36""].
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It’s a pump-probe station which  
will specialize in systems in solution 
The envisioned techniques available will be: 
X-ray absorption (XANES, EXAFS) 
X-ray emission (XES, RIXS) 
Diffuse scattering (SAXS, WAXS) 
Nanocrystal diffraction using a liquid jet delivery system 
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recombination. In the absence of this information, the
present study would hardly be practicable.

The principle of our experiment is as follows: One
starts by exciting a dilute I2=CCl4 solution with a femto-
second optical pulse. That generates a mixture of the
electronic states B and 1!u, which mainly dissociate
into ground state atoms. Hot iodine molecules I2

! with a
‘‘bond length’’ R0 " 4 !A are formed in less than 1 ps.
They then transform into either I2

! ! 2I or I2
! ! I2;

in the first case the atoms recombine nongeminately,
and in the second geminately. The reaction products are
monitored by a delayed x-ray probe pulse " seconds later.
Defined as the time-integrated energy flux S#q; "$ scat-
tered in a solid angle in the presence of the pump minus
the equivalent quantity in the absence of the pump, the
diffracted signal "S#q; "$ depends on two variables: the
scattering wave vector q and the time delay ".

The experimental setup is shown on Fig. 2. It comprises
the pulsed synchrotron source, a chopper that selects
single pulses of x rays from the synchrotron, a femto-
second laser, a capillary jet, and an integrating CCD
detector [23,24]. To increase the intensity of the dif-
fracted beam, an undulator formed by an array of 236 al-
ternating magnets was placed inside the vacuum vessel of
the synchrotron. In addition, the experiment used the
polychromatic beam from the undulator, which gives
rise to a gain in intensity of 450 as compared to a con-
ventional monochromatized beam. The images were
integrated azimuthally and were corrected for polariza-
tion and space-angle effects. Much attention was given to
the reproducibility of the diffracted signals. These pre-
cautions are necessary, the difference signal "S#q; "$
being only 10%2 to 10%4 of the solvent background.

The principle of our theoretical analysis is as follows:
The theory underlying the present work is a statistical
theory for time-resolved x-ray diffraction [25]. The elec-
tromagnetic fields are treated using Maxwellian electro-
dynamics and the molecular system is described by
quantum mechanics. The theory takes a simpler form in
the present case due to the time-scale separation of the
ultrafast optical and relatively slow chemical processes.
In spite of this simplification, some approximations are
still necessary. Only the electronic degrees of freedom
are considered quantum mechanically, whereas the others
were assumed to be classical. Time-dependent quantities
were all modeled using laser spectroscopic data [17–21],
whereas static quantities were calculated by molecular
dynamics simulations. None of these assumptions is be-
lieved to be restrictive.

Before we interpret the experimental data, we mention
an unexpected finding. The diffracted signal S#q$ &
S#q$I ' S#q$S of an I2=CCl4 solution is a sum of two
terms: S#q$I is associated with the iodine enclosed in its
solvent cage and S#q$S is due to the solvent [26]. Given
that only iodine molecules are excited, one would expect
the solvent signal S#q; "$S to stay constant and therefore
"S#q; "$S to vanish. This is not the case: the energy re-
leased by excited iodine molecules heats the solvent and
initiates its structural rearrangement and thermal ex-
pansion. The signature of this process is unexpectedly
large since it integrates all CCl4 molecules in the x-ray
illuminated volume. The signal is comparable to that
of iodine.

The q-resolved scans are first examined with " kept
constant (Fig. 3). We note that the information content
depends on the q range. (i) In the high q range, 4:3< q<
8:8 !A%1, the ‘‘naked’’ iodine structures are seen as they
relax progressively towards the ground state. This state-
ment is confirmed by the presence of oscillations similar
to those expected from gas-phase iodine. Their temporal
evolution agrees with the data from optical spectroscopy.
(ii) By contrast, in the low q range 0:5< q< 4:3 !A%1, the
thermal expansion of CCl4, heated by relaxing iodine
molecules, is observed. To check this conjecture, the
temperature and pressure changes "T#"$ and "p#"$
were calculated by solving linearized hydrodynamic
equations for systems containing a heat source [27].
Moreover, the static diffraction signal S#q$ was deter-
mined by molecular dynamics simulations. The latter
use 512 rigid CCl4 molecules plus one I2 molecule. We
found a good agreement between theory and experiment
which strongly supports the assumptions above.

