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I. INTRODUCTION

Since the discovery of X-rays by Roentgen, X-ray diffraction has always been the
major technique permitting the localization of atoms in molecules and crystals.
Great scientists such as Bragg, Laue, and Debye made major contributions to its
development. Atomic structures of many systems have been determined using this
technique. These structures are actually known with a great accuracy, and one can
hardly imagine a science without this information. The recent progress achieved
using synchrotron sources of X-ray radiation are impressive.

However, systems with localized atoms represent only a first challenge. The
next challenge is monitoring atomic motions in systems that vary in time.
Following atomic motions during a chemical process has always been a dream
of chemists. Unfortunately, these motions evolve from nanosecond to
femtosecond time scales, and this problem could not have been overcome until
ultrafast detection techniques were invented. Spectacular developments in laser
technology, and recent progress in construction of ultrafast X-ray sources, have
proved to be decisive. Two main techniques are actually available to visualize
atomic motions in condensed media.

The first is time-resolved optical spectroscopy. The system is excited by an
intense optical pulse, and its return to statistical equilibrium is probed by
another pulse, which is also optical. Zewail and several other outstanding
scientists contributed much to its development. For textbooks describing it, see
Refs. 1-4. The second technique comprises time-resolved X-ray diffraction and
absorption. The excitation of the system is optical as before, but the probing is
done using an X-ray pulse. Long range order may be probed by diffraction,
whereas short range order may be monitored by absorption. Unfortunately,
general literature is still scarce in this domain [5-7].

The major advantage of time-resolved X-ray techniques, as compared to
optical spectroscopy, is that their wavelength A as well as the pulse duration t can
be chosen to fit the atomic scales. This is not the case for optical spectroscopy,
where the wavelength ) exceeds interatomic distances by three orders of
magnitude at least. Unfortunately, X-ray techniques also have their drawbacks.
They require large scale instruments such as the synchrotron. Even much larger
instruments based on free electron lasers are actually under construction. The
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where a sinusoidal motion is imposed on the electrons by undulator magnets. The
X-rays emitted from successive bends interfere and enhance the radiation. A
bunched electron beam then produces an intense X-ray radiation with 100 ps X-
ray pulses. Unfortunately, subpicosecond X-ray pulses cannot be generated in
this way. There is a gap between what is possible at present and what is needed.
Facilities based on the use of free electron lasers are under construction to bridge
this gap.

Sources of optical radiation are much more conventional. One generally
employs commercially available lasers, generating 100 fs pulses with pulse
energy between 10 and 100 pJ. These lasers run in phase with the chopper. The
power density of the optical beam on the sample is typically on the order of
10 GW/mm?. The time lag between the X-ray and optical pulses is controlled
electronically by shifting the phase of the oscillator feedback loop with a digital
delay generator. The short time jitter in the delay is on the order of a few
picoseconds, but at long times it increases to tens of picoseconds. The angle
between the X-ray and laser beam is 10 degrees, making the excitation
geometry near collinear.

2. Detectors

Several detection techniques have been developed. In the first of them, the
scattered X-rays are intercepted by a phosphor screen, which transforms them into
optical photons. The latter are then channeled by optical fibers to a charge-
coupled detector (CCD). In this detector the vast majority of X-ray photons are
registered. However, it is not a straightforward method to measure very small
relative changes in the CCD signal. The detection should be strictly linear in the
photon number, which is not easy to achieve in practice. Finally, the X-ray dose
must be kept constant during data collection. The exposure must thus be
prolonged to compensate for the decaying synchrotron current. Another very
different detection technique consists of using streak cameras. The incident X-ray
pulse is transformed into an electronic pulse, which is “streaked” by an
electrostatic field onto a CCD. Although there are streak cameras with picosecond
time resolution, they require very high X-ray intensities and are therefore of
limited use. There is no perfect detector, all have strengths and weaknesses, and
the optimum choice depends on the exact nature of the measurements.

3. Data Reduction Procedures

As emphasized earlier, the weakness of the difference intensity is a specific
difficulty with this sort of experiment. The ratio between the difference and the
full scattering intensity is on the order of 10-2-10~*. This is particularly
problematic in solution work, where the radiation scattered by the solute is
buried in that from the solvent. A further complication arises from the
interference between X-ray and optical manipulations. In fact, the intensity of
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structure. Then, fitting experimental data to formulas from gas phase theory, the
concentration of excited molecules can be determined. Another problem is that
the undulator X-ray spectrum is not strictly monochromatic but has a slightly
asymmetric lineshape extending toward lower energies. This problem may be
handled in different ways, for example, by approximating its spectral
distribution by its first spectral moment [12].

