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Abstract. The principles and capabilities of the time-resolved
pumping and X-ray probing method are outlined. Pumping meth-
ods and probing features involving different pulsed X-ray sources
(laboratory, synchrotron, free-electron lasers) are considered.
Methods for improving time resolution are discussed. Also given
are examples of applying the method to study a wide range of
objects using X-ray microscopy, X-ray Laue diffraction, small-
and large-angle scattering, absorption, and photoelectron spectro-

scopy.

Keywords: pulsed X-ray sources, time resolution, synchro-
trons, free-electron lasers, diffraction, X-ray scattering, ab-
sorption spectroscopy

1. Introduction

Many processes in Nature occur on very short time scales,
including the motion of atoms during chemical reactions,
molecular vibrations, the absorption and emission of
photons, and many scattering effects. Electron motions are
the fastest processes in the femtosecond (fs) and subfemtose-
cond regimes, optical and acoustic phonons (lattice vibra-
tions) occur on the picosecond (ps) time scale, atomic motions
and molecular vibrations occur on the subpicosecond time
scale, while heat diffusion and heat transfer in crystalline
solids occur more slowly. Macroscopic transformations in
crystals, such as the dynamics of domains and domain walls in
ferroic crystals (polarization switching in ferroelectrics) and
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the propagation of macroscopic elastic deformations, are
prevalent in the microsecond (us) to millisecond (ms) range;
this time scale also corresponds to the lifetime of molecular
metastable states [1-3]. To solve current problems in
biophysics and solid-state physics requires covering such a
broad time range. Therefore, a method was developed that
uses different X-ray radiation sources, which in the English-
language literature is called ‘pump—probe’ [4, 5].

Typically, the measurement technique involves the joint
alignment of a pump pulse (e.g., a pulsed laser) on a sample,
which triggers the process under study, and a pulsed X-ray
beam, and timing the two pulses with an adjustable time delay
At. Varying the time delay of the corresponding scattered or
absorbed X-ray signal allows direct monitoring of the
induced structural evolution of the sample in relation to the
time delay [3].

Two components are critical to the successful perfor-
mance of time-resolved X-ray experiments: reaction initia-
tion and a pulsed X-ray source [6]. This review discusses both
of these components.

2. Pump—probe method

The common physical principle of the methods for studying
transient photoprocesses in different materials is as follows: a
powerful pulse of pump radiation transfers the substance into
a nonstationary state, in which its spectral properties differ
from those in the unexcited state. After a certain character-
istic time, the excitation relaxes and it returns to the initial
state (reversible process) or passes into a new state (irrevers-
ible process). Completely reversible processes can be initiated
repeatedly with a very high repetition rate and studied
stroboscopically, whereas irreversible processes can be
studied only once with a given crystalline sample [4, 7].

The reaction in the sample is triggered at = 0 (pump) and
the diffraction pattern (probe) is collected after a well-defined
time delay Az;. It is necessary to have a sufficient number of
patterns to obtain a good signal-to-background ratio, from
which conformational changes in the sample can be deter-
mined for a time delay Az, after the reaction is initiated. The
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Figure 1. Principle of time-resolved crystallography. Sample / is investi-
gated using X-ray (probe) pulses 2. Time interval in diffraction experiment
is determined by timing X-ray probe pulses 2 to pump pulses 3. Evolution
of structure of sample / in standard time A¢; is controlled by changing
delay At between pumping and probing. Each sequence of diffraction
patterns is repeated N times to produce a complete data set from which a
structural model can be determined [8].

delay is then changed to Az, and the procedure is repeated.
The structure determined at each A¢; is a movie frame showing
the conformational changes in the course of the reaction
(Fig. 1) [8].

It is clear that in stroboscopic diffraction experiments the
radiation pulses pumping the sample must be timed to the
probing X-ray pulses. The duration of each X-ray pulse must
be shorter than the lifetime of the induced excited state. But,
at the same time, the duration of the measurement must not
exceed the lifetime of the excited state, since then measure-
ment will apply mostly to the structure of the ground state
rather than the excited state. Since in the study of reversible
processes the measurements are usually carried out on one
sample, that sample must be sufficiently strong and radiation-
resistant [4].

The temporal resolution Az of traditional pump—probe
experiments is determined by three factors: the duration of
the pump pulse Az that triggers the structural process, the
probe X-ray pulse duration A7z, and the temporal jitter of
these two pulses Aty [9]:

At = (A + A3 + A})'2. (1)

Timing of pump pulse sequences (e.g., laser) and X-ray
pulses must be achieved with jitter significantly smaller than
the X-ray pulse width. However, achieving Aty values much
lower than 1 ps is not trivial. Although ultrafast laser pulses
with Ay values in the time range of tens of fs are easy to
obtain, this is not the case for X-ray pulses. For example, the
duration of the X-ray pulse Atz emitted by synchrotron
radiation (SR) sources is determined by the pulse duration
of the electron bunch, which, in turn, is limited to 50—-100 ps
due to stringent requirements for the long-term stability of the
electron beam [9].

3. Pumping methods

The critical moment of the experiment is the triggering of the
dynamic process to be studied. The reaction should be
initiated quickly and uniformly throughout the entire
volume of the sample without its destruction. The complex-
ity of this task lies in the fact that, due to the probabilistic
nature of chemical and physical effects, it is, in principle,
impossible to obtain 100% excitation of all molecules and

atoms even in one crystal, and the thermal gradients and
mechanical stress that arise with almost any technique of
reaction initiation can lead to the destruction of the sample,
up to its thermal explosion. Any physical or chemical
parameter which the structure depends on is suitable for
triggering the reaction [4, 10—12].

The pumping methods in use depend on the reaction to be
triggered: UV or visible light activates light-sensitive proteins
or so-called cellular compounds that form complexes with
light-insensitive proteins [13]; a temperature jump shifts
conformational equilibria [14-17]; X-ray irradiation can
provide electrons that trigger redox processes [18] or the
destruction of intermediate stressed states [19]; electric field
pulses allow the study of protein mechanics [20]; and
substrate diffusion initiates enzymatic catalysis [21, 22]. In
diffusion mixing, the reaction is initiated by mixing the
substrate with enzyme crystals [23]. The mixture is exposed
to X-rays after a certain delay. By varying the time delay, the
reaction can be followed on different time scales [24].

By far the most widely used method in the study of light-
sensitive proteins is the optical trigger due to its simple
technical implementation, the availability of a large number
of samples with cyclic reactions that need to be studied, and
the availability of ultrafast (fs—ps) time scales [25-27].

4. Radiation sources

To cover the broad time range of fundamental processes
observed in nature, it is necessary to use different X-ray
sources that differ in the duration of the probing pulses they
produce: X-ray tubes with choppers, laboratory pulse units,
SR sources, and X-ray free-electron lasers (FELSs) [28].

4.1 Continuous radiation sources

Time-resolved X-ray diffraction experiments are conven-
iently performed using a sequential stroboscopic scheme [3].
Depending on the types of X-ray source, laser pump, and
X-ray detector, there are two different schemes for carrying
out measurements with the pump—probe method, as shown in
Fig. 2.

In the first case (Fig. 2a), the probing X-ray beam consists
of a sequence of short X-ray pulses X(7), whose frequency
determines the overall time scale of the experiment. During a
single cycle, the dynamic process is initiated by exposing the
sample to a short laser pulse, the effects of which are
monitored after an adjustable time delay Ar. In the case of a
molecular crystal, the sample’s response to pumping can be of
various types, €.g., a transient population of metastable state
species, a change in the crystal symmetry detected by a time-
dependent modification of the diffraction intensity, or the
shape or position of the Bragg peak. The pumping laser pulses
S(#) are precisely timed to the X-ray pulse sequence by
adjusting the desired time delay Az. The signal scattered by
the sample occurs only during the X-ray pulses X(7), so a
conventional integrating CCD or Image Plate detector is
convenient. The pump-probe cycles are repeated until a
satisfactory signal-to-noise ratio is achieved to provide a
summed scattered signal at the detector, which is a signature
of the transient structure of the sample averaged over X(7).
These experiments usually rely on the intrinsic time structure
of pulsed sources.

In the second approach (Fig. 2b), a continuous X-ray
beam is fed by a rotating anode tube or a conventional X-ray
tube. During the pump—probe cycle, the structure of the
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Figure 2. Measurement principle in pump—probe method using (a) pulsed
X-ray radiation, (b) quasi-continuous X-ray beam and fast gated detector
(A is pulsed source, A’ is continuous source, B is laser pumping, C is
sample response, D is recorded signal, and At is time delay) [3] (see text).

Figure 3. Mechanical choppers for application in time-resolved single
crystal experiments [39].

crystalline sample and the signal recorded by the X-ray
detector are constantly changing. In order to investigate the
transient structure, the scattered signal is sampled by a fast-
gating detector, such as a hybrid pixel detector [29-34], a
streak camera, or an avalanche photodiode. Effective signal
recording by the detector occurs only during a short
adjustable window X(z). In this case, the laser pulse serves as
a trigger for detector gating and timing with an adjustable
time delay At.