The "-resolved scans are studied next with a fixed q
(Fig. 4). (i) When q < 4:3 !A%1, the signal increases with
time: the relaxing photoproducts revert to the ground
state; the solvent takes up the excess energy and ex-
pands. We expect this behavior to be quite general: the
cooling by the solvent generates necessarily thermal ex-
pansion. (ii) When q & 4:3 !A%1, the "-resolved signals
decrease with time: "S#q; "$ probes the relaxation of

FIG. 2 (color). Experimental setup: the x-ray pulses are gen-
erated by an undulator. The spectrum is centered at 0:67 !A
(18.5 keV) and its bandwidth width is d#=# & 0:03. The flux on
the sample is 5( 108 per pulse and the pulse length is 150 ps.
The solution is excited by 150 fs laser pulses at 520 nm, popu-
lating the electronic states 1!u and B. The common laser/x-ray
repetition frequency is 896.6 Hz and the exposure time 10 s per
CCD frame.
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ESA: The X-ray probe techniques
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medium-pressure nozzle connected to a heated sample reser-
voir (Ihee et al., 2001). Typically, the pressure at the nozzle is
about 5 torr when the backing pressure is about 100 torr. At
this condition, the ambient pressure inside the vacuum
chamber can be as high as 10!3 torr. To maintain a good
vacuum in adjacent chambers, differential pumping should be
employed. For both electron and X-ray diffraction experi-
ments, the carrier gas that is normally used in time-resolved
spectroscopic experiments is not desirable because the carrier
gas also contributes to the diffraction, thereby increasing
the background and deteriorating the signal-to-noise ratio.
However, a carrier gas of low-Z value such as helium can still
be used because of its relatively low scattering intensity versus
atoms with higher Z. Clusters of atoms or molecules can be
obtained as well by using a sufficiently high backing pressure.

4. Photochemistry in the liquid and solution phases

The chemistry in the solution and liquid phases has formed an
important field of research because many biological and
industrially important chemical reactions occur in solution.
The major challenge in understanding solution-phase chem-
istry arises from the presence of numerous solvent molecules
surrounding a solute molecule, leading to solute–solvent
interactions. The solute–solvent interaction often alters the
rates, pathways and branching ratios of chemical reactions
through the cage effect (Hynes, 1994; Frauenfelder &
Wolynes, 1985; Maroncelli et al., 1989; Bagchi & Chandra,
1991; Weaver, 1992). For example, the timescale of the
response of solvent molecules to electronic rearrangement of
solute molecules critically affects the rates of photochemical
reactions in liquid phase. Therefore, to have a better under-
standing of solution-phase chemical dynamics, it is crucial to
consider the complex influence of the solvent medium on the
reaction energetics and dynamics, i.e. the solvation effect.

It has been demonstrated that the solvent reorganization
response to a change in solute charge distribution is strongly
bimodal, that is, an initial ultrafast response owing to inertial
motions followed by a slow response owing to diffusive
motions (Impey et al., 1982; Maroncelli & Fleming, 1988;
Jimenez et al., 1994). The timescale of the former is of the
order of tens to hundreds of femtoseconds so, to resolve such
fast dynamics, it is required to have an experimental tool with
sufficient time resolution. In that regard, ultrafast laser spec-
troscopy in the optical and infrared regime has flourished in
studying reaction dynamics in solution phase owing to their
superb time resolution. While optical spectroscopies are
highly sensitive to specific electronic or vibrational states, they
are unable to provide information on global molecular struc-
ture. In contrast, time-resolved X-ray scattering (or diffrac-
tion) techniques can provide rather direct information on the
global structure of reacting molecules, complementing the
optical spectroscopy.

In recent years, we have witnessed that synchrotron-based
TRXD can serve as an excellent tool for studying elementary
chemical reactions in liquid and solution. For example, struc-
tural dynamics and transient intermediates in solution reac-
tions of small molecules and proteins have been elucidated
with a time resolution of 100 ps (Plech et al., 2004; Bratos et al.,
2004; Davidsson et al., 2005; Ihee et al., 2005a; Wulff et al.,
2006; Kim et al., 2006, 2009; Lee et al., 2008; Cammarata et al.,
2008; Ihee, 2009). However, owing to the limited time reso-
lution, TRXD has been only used for probing rather slow
processes leading to intermediates in quasi-equilibrium, with
ultrafast dynamics arising from the interplay between the
solute and solvent beyond its scope. Now that highly coherent,
sub-100 fs X-ray pulses are available for use with the advent of
XFELs, TRXD can reach the realm of optical spectroscopy in
its capability of resolving ultrafast processes. Thus, femto-
second resolution brought by the XFEL should allow inves-
tigation of ultrafast reaction dynamics in the presence of
solvent interaction.

