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We present the extension of time-resolved optical pump/x-ray absorption spectroscopy (XAS) probe
experiments towards data collection at MHz repetition rates. The use of a high-power picosecond laser
operating at an integer fraction of the repetition rate of the storage ring allows exploitation of up to
two orders of magnitude more x-ray photons than in previous schemes based on the use of kHz lasers.
Consequently, we demonstrate an order of magnitude increase in the signal-to-noise of time-resolved
XAS of molecular systems in solution. This makes it possible to investigate highly dilute samples
at concentrations approaching physiological conditions for biological systems. The simplicity and
compactness of the scheme allows for straightforward implementation at any synchrotron beamline
and for a wide range of x-ray probe techniques, such as time-resolved diffraction or x-ray emission
studies. © 2011 American Institute of Physics. [doi:10.1063/1.3600616]

I. INTRODUCTION

Over the past 10 years, there have been huge efforts
aimed at investigating ultrafast photoinduced structural
changes in molecules, crystals, materials, and proteins using
structural probes such as electron and x-ray diffraction,
electron microscopy, and x-ray absorption spectroscopy in a
pump-probe scheme.1 The goal is to retrieve the structural dy-
namics of the systems on the atomic scales of space (sub-Å)
and time (femtoseconds to picoseconds). Ultrafast electron
diffraction and microscopy are making rapid progress in
following the structural dynamics of gas phase molecules,
materials, thin films, and surfaces.1 Ultrafast x-ray diffraction
has found many applications including the study of coherent
phonons2, 3 and phase transitions in solid materials,4 while
the first x-ray diffraction study on protein crystals has been
achieved with 100 ps time resolution.5 For the case of chem-
ical reactions in disordered media such as liquids, which is
the medium wherein most chemical and biological reactions
take place, x-ray scattering has been used in the >100-ps
time scale6, 7 but due to the sensitivity of the technique to
all atoms in the sample and the complexity of processes
occurring on this time scale in both solvent and solute, the
analysis of the data is nontrivial. The chemical selectivity
of x-ray absorption spectroscopy (XAS) makes it ideal as a
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local probe, and allows retrieval of both the local geometric
structure and the electronic environment around a given atom
via analysis of the extended x-ray absorption fine structure
(EXAFS) and the x-ray absorption near-edge spectroscopy
(XANES) regions of the spectrum. This unique combination
provides information about the electronic changes that drive
the subsequent structural dynamics as well as information on
the structural changes themselves.1, 8–13

To date, picosecond optical pump/x-ray probe XAS
experiments8, 14–28 have been performed with the pump laser
operating at kHz repetition rates in order to take advantage
of the high pulse energies available from commercially avail-
able amplified laser systems (>1 mJ/pulse). In contrast to this,
synchrotron x-ray pulses are generally delivered at MHz rep-
etition rates by the storage ring. The experiments typically
make use of a fast detector to only measure the x-ray pulses
generated by an isolated “camshaft” electron bunch of the
hybrid filling mode available at third-generation synchrotron
sources (see Fig. 1) and are usually based on recording the
transient absorption on a pulse-to-pulse basis. The data ac-
quisition is performed in such a way that the x-ray absorp-
tion signal of the sample is recorded at twice the repetition
rate of the pump laser using gated detectors, with one x-
ray absorption signal corresponding to the laser-excited sam-
ple and the next to the unexcited sample. This scheme has
proven capable of measurements limited only by the shot
noise of the synchrotron source.17, 18 Its main drawback is
that while the excitation laser pulses occur at kHz repeti-
tion rates, the synchrotron pulses occur at MHz repetition
rates, which means that typically 103 x-ray pulses are un-
used. This reduced x-ray flux is a major limiting factor on

0034-6748/2011/82(6)/063111/16/$30.00 © 2011 American Institute of Physics82, 063111-1
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the achievable signal-to-noise ratio (S/N) of the experiments,
which not only reduces the accuracy of the structural anal-
ysis but also places a restriction on samples that can be
measured with a solubility in the range of tens to hundreds
of mM.

In order to exploit all the available camshaft x-ray pulses,
it would be necessary to use a pump laser that runs at half
the repetition rate of the synchrotron source. At the Swiss
Light Source (SLS, Paul Scherrer Institut, Villigen, Switzer-
land), this corresponds to a repetition rate of 1.04 MHz,
which would require a laser at 520 kHz. Provided the con-
ditions (laser fluence, incident x-ray flux per pulse, sample
concentration, thickness, etc.) are similar to those of the 1
kHz experiments and assuming that the predominant source
of noise is the shot noise of the x-ray source, an increase of√

520 ≈ 23 in S/N should be expected, resulting in signifi-
cantly shorter data acquisition times and expanding the ap-
plicability of the technique to the study of dilute liquid-phase
systems.

Previous attempts to implement a high-repetition rate
pump-probe scheme at synchrotrons were made by Widdra
et al.29, 30 who used a Nd:YVO4 oscillator (1064 nm, 200 nJ,
14 ps) with a pulse-picker operating at 1.25 MHz to match
the single-bunch repetition rate at the BESSY synchrotron
(Berlin, Germany) for time-resolved core-level photoemis-
sion studies of surfaces. Stern et al.31, 32 used an amplified
Titanium:Sapphire laser source (800 nm, 3 μJ, 100 fs) oper-
ating at 272 kHz at the APS (Advanced Photon Source, Ar-
gonne, USA) to study laser-induced melting of Germanium
films. The disadvantage of using high-repetition rate excita-
tion with solid samples is the sample damage resulting from
the high average power. For liquid solutions, high repetition
rate excitation is ideal since the flowing sample is continu-
ously refreshed, but this has so far not been attempted. Given
that the main limitation in the picosecond optical pump/XAS
probe studies at 1 kHz is the low x-ray flux, it seems worth-
while to extend the pump/probe scheme to data collection at
higher repetition rates.