These two systems have different effects on the signal-to-
noise ratio of the scattered X-rays (here, noise is considered to
be the estimated standard deviation of the measured signal).
In the first case, the X-ray detector receives the signal
continuously, but scattering by the sample occurs only
during the X(#) pulses. If a CCD detector is used, the
statistics of the experiments suffer from CCD readout noise
and dark current. By contrast, the gated hybrid pixel detector
is controlled by the photon counting statistics and does not
suffer from dark current or readout noise. The signal
detection is determined by adjustable time windows of
measurement (X(¢) in Fig. 2b), whose width is limited only
by the detector response time. Therefore, the hybrid pixel
detector is highly advantageous for time-resolved laboratory
experiments [3].

In the first case (Fig. 2a), for fast processes with lifetimes
in the range from subnanosecond to ms, single SR pulses can
be used. To study long-lived states with lifetimes in the range
from 10 ms to 1 ms, such as triplet states of chemical interest,
it is better to use a synchrotron X-ray beam in continuous
mode (i.e., not to use its pulse characteristics) [35] or X-ray
tubes with a rotating anode [36-38]. In this case, X-ray pulses
can be generated using a rapidly rotating chopper wheel with
narrow slits equally spaced on its circumference (Fig. 3). The
task of such choppers is to very quickly close and open the
X-ray beam, forming pulse trains with the desired duration
Atz and the interpulse time 7.

If ¥ is the chopper rotation speed in rpm and N is the
number of slots, then the pulse repetition frequency in Hz

12

Figure 4. Schematic diagram of experimental setup for time-resolved
diffractometry (/ —continuous radiation source, 2— shutter, 3—chop-
per, 4 —motor, 5 — optical synchronization sensor, 6 — pulsed Nd:YAG
laser, 7— fluorescence detector, 8 — X-ray and laser pulse synchroniza-
tion unit, 9—lens, /0—sample, //— photodiode plug, /2— two-coor-
dinate detector, 13— optical microscope) [40].

(i.e., per second) will be determined by the expression

NV
- 2
vp 60 ) ( )

while the time between pulses (in seconds) is equal to

1 60
T=—=— 3
s SN (3)
and the X-ray pulse duration becomes equal to
w V
Atz = 7D 60° (4)

where w is the slot width and D is the chopper diameter.

By way of a practical example, for a chopper wheel with
240 300-pum-wide slots, 135 mm in diameter and a rotation
speed of 4000 rpm, the X-ray pulse frequency (which should
correspond to the laser pulse frequency) will be 16000 Hz and
the opening time will be 10.6 ms [39].

Figure 4 depicts the experimental setup [40], in which a
continuous radiation source and a chopper are used to
generate a series of X-ray pulses.

The design of the chopper wheel with 32 radial slots
0.8 mm in width gives an X-ray beam chopping frequency of
6400 Hz at 12,000 rpm, which is slightly higher than the
frequency of 5000 Hz at which the Nd:YAG laser provides
maximum total power.

4.2 Synchrotron radiation
It is obvious that there is no way of using all the pulses of the
primary X-ray SR beam; therefore, a special protocol is used
on each channel of the source to extract a single X-ray pulse.
The frequency of pump—probe cycles is determined by the
electron bunch circulation time (for example, 2.82 ps at the
European Synchrotron Radiation Facility (ESRF)) and the
storage ring filling mode, conventionally subdivided into
single-bunch (single-bunch mode) or multi-bunch mode.
Since the laser and X-ray pulses must be fed to the sample
in pairs, a high-speed mechanical chopper is used to reduce
the X-ray pulse repetition rate in the single-bunch mode of the
storage ring (Fig. 5). In the multi-bunch mode, the procedure
is more complicated. For example, the existing laser at the
ID09 ESRF channel operates at 1 kHz; for comparison, the
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Figure 5. Time diagram of synchronization system using chopper to time
794-kHz X-ray pulses to 945-Hz laser pulses in a 1:1 ratio. Time settings
are shown: SR pulses before chopper (a), chopper (b), X-ray (c), and laser
pulses (d) on sample [46].

synchrotron produces 5.7-MHz pulses in the 16-bunch mode.
The SR beam is first ‘chopped’ by a preliminary so-called
thermal load chopper [41] into 36-ps pulses with a frequency
of 1 kHz. These macropulses are then chopped by a high-
speed chopper, a plane triangle with the rotation axis
perpendicular to the beam propagation direction. It opens
for 265 ns, which is sufficient to extract a single pulse. Details
of the single pulse extraction technique are described in
Refs [42-45].

X-ray pulses generated by third-generation synchrotrons
have durations of the order of 50-150 ps and can be used to
probe photoinduced structural changes on time scales > 100 ps
using X-ray diffraction, scattering, or spectroscopy [47—49].

When use is made of a femtosecond laser pump pulse and
an electronic tracking system to reduce jitter [50-54], the
temporal resolution of the method is determined by the
duration of the probing pulse. However, a temporal resolu-
tion of ~ 100 ps is insufficient to study fundamental chemical
processes in biology, such as electron transfer (e.g., photo-
synthesis), isomerization (e.g., a retinal or p-cinnamic acid
chromophore in photoactive yellow protein (PYP)), and the
formation and breaking of covalent bonds (enzymes and
heme proteins) [55].

Temporal resolution in the femtosecond regime at SR
facilities can be obtained using the slicing method [56]. The
slicing scheme was proposed by Zholents and Zolotarev [57],
and its experimental verification was carried out by the
authors of Ref. [58]. In the laser-electron slicing method,
ultrashort (50-100 fs) laser pulses are collinearly overlapped
and timed to the electron bunch of a synchrotron storage ring
with a duration of ~ 30 ps inside an undulator tuned to
radiation with the laser wavelength. The energy exchange
between the light pulse and the electron bunch makes it
possible to energetically modulate the short temporal slice of
the electron bunch, which is then spatially separated from the
main bunch using the dispersion of the electron-optical
system [59-63].

Let us consider the possibilities of using SR in the pump-—
probe method.

4.2.1 X-ray microscopy. The search for new paths to high-
density and ultrafast nonvolatile data storage devices has
brought magnetic domain walls and vortices to the focus of

attention of researchers. Vortices and domain walls can move
at high speeds both when excited by a field and under the
influence of current, whether sinusoidal or pulsed. It is the
control of magnetic vortices through spin that scientists
consider the basis for electronics of the future — spintronics.
In spintronics, the movement of electrons from place to place
or the flow of electric charges is not important for storing and
processing information: the key role here is played by spin and
the motion of electrons with a certain spin, the spin current.
Information can be transmitted not by charge, but by spin, and
not necessarily with the transfer of charged particles: they
themselves may remain in place, but their spins will rotate,
thereby transmitting information ‘along the chain.’

The use of X-ray microscopy in the stroboscopic pump—
probe mode (magnetic X-ray microscopy) opens up the
possibility of high spatiotemporal resolution of spin pat-
terns, which is necessary in the study of magnetodynamics.

Since pump—probe events can be repeated many times
with fixed time delays in order to obtain a sufficiently high
signal-to-noise ratio, the time resolution does not depend on
the detector data acquisition rate. Therefore, both full-field
transmission X-ray microscopes (TXMs) [64—68] and scan-
ning transmission X-ray microscopes (STXMs) [69-72] are
profitably used in the pump—probe mode.

Recall that a TXM consists of a condenser and an
objective lens. The latter produces an enlarged image of
the sample in the detection plane, which is recorded using a
two-coordinate pixel detector. In an STXM, the objective
lens focuses the X-ray (XR) beam onto a small spot on the
sample, the sample is raster-scanned, and the intensity at
the sample output for each scanning position is recorded by
the detector. Most STXMs use detectors without spatial
resolution, which integrate the radiation transmitted
through the sample [73, 74].

Employed as a contrast mechanism for structure visuali-
zation in magnetic X-ray microscopy is the effect of X-ray
magnetic circular dichroism, i.e., the dependence of the
absorption coefficient of circularly polarized radiation on
the direction of magnetization in a ferromagnet.

The stroboscopic TXM described in Ref. [75] is dia-
grammed in Fig. 6.

To ensure uniform illumination of the sample with a spot
20 um in diameter, advantage is taken of a sectorial grating
condenser (4) [76] consisting of 940 diffraction gratings
measuring 25 by 25 um. The sample is imaged with 700-fold
magnification onto a two-dimensional pixel detector (6) using
a Fresnel zone plate (5) with a diameter of 80 pm and a 50 nm-
wide outer zone, providing a spatial resolution of the device as
high as 65 nm. To excite the magnetic structure, short pulses
of electric current (2) induce 186-ps-long magnetic field pulses
inthe sample (3). Theexcitationis timed to X-ray SR pulses (1),
which probe the magnetization at different points in time At
after pumping.

Presented in Ref. [72] are direct time-resolved images of
the magnetization reversal of a micrometer-sized Permalloy
(NizgFey) element using a magnetic STXM (Fig. 7). The
element is excited by a microwave signal superimposed on the
field of a rectangular electric current pulse 2 ns in duration.
The region of the natural resonant frequency of the magnetic
element is identified by changing the microwave excitation
frequency. The X-ray energy was tuned to the absorption
edge of L3Ni (852.7 eV), where the X-ray magnetic circular
dichroism effect gives the highest magnetic contrast for
Permalloy.
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Figure 6. Schematic diagram of magnetic TXM: / — SR probe pulse, 2—
electric pump pulse, 3—sample, 4—sectorial grating condenser, 5 —
objective lens, 6 — two-coordinate detector, Az—delay time [75].
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t=177ns t=2.l1ns

Figure 7. Images of magnetization reversal process in Permalloy element
measuring 4 x 0.4 pm (pump pulse corresponds to ¢t = 1.27 ns) [72].