Among the candidates for the first femtosecond solution-
phase TRXD experiment are diatomic molecules (I2 and Br2),
hydrocarbons (stilbene), haloalkanes (CBr4, CHI3, CH2I2,
C2H4I2 and C2F4I2), organometallic compounds [Platinum
Pop, ferrocene, Fe(CO)5, Ru3(CO)12 and Os3(CO)12] and
protein molecules (myoglobin, hemoglobin and cytochrome
c), which have been studied previously by using time-resolved
X-ray diffraction with 100 ps time resolution. In particular,
molecules containing heavy atoms will be promising since
heavy atoms give a large signal and thus a good contrast of the
solute signal against solvent background. In that regard,
iodine (I2) in solution is a good example for XFEL-based
time-resolved X-ray diffraction experiments. The photo-
dissociation and recombination of iodine in solution has been
regarded as a prototype example for the solvent cage effect
and thus has been a topic of intense studies (Meadows &
Noyes, 1960; Harris et al., 1988; Yan et al., 1992; Scherer et al.,
1993). As shown in Fig. 5, once an iodine molecule is excited to
a bound B state and relaxes to a repulsive 1! state, the two
iodine atoms start to separate as in the gas phase. However,

Acta Cryst. (2010). A66, 270–280 Kim, Kim, Lee and Ihee " Ultrafast X-ray diffraction 275

dynamical structural science

Figure 4
Schematic of the experimental set-up for time-resolved X-ray diffraction.
An optical laser pulse initiates the chemical reaction in the molecules
supplied by one of the sample-flowing systems, depending on the phase of
the sample. Subsequently, a time-delayed X-ray pulse synchronized with
the laser pulse probes the structural dynamics of the reaction. The
diffracted signal is detected by a two-dimensional CCD detector to record
the diffraction pattern.
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The ESA Instruments: Prime and Flex

ESA Prime 
• works under He or vacuum to use the 2-5 keV range 
• located at the 1 µm achromatic X-ray focus (KB mirrors) 
• emphasis is on combined scattering and spectroscopy 

measurements

ESA Flex 
• flexible station to accommodate user chambers and 

constrained geometries 
• ability to easily change the spectrometer position will 

provide the highest energy resolution and the ability to 
change the scattering geometry

C. Milne,        
J. Szlachetko 
and G. Knopp

ESA Flex

ESA Prime

KB mirrorsLaser table

X-rays
Experimental 

Stations
Diagnostics 
and Optics

Optical Laser 

Tables

Wall to ESB
Wall to Optics
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ESA Flex: In Action !

In-air flexible X-ray 
spectrometer that can 
switch from vertical to 
horizontal geometry 

A. Ammon 
and C. Seiler

Commissioned at 
the SLS May 5-12
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Inelastic X-ray Scattering at ESA Flex
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ESA Prime: Pre-final design

multi-crystal 
X-ray emission 
spectrometer

sample 
chamber

Jungfrau 16M 
scattering detector

sample injector 
portsstrip 2D detector

X-ra
ys

Markus Vitins and 
Jérome Stettler

ESA Prime status: design completion goal July 2015

Laser

X-ra
ys

Qmax=7 Å-1
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ESA Prime: ‘Tender’ X-ray von Hamos spectrometer
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ESA Prime spectrometer 
• To cover 1-5 keV X-ray emission energies we need 

exotic crystals 
• Needs to operate in vacuum to avoid X-ray loss 
• Spectrometer compartment should be isolated from 

sample compartment 
• Crystals and detectors need some travel range to 

cover the desired X-ray energies 
• This X-ray energy range is a priority for SwissFEL

Tender X-ray 
crystals tested: 

• ADP 
• PET 
• InSb
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ESA Prime: Scattering experiments