Here we report on a portable experimental setup for
ps XAS studies at both the hard x-ray microXAS beam-
line and the tender x-ray PHOENIX I beamline of the Swiss
Light Source. It uses a compact ps pump laser with vari-
able repetition rate, widening the potential application of pi-
cosecond x-ray experiments to the many diverse x-ray tech-
niques (absorption, emission, diffraction, scattering) available
at synchrotrons. We demonstrate its performance by inves-
tigating the well characterized light-induced spin crossover
process in [Fe(bpy)3]2+ (Ref. 33) and the oxidation state
change in [Ru(bpy)3]2+,34 showing improved S/N for high-
concentration samples and pump-probe signals at high dilu-
tions. Additionally, as a demonstration of the new scheme on
low concentration biological systems in physiological media,
we report the results of a pump-probe XAS experiment on
photoexcited carboxymyoglobin (MbCO).

II. INSTRUMENTS AND METHODS

The main elements required for a picosecond time-
resolved XAS experiment will be briefly reviewed,
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FIG. 1. (Color online) Electron filling pattern used at the SLS. In total, there
are 480 possible buckets spaced 2 ns apart, of which 390 are filled with elec-
trons (multibunch). Of the 90 remaining empty buckets, the camshaft pulse in
bucket 465 is filled with four times more current than the average multibunch
current. The ring repetition rate is 1.04 MHz, which sets an upper limit for
the data acquisition rate of the experiments using the current hybrid filling
mode.

highlighting the specifics of the MHz data acquisition
scheme for comparison to kHz data acquisition.14, 17, 18

A. X-ray source

The probe pulses are derived from the camshaft electron
bunch provided by the SLS during normal user operation. The
isolated pulse is a result of the hybrid electron filling pattern
used at the SLS (Fig. 1) which consists of 390 consecutive
electron bunches separated by 2 ns, called the multibunch, and
an isolated electron bunch, called the camshaft pulse, which
is placed within the empty gap of 180 ns. The isolated single
bunch has four times more current than the individual bunches
in the multibunch structure and a duration of approximately
85 ps (FWHM).35 During normal user operation the ring cur-
rent is 400 mA and the camshaft current is 4 mA. The ring
current is maintained to within 0.5% by use of top-up filling
mode which injects electrons into the storage ring at regular
intervals.

The reported experiments were conducted at two dif-
ferent beamlines at the SLS. The microXAS beamline, lo-
cated in the long straight section X05L of the SLS ring, is
equipped with a minigap in-vacuum undulator capable of gen-
erating x-rays from 4 to 23 keV with a flux of approximately
1012 photons/s/0.015% bandwidth. The photons are colli-
mated vertically and focussed horizontally by a Rh-coated
toroidal mirror and then energy selected over a range of band-
widths by a double-crystal, fixed exit monochromator (DCM)
containing Si(111), Ge(111), and Si(311) crystal pairs. An el-
liptical mirror pair in the Kirkpatrick-Baez (KB) geometry is
located immediately before the experimental station, and is
capable of focusing the x-rays down to < 1 × 1μm2 spot.36

The PHOENIX I beamline covers the tender x-ray spec-
trum from 800 eV to 8 keV. The photon source is an ellipti-
cal APPLE II undulator with a flux of 1011 photons/s/0.01%
bandwidth. The beamline is equipped with a DCM contain-
ing Si(111) crystal pairs, for energies above 2.1 keV, and KB
mirrors allowing for μm focal spots.
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B. Laser source

Since the time-resolution of the XAS experiments is
generally limited by the synchrotron pulse duration (typically
85 ps at the SLS), there is no advantage to using fs laser
systems to excite the sample as done so far. In fact there
are several disadvantages. These sources are amplified,
which means they need both a large amount of space and
substantial cooling. They are often outside the experimental
hutch, implying beam transport over tens of meters to the
sample, which results in an increased sensitivity to the laser
pointing stability and the far-field laser mode. Here we use
a compact, high-average power Nd:YVO4 picosecond laser
(Duetto, Time Bandwidth Products, Zürich) operating at
variable repetition rate (50 kHz to 8 MHz), and producing
10 ps pulses. This product is primarily aimed at industrial
users meaning emphasis has been placed on turn-key oper-
ation and long-term stability. It delivers up to two orders of
magnitude more energy per pulse than current high-repetition
rate femtosecond oscillators, but still two orders of magnitude
less energy per pulse than kHz amplified femtosecond sys-
tems. The Duetto laser system optimizes the amplifier stage
diode pump current to extract the maximum possible pulse
energy at any given repetition rate. When operated at half
the repetition rate of the isolated camshaft pulse (520 kHz)
this results in 28 μJ per pulse at the fundamental wavelength,
1064 nm. By frequency doubling and tripling one obtains
15 μJ per pulse at 532 nm and 6 μJ per pulse at 355 nm. It
is also possible to double the 532 nm light to obtain 266 nm
light. The laser mode has an M2 value of 1.2 for both the
doubled and tripled beams which permits it to be efficiently
focussed to very small diameter spots, thus allowing similar
fluences compared to the kHz experiments at modest beam
diameters (<50 μm).

The use of this pump laser offers three primary advan-
tages with respect to amplified fs systems at 1 kHz: (1) the

longer pulse duration results in lower peak power, which
minimizes sample damage and nonlinear effects, and gener-
ally results in more efficient sample excitation; (2) the fact
that the pulse energy varies with the repetition rate allows
both the excitation and the repetition rate to be tuned to
the experimental requirements; and (3) Titanium:Sapphire-
based amplified systems operate at 800 nm, which can eas-
ily be converted into 400 and 266 nm light, while molecular
systems typically absorb in the visible region of the spec-
trum (400–700 nm), making these amplified pulses a poor
choice for sample excitation whereas the 532 nm wavelength
available from the high-repetition rate laser is ideal. For ex-
periments on species with very long-lived excited-state life-
times a “slow-difference” scan mode can be used in which
the transient data are no longer collected by the pulse-to-
pulse difference method, but as a difference of the average
of 1 million x-ray measurements with laser on, and sec-
ond average of 1 million x-ray measurements with the laser
off. This alternative data collection mode will be detailed in
Sec. IV C.

C. Synchronization and timing control

Overall stability and synchronization between the pump
and probe sources are crucial for the success of any time-
resolved experiments. The pump laser pulses have to be accu-
rately synchronized to the x-ray probe pulses in order to have
control of the relative temporal delay between them. Here we
adopted a similar synchronization and timing control scheme
used for previous optical pump/x-ray probe experiments,17, 18

which has previously proven to work reliably over the
time required for the experiments. A simplified scheme of
the synchronization and the timing control is shown in
Fig. 2.