In Ref. [77], an X-ray microscope in the pump—probe
mode was used to observe thermal decomposition in a
germanium single crystal due to laser-induced thermal
diffusion. In the view of the authors of the work, its results
will open up new possibilities for studying materials asso-
ciated with laser-induced dynamic phenomena in solids on
subnanosecond time scales, direct visualization of the evolu-
tion of laser-induced surface heating and melting, and the
propagation of deformation waves in materials.

4.2.2 Laue diffraction. Time-resolved structural studies of
specific proteins are aimed at revealing in detail the opera-
tion of a biological macromolecule and its interactions with
other molecules in an organelle or organism [78]. Since many
proteins are functionally active in the crystalline state, it is
possible to perform ‘kinetic’ crystallographic experiments. In
doing so, intentionally generated in the crystal are one or
more intermediates, whose structures can be determined [10,
79, 80]. The approach relies on the use of Laue diffraction [81]
and is mainly aimed at light-sensitive proteins that undergo
repeated photocycles involving short-lived intermediates in
the time range of 100 ps to 100 us [82, 83].

In traditional synchrotron crystallography, diffraction
patterns are obtained either by rotating the crystal during
exposition to a monochromatic X-ray beam or by illuminat-
ing a stationary crystal with polychromatic X-rays. Both
approaches ensure that all parts of the crystal, independent
of any crystalline disorder, contribute fully to each spot of the
entire diffraction pattern.

Processing monochromatic data does not call for analysis
of the wavelength dependence of the scattering process or
detector response and avoids the broadening of the reflection
maxima inherent in the Laue method. However, using
monochromatic radiation implies a very inefficient use of
photons in the synchrotron beam and, therefore, longer
periods of X-ray probing, thereby limiting the achievable
time resolution.

By abandoning the monochromator and using only a
mirror to reject high-energy X-rays, it is possible to obtain a
‘pink beam’ with a relative photon energy spread
AE/E =~ 5%, with a flux approximately 100 times higher
than that of a monochromatic beam. Similarly, improving

the throughput reduces the number of images, which in turn
reduces the experimental time.

Another advantage is that most of the reflections are
complete when use is made of pink X-ray sources: slightly
different wavelengths will fully image the block crystal. For
the same reason, one would expect to get more reflections in
the diffraction image.

However, since the resultant reflections are generated in a
specific wavelength range, reduction to a single set of
structure factors requires knowledge of the spectral distribu-
tion of the incident beam and other wavelength-dependent
effects such as absorption, anomalous scattering, and
detector energy dependence. In practice, all wavelength-
dependent effects manifest themselves in the ‘A curve,’
which, in most programs, including PRECOGNITION [78,
84], is derived from the intensities of equivalent reflections
collected several times at different wavelengths and requires
relative scaling of the frames in the data set.

An elegant modification of diffraction experiments is the
RATIO method, which uses a probe—pump-probe sequence
and the ratio between the X-ray intensities prior to and after
pumping [85, 86] or between an independent reference
intensity and the intensity after pumping [87].

The RATIO method provides wavelength-independent
results, does not assume isotropic radiation absorption, and
does not require relative scaling of different frames, since
paired frames are collected at the same temperature and
under the same sample conditions. This eliminates a number
of uncertainties inherent in standard processing of Laue
diffraction data. To fully utilize the method, the intensity of
each reflection when the laser is turned on and off must be
collected immediately after each other, eliminating variations
in the X-ray beam intensity over long distances, the effects of
slow radiation-induced sample degradation, and differences
in absorption corrections.

Data analysis is one of the most complicated aspects of the
polychromatic Laue diffraction method. The first step in
processing Laue diffraction patterns is indexing. Automatic
indexing algorithms implemented in widely used software,
including MOSFLM [88], XDS [89], and DirAx [90], were
initially developed for data collected in the sample rotation
mode with the use monochromatic radiation. Usually, they
perform poorly when the sample is exposed to a pink beam
due to their dependence on specific experimental conditions.
Modern programs that provide indexing of single broadband
diffraction patterns of macromolecular crystals are PRE-
COGNITION [78, 84] and PinkIndexer [91].

The information needed to determine the protein struc-
ture is encoded in the relative intensities of the observed
diffraction patterns. Once the indexing problem has been
solved and the partial intensities have been scaled and
combined, the integrated intensities can be converted to
amplitudes using standard techniques [92]. Once the ampli-
tudes of the structure factors have been found for all time
delays, difference Fourier maps and then time-dependent
difference electron density distributions can be calculated.
These distributions can then yield structural and mechanistic
quantitative information [7, 9].

Recent years have seen the development of quite advanced
software for processing Laue diffraction data, which provides
accuracy, automation, and speed [85, 93]. For example,
problem-oriented software such as LAUEUTIL, [94, 95]
and PRECOGNITION [78, 84] have been developed. These
programs offer different approaches to solving these issues
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[93]. These two tools, although they aim to solve the same
problems, are in fact fundamentally different in terms of the
approach they implement. While PRECOGNITION is more
general purpose and its algorithms are designed to favor
macromolecular systems, LAUEUTIL is designed to process
Laue data collected from small and medium-sized crystalline
molecules.

There are a series of studies concerned with both
macromolecular [42, 44, 78, 84, 96, 97] and low-molecular
systems [98—102] using the pump—probe method.

Temporal resolutions ranging from ~ 100 ps to 5 ns were
achieved in studies of myoglobin [103—107], dimeric hemo-
globin [83], photoactive yellow protein (PYP) [13, 82, 108],
the organic molecule 1,4-dibromo2,5-bis(octyloxy)benzene
[38], and the Cul complex [109].

The above examples testify to the fact that the pump—
probe method can be successfully employed in protein
crystallography.

Laue diffraction has also found application in the study
of self-propagating high-temperature synthesis (SHS),
which is among the promising techniques for producing
refractory compounds. The reaction is initiated by a powder
charge and develops further due to the heat released during
the reaction. The initial sample is a pressed tablet of a
mixture of powders of the initial components. When the
reaction is initiated from one side of the sample, the reaction
front moves along the sample at a speed of several
millimeters to several ten meters per second. The tempera-
ture in the reaction zone can reach 5000°C, which allows the
synthesis of refractory compounds [110].

Modern SR beam technology makes it possible to
investigate structural changes of matter during SHS with a
time resolution of about 5 ms and to obtain fundamentally
new, previously inaccessible information about the kinetics of
a chemical reaction and the occurrence or absence of
intermediate phases [111-113].

The first experimental data on SHS were obtained about
40 years ago in Novosibirsk [114, 115]. Different intermetallic
compounds were subsequently studied. For example, Ni and
Al, as well as materials based on them, are of interest for the
production of high-temperature materials, protective coat-
ings, catalysts, etc. The Ni—Al system is an interesting and
complex subject for such studies due to the large number of
phases, both ordered and disordered, that can be formed
during the synthesis of the final product. Therefore, knowl-
edge of the sequence of phase transformations is important
for practice, as well as for researchers studying the mechan-
isms of solid-phase reactions.

The results obtained in Ref. [112] indicate that the NiAl
compound is formed in the first milliseconds after the onset of
the reaction in the combustion wave. The ordering of this
phase can continue behind the combustion wave front. The
changes in the diffraction patterns observed after passage of
the combustion front are attributable to recrystallization,
grain size growth, and ordering in the nickel monoaluminide.

The data obtained by the authors of Ref. [111] provide
grounds for dividing the reaction into stages. In the first stage
(0-20 ms), the intensity of the Ni peak decreased, while the
intensity of the Al peak remained approximately the same;
peaks of intermetallic compounds and other phases were not
observed. In this case, the liquid phase was not formed (the
intensity of diffuse scattering was low). The second stage took
place during the next 2045 ms. It was accompanied by a
further lowering of the Ni peak, a lowering of the Al peak, and

the emergence of a new intermetallic peak. Simultaneously,
melting occurred (an increase in the intensity of diffuse
scattering was observed). The Al peak disappeared at the
end of this stage (presumably, the Al melted and liquid Al
reacted with Ni particles to yield NiAl. The next stage lasted
for 70-80 ms from the start of the reaction. Ni particles
continued to react with molten Al until they were completely
consumed by the reaction. During the last stage (80 ms—70 s),
the Debye ring of the intermetallic compound split into
separate spots. The spot intensities would increase, suggest-
ing a recrystallization process.

4.2.3 Small-angle and wide-angle scattering. Although Laue
diffraction is an excellent tool for studying the structural
dynamics of macromolecules, it has two major drawbacks.
First, the method is applicable only to proteins that can be
crystallized. Second, the structural dynamics studied by Laue
diffraction occur in the crystalline phase and may differ from
the dynamics that occur in an aqueous environment, which is
the physiological state of living organisms. For example, large
conformational changes such as protein folding/unfolding
can disrupt the crystal lattice. Since most biological functions
of living organisms are executed in solution, it is desirable to
observe structural changes in proteins in solution. In this
connection, scattering by solutions is relevant for observing
the motion of proteins in their physiological states [116].
Therefore, time-resolved solution X-ray diffraction (scatter-
ing by solutions) was developed [117, 118], a method called
liquidography.