III. THEORY

A. Generalities

The first theoretical attempts in the field of time-resolved X-ray diffraction were
entirely empirical. More precise theoretical work appeared only in the late 1990s
and is due to Wilson and co-workers [13-16]. However, this theoretical work still
remained preliminary. A really satisfactory approach must be statistical. In fact,
macroscopic transport coefficients like the diffusion constant or the chemical rate
constant break down at ultrashort time scales. Even the notion of a molecule
becomes ambiguous: At which interatomic distance can the atoms A and B of a
molecule A-B be considered to be free? Another element of consideration is that
the electric field of the laser pump is strong and its interaction with matter is
nonlinear. What is needed is thus a statistical theory reminiscent of those from
time-resolved optical spectroscopy. A theory of this sort has been elaborated by
Bratos and co-workers [17-19].

An important specific feature of the present experiment is worth noting.
The X-ray photons have energies that are several orders of magnitude larger
than those of optical photons. The pump and probe processes thus evolve on
different time scales and can be treated separately. It is convenient to start with
the X-ray probing processes and treat them by Maxwellian electrodynamics.
The pumping processes are studied next using statistical mechanisms of
nonlinear optical processes. The electron number density n(r,t), supposed to be
known in the first step, is actually calculated in this second step.

We shall now focus our attention on spatially isotropic liquids. The key
quantities of the theory are as follows. An intense optical pulse of frequency Qg
brings it into an appropriate initial state. t seconds later, an X-ray pulse of
frequency Qx > Qo hits the sample and is then diffracted by it. What one
measures is the difference signal AS(q, t), defined as the time-integrated X-ray
energy flux S(q, t) scattered in a given solid angle in the presence of the pump,
minus the time-integrated X-ray energy flux S(q) in the same angle in the
absence of the pump. It depends on two variables: the scattering wavevector
q = q, — q5, Where g, and qs are wavevectors of the incident and the scattered
X-ray radiation, respectively, and the time delay t between pump and probe.
AS(q, 7) is the main quantity to be examined in what follows.
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B. Maxwellian Description of X-ray Probing

The Maxwell theory of X-ray scattering by stable systems, both solids and liquids,
is described in many textbooks. A simple and compact presentation is given in
Chapter 15 of the Landau-Lifshitz volume, Electrodynamics of Continuous
Media [20]. The incident electric and magnetic X-ray fields are plane waves
Ex(r,t) = Exo exp[i(q;r — Qxt)] and H(r,t) = Hxo expli(qr — 2xt)] with a
spatially and temporally constant amplitude. The electric field Ex(r,t) induces a
forced oscillation of the electrons in the body. They then act as elementary
antennas emitting the scattered X-ray radiation. For many purposes, the electrons
may be considered to be free. One then finds that the intensity Ix(q) of the X-ray
radiation scattered along the wavevector q is

o\ 2
i) = (o) sin? dloct“(a)f @ )

where lgx is the intensity of the incident X-ray radiation, ¢ is the angle between Ex
andq,andf(q) = [ drexp(—igr)n(r) is the Fourier-transformed electron number
density n(r); this latter quantity is generally termed a form factor. The success of
this theory is immense; see the textbooks by Guinier [21], Warren [22], and Als-
Nielsen and Morrow [23]. In ordered systems like crystals, it permits one to
determine atomic positions, that is, to “photograph” them. In disordered systems
like powders or liquids, the data are less complete but still remain very usable. A
large variety of systems have been analyzed successfully using this approach.

How must this theory be modified to describe the effect of the optical
excitation? The incident electric and magnetic X-ray fields are now pulses
Ex(l‘, t) = Exo (t) exp[i(q,r — th)} and Hyx (l‘, t) = on(t) EXp[i(q|l‘ — th)]
They still are plane waves with a carrier frequency Q, but their amplitudes
Exo(t) and Hxo(t) vary with time. The same statement applies to the electron
density n(r,t), which also is time dependent. However, these variations are all
slow with time scales on the order of 1/, and one can neglect 0Exy(t) /0t and
OHy(t)/0t as compared to iQ2xExo(t) and iQxHxo(t). Detailed calculations
then show that [17]