Goals 
• Detector as close as possible (100 mm) 
• Protect detector from sample/He/mechanical damage/optical laser 

with window (Kapton/Mylar) 
• Simultaneous use of spectrometer and Jungfrau 16M 
• Two horizontal chamber positions for different experimental 

priorities (scattering/diffraction Vs spectroscopy)

Qmax=7 Å-1

mailto:chris.milne@psi.ch


July 10, 2015 chris.milne@psi.ch Future Research Infrastructures, Varenna, Italy

Lipidic-cubic phase jets for SFX
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Lipidic cubic phase serial millisecond
crystallography using synchrotron radiation
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Lipidic cubic phases (LCPs) have emerged as successful matrixes for the
crystallization of membrane proteins. Moreover, the viscous LCP also provides a
highly effective delivery medium for serial femtosecond crystallography (SFX)
at X-ray free-electron lasers (XFELs). Here, the adaptation of this technology
to perform serial millisecond crystallography (SMX) at more widely available
synchrotron microfocus beamlines is described. Compared with conventional
microcrystallography, LCP-SMX eliminates the need for difficult handling of
individual crystals and allows for data collection at room temperature. The
technology is demonstrated by solving a structure of the light-driven proton-
pump bacteriorhodopsin (bR) at a resolution of 2.4 Å. The room-temperature
structure of bR is very similar to previous cryogenic structures but shows small
yet distinct differences in the retinal ligand and proton-transfer pathway.

1. Introduction

Structure determination by X-ray crystallography has devel-
oped continuously over the last century, yielding structures of
ever more difficult and complex molecules. An important
development is synchrotron-based microcrystallography,
which uses brilliant X-ray beams of a few micrometres in
diameter to collect data from very small weakly diffracting
crystals. Microcrystallography has matured over the last few
years (Smith et al., 2012), but structure determination using
microcrystals remains challenging and radiation damage limits
the achievable resolution for well ordered small crystals
(Garman, 2010a). Microcrystallography has been particularly
successful with membrane proteins grown in lipidic cubic
phases (LCP). Crystallization in LCP environments often
produces crystals that are highly ordered but limited in size.
Protein crystallization in LCP was introduced 18 years ago

with >10 Bragg peaks/total number of images) of 0.5–2%,
which is somewhat lower than the hit rates of 3–8% reported
for similar experiments with different samples at the LCLS
(Liu et al., 2013; Weierstall et al., 2014). This is probably due to
the lower crystal density in our setup, as crystal size and crystal
density were negatively correlated in our crystallization
screening and we achieved the best diffraction with crystals of
20–40 mm, much larger than what would be ideal for data
collection at an XFEL. Together with the lower data acquisi-
tion rate of 10–17 Hz at the ESRF compared with 120 Hz at
the LCLS, the lower hit rate meant that the collection of this
data set took 3 d. Nevertheless, only 0.8 mg of protein in
200 ml of LCP was needed.

Occasionally, two or three consecutive hits were recorded
on some of the larger (40–50 mm) crystals. Bragg spots
appeared and disappeared within this sequence of consecutive
images, indicating that the rotational diffusion of crystals in
the LCP within the 80 ms between two exposures is larger
than their mosaic spread. To investigate this further, a
computer program was written to compare the orientations of
crystals in adjacent frames using the data stream output from
CrystFEL. For the fraction of data acquired with a 25 ms
exposure time (81% of the total frames), 1088 frames (26% of
the successfully indexed patterns) were found to be part of a
rotation series. The mean series length was 2.2 frames and
the maximum series length was 4 frames. Such a series of

consecutive diffraction patterns might be useful for indexing
and integration, as it resembles a small wedge of rotation data
similar to those typically collected in conventional crystal-
lography. A further reduction in the LCP flow rate and an
increase in the frame rate could thus be used to collect more
images from the same crystal and increase the overall data
collection efficiency.