The advantage of in-solution scattering over time-
resolved X-ray protein crystallography is that it can probe
irreversible reactions and large-scale conformational changes
that cannot take place within the crystal [45, 119].

However, visualizing reaction dynamics in solution is not
as straightforward as for reactions in the crystalline phase,
since the molecules in solution are unevenly distributed and
randomly oriented. As a result, solution samples produce
centrosymmetric scattering patterns rather than Bragg spots
(Fig. 8), so solution scattering inherently provides a lower
spatial resolution than protein crystallography does.

To calculate the X-ray scattering intensity, advantage can
be taken of programs like CRYSOL and FoXS [120, 121].
The parameter AS(q, ¢), which is the difference between the
X-ray scattering intensities at the time delay (f) and the
reference time delay (#.f), can be expressed as follows [122]:

AS(q,1) = S(q,1) = S(q, trer) - (5)

One-dimensional difference curves AS(g) are multiplied
by ¢ to increase the intensity at large scattering angles
(¢ = (4m/2)sin (20/2), where 4 is the X-ray wavelength and
20 is the scattering angle). The ¢AS(g) curves contain direct

Figure 8. Time-resolved X-ray diffraction by protein crystals (/ in Fig. a)
and X-ray scattering by protein solutions (2 in Fig. b) [45].
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information in the g-space about structural changes in the
solute and solvent.

In the solution phase, however, the solute molecule of
interest is surrounded by a large number of solvent molecules
that do not directly participate in the reaction, and the
solution scattering pattern is dominated by the contribution
of the solvent molecules. To minimize the contribution of the
solvent, difference scattering curves are obtained by taking
into account the difference between the scattering curves
measured before and after the reaction initiation. After a
series of time-resolved difference scattering curves are
measured at different time delays, they can be kinetically
analyzed using a method based on singular value decomposi-
tion (SVD) [97, 123] or principal component analysis (PCA)
[124]. Kinetic analysis allows exposing the dynamics of
protein conformational changes [116, 122].

For low ¢ values, all protein electrons scatter in phase,
which significantly increases the protein contribution to the
scattering intensity against the solvent background. The
protein osgzlittering pattern is more or less featureless for
qg<0.1A . At higher ¢ values, the structured pattern
appears primarilyod}lle to correlations among protein subnurg%ts
(0.15 < ¢ < 0.25A ), helices, or sheets (0.25<¢<0.6A ),
and among atoms forming secondary structures (¢ > 0.6 A~ )
[125-127].

X-ray radiography of solutions can be conventionally
divided into two domains: of small-angle X-ray scattering
(SAXS) with a range of ¢ from 0 to 0.3A  and wide-angle
X-ray scattering (WAXS) (0.2 < ¢ < 1.0A~") [128].

The SAXS domain is sensitive to protein size and shape
[129], while the WAXS domain provides additional structural
information at higher resolution [130].

Studied using SAXS were structural changes of proteins
in solution due to different perturbations, including a
temperature jump caused by a laser [15, 131, 132], a pH
jump [133], photoreduction [119], photorelease of ATP
(adenosine triphosphate) [134, 135], and direct photoexcita-
tion [136-138].

The WAXS method, which was based on earlier studies of
the reaction dynamics of small photochemical molecules
[139-141], was used to study ultrafast protein dynamics
[142] triggered by light, such as photodissociation of CO
from the heme groups of myoglobin [143-145], homodimeric
hemoglobin [127], as well as reactions caused by isomeriza-
tion of the chromophore in the photoactive yellow protein
[146, 147], bacteriorhodopsin [148], and proteorhodopsin
[148, 149].

It is noteworthy that the first experiments using SAXS in
the pump—X-ray probe mode commenced in 1973 at the
Siberian SR Center by the A.A. Vazina group [150]. The
subjects of the study were isolated fibers and intact muscles of
frogs, fish, and insects.

Furthermore, experiments were performed at the Siberian
SR Center to study the type and mechanism of destruction of
the condensed phase, as well as the growth dynamics of new
formations, including crystalline ones [110, 151-154].

In the detonation of explosives with a high carbon
content, a significant fraction of condensed residue is
observed along with gaseous explosion products. The con-
densed residue consists of carbon in different phase forms.
Constant attention to this problem is due to the need to take
this feature into account, on the one hand, for describing
detonation and explosive flows and, on the other hand, for the
technologically simple detonation synthesis of carbon nano-

particles, including diamond ones. The use of SAXS makes it
possible to determine the dynamics of a number of averaged
characteristics of the condensed phase. Proceeding from the
integral SAXS intensity, with the inclusion of the changing
contrast of the medium, the formation time of the total
fraction of condensed carbon is estimated without distin-
guishing between the shapes and sizes of the particles
produced. For charges based on triaminotrinitrobenzene
(TATB) 20 mm in diameter, it amounts to about 2 us. The
dynamics of the average particle size for charges of different
explosives was determined from the angular SAXS distribu-
tion [152].

The first results concerning the production of nanosized
diamonds obtained in an explosion were presented in 1989
[155]. Tt was assumed that the synthesis was determined
mainly by the chemical reaction zone proceeding from the
constancy of the particle size distribution of nanodiamonds in
the purified products (retained after the explosion) for
different sizes of explosives [155]. However, in Refs [156,
157], it was shown that condensation occurred outside the
chemical reaction zone.

4.2.4 Absorption spectroscopy. X-ray absorption spectroscopy
using SR is a well-established method that allows obtaining
information about the electronic, structural, and magnetic
properties of substances.

Depending on the energy range, X-ray absorption edge
spectroscopy is divided into two parts:

(1) the low-energy domain, where multiple scattering of a
photoelectron is significant, called the near or near-threshold
fine structure: XANES (X-ray Absorption Near Edge
Structure);

(2) the high-energy region, called the extended or far fine
structure: EXAFS (Extended X-ray Absorption Fine Struc-
ture), where the main contribution to absorption is made by
single scattering of a photoelectron.

X-ray absorption spectra are characterized by absorption
edges (K, L, M...), which are unique to the type of absorbing
atoms, and by fine structures in the low-energy domain near
the absorption edge (XANES) and in the high-energy
domain, from tens to hundreds of eV above the absorption
edge (EXAFS).

In the XANES mode, a significantly larger number of
surrounding atoms are involved in the scattering process than
in the EXAFS mode, atoms not only from the first
coordination sphere participating in the scattering, but also
from spheres located at significant distances from the
absorbing atom. Analysis of XANES spectra allows obtain-
ing information on the local arrangement of atoms around
the absorbing atom, including valence angles, which hardly
affect the EXAFS spectrum [158].

Clearly, in combination with optical lasers, time-resolved
X-ray absorption spectroscopy is a powerful tool for tracking
the dynamics of electronic systems [159, 160] and their
structures [161]. The experimental simplicity makes this
method attractive for different research areas, including
materials science, biology, and chemistry [162].

The valence state information provided by XANES is
used to follow the dynamics of a wide range of charge transfer
processes (e.g., catalysis and metal-ligand charge transfer),
while EXAFS can provide detailed information on the
structural shifts occurring in the molecule due to bond length
changes in metastable states [93]. Furthermore, EXAFS is
capable of simultaneously monitoring the geometric structure
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with a high spatial resolution. These properties make the new
tool suitable for studying different phenomena in rather
complex systems, even in disordered environments. There-
fore, it seems possible to study, for instance, the very first
moments of biological activity of proteins in physiological
environments [163].

The majority of studies on pump—probe X-ray absorption
spectroscopy have been carried out on the picosecond time
scale (e.g. [161, 163—171]). Experiments using a streak camera
as a detector with a resolution of a few ps have been reported
[172], as has the use of an SR beam slicing scheme to achieve
subpicosecond time resolution [159, 173-175].

A wide range of objects and phenomena have been
investigated, such as photoinduced changes in the electron
charge distribution, molecular structure, and spin state of
Fe(II) polypyridyl complexes [173, 176], electron localization
in photoexcited TiO, anatase [175], the nature and lifetime of
electron traps at room temperature in TiO, [177], electronic
changes resulting from a photoinduced ultrafast insulator-to-
metal phase transition in VO, crystals [174], the dynamics of
substitution of Fe(CO)s ligands in ethanol [164], light-induced
electron transfer and associated structural and spin changes
occurring in two photoexcited heterobimetallic ruthenium—
cobalt complexes [178], characterization of electronically
excited states of Cu(I) complexes [179], anisotropic elastic
deformation of the unit cell of BiFeO; film [180], hole
trapping in an aqueous medium by ZnO nanoparticles [181],
modification of the electronic state and the decomposition
process of WO; after photoabsorption [182], light-induced
electron transfer and associated structural and spin changes
occurring in two photoexcited heterobimetallic ruthenium—
cobalt complexes [178], and the observation of the electronic
states of photoexcited hematite [183]. It has also been shown
that time-resolved absorption spectroscopy can be profitably
employed in the operando mode [184, 185].