This is achieved by exploiting the intrinsic synchroniza-
tion of the radio frequency (RF) master clock of the SLS with
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FIG. 2. (Color online) Diagram of the high-repetition rate pump-probe setup, see text for details.
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the x-ray pulses. This master clock is synchronized to the
500 MHz signal of the RF cavities which is, in turn, respon-
sible for creating the potential wells inside the storage ring,
thus providing the time structure of the generated radiation. If
a stable phase relationship between the RF and the laser oscil-
lator pulses is established, synchronization is achieved. The
relative phase stabilization is done via a commercially pur-
chased system (CLX-1100 timing stabilizer, Time Bandwidth
Products), which locks the phase of the Duetto laser oscil-
lator to the SLS master RF with a timing jitter of less than
400 fs.

The relative time delay between the x-rays and laser
pulses can be adjusted via a computer controlled timing sys-
tem, which is integrated into the data acquisition. The timing
of the laser pulse is controlled by synchronous scanning of the
trigger for the Duetto pulse picker and an RF phase modula-
tor (QPMX-500-S, I. F. Engineering). The phase modulator
allows precise control over the relative phase of the oscilla-
tor with respect to that of the RF, thus changing the relative
time delay between the laser and x-ray pulses with a few ps
precision.

D. Detection and data acquisition

The employed data collection strategy is similar to that
used for previous experiments,11, 17, 18 with the important dif-
ference that the data acquisition rate is increased to 2 MHz.
Briefly, the XAS signal at a specific x-ray energy and pump-
probe time delay is recorded at twice the laser repetition rate,
alternating between the signal from the excited sample and
from the unexcited sample 1 μs later (see Fig. 1). In addi-
tion, a zero measurement is made for every x-ray measure-
ment by reading the detector signal in the fill pattern gap
where no x-rays are present. This electronic zero level is
then subtracted off the corresponding x-ray signal to compen-
sate for any drift in the data acquisition baseline over time.
The signals provided to the user correspond to the pumped
XAS signal ([Ip]x-ray−[Ip]zero), the unpumped XAS signal
([Iunp]x-ray−[Iunp]zero) and the pulse-to-pulse difference sig-
nal of pumped-unpumped with the zeroes being ignored as the
electronic baseline will have no time to drift during the 1 μs
separating the two x-ray measurements ([Ip]x-ray−[Iunp]x-ray).
The data acquisition scheme is shown in Fig. 2.

Detectors for a time-resolved XAS experiment must
fulfill three main requirements: (a) they should be fast enough
to isolate the x-ray pulses that come solely from the camshaft
bunch, (b) they must generate sufficient signal when exposed
to a range of x-ray energies, and (c) they must have linear re-
sponse over the range of x-ray flux used. In the present setup,
the x-ray pulses are measured using two different types of fast
detectors: for fluorescence signals large-area avalanche pho-
todiodes (C30703F, PerkinElmer) with a 1 cm × 1 cm active
area are used when the intrinsic gain of the device is neces-
sary to measure signals down to the single x-ray photon level.
In transmission, silicon photodiodes are used (AXUV20HS1,
International Radiation Detectors) where device linearity
over several orders of magnitude of current becomes critically
important. Both types of detectors have rise times <5 ns. The

detectors are shielded with 25 μm thick Be foils to protect
them from scattered laser light. The detector signal is then
amplified using broad-bandwidth (80–200 MHz) current-to-
voltage amplifiers (FEMTO DHPCA-100) which allow the
signal to be transferred to the data acquisition system with a
minimum of additional noise. We use track-and-hold circuits
(AD9100, Analog Devices) to sample the amplified signal on
the maximum of the camshaft pulse. This level is then held for
sufficient time for the fast analog-to-digital card to sample the
signal level. The digitizer is an eight-channel ADC/digitizer
board (Struck Innovative System GmbH, model SIS3302)
with a sampling rate of up to 100 MHz and 16 bit resolution,
capable of sampling up to 8 channels in parallel for each
given trigger. The ADC is housed in a virtual machine
environment (VME) crate together with the hardware for
generating all the timing signals. Triggers are required for the
ADC at 2.08 MHz to read the zero signal and the x-ray signal,
the laser pulse picker at 520 kHz (or some even sub-multiple
of the 1.04 MHz x-ray frequency), and the track-and-hold
circuits at 1.04 MHz. In addition two marker signals are
generated and digitized in parallel with the data channels
to indicate if a signal originates from the laser-excited or
from the unexcited sample and if the signal is an x-ray mea-
surement or a zero measurement. The VME crate uses these
marker signals to sort the data prior to performing the signal
averaging.

The reported measurements are performed in transmis-
sion and fluorescence yield (FY) modes simultaneously. De-
pending on the sample solubility and optical density one can
adjust the concentration in order to optimize the signal for ei-
ther mode.8 For the hard-x-ray experiments the incident x-ray
intensity (I0) was also recorded by measuring the fluorescence
from a thin Cr foil using an APD. Recording the incoming
x-ray flux on a pulse-to-pulse basis allows the normalization
of incoming x-ray fluctuations due to monochromator imper-
fections or changes due to the storage ring. Moreover, nor-
malization of the unexcited spectra to the incident flux yields
the static XAS of the sample. Note that the transient differ-
ence measurement does not in general require I0 normaliza-
tion since the incident x-ray flux does not change on a 1 μs
timescale.

With the laser operating at 520 kHz, two million mea-
surements are performed over the course of 1 s: 500 000
pumped x-rays, 500 000 pumped zeroes, 500 000 unpumped
x-rays, and 500 000 unpumped zeroes. These signals are then
sorted according to the markers, the requisite calculations are
performed and then each of the three signals is averaged, re-
turning to the scanning PC the averaged data and the standard
error of the pumped/unpumped/difference measurement for
each of the ADC channels.