3.3. Data processing and map calculation

We collected 1 343 092 images, of which 12 982 were clas-
sified as hits using the Cheetah program (Barty et al., 2014),
giving an average hit rate of !1%. A large fraction of the
frames were found to exhibit artifacts in one quadrant of the
detector, and this quadrant was therefore ignored for all stages
of analysis. The unit-cell parameters were determined to be
a = b = 62.79 Å and c = 109.67 Å in space group P63 during
initial indexing of a subset of the data, consistent with the
known lattice of bR crystallized in LCP. Of the initial hits, 5691
images were successfully indexed and integrated by CrystFEL
(Version 0.5.3a+e2c7dbd5) without difficulty. However, the
space group of bR crystals is subject to an indexing ambiguity
[see White et al. (2013) for an extensive discussion], which was
resolved by CrystFEL using an algorithm related to one
recently developed for this purpose [Brehm & Diederichs
(2014); see Liu & Spence (2014) for a solution based on an

expectation maximization algorithm],
prior to merging the individual intensity
measurements for each symmetrically
unique reflection according to point
group 6/m (i.e. Friedel pairs were also
merged). The resolution limit of the
diffraction signal in the merged inten-
sities was judged as 2.4 Å, based on
signal-to-noise ratios, CC*, visual
inspection of the density (Supplemen-
tary Fig. S2) and suggestions by the
PDB Redo web server (Joosten et al.,
2012).

For comparison against this SMX
data, we harvested a single bR crystal of
!50 " 50 " 10 mm and collected data
at the Swiss Light Source under cryo-
genic conditions. This conventionally
collected data set (Cryo) has a resolu-
tion of 1.9 Å with no detectable signs
of twinning (as determined by
Phenix.xtriage; Adams et al., 2002). We
confirmed this finding using several
other single crystals, as all previously
described bR crystals grown in LCP
show various degrees of twinning
(Wickstrand et al., 2014). It is possible
that this improvement in crystal quality
is due to a change in crystallization
conditions, since we used polyethylene
glycol as precipitant to avoid high

research papers
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Figure 2
The experimental setup at the ID13 microfocus beamline. (a) (1) Microscope focused on the jet. (2)
LCP injector with (3) nozzle close to the beamstop. (b) A view of the LCP nozzle as seen through
the microscope. LCP was extruded towards the left as viewed in this projection, and the X-ray beam
hits the stream at a distance of 40 mm from the end of the coned capillary. The capillary ID is 50 mm.
A co-flowing gas stream (green arrows) keeps the LCP stream straight. (c) Schematic diagram of the
setup. The water used to drive the injector is shown in blue, the LCP in red and the gas in green. (d)
An SMX diffraction pattern from a bR microcrystal, with visible Bragg spots extending out to 2.2 Å
resolution.

Tested LCP jet at ESRF microfocus 
beamline and under pump-probe 
conditions at LCLS (CXI)

bacteriorhodopsin in LCP

media courtesy of Przemek Nogly

J. Standfuss, P. Nogly, 
G. Schertler (BIO)
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Goal: To have this 
ready by 2017

Las
er 

pumpX-ray probe

X-ray 
๏ monochromatic (0.01% BW) and 
broadband (1-4%) 
๏ variable focus (1-100 µm) 
๏ tuneable energy (2-12.4 keV) 
๏ ultrashort pulse durations (<1 fs to 50 fs)

Laser 
๏ high pulse energies (5-10 mJ) 
๏ short pulses (20-50 fs) 
๏ tuneable wavelengths including IR, 
visible, and UV 
๏ preparation for THz and <10 fs

Available experimental configurations 
๏ pump-probe sample chamber for use at low pressure and controlled environments with all 
probe techniques 
๏ 2D scattering detector (PSI 16M Jungfrau, 75 µm pixels, 104 dynamic gain) 
๏ ESA Prime instrument covering the 1-12 keV range (XES, HEROS, IXS, RXES) 
๏ jets for solution samples (100 µm) and serial fs crystallography (4 µm)

Conceptual Design Report: http://www.psi.ch/swissfel/internal-reports

2014 2015 2016 2017 2018
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ESB: Probing Correlated Coupled Dynamics & Fluctuations

→ pump: launch coherent excitation 
(phonon, spin wave, charge wave, orbital wave, ...)

→ tune system close to critical point 
(apply static pressure or B-field at low T)

→ X-ray probe: how does the (coherent) excitation evolve in time ?