4.2.5 Photoelectron spectroscopy. X-ray photoelectron spec-
troscopy (XPS) is one of the most powerful methods for the
nondestructive quantitative analysis of the chemical composi-
tion and electronic structure of surfaces and interfaces. This
method enjoys wide use in many areas of research and
industry due to its capability of obtaining quantitative
information on the atomic composition and electronic
structure of solid and liquid surfaces. In particular, in the
area of surface physics and interfacial chemistry, it has
evolved into a powerful spectroscopic tool that not only
reveals the presence of small traces of atomic species on a
surface based on their characteristic electron binding ener-
gies, but also provides insight into their chemical environ-
ment. For example, the simultaneous sensitivity of time-
resolved XPS to the dynamics of charge carriers within a
semiconductor substrate and the electronic configuration of
adsorbed molecules makes it possible to study the dynamics
of electron charge flow across hybrid molecule—semiconduc-
tor interfaces [186].

Figure 9 shows a schematic of the experimental setup for
XPS with the use of the soft X-ray part of the SR spectrum of
an advanced light source (ALS) to monitor the dynamics of
photoinduced electrons at the interface formed by N3
(Ruthenium 535) molecules deposited on a ZnO substrate.
The setup provides 150-ps-long X-ray pulses with an energy
of 635 eV. Visible light pulses (4 = 527 nm) from a diode-
pumped laser (2) are injected into the vacuum chamber
through a vacuum viewing window in the rear part of the

Figure 9. Schematic diagram of XPS setup on ALS: /— SR pulse packet,
2—laser, 3—analyzer, 4— sample [174] (see text).

hemispherical analyzer (3) and along the central axis of the
electrostatic lens system onto the sample (4). The coaxial
arrangement of the laser beam and the lens system of the
electron hemispherical analyzer significantly simplifies the
alignment procedure of the experimental installation [187].
Time-resolved photoemission spectroscopy measure-
ments to track the change in surface potential after the action
of surface photoEMF on an atomically clean Si(111)7 x 7
surface [188], studies of the relaxation of the surface
photoEMF effect on atomically controlled In/Si(111) sur-
faces [189], and a study of electron-hole recombination on the
(0001) surface of a ZnO single crystal [190] were performed at
the BLO7LSO line of the SPring-8 synchrotron center [191].

4.2.6 Diffraction by single crystals. X-ray diffraction is likely
to be the best-known method for studying the structure of
single crystals at the atomic level. Parameters of the diffrac-
tion reflection curve (rocking curve), such as its position,
integrated intensity, and width at half maximum, provide
information on structural imperfections of the single crystal,
such as deformation and mosaicity degree.

Using Bragg’s law, the authors of Ref. [192] transformed
the measured shift of the diffraction reflection peak of the
Ge(111) crystal into the spatial profile of the deformation
generated by photoabsorption of the pump pulse.

In Ref. [193], the modulation of the charge density wave
(CDW) and the lattice deformation of single crystal chro-
mium (Fig. 10) were studied using picosecond X-ray diffrac-
tion as a function of the time elapsed after femtosecond laser
excitation. The authors of the study provide evidence for the
existence of transient shear CDW deformation, which
disrupts the symmetry of the lattice sites. This deformation
is characteristic of sliding CDWs, as is observed in other
incommensurate CDW systems, suggesting the possibility of
laser-induced sliding of CDWs in three-dimensional systems.
In the authors’ opinion, this result opens up prospects for
unconventional laser transport of correlated charges.

However, the small number of diffraction studies of single
crystals with the use of picosecond X-ray SR pulses indicates
that shorter (subpicosecond or even femtosecond) probe
pulses should be used to study fast processes in single
crystals. Here, laboratory pulsed X-ray sources are an aid to
the researcher.

4.3 Pulsed laboratory sources

Laboratory sources, also called table-top sources, vary in
pulse duration, energy range, energy tuning capabilities, etc.
Commonly used table-top sources include: (1) betatron
radiation sources, which can produce pulse durations down
to several fs [194]; (2) high harmonic generation (HHG)
sources, which can provide attosecond pulse durations but
are limited in energy range from vacuum ultraviolet to soft
X-rays [195]; and (3) laser-driven table-top plasma sources,
which can generate hard X-rays with pulse durations of
100 fs [47].
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Figure 10. Change in position, area, and shape of rocking curve of Cr(011)
single crystal depending on time delay A¢. Position of maximum measured
in absence of pump pulse is shown by dashed line (§ — Bragg angle) [193].

4.3.1 Betatron radiation. In the interaction of laser radiation
with gas targets, the leading edge of a high-power laser pulse
ionizes the gas, and its main part excites a wake wave in the gas.
This wave propagates in the plasma with a velocity close to the
group velocity of the laser pulse and has a large longitudinal
electric field, which is employed for particle acceleration. At
the same time, the transverse fields of the wake wave entail
oscillations of the accelerated electrons, called betatron
oscillations, which are responsible for the generation of
betatron radiation, the energy of which for highly relativistic
electronsis in the X-ray range, which extends to approximately
10 keV. The characteristics of betatron radiation, such as
collimation (~ 10 mrad), short pulse duration, and good
spatial coherence, turn out to be suitable for studying the
structure of a wide class of objects [196, 197]. Another
advantage of betatron radiation is its timing to the original
laser pulse. This allows the X-ray radiation to be precisely
timed to the optical pulse [197].

Time-resolved measurements of the ionization state of
warm dense aluminum [197] and copper foil [198] were carried
out using betatron radiation and absorption spectroscopy.

4.3.2 High-harmonic generation. Pulses with far shorter
wavelengths down to a few nanometers (corresponding to
photon energies of hundreds of eV) can be obtained by high-
harmonic generation from noble gas atoms. In HHG, an
intense laser pulse is focused into the gas, where strong-field
ionization converts a (small) fraction of the incident light into

much shorter wavelengths. The strong electric field of the
laser ionizes an electron, pulls it away from the parent ion,
and then throws it back, generating coherent radiation [199].
Attosecond light pulses (with the current record set at 53 as
[200]) are beginning to be used in time-resolved spectroscopy
to provide direct access to the electron dynamics in molecules,
and ultrashort pulses with even higher photon energies, up to
hard X-rays, provide access to time-dependent structural
dynamics [59]. This explains the awarding of the 2023 Nobel
Prize in Physics to Ferenc Krausz, Anne L’Huillier, and
Pierre Agostini for methods of producing ultrashort attose-
cond radiation pulses and for the opportunity thereby opened
up to study ultrafast electronic processes inside atoms and
molecules.

In Ref. [201], HHG produced broadband X-ray pulses
(from ~ 160 to 310 eV with a duration of less than 50 fs),
which were used to study the photoinduced ring opening
reaction of 1,3-cyclohexadiene using femtosecond X-ray
spectroscopy near the carbon K-edge (~ 284 eV).

Reported in Ref. [202] was the implementation of
time-resolved femtosecond absorption spectroscopy using
HHG covering the spectral region from 280 to 530 eV to
monitor light-induced chemical reactions in the lowest
electronic states of isolated CF," and SF," molecules in
the gas phase.

Presented in Ref. [203] was an instrument for attosecond
X-ray spectroscopy covering the absorption edges of most
light elements from the L-edge of silicon to the K-edge of
nitrogen. This instrument combines an attosecond table-top
HHG source and infrared pulses excited by 11-fs-long pulses
with an power of 1.7-1.9 mJ and duration shorter than 11 fs
with a wavelength of 1.76 um. Surprisingly low temporal
jitter (20 as) was achieved due to active stabilization of the
pump and probe channels. A temporal resolution of better
than 400 as was obtained in measurements at the L, 3-
absorption edges of argon. In combination with a high
photon flux, this instrument, according to the authors of the
work, opens the way to attosecond spectroscopy of organic
molecules in the gas phase or aqueous solutions, as well as
thin films of modern materials.

4.3.3 Plasma sources. In laser-driven plasma sources, probe
pulses are generated by focusing very intense femtosecond
optical laser pulses onto a metal target to produce hard X-ray
pulses of characteristic Ko radiation with a typical duration
of ~ 100 fs [3, 204-209]. An interesting consequence of using
a plasma source in the pump—probe mode is the absence of
timing jitter, since the same optical laser is used to excite the
sample and generate the plasma [6, 210] (Fig. 11).

Table-top ultrafast plasma X-ray sources enjoy wide use
in time-resolved X-ray diffraction and spectral studies of
photoinduced structural dynamics in single crystals. Ultra-
fast lattice deformation of metallic crystals tens to hundreds
of nanometers in thickness after femtosecond laser excitation
can be measured directly using subpicosecond X-rays and a
femtosecond electron pulse. For example, 100-fs optical
pulses were used in Ref. [211] to heat 150-nm-thick Au(111)
crystals below the melting point, and 0.6-ps-long X-ray pulses
were used to monitor the subsequent structural evolution
with subpicosecond time resolution. By monitoring the
energy- and time-dependent modulation of the rocking
curve width and offset, information was obtained on
electron-phonon interaction, photon-lattice interaction, and
the time-resolved kinetics of crystalline disorder.
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Figure 11. Schematic diagram of dispersive X-ray spectrometer for time-
resolved studies (/ — laser, 2— metal target serving as X-ray source, 3 —
time delay unit, 4 — sample, 5 —crystal analyzer, 6 — detector) [210].

In Ref. [212], compression of the crystal lattice was
observed during the first few ps after laser irradiation of an
aluminum single crystal, which was attributed to the genera-
tion of an explosive force and the propagation of elastic
waves. In Ref. [213], it was determined how ultrafast heating
occurs in the depth of the skin layer and how heat exchange
occurs from the surface (skin) layer to the volume of a
ferromagnetic Ni(111) crystal with a thickness of 150 nm.