The time-dependent transmission transient XAS signal is
defined as

�AT (E, t) = ln

([
I T
unp(E)

]x-ray − [
I T
unp(E)

]zero

[
I T

p (E, t)
]x-ray − [

I T
p (E)

]zero

)
. (1)

The time-dependent fluorescence transient XAS signal is de-
fined as
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�AF (E, t) =
([

I F
p (E, t)

]x-ray − [
I F

p (E, t)
]zero) −

([
I F
unp(E)

]x-ray − [
I F
unp(E)

]zero)
I0(E)

. (2)

The subscripts unp and p stand for the ground-state (un-
pumped) or excited (pumped) sample, respectively. I0

represents the incoming x-ray intensity, I T stands for the
transmitted, and I F for the fluorescence signals. The super-
script x-ray indicates that the signal was recorded with the
presence of x-rays and the superscript zero indicates that it
was recorded without any x-rays, representing the electronic
background signal of the detection system.

In 1 kHz experiments, this data acquisition methodology
delivers results at the shot noise limit of the x-ray source.17, 18

In this limit, the S/N increases linearly with the fraction of
excited species, while it increases with

√
n of the number

of accumulated x-ray photons, and thus the repetition rate of
the experiment.8, 37 In the present experiment, the repetition
rate was increased by a factor of 520, meaning that the ex-
pected increase on the S/N ratio is

√
520 ≈ 23, if all other

parameters (x-ray flux, excitation yield, etc.) are considered
unchanged.

To test the linearity of the photodiode used as transmis-
sion detector a series of measurements of the direct x-ray
flux were taken, attenuating it by placing successive thin alu-
minium foils in the incoming beam. The x-ray intensity was
recorded directly as the diode current, the track-and-hold out-
put, and the data acquisition digitized signal. Assuming a con-
stant incoming intensity, which is a reasonable approximation
for the SLS since it operates in top-up mode, we expect the
transmitted signal to follow the Lambert-Beer law. In other
words, the detector should behave linearly with respect to the
incoming intensity. Indeed, the Si diode signal is linearly pro-
portional to the incoming x-ray flux (see Fig. 3), even when
the full flux of the beamline, 1012 photons/s, is used.

E. Spatial and temporal overlap of laser and x-rays

The spatial overlap between laser and x-rays was ob-
tained by placing a 50 μm diameter, 25 μm thick tungsten
pinhole in the sample position. The x-ray position and size can
be determined by scanning the pinhole through the x-rays us-
ing a two-dimensional translation stage (0.1 μm resolution),
while monitoring the transmission intensity (see Fig. 4). Once
the x-ray position is found, the pinhole is moved to that po-
sition and the attenuated laser beam is then guided through
the pinhole and its position is optimized via a motorized laser
mirror. Figure 4 shows example scans of the horizontal and
vertical beam profiles of the laser and x-rays at the sample
position. The x-ray spot size was determined to be less than
50 μm in both dimensions (FWHM). The beamline x-ray im-
age monitor indicates that the x-ray beam is focused down to
∼40 μm. The laser beam size was made larger than the x-ray
spot (85 μm horizontally and 65 μm vertically), to ensure a
uniformly excited sample and to facilitate the overlap of the
pump and probe beams.

To set the temporal overlap a fast windowless photo-
diode having a rise time of 700 ps (AXUVHS5, Interna-
tional Radiation Detectors) was placed at the sample posi-
tion. Using a 2.25 GHz oscilloscope (Agilent Infiniium) the
relative laser and x-ray temporal delay could be determined.
The laser pulse-picker timing was then adjusted to shift the
laser timing in coarse steps of 12 ns, and then the phase-
shifter was used for finer time steps. In general the two pulses
can be overlapped to within 200 ps which is sufficient for
samples where the excited state lifetime is >200 ps. For
[Fe(bpy)3]2+ the excited state lifetime is about 650 ps20 while
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for [Ru(bpy)3]2+ the excited state lifetime is about 500 ns,
with a strong dependence on sample concentration and sol-
vent oxygen concentration.38

F. Electronic noise investigation

In order to assess the sensitivity of the MHz data ac-
quisition system and to investigate any sources of electronic
noise, we recorded the digitized individual output signals in
transmission and fluorescence modes, corresponding to the
2 million samples, or approximately 1 s integration time.
Figure 5 shows a histogram of the distribution of 500 000
zero measurements and 500 000 x-ray measurements (see
Fig. 1) for an unpumped signal of a 7 mM aqueous so-
lution of [Fe(bpy)3]2+ recorded at 7.125 keV. The fact
that the transmission zero measurement distribution is nar-
rower than the transmission x-ray measurement distribution
shows that the electronic noise is smaller than the pho-
ton noise. The fluorescence signal shows similar charac-
teristics with the additional feature that the Poisson dis-
tribution of the photon-counting events can clearly be
resolved.39

III. SAMPLES AND SAMPLE ENVIRONMENT

Iron(II)-tris(2, 2′)-bipyridine chloride hexahydrate
([Fe(bpy)3]Cl2·(H2O)6) was dissolved in deionized water
at concentrations ranging from 1 to 70 mM. The sample
solutions were circulated using a magnetically driven gear
pump through a sapphire nozzle creating a 100 μm thick jet,
approximately 5 mm wide at the nozzle exit. The sample was

excited with 532 nm pulses from the Duetto laser, at 520 kHz
repetition rate and focussed to a 75 μm spot size (FWHM).
Laser fluences ranging from 13 to 400 mJ/cm2 were used.
All measurements were performed in air.

Ruthenium(II)-tris(2, 2′)-bipyridine chloride hexahy-
drate ([Ru(bpy)3]Cl2·(H2O)6) was dissolved in deionized
water at 80 mM concentration. The sample solution was
handled identically to [Fe(bpy)3]2+. It was excited at both
355 and 532 nm at a repetition rate of 520 kHz. The laser spot
size used was 75 μm (FWHM) which results in a fluence of
115 mJ/cm2 for the 532 nm experiments and 86 mJ/cm2 for
the 355 nm experiments. The experiments were performed
in a chamber under an 800 mbar atmosphere of 80% He and
20% N2.