↔ tr-XRD: measures changes in lattice constants & symmetry 
↔ tr-RXRD: sensitive to coupling of charge-, orbital- and spin-order (↔ polarization) 
↔ tr-(N)TDS: measures S(q,ω = 0) & fluctuating coherence length ξF 

↔ tr-(R)IXS: measures S(q,ω) & change of momentum dispersion
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ESB: The X-ray probe techniques

TDS from Si(100) measured at the SLS (courtesy J. Johnson)

+

Elastic X-ray Diffuse Scattering

Resonant X-ray 
Diffraction

X-ray Diffraction

Gerhard Ingold, 
Henrik Lemke and 

Paul Beaud
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SwissFEL ESB: General Layout

Single X-ray focus position – two Endstations: 
• Pump-Probe General Purpose Station: XPP GPS (Heavy Load Station + Robot Detector Arm) 
• Pump-Probe (Resonant) Diffraction:      XPP XRD (Six-Circle Kappa Diffractometer) 

(Cryo Diffraction Chambers mounted on both stations)

Femtosecond Pump-Probe X-ray Diffraction and Scattering (Crystalline Samples) 
Energy Range 4.5 - 12.4 keV, X-ray Spot Size 2 - 200 µm 
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SwissFEL ESB: Two Endstations

KB Mirrors

In Vacuum 
Laser  

Incoupling Jungfrau  
16M Pixel 
Detector 

Six-Circle 
Kappa 

Diffractometer

X-ray Vacuum
 

C
hicane to ESC

Slit System  
and I0 

monitor

Cryo-XRD 
Chamber

Pump Laser 
Tables

Robot Arm

Heavy Load General 
Purpose Station (XPP 

GPS)

Dual Detector Arm: 
1. Polarization Analyzer Stage 
2. Jungfrau 2M Pixel Detector 

Linear Stage ~ 
3 m 

Rail System 
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THz Pump – XRD Probe Setup (R&D FEMTO@MicroXAS)

IR	  pump:	  1310nm

THz

800nm

Sample

OH1 X-‐Rays

Topas - 800 nm to 1310 nm TH
z g

en
er

at
io

n 
an

d 
op

tic
s

800 nm for EO-sampling

Autocorrelator

800 nm  compressor

Pilatus  
Pixel DetectorKB Optics

Structural Order in Sn2P2S6: Ferroelectric Polarization 
Grübel et. al. (in preparation)
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Fixed target protein crystallography module at ESB-GPS

• Movable, suitable for ESB-GPS 
• Room temperature AND Cryo 
• In-air AND In-helium 
• 100 Hz serial (scanning) femtosecond 

crystallography (< 5 µm xtals) 
• Synchrotron-like femtosecond 

crystallography (> 5 µm xtals)

Serial (scanning) femtosecond crystallography

Synchrotron-like femtosecond crystallography
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Las
er 

pumpX-ray probe

Goal: To have this 
ready by 2017
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experimental 
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X-ray 
๏ monochromatic Si(111) and 
Si(311) and broadband (1-4%) 
๏ variable KB mirror focus 2-200 µm 
๏ tuneable energy 4.5-12.4 keV 
๏ ultrashort pulse durations (<1 fs to 
50 fs)

Laser 
๏ high pulse energies (5-10 mJ) 
๏ short pulses (10-20 fs) 
๏ flexible pump setup (polarization 
and wavelength UV to NIR) 
๏ THz excitation and <10 fs

Available experimental configurations 
๏ 6-circle diffractometer 
๏ 2D scattering detector (PSI 16M Jungfrau, 75 µm pixels, 104 dynamic range) 
๏ HV/UHV diffraction chamber with cryo cooling (10-700 K) 
๏ Time arrival monitor <10 fs 
๏ General-purpose station for hosting user setups (e.g. fixed-target protein crystallography)

Conceptual Design Report: http://www.psi.ch/swissfel/internal-reportsCo
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P. Juranić et. al., Opt. Expt. 22, 30004 (2014).
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Experimental Station C

Parameter Value

Focusing scheme Multilayer KB
Photon energy 12.2 – 12.8 keV (e.g.)

Focus size 20 nm
Transmission 0.2 – 0.5

Distance from last mirror 30 mm

Parameter Value

Focusing scheme KB
Photon energy 4.0 – 12.6 keV

Focus size 150 nm
Transmission 0.7 – 0.8

Distance from last mirror 350 mm

Phase alpha 201X

Calculations by Rolf Follath

ES-CES-A ES-B

Phase beta 20XX

• Material science at the nanoscale 
• Non/linear X-ray optics 
• Protein 2D crystallography 
• (Single particle imaging)

Send your great ideas to 
Bill Pedrini 

bill.pedrini@psi.ch

In progress, stay tuned…

Material science and 
nanocrystallography
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