Reported in Ref. [214] was an analysis of the polarization
and lattice dynamics in a metal/ferroelectric/metal nanolayer
system by femtosecond X-ray diffraction. Optical excitation
of SrRuO; metallic layers produces giant stresses (> 1 GPa),
which compress PbZr,TipgO3 layers to 2% and entail a
strong suppression of the ferroelectric polarization. It was
also shown in [215] that spatially periodic femtosecond
excitation of the GaAs/AlGaAs superlattice leads to coher-
ent lattice motions with a period of 3.5 ps, which were directly
monitored using femtosecond X-ray pulses with a repetition
rate of 1 kHz.

Also reported was the use of X-ray absorption spectro-
scopy to study the structural evolution of 100-nm-thick
aluminum foil with a time resolution of 3 ps under ultrafast
laser heating and ablation [216, 217]. The X-ray absorption
spectra testify to an ultrafast transition from a crystalline
solid to a disordered liquid with a subsequent gradual
transition from a delocalized valence electron structure
(metal) to localized atomic orbitals (nonmetal-vapor) as the
average interatomic distance increases.

However, the insufficiently high X-ray photon flux
compared to ultrashort X-ray sources such as X-ray FELs
in many aspects limits the use of laboratory pulsed sources.

4.4 Free-electron lasers

FELs generate extremely bright (9—10 orders of magnitude
brighter than third-generation synchrotrons) and extremely
short-duration (fs) pulses of coherent X-ray radiation. With
such unprecedented properties, they allow experiments to be
carried out in the pump—probe mode with femtosecond time
resolution.

FELs are a truly revolutionary technology. Single ultra-
short femtosecond X-ray pulses are so intense that the atoms
of the object under study are completely ionized, and all
experiments become destructive. What saves the situation is
that the destruction does not occur instantly. There is a short
time interval in the range of 100 fs between the irradiation of a
tiny biomolecular crystal, usually 1-10 microns in size, by an
X-ray pulse and the complete loss of its structure and the
recording of a diffraction pattern. The diffraction pattern can
be obtained in this time window [218]. One tiny crystal yields
one diffraction pattern. A complete data set with sufficient
resolution can be collected by sequentially introducing a large
number of small, randomly oriented crystals into the FEL
beam. Due to good spatial coherence, the FEL beam can be
focused onto a nanometer-sized focal spot. In this case,
crystals with an edge length of the order of several
nanometers can be injected into the beam and analyzable
diffraction patterns can be obtained [45, 219-221]. To ensure
uniform irradiation, the crystal size must be equal to or
smaller than its extinction length, which is about 5 um [27]
for the photoactive yellow protein [222]. This technology is
called ‘serial femtosecond X-ray crystallography’ [223].

So, a time-resolved crystallographic experiment can
benefit from ultrashort FEL pulses [5] provided that the
reaction itself can be initiated on a similar time scale. In
these cases, it is potentially possible to achieve the ultimate
time resolution provided by an X-ray pulse [21].

The use of FEL pulses in combination with readily
available femtosecond optical pulses has opened up the
possibility of investigating dynamics with durations of
several fs. The technique is called ‘sequential time-resolved
X-ray crystallography’ and allows tracking reversible or
irreversible conformational changes, since microcrystals are
destroyed after only one X-ray image [21]. Thus, light-
stimulated reactions can be investigated on previously
unprecedented femtosecond time scales.

FELs have fostered the rapid development of new X-ray
detectors to keep pace with increasing data rates and improve
experimental precision. New generations of integrating
detectors, which measure the total charge after a set exposure
time, have similarly high sensitivity and frame rates. They
include the CSPAD [224] and the ePix [225, 226] and
JUNGFRAU [227] integrating detectors. A new detector,
called the Adaptive Integrating Pixel Gain Detector (AGIPD)
[228], has been developed to cope with higher pulse rates. The
maximum achievable readout rate of the AGIPD is 3520 Hz
[228], increasing the data acquisition rate by almost 30 times
compared to the CSPAD.

In order to exploit the full potential of FELs and extend
their applicability to the study of condensed matter (espe-
cially biological samples), sample delivery is one of the key
research areas when using serial crystallography [229].

4.4.1 Methods of Sample Delivery. Since the sample is
eventually destroyed by the intense X-ray pulses, a reliable
method of replenishing the microcrystals at the intersection of
the pumping and probing pulses is needed. This can be
accomplished in two main ways: the sample can be delivered
to the irradiation domain using a special injection device, or
the samples can be fixed to a rigid support (fixed target),
which is then raster scanned, allowing a new sample to be
irradiated each time (Fig. 12).

The Gas Dynamic Virtual Nozzle (GDVN) injector [231]
was one of the first and still remains one of the most widely
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Figure 12. Methods of sample delivery for serial crystallography. In
microfluidic version of experiment (a), crystals are delivered into X-ray
beam using microfluidic nozzle 7 with a diameter of tens to hundreds of
micrometers. Flow of randomly oriented microcrystals continuously flows
perpendicular to pulsed X-ray beam. In version with a fixed target (b),
microcrystals of random orientations are mounted on solid support chip 2
containing windows 3 of appropriate size; chip is rapidly moved through
pulsed X-ray beam in x and y directions. Each crystal yields one
diffraction pattern corresponding to a random slice of reciprocal space
(4, 5 are light and X-ray pulses, respectively, Az is delay time) [230].

used injectors for serial time-resolved X-ray crystallography.
Crystals in the mother liquor are delivered into the X-ray
beam employing a microfluidic nozzle with a diameter of tens
to hundreds of micrometers. The main disadvantage of the
GDVN injector is a high sample flow rate. With a typical flow
rate of 10-40 pL min~! [232], a complete data set requires up
to several hundred milligrams of crystallized protein, which is
unfeasible for many targets, membrane proteins in particular.

To obviate this problem and reduce sample consumption,
a special device for introducing a viscous medium, also
known as a Lipidic Cubic Phase (LCP) injector, was
developed [233]. The LCP is a liquid crystalline gel-like
mesophase that mimics the native membrane environment,
supporting the crystallization of membrane proteins. The
LCP crystallization method has proven to be very successful
for a variety of membrane proteins. Crystals of soluble
proteins can also be grown in the LCP or mixed with it after
growth for higher-efficiency sample delivery [234].

Another type of reaction trigger has been developed,
involving mixing with a ligand or substrate for serial X-ray
crystallography: Mix-and-Inject Serial Crystallography
(MISC) [21, 235, 236]. MISC is a method designed to study
enzyme-catalyzed reactions in which protein microcrystals
are mixed with a substrate and then probed by an X-ray pulse.
So, MISC as a convenient way to initiate a reaction opens up
anew area of investigation of biological reactions triggered by
a substrate or ligand. The rate of substrate diffusion into
microcrystals limits the temporal resolution of MISC [237].

A proven mixing injector developed by Wang et al. was a
version of the GDVN in which the central sampling line was
replaced by coaxial feed lines for the crystal solution and the
reagent solution [238]. In this device, the two solutions were
pre-mixed by diffusion and focusing into a free stream of
liquid.

In practice, high-concentration samples tend to aggregate
and may clog the capillaries and nozzles employed for their
delivery. Therefore, most experiments are usually performed
at concentrations below the optimal one, which further
lowers the efficiency of the method. The root of this
inefficiency lies in the delivery of the sample under the action
of the pump pulse in a continuous flow. Therefore, it is
reasonable to look for a pulsed injection technique that can
deliver crystals synchronously with the arrival of the pump
pulse (Drop-on-Demand). Several attempts have been made
in the past to achieve this using piezoelectric [239] or acoustic

[240] droplet injection, segmented flow [241], and on-tape
[242] injection. The inability to maintain stable and contin-
uous timing to the pump pulses and the formation of large
droplets or unstable jets are just a few of the unsolved
problems limiting such injection methods. A new ‘catch and
release’ approach proposed by the authors of Ref. [243]
produces locally concentrated crystal clumps, thereby sig-
nificantly reducing the required initial crystal concentration
and the amount that has to be prepared.

An alternative is to perform single experiments with a
sample mounted on a thin solid membrane (chip) [244-246)].
In this case, instead of continuously incoming samples, each
pump pulse and subsequent FEL pulse irradiate a new sample
by raster scanning of the solid membrane. Avoiding repeated
irradiation of the same previously examined location helps
ensure that data are collected from a fresh sample. In
combination with a fast and accurate scanning system,
silicon chips such as those described in Ref. [247] provide a
high density of crystal wells on the chip and allow serial
scanning of up to 100,000 crystal wells per hour [248, 249].
Such chips allow optical excitation as well as on-chip mixing
for reaction triggering, making a wide variety of protein
systems suitable for time-resolved studies [234].

4.4.2 Timing of pump and probe pulses. The X-ray pulses
generated by X-ray FELs have excellent characteristics
compared to those of third-generation synchrotrons. How-
ever, the shorter FEL pulses (which are advantageous in
terms of time resolution) exhibit large fluctuations in
intensity, arrival time, and energy due to the stochastic
nature of the radiation [250]. For this reason, the jitter
between the X-ray pulse and the optical laser pulse has to be
corrected to improve the time resolution [251, 252].