Lyophilized myoglobin (Mb) from equine skeletal mus-
cle (Sigma, 95%–100%, salt free) was used without further
purification to prepare liquid samples of ferric myoglobin
(metMb) by dissolving the powder in de-gassed sodium phos-
phate buffer solution with pH 7 and then reducing it to the
ferrous state (deoxyMb) under anaerobic conditions. To pro-
duce carboxymyoglobin (MbCO), the deoxyMb was bubbled
with CO gas for approximately 20 minutes. During the exper-
iments, the sample reservoir was kept under carbon monox-
ide atmosphere by flowing CO gas over the sample. Com-
plete conversion to the ligated form and sample integrity were
monitored by UV-Vis spectra collected simultaneously with
the transient XAS experiments. The final carboxymyoglobin
sample concentration was around 2 mM. It was excited with
532 nm focussed into a laser spot size of 75 μm (FWHM), at
a fluence of 125 mJ/cm2.

Static XAS spectra of myoglobin were measured on a
2 mM solution circulating through a quartz capillary having
2 mm path length and 50 μm walls using a peristaltic pump.
The sample reservoir was kept in an ice bath to prevent degra-
dation. The static XAS of the myoglobin samples were col-
lected in both transmission and fluorescence mode; however,
the transmission spectra did not show any clear signal due to
the low concentration of the sample. The incoming and trans-
mitted x-ray flux were measured using ion chambers filled
with helium at approximately 1 bar, while the fluorescence
was measured using a single-element Silicon drift detector
(AXAS-SDD10-138500, Ketek). For the time-resolved mea-
surements of MbCO the liquid sample was flowed through the
same 100 μm thick jet previously described. It was possible
to use an exposed jet in open atmosphere because the affinity
of myoglobin to CO is very high40, 41 which makes the sample
stable even in oxygen rich environments.

IV. RESULTS

A. Iron-tris bipyridine

As a test of the high repetition rate scheme and to
estimate the increase in S/N compared to the 1 kHz ex-
periments we used [Fe(bpy)3]2+ dissolved in water, the
photocycle of which was previously fully characterized using
a combination of ultrafast optical spectroscopic techniques
and ps and fs XAS.20, 33, 42–45 Laser excitation of the singlet
ground state at 532 nm leads to population of a singlet
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FIG. 5. (Color online) Pulse-height distribution of 1 × 106 samples recorded in transmission mode (a) and fluorescence mode (b) at 7.125 keV for a 7 mM
sample of [Fe(bpy)3]2+. Gaussian fits to the histograms are shown as lines for the transmission signals. Note the clear peaks from multi-photon events in the
fluorescence signal (0.56 photons/pulse).

metal-to-ligand-charge-transfer (1MLCT) state, which then
decays by ultrafast intersystem crossing to the lowest excited
high-spin (HS) quintet state 5T2, resulting in the Fe-N bond
increasing by ∼0.2 Å from the low-spin ground state to the
HS excited state. This bond elongation was determined by
Gawelda et al.20, 43 by analyzing the picosecond XANES and
EXAFS transient spectra recorded at the Fe K absorption edge
(7 keV) using the previous scheme of kHz data collection.
These results serve to benchmark the present scheme.

For accurate comparison, we used a 25 mM concentra-
tion of aqueous [Fe(bpy)3]2+ as in the kHz experiments.20

It should be kept in mind that it is not possible to strictly
compare the two experiments because of the 532 nm/10 ps
excitation here versus the 400 nm/100 fs in the kHz experi-
ments. However, given the ultrafast departure of population
from the MLCT states, which we previously determined to be
∼150 fs,44, 45 and the fact that there is no known excited-state
absorption at 532 nm,33, 42 the difference in excitation pulse
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FIG. 6. (Color online) (a) The near-edge XAS of a 25 mM aqueous solution of [Fe(bpy)3]2+ collected in fluorescence yield mode showing the ground-state
spectrum (black line) and the average of 11 transient XAS scans measured using the high-repetition rate setup (red markers) and a fluence of 100 mJ/cm2.
(b) Zoom of the ground state pre-edge features (black line) and the transient XAS (red circles) in the same energy range using a pump fluence of 200 mJ/cm2.

width should not affect the results. However, the absorption
cross section is approximately three times higher at 532 nm
than at 400 nm.42

Due to the lower pulse energy of the Duetto laser com-
pared to amplified kHz laser systems, it was necessary to
tightly focus the laser beam in order to maintain a com-
parable laser fluence on the sample. In the previous kHz
experiments20 the laser focus was around 200–250 μm, while
the present scheme makes use of 60–85 μm laser spot sizes.

Consequently, the x-rays also needed to be more tightly fo-
cussed (see Fig. 4).

Figure 6(a) shows both the ground state XAS of a
25 mM solution of [Fe(bpy)3]2+ and the average of 11 scans
of the transient XAS measured 50 ps after excitation at
532 nm using the high-repetition rate system and a fluence
of 100 mJ/cm2. The latter agrees very well with the transient
previously recorded at 1 kHz.20, 39 At the maximum of
the transient signal, 7.126 keV (all subsequent S/N ratios
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FIG. 7. (Color online) Representative single scans of the near-edge transient XAS of a 25 mM aqueous solution of [Fe(bpy)3]2+, in transmission (a) and
fluorescence (b) modes, collected using both the kHz (red circles) and high-repetition rate (black line) data acquisition techniques.

refer to the signal at this energy), we obtain a S/N � 158
in fluorescence mode, and 142 transmission mode. This
translates to a S/N � 45 per scan in both modes. Increasing
the laser fluence to 200 mJ/cm2, a value closer to that used
in the kHz experiments, the S/N per scan increases to ∼70 in
both modes. Comparisons of single scans taken using the two
different techniques are shown in Fig. 7.

Since the Fe K-edge XAS spectrum of the laser-excited
[Fe(bpy)3]2+ is known,20 it is possible to extract the excited-
state population by subtracting the unexcited spectrum (low

spin) from the laser-excited spectrum (high spin). The excited
state spectrum is related to the measured transient XAS, the
fraction of excited species and the unexcited spectrum via the
following equation:20, 43

�Abs(E, t) = f (t)
[
Ap(E, t) − Aunp(E)

]
, (3)

with f (t) being the fractional population of the excited state
at a given time delay, Ap and Aunp the laser pumped and un-
pumped normalized XAS spectra of the sample being stud-
ied, respectively. We then extract an excitation yield of 60%
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FIG. 8. (Color online) Average of 10 transient XAS scans 50 ps after excitation, of a 1 mM [Fe(bpy)3]2+ solution excited with a pump fluence of 150 mJ/cm2.
The inset shows a single transient XAS scan of a 25 mM aqueous solution of [Fe(bpy)3]2+ at 50 ps delay and collected in fluorescence yield mode with a pump
fluence of 13 mJ/cm2.

for the 25 mM sample excited with 100 mJ/cm2. When us-
ing a laser fluence of 200 mJ/cm2 the derived excitation
yield increases to 80%–90%. This value is over three times
larger than the previously reported 22% achieved in the kHz
experiments,20, 43 and can be explained by the approximately
three times larger optical absorption coefficient at 532 nm
compared to at 400 nm, and by the fact that the longer ex-
citation pulse duration of 10 ps compared to 100 fs results in
less nonlinear excitation of the solvent39 and more efficient
excitation of the sample.

We can now attempt a more quantitative estimate of the
gain in S/N at 520 kHz compared to 1 kHz. The S/N is propor-
tional to the excitation yield, the square root of the incoming
x-ray flux and the repetition rate of the laser. Therefore the
gain in S/N is given by the ratio:

(S/N)520 kHz

(S/N)1 kHz
� 70%

22%

√
I 520 kHz
x-ray

I 1 kHz
x-ray

√
520

1
, (4)

where we have taken as average photolysis yield (70%) from
the above estimates. Estimating the difference in x-ray flux
between the former 1 kHz experiments and the present ones
is not straightforward; however, we estimate an approximate
factor of 8 decrease between the two experiments, due to
differences in the beamline setup.46 Thus the factor of three
higher photolysis yield is compensated for by the decrease in
x-ray flux. We conclude that the increase in S/N mainly scales
with the square root of the increase in repetition rate.

Figure 6(b) shows a zoom of the pre-edge region. The
black curve shows the ground-state pre-edge signal while the
markers show the transient XAS measured using a fluence of

200 mJ/cm2. The pre-edge features correspond to the dipole-
forbidden 1s → 3d bound-bound transitions and are sensitive
to the spin-state of the molecule.47 Since these features are
less than 1% of the absorption edge jump, very high signal-to-
noise is required to resolve them.48 As expected for an octa-
hedrally coordinated low-spin Fe2+ metal center the ground-
state shows a clear absorption peak corresponding to the 1s →
3d(eg) transition (7.1135 keV). Upon excitation to the high-
spin state, we see an increase in absorption at lower energies
corresponding to the 1s → 3d(t2g) transition (7.1125 keV) and
a decrease at higher energies as the 3d(eg) levels are populated
in the high-spin state (7.114 keV). There is also an increase
in absorption at higher energies (7.117 keV) in a region of
the spectrum where peaks have been tentatively assigned to
edge transitions.47 These pre-edge features were also seen by
Nozawa et al. using kHz laser excitation48 but the increased
S/N in the present experiments allow us to perform a line
shape analysis which will be presented in a forthcoming pub-
lication.

Given the gain in S/N, we can now decrease the sample
concentration and/or the laser excitation fluence. Figure 8
shows the average of 10 individual scans of the transient
XAS measured in FY mode of a 1 mM solution of aqueous
[Fe(bpy)3]2+. This measurement was taken with a fluence
of 150 mJ/cm2 and both transmission and FY data were
recorded simultaneously at 50 ps after excitation. The total
acquisition time for the data shown was about 1 h, yielding
S/N � 4.6 per scan in fluorescence and S/N � 3 in trans-
mission. The inset to Fig. 8 shows the transient XAS signal
in FY mode of a 25 mM solution of aqueous [Fe(bpy)3]2+,
again at 50 ps time delay, but excited with only 13 mJ/cm2.
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In the limit of low laser fluence, we are still able to measure
a time-resolved signal with a S/N � 8 in a single scan. The
results of Fig. 8 show that we can now measure very dilute
or photochemically unstable samples within reasonable data
acquisition times, opening the way for the investigation of
biological samples under physiological conditions.

B. Ruthenium tris-bipyridine

One of the advantages of the high-repetition rate setup
is its portability. The tender x-ray beamline PHOENIX I
has recently come online at the SLS enabling us to measure
core transitions of species not covered by the hard x-ray
microXAS beamline. In order to ascertain the feasibility of
such low x-ray energy measurements we chose to investigate
[Ru(bpy)3]2+ which we previously characterized by ps XAS
at the Advanced Light Source (ALS, Berkeley, USA).16, 49

Ruthenium tris-bipyridine is a model system for intramolecu-
lar electron transfer reactions and is representative of a large
class of compounds for applications in solar energy conver-
sion. Upon visible-UV excitation at either 355 or 532 nm,
one reaches the 1MLCT (metal-to-ligand-charge-transfer)
state, which decays to the long-lived (several hundred ns
in room temperature aqueous solutions50) 3MLCT state
on ultrafast timescales.34 The lifetime of the 3MLCT state
can be reduced by the presence of oxygen in the solvent.38

In the MLCT state the electron is localized on one of the
bipyridine ligands: [RuIII(bpy−)(bpy)2]2+.51 Exciting at
532 nm reaches the red wing of the absorption, but it has the
advantage of not being reabsorbed by the 3MLCT state.50

Exciting at 355 nm has the advantage of a larger absorption
cross section, resulting in a higher excitation probability, but
there is a strong ligand-centered excited state absorption at
355 nm in the 3MLCT which may result in sequential
two-photon absorption. The lifetime of this state is <10 ps,
meaning we are not probing it at 50 ps, but the potential
exists for other excited photoproducts to occur, including
both [Ru(bpy)3]+ and [Ru(bpy)3]3+.50 By probing the system
at the Ru L2,3 edges (2.8–3 keV) in picosecond experiments
at 1 kHz, an oxidation state-induced change in the ionization
potential of 1.8 eV was detected and a Ru–N bond contraction
of ∼0.03 Å was derived.49, 52