To address this issue, X-ray/optical cross-correlators have
been developed [142, 253-259] that measure the relative jitter
of the arrival times of the FEL and laser pulses to allow
correction of this jitter by subsequent data analysis [142, 260—
262]. Such cross-correlation schemes may significantly
improve the temporal resolution, but the method is applic-
able only to certain types of experiments.

To develop a generally applicable solution, an alternative
strategy was employed. An optical timing system involving
stabilized optical links was implemented [263], which allowed
the development of an electron bunch arrival time monitor
for cross-correlation with a timed optical reference [264].
More recently, the pump laser timing system with an all-
electron RF system was upgraded to all-optical timing, which
incorporated several time stabilization schemes [265]. These
modifications significantly improved the stability and tem-
poral resolution of the pump—probe experiments, which may
eventually obviate the need for additional X-ray/optical
arrival time measurements [266].

Another approach is to consider a setup with an X-ray
probe with an X-ray pump using two FEL pulses [267-269].
This allows one to study the ultrafast dynamics associated
with the excitation of core electrons and subsequent multiple
ionization initiated by high-intensity X-ray radiation.
Furthermore, the use of double FEL pulses allows sponta-
neous atomic fluctuations in condensed matter and plasmas
to be studied with a high temporal resolution [270].

Consider two approaches to generating double FEL
pulses. One is accelerator-based, while the other is X-ray
optics-based. The first uses a simple and powerful method in
which a magnetic chicane is placed between two undulators
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=3

Figure 13. Schematic diagram of typical splitting and delay device: /—
splitter, 2, 3—Ilower branch crystals (mirrors), 4, 5, 6, 7— upper branch
crystals, § —mixer. Arrows along beam path of upper branch show how
length of this path can be adjusted by moving crystals 5 and 6 [277].

[271-275]. Here, an FEL pulse is generated by an electron
bunch in the first undulator, and then another pulse is
produced by the same electron bunch in the second undula-
tor. The time separation between the two FEL pulses is
controlled by changing the deflection angle (i.e., path
length) of the electron beam in the chicane [270].

Unfortunately, this method relies on special FEL opera-
tion modes and is not widely available to users. Moreover,
due to the small deflection angle, it offers a limited range of
available delays (typically from zero to several hundred f5s)
[269].

The second approach to double FEL pulse generation uses
mirrors and single crystals in a quasi-noninvasive environ-
ment. It involves the division of the incoming FEL pulse into
two parts by a beam splitter. The divided pulses travel along
two different trajectories (upper and lower branches) (Fig. 13).
By varying the path length of the upper branch, the arrival
time difference (At¢) between the two pulses can be varied from
0 to 800 ps with an accuracy of several fs [276].

For the experimental implementation of this technique,
which is called the split-and-delay technique, mirrors [278—
281], multilayer structures [282], and Bragg crystals (e.g. [277,
283-286]) that encompass the regions of soft and hard X-ray
radiation are used as optical elements.

There are several alternative splitting methods: wave-
length splitting, wavefront splitting, and amplitude split-
ting.

The spectral bandwidth of the original X-ray beam
exceeds the spectral reflection width of a single crystal. Part
of the beam with photon energies falling within this band is
reflected, and the rest of the beam passes through a beam
splitter and is transmitted to the other branch. This method of
wavelength splitting was used in Refs [270, 276, 287-289].

Wavelength splitting is convenient to use at large Bragg
angles. For example, in Refs [285, 290], splitting and delay
devices are described that use a diffraction angle of 90°
(Fig. 14). The advantage of this optical geometry is that the
time delay is created by moving the crystals C2, C3, C6, and
C7 as a single unit in the perpendicular direction to the
primary beam.

When splitting the wavefront, use is made of a crystal with
polished edges: part of the primary beam passes over the edge
of the beam splitter into one branch, and the other part of the
beam satisfies the Bragg condition (or the condition of total
external reflection of the X-rays) and is redirected into the
other branch [277, 279-281, 291-293].

Figure 15 shows the optical configuration of the device
illustrating the use of wavefront splitting to produce a pair
of FEL pulses. Part of the primary beam below the highest
point of the beam splitter (mirror M1) is reflected, and the
part of the beam passing the beam splitter illuminates
mirror M2. This simple design covers the energy range of

Figure 14. Schematic diagram of splitting and delay line with eight optical
components. C1 is beam splitter, C2, C3, C4 are upper branch reflectors,
C5, C6, C7 are lower branch reflectors, C8 is mixer, 7. is time delay [285]
(see text).

2—

Ml M2

Figure 15. Optical diagram of splitting and delay device for focused XRs /,
consisting of two mirrors: M1 is mirror that splits primary pulse into two
and produces first pulse; M2 is mirror that produces second pulse, 2 is
focus; distance D, angle of inclination «, and displacement Y of mirror M2
determine time delay [278].

250-1800 eV and provides a delay between two split pulses
variable from 0 to 400 fs with a resolution of better than
100 as [278, 294, 295].

A conventional wavefront splitting line, although it
provides double pulses with a high efficiency, suffers from
the instability of crystal optics beam splitters and does not
maintain sufficient mutual coherence between the two pulses
[289]. The amplitude splitting approach can use a diffraction
grating as a beam splitter, which generates a set of hard X-ray
pulses with a high mutual coherence [296, 297].

The amplitude splitting approach was also used by the
authors of Ref. [298]. They proposed a prototype of a splitting
and delay device based on the Graeff-Bonse interferometer
[299]. As shown in Fig. 16, sections M;" and M} are cut at an
angle of 12.5°. This tilt produces a delay time due to the
change in the position of the beam reflected by these sections.
Since the device is cut from a silicon monoblock, the time
delay is produced by moving it perpendicular to the direction
of propagation of the primary beam. Figure 16 shows two
examples: no delay time (/) and finite delay time (2). The
device can provide a delay time from 20 to 40 ps with a
resolution of better than 26 fs.

In Refs [270, 276, 282, 289, 292, 300], crystals 2, 3 of the
lower branch (see Fig. 13) were replaced by monoblock
double-arm reflectors (Fig. 17): since the directions of
propagation of the incident and reflected beams coincide
(the diffraction angle is zero), it is possible to significantly
simplify the design of the device and its alignment.
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Figure 16. Schematic diagram of single-block splitter and delay device:
(a) top view, (b) front view. S is splitter, A is mixer, M|, M];, MP, and M5
are reflectors. Beam positions / and 2 correspond to absence or presence of
time delay. FEL pulse energy was tuned to 7.46 keV (/1 = 1.662 A) or
14.92 keV (4 = 0.831 A) (all dimensions in millimeters) [298] (see text).

Figure 17. Concept of splitter and delay device. Arrows beside optical
components indicate their main movements. BS is beam splitter, BR is
reflector of upper branch, and CHI1 is crystal system of lower branch with
single-block double-arm reflectors. CH2 module changes directions of
output beams; 7 is delay [300].

4.4.3 Applications. Protein Crystallography. One of the most
promising aspects of serial time-resolved X-ray crystallogra-
phy is the ability to study the structural dynamics of proteins
and other macromolecules in crystalline form without the
reaction having to be cyclic. This is potentially transformative
for the entire area and arises because diffraction data are
collected from each microcrystal only once [219].

The first time-resolved experiment in serial protein
crystallography was reported in Ref. [301] with time delays
of 5and 10 fs. However, the difference electron density maps
needed to resolve the light-activated structure were not
obtained. In 2014, the first difference electron density map
from time-resolved serial X-ray crystallography data was

generated in the investigation of photoactive PYP [302].
Since then, several pioneering studies have been carried out
on different proteins such as myoglobin [303], bacteriorho-
dopsin [304], photosystem II [305-307], phytochrome [308],
and dihydrofolate reductase [309], which showed that cyclic
changes and noncyclic reactions can be followed using FEL
facilities [24, 93, 310].

It is pertinent to note the studies conducted using the most
modern European FEL facility, which, unlike other XFELSs
(X-ray Free Electron Lasers), can generate pulses in the MHz
frequency range [311, 313], which can be successfully used in
serial femtosecond crystallography to track different reaction
stages in a single experiment.

In serial time-resolved X-ray crystallography, each
diffraction image is a thin slice of reciprocal space, with the
result that each measured reflection represents only a small
fraction of the scattering coefficient. Furthermore, individual
X-ray images can differ by more than 200% in intensity. In
light of this, the determination of accurate structure factors
calls for a high Bragg peak multiplicity, with a minimum of
50 recommended, which is in sharp contrast to conventional
synchrotron crystallography [314, 315]. According to the
authors of Ref. [310], the Cheetah program [316], developed
specifically for the analysis of serial time-resolved X-ray
crystallography data, can be used for background correction
and match finding. The diffraction patterns can then be
indexed and combined using the CrystFEL software package
[317] and refined using the Phenix software package [318].

Radiography of solutions. Recent years have seen no less
important progress in the field of time-resolved X-ray
scattering [16, 310, 319].

Many important elementary chemical reactions occur on
ultrafast time scales from tens of fs to ps, for instance, the
formation and breaking of chemical bonds, isomerization,
and charge transfer. The advent of FEL has made it possible
to study the structural dynamics of such fast reactions in real
time using serial time-resolved X-ray diffraction of solutions.
For example, in Ref. [320], the bond formation of the trimeric
gold complex [Au(CN); |; was studied in real time. Further-
more, linearly polarized photoexcitation was employed to
analyze anisotropic scattering patterns measured from
temporally oriented molecules of the trimeric gold complex
using [321].