Excitation of an 80 mM sample of [Ru(bpy)3]2+ at
532 nm with a fluence of 115 mJ/cm2 yield the two-
dimensional time-energy plot of Fig. 9. The data were
collected as monochromator energy scans around the Ru-L3

edge and taken with time steps of 12 ns out to 200 ns after
excitation. Each energy scan represents the average of 4
individual scans and the total data acquisition time required
was 2 h. From Fig. 9 it is clear that, within the signal-to-
noise, the transient difference signal appears to simply decay
in amplitude with no energy shifts over the course of its
relaxation, confirming that we are probing the lifetime of the
3MLCT state. Neither the ground-state XAS nor the transient
indicate the presence of any photoproducts, permanent or
photoexcited, other than the expected [RuIII(bpy−)(bpy)2]2+.
The timescale of the excited-state relaxation is 107 ± 16 ns,
typical of a high-concentration solution with oxygen
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FIG. 9. (Color online) Top: Comparison between the ground-state XAS
(black line) and transient XAS (red circles) measured 175 ps after time zero at
the Ru L3 edge of an 80 mM solution of [Ru(bpy)3]2+ excited at 532 nm with
a fluence of 115 mJ/cm2. Note that the pre-edge signal on the ground-state
XAS, from 2825 to 2830 eV, is the Cl K-edge absorption of the counter-ion.
Bottom: Two-dimensional time-energy XAS measured under the same con-
ditions.

content.38 Figure 10 shows a transient energy scan comparing
excitation at 532 (�t = 175 ps, average of 8 scans) and
355 nm (�t = 5.6 ns, average of 6 scans). Both signals show
the expected decrease/increase in absorption at 2841/2843 eV
due to oxidation of the Ru atom from 2+ to 3+. The absorp-
tion increase at 2838 eV is due to the creation of a hole in the
Ru d(t2g) orbital, which can be accessed from the 2p3/2 core
orbital when an electron is transferred to the ligand.16, 18, 49

The fluence at 532 nm was 115 mJ/cm2 while for 355 nm
it was 86 mJ/cm2. The differential absorption change is
similar for the two signals. The absorption cross section
at 532 nm is approximately 3–4 times lower than that at
355 nm, however due to the high concentration of the sample
(80 mM) the optical density of the 100 μm jet is around 1 for
532 nm.

These proof-of-principle results illustrate the portability
of the high-repetition rate system over the amplified kHz sys-
tem. The primary challenge to moving to lower x-ray energies
is the loss of photons to solvent scattering and absorption. The
x-ray transmission through a 100 μm jet of pure water is less
than 15% at photon energies below 3 keV, making absorption
experiments increasingly difficult. Clearly the ability to take
data at MHz repetition rates is a distinct advantage for this en-
ergy range as the faster data acquisition in part compensates
for the loss in x-ray flux.
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C. Carboxymyoglobin
The ability to acquire time-resolved XAS data of highly

dilute samples with reasonable signal-to-noise is crucial for
the study of biological samples. Myoglobin (Mb), whose
main function is to facilitate oxygen diffusion in mammal
muscle cells, is one of the most studied metalloproteins.
Its active center consists of a porphyrin ring with an iron
atom in the center (the metalloporphyrin), to which small
diatomic molecular ligands such as O2, CO, NO and CN
can bind. The ligand dissociation can be triggered by irra-
diation with visible light and the recombination dynamics
has led to innumerable studies using a broad range of time-
resolved optical techniques.53, 54 In the case of carboxymyo-
globin (MbCO), the recombination occurs in microseconds
to milliseconds.55–57 It was first investigated by time-resolved
XAS with μs resolution by Mills et al.,58 who developed a
scheme using a synchronized Nd:YAG laser to photolyze the
MbCO in a flowing sample solution and probed around the
Fe K-shell XANES region (7 keV). Several early XAS mea-
surements also used cryogenic temperatures to lengthen the
CO rebinding time in solid samples with photolysis triggered
using flashlamp illumination.59–61 Later, Clozza et al.62 de-
veloped an apparatus that used the synchrotron as a quasi-
continuous source where the data acquisition was triggered
by the laser making it possible to make FY measurements
at well-defined time delays using time-windows down to
the millisecond time scale. Several years later Chance et al.
took advantage of advances in energy-resolving x-ray fluo-
rescence detectors to perform measurements on MbCO us-
ing both laser63 and flashlamp excitation64 allowing them to
collect time-resolved XAS spectra in the several microsec-
onds to milliseconds time domain for dilute cryogenic sam-

ples (1–4 mM). More recently Arcovito, Della Longa and co-
workers have used myoglobin single crystals to perform po-
larized XAS measurements to collect data both parallel and
perpendicular to the heme normal which has allowed them to
see pronounced changes after photolysis in the Fe–CO bond
direction.65–67 They have also investigated the temperature-
dependence of the CO-rebinding rate68 and showed that it
is possible to photo-reduce the Fe center with x-rays,69 em-
phasizing the potential for sample damage through x-ray ex-
posure. Concurrent with these experimental advances, anal-
ysis tools have also matured, making it possible to extract
more detailed structural information from both the XANES
(Refs. 67 and 70) and EXAFS (Ref. 64) regions of the spec-
trum. It should be stressed that the majority of these measure-
ments concerned cryogenically cooled solid samples, there-
fore far from physiological conditions.

Recording the time-resolved XAS experiments at high
repetition rates using the pulse-to-pulse data acquisition is not
convenient for systems whose ground-state recovery is longer
than the pulse repetition period. This is the case with MbCO
which has a ligand recombination time of milliseconds.56 Re-
ducing the repetition rate of the laser so that the sample can
relax between x-ray probe pulses cancels the advantages of
the high repetition rate. An alternative approach would be to
measure data at fixed (e.g. 1 s) alternating intervals for the
laser-excited and the unexcited XAS. The unpumped mea-
surement is achieved by moving the laser position horizon-
tally with a motorized laser mirror to ensure a complete lack
of laser/x-ray overlap. The differential absorption, or slow-
difference transient, can then be calculated using these data.
The transient XAS signals are still calculated as in Eqs (1)
and (2), the difference being that now the pumped signal is
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FIG. 11. (Color online) Comparison of the transient XAS signal of a single measurement of a 7 mM aqueous solution of [Fe(bpy)3]2+ excited with
150 mJ/cm2 laser fluence, using the pulse-to-pulse and the slow-difference modes in fluorescence (a) and transmission (b). Black circles show the data col-
lected using the pulse-to-pulse mode and the red circles show the data collected using the slow-difference mode. Note that both measurement modes have the
same S/N for fluorescence (see inset on (a)) while being drastically different in transmission.

defined as the signal measured when the laser and x-rays
are overlapped spatially and unpumped is the signal with no
overlap.