Serial time-resolved X-ray diffraction of solutions was
shown to allow subpicosecond and subangstrom determina-
tion of the intramolecular structural dynamics of a solute
[251, 322], detailed studies of solvent rearrangement and the
dynamics around photoexcited reactants [323, 324], as well as
the effect of solvent on the structure and dynamics of
dissociation reactions [325].

Several investigations were performed on low-molecule
systems in the solution phase to identify interesting ultrafast
phenomena, for example, of the ultrafast solvation dynamics
of an iron complex [326] and the nonequilibrium dynamics of
intramolecular electron transfer in the bimetallic RuCo
complex [327]. These results demonstrate the unique cap-
ability to resolve the ultrafast structural dynamics of chemical
reactions in solution with subpicosecond time resolution and
to elucidate the structural dynamics of the solute, solvent, and
solvation cage [116].

X-ray spectroscopy. Ultrashort X-ray pulses of FEL
facilities have opened the way for femtosecond time-scale
spectroscopic experiments. This has allowed the study of local
electronic and structural modifications occurring in transi-
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tion metal compounds immediately after photoexcitation
[328]. For example, Santomauro et al. performed an experi-
mental study of the dynamics of photogenerated electron
capture in TiO, [175]. Ultrafast local structural modification
on the atomic scale was studied in tungsten trioxide (WO3)
[329, 330] and bismuth vanadate (BiVOy,) [330].

Using femtosecond wide-angle time-resolved X-ray scat-
tering, an investigation was made of the photodissociation of
diiodomethane (CH;I,) in solution [331], and the photoex-
cited state of hematite a-Fe, O3 was studied in [183]. Studies
were also conducted on the bimetallic complex
[(CN)sFe"CNRu"(NH;)]~ [332] and aqueous solutions
of the complex [Fe(IIT)(C;04),] 37 [333].

Diffraction on polycrystals and nanoparticles. With the
advent of FELs, ultrafast laser excitation, which gives rise
to nonequilibrium states, opened up the possibility of
studying thermal processes. The dynamics of laser-
induced nonequilibrium thermal processes that lead to
expansion/contraction of the crystalline structure was
investigated using serial time-resolved X-ray diffraction
[334-336].

The authors of Ref. [337] observed the effect of compres-
sion of thin films of polycrystalline palladium, which was
caused by the surface skin layer heated by an optical pulse
propagating through the film during the first tens of ps. After
this, lattice expansion came to prevail, which was followed by
a quasi-stationary state on a nanosecond time scale.

Polycrystalline thin films tend to have inhomogeneities
associated with grain boundaries, dislocations, stacking
faults, and point defects. Melting is believed to be initiated
primarily on structural defects that contain atoms with lower
coordination numbers, and hence with more dangling bonds
than in bulk samples, which results in spatial nonuniformity
of the electron-phonon interaction velocity. According to
observations of the authors of Ref. [336], ultrafast melting of
polycrystalline Au films occurs when an optical laser pulse is
absorbed over the sample skin depth (12 nm for a wavelength
of 400 nm) to produce a population of hot electrons. During
this process, the hot electrons transfer their energy to the
crystal lattice primarily through block boundaries, which
results in nonuniform melting.

Nanoparticles exhibit interesting properties due to their
size and morphology; for example, they can exhibit anom-
alously low thermal conductivity, because the phonon mean
free path approaches the particle size. This plays an important
role, for example, in the design of new thermoelectric devices.
There is basic interest in studying photoinduced dynamics in
nanoparticles and nanostructures, because this allows under-
standing their mechanical and thermal properties out of
equilibrium and during phase transitions. Particularly inter-
esting scenarios arise when nanoparticles undergo phase
transitions, such as optical laser-induced melting. Theoreti-
cal data suggest that nanoparticles can undergo reversible
inhomogeneous melting to form a core—shell structure. The
formation of a liquid outer shell has been observed in static
experiments, but had not been confirmed on a picosecond
time scale until the appearance of Ref. [338]. It was also
assumed that the liquid shell formation is reversible at
temperatures below the melting point. Using the example of
Au nanoparticles irradiated by short FEL pulses, it was
shown in Ref. [338] that only their outer region is subject to
melting, and that partial melting occurs nonuniformly with
complete restoration of the morphology with each repeated

pumping.

Figure 18. Diffraction patterns with time delays Ar obtained after
irradiation of 100-nm-sized Au nanoparticles with single IR laser pulses
with a time resolution of 10 ps using femtosecond FEL pulses. (a) Initial
state, (b) At = 40 ps, (c) At = 80 ps, (d) Az = 140 ps [339].

Figure 18 shows coherent diffraction patterns from single
Au nanoparticles, which demonstrate anisotropic distortion
of the diffraction pattern as the nanoparticles melt.

Photoelectron spectroscopy. Charge transfer and charge
migration, in particular electron transfer, result in many
important transformations in physics, chemistry, and biol-
ogy. Charge transfer research often calls for determination of
charge localization at a given time. When a molecule in its
electronic ground state is photoexcited with electron transfer
to an unoccupied orbital, complex reaction dynamics can
occur, which often involves interactions between electronic
and nuclear degrees of freedom and the formation of
intermediate products. Since typical time scales for molecu-
lar vibrations are on the order of 10-100 fs, direct observation
of atomic motion during a photochemical reaction has only
become possible with the development of femtosecond laser
technologies [340].

For instance, photoelectron spectroscopy of gas-phase
molecules can provide information on ultrafast changes in
molecular structure during chemical reactions, which is
hardly obtainable by other methods. To prove the correct-
ness of this statement, the authors of Ref. [341] performed
photoionization experiments on 1-ethynyl-4-fluorobenzene
(CgHsF) and 1,4-dibromobenzene (C¢H4Br,) polyatomic
molecules adiabatically oriented by an optical pump laser.

Inner shell ionization or excitation is well suited for the
initiation of intramolecular charge transfer, which can then
be studied in a time-resolved experiment [342]. Notably,
charge transfer investigations were performed on gas-phase
molecules of iodomethane (CH3I) [340, 343, 344] and
fluoromethane (CH;3F) [344].

The development of FEL sources capable of generating
two pulses with independently selectable wavelengths for
pump and probe with a well-defined time spacing [272, 273]
made it possible to relate the pump energy to a specific
electronic excitation of a given element, for example, in
magnetization dynamics studies in 3d-oxides of transition
metals and rare earth metals and their compounds [345].

In Ref. [346], 10-fs-long X-ray pulses with intervals of 4.29
and 54 fs and energies of 690 eV for pumping and 683 eV for
probing were used to study the fragmentation of XeF,
molecules after absorption of X-rays. By choosing a pump
pulse to excite the Xe atom and a probe pulse to excite the
F atom, it is possible to observe transition states leading to the
decay of the system into individual ions with femtosecond
temporal resolution.

5. Conclusion

The method of pumping and X-ray probing has been used to
advantage in recent decades to study a wide class of objects
employing most of the known X-ray techniques, such as
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topography, microscopy, crystal diffraction, small- and wide-
angle scattering, and absorption spectroscopy. X-ray holo-
graphy has been recently added to these methods [347].
However, despite recent achievements and promising pro-
spects, much remains to be done and resolved in order to fully
track fast processes in different systems of interest to
researchers.

With the advent of FELs, many new operating modes
have been proposed and tested to meet the modern require-
ments of the scientific community. Most of them improved
the X-ray output characteristics and opened up new possibi-
lities for FEL applications. However, there is still a set of
creative ideas for further FEL development. These ideas aim
to increase the output power [274], reducing the time jitter
[252], shortening the pulse duration to the attosecond scale
[348, 349], combining FELs and SR [350], reducing further
the size of X-ray FELs [351], and equipping them with more
advanced optical elements [352], including replacement of
silicon elements with diamond ones.

As for FEL facilities, it is noteworthy that the rapid
development of FEL applications and technologies has led
to an increase in the global demand for access to FEL
facilities, which are currently going over to high repetition
rate operation (up to several MHz) using superconducting
linear accelerators [350]. In this case, the time delay between
two successive pulses is typically in the micro- and nanose-
cond range. This opens up the opportunity to explore the
molecular dynamics range on submicrosecond time scales
with the use of serial pulses to obtain multiple diffraction
patterns from the same crystal.

An order of magnitude more experiments per year are
typically conducted on SR facilities than on FEL ones, since
there are many more synchrotron centers in the world.
Therefore, the recent transfer of serial time-resolved crystal-
lography technology to SR facilities may be of decisive
importance for the further development of the pump and
X-ray probe method [11].

One would also expect that a wider range of reactions
could be studied if the method were used in situ/operando
mode [251].

Due to rapid technological development in the generation
of ultrahigh-intensity femtosecond and attosecond X-ray
pulses, further improvements in the accuracy and reliability
of time-resolved measurements can be foreseen, which will
expand the range of applications of the pump and X-ray
probe method in science and technology.

A high-intensity attosecond X-ray free-electron laser,
which meets the requirements of attosecond science for
studying quantum-mechanical electron motion in mole-
cules and solids on a subfemtosecond time scale, is now
available for attosecond pump and attosecond probe
experiments in the soft X-ray region [353]. In the future,
one would expect an extension of the method to the hard
X-ray domain of FELs.

The work was performed within the framework of the
state assignment of the National Research Center Kurchatov
Institute.
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