Using this alternative scan technique, other sources of
noise can contribute to the measured signal since the differ-
ential absorption is now being calculated on a 1 s timescale as
opposed to a 1 μs timescale. In order to investigate the noise
characteristics of this slow-difference technique, we recorded

a set of transient energy spectra of a sample of 7 mM aqueous
[Fe(bpy)3]2+ at 50 ps time delay using simultaneously both
the regular (pulse-to-pulse) and slow-difference scan modes,
enabling a direct comparison of both scan modes under iden-
tical experimental conditions.

The transient XAS data collected in fluorescence and
transmission using both modes is shown in Fig. 11. A
comparison of the transient XAS data recorded in FY mode
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FIG. 12. (Color online) Transient XAS of 2 mM MbCO collected in fluorescence yield mode. The sample was excited at 125 mJ/cm2 laser fluence. The black
curve represents the difference XAS based on the static spectra of deoxyMb and MbCO assuming an excitation yield of 21%.

using both data acquisition modes show no new sources of
noise that can obscure the signal in the slow-difference mode.
The S/N of both data sets (see inset in Fig. 11 (a)) is almost
identical from which we conclude that in the case of sam-
ples having long-lived excited states, we can use the slow-
difference scan mode in fluorescence to collect transient XAS
data while only incurring a factor of two penalty in data ac-
quisition times. The comparison of the two scan modes in
transmission is shown in Fig. 11 (b). The transmission signal
recorded using the slow-difference scan reveals an enormous
source of noise which obscures the signal, in stark contrast to
the pulse-to-pulse mode. This indicates that there is an exter-
nal source of noise on the 1 s time scale, which is absent on
the 1 μs timescale, and is most probably due to the flow of the
liquid sample. Indeed small fluctuations in the jet flow speed,
pressure and thickness easily introduce changes in the x-ray
absorption signal on the 1 s timescale resulting in large ran-
dom changes in the differential absorption. This noise easily
overwhelms the transient transmission signal and reinforces
the importance of measuring the difference signals on a pulse-
to-pulse basis. For the study of dilute samples it is preferable
to use FY detection.

The averaged transient FY XAS signal of photo-excited
MbCO is shown in Fig. 12. It consists of 32 individual scans
and a data collection time of 4.5 h, and was measured us-
ing the slow-difference scan mode, with a laser fluence of
125 mJ/cm2. It exhibits several pronounced changes in the
XANES region of the spectrum, with the largest change in
absorption at 7.123 keV being due to a shift to lower-energy

of the Fe absorption edge. This transient represents the differ-
ence in XAS spectra of the ligated minus the unligated pro-
tein. We measured the static XAS spectra of the CO-ligated
form of myoglobin (MbCO), the unligated form of myoglobin
(deoxyMb), and the unreduced form of myoglobin (metMb),
as reference. After ligand photo-detachment and in the ab-
sence of any intermediate structure on the time scale of the
measurement, we expect the spectrum of the photo-product
to resemble that of deoxyMb. The transient spectrum should
then be similar to the difference spectrum of the deoxy form
minus the ligated form. This difference spectrum represents
a limiting case in which all the ligands are photo-detached
and no intermediate structure is present. This is a good ap-
proximation for MbCO where there is almost no geminate
recombination55, 56 and no evidence of any partially bound
structural intermediates.5 A scale factor can therefore be used
when comparing it to the measured transient XAS, allowing
us to estimate the fraction of excited species. Overlaid on
the experimental transient XAS is the difference of the de-
oxy static spectrum minus the MbCO static spectrum which
has been scaled by a factor of 0.21 for comparison, imply-
ing an excitation yield of ∼21%. Because the measurements
were done using the slow-difference scan mode, the time de-
lay is not well defined. Since the time interval between con-
secutive laser pump pulses at 520 kHz is 2 μs, the excited-
state population is an ensemble composed of the population at
50 ps, which is the time delay set between the pump and
probe pulses, and 2 μs, which is the time interval between two
consecutive laser pulses. In essence every laser pump pulse
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excites a sample which is only partially relaxed, leading to a
larger average population of deoxyMb than would exist after
a single excitation pulse.

Comparing the measured transient signal with the pre-
dicted difference based on the static XAS, one can see that
within the error bars, both signals coincide. A more detailed
discussion of these results will be presented in a forthcoming
publication.

V. CONCLUSION AND OUTLOOK

We have developed a flexible setup for x-ray absorption
spectroscopy with <100 ps temporal resolution at MHz data
acquisition rates. Our configuration makes use of all the avail-
able isolated x-ray pulses from the hybrid filling mode cur-
rently employed at most third-generation synchrotrons. This
allows the measurement of laser-induced changes on the x-
ray absorption spectra of dilute samples with concentrations
of the order of a mM. We demonstrate the ability of the setup
to perform shot noise limited measurements with an increase
in S/N of the order of � √

fL where fL is the repetition rate
of the laser pump (520 kHz), compared to the 1 kHz data ac-
quisition techniques. The portability of the setup has also been
demonstrated on a tender x-ray beamline. As a final test of the
high-repetition rate data acquisition technique we also mea-
sured the differential XAS of a dilute solution of carboxymyo-
globin.

The temporal resolution is limited at present by the dura-
tion of the synchrotron x-ray pulses. This can be improved to
a few picoseconds using the so-called “low-alpha” mode71–73

available at several third-generation synchrotron sources. The
moderate decrease in x-ray flux is compensated for by the
higher repetition rate, providing intermediate temporal reso-
lution between the hundreds of ps obtained directly from syn-
chrotrons and hundreds of fs from the electron-laser slicing
scheme.74 Finally, the simplicity of the present scheme means
that it can be implemented at any synchrotron beamline, and
extended to any time-resolved x-ray technique (absorption,
emission, or diffraction).
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