2

2 o]
S(q,1) = (%) sin? ¢ [ dt lox (t) {(q, t + T)f (q, t + 1)) (2)

where S(q, ) is time-integrated intensity of the X-ray pulse, scattered t seconds
after optical excitation in the direction of the vector q, — q. This expression can be
deduced from that for Ix(q) using the following arguments: (1) As the incident
X-ray radiation is pulsed, one must replace lox by lox(t). (2) Optical excitation
brings the system out of thermal equilibrium. It no longer remains stationary but
varies with time; thus n(r) — n(r,t) and f(q) — f(q,t) = [drexp(—iqr)n
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(r,t). (3) The quantity S(q,t) is a time-integrated quantity. It is then useful to
replace the integration variable t by the variable t 4 t, which permits one to
introduce the time delay t between the pump and the probe explicitly. (4) An
X-ray diffraction experiment does not permit one to single out a given state of the
system. Only an average () over all these states can be observed.

C. Statistical Description of Optical Pumping

In the above Maxwellian description of X-ray diffraction, the electron number
density n(r,t) was considered to be a known function of r,t. In reality, this
density is modulated by the laser excitation and is not known a priori. However,
it can be determined using methods of statistical mechanics of nonlinear optical
processes, similar to those used in time-resolved optical spectroscopy [4]. The
laser-generated electric field can be expressed as E(r,t) = Eqg(t) exp(i(qor—
Qot)), where g is the optical frequency and qo the corresponding wavevector.
The calculation can be sketched as follows.

The main problem is to calculate (f*(q,t+ t)f(q,t+ 1)) of Eq. (2). To
achieve this goal, one first considers E(r,t) as a well defined, deterministic
quantity. Its effect on the system may then be determined by treating the von
Neumann equation for the density matrix p(t) by perturbation theory; the laser
perturbation is supposed to be sufficiently small to permit a perturbation
expansion. Once p(t) has been calculated, the quantity

{f*(q,t + 9)f(q,t+ 7)) = Tr[p(t + 1)f*(q)f (q)] 3)

can be determined for a given realization of the electric field E(r,t). In the
second step, this restriction to deterministic processes is suppressed and the
incident laser field E(r,t) is identified as a stochastic quantity. In reality, E(r, t)
is never completely coherent: averaging over this stochastic process is thus
necessary. This can be done using theories of transmission of electric signals.
The resulting expression is inserted into Eq. (2).

D. Difference Signal AS(q, 1)

The theoretical difference signal AS(q, 1) is a convolution between the temporal
profile of the X-ray pulse lgx(t) and the diffraction signal ASins(q,t) from an
infinitely short X-ray pulse. This expression is [17]

AS(q,1) = / dt lox (t — ) ASinst(q, t)

e2 2 . 00 00
ASinst(q, 1) = (chh) sin” 6 / / dry dr, (4)
X <Ei(r7t - Tl)Ej (rat —T1— T2)>O

x ([[f (a4, 11 + t2)f"(q, 71 + 72), Mi(T2], M;(0)])s
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where E = (Ey,Ey,E;) is the electric field of the optical pulse and
M = (My, My, M;) is the dipole moment of the system. Moreover, the indices
i, j designate the Cartesian components x, y, z of these vectors, (), realizes an
averaging over all possible realizations of the optical field E, and ()4 realizes an
averaging over the states of the nonperturbed liquid sample. Two three-time
correlation functions are present in Eq. (4): the correlation function of E(t) and
the correlation function of the variables f (q, t), M(t). Such objects are typical for
statistical mechanisms of systems out of equilibrium, and they are well known in
time-resolved optical spectroscopy [4]. The above expression for AS(q, 1) is an
exact second-order perturbation theory result.

Its general form can easily be understood. The static intensity Ix(q) contains
the factor f*(q)f(q); its time-dependent analogue AS(q,t) should then contain
the factor (f*(q,t1 + 12)f(q; 71 + 72)). The remaining quantities present in
Eq. (4) describe optical excitation. According to Fermi’s golden rule, the rate of
the latter is on the order of ~1/h?(EM,)2. The presence of the quantities 1/h?,
Ei(t — t1), Ej(t — 11 — 12), Mj(0), and Mi(t2) is thus natural. It should finally be
noted that the scattering process depends on the properties of the material
system (through f(q,t), M(t)), as well as on those of the laser fields (through
E(r,t)). They determine jointly the form of the signal.

IV. LONG AND SHORT TIME LIMITS

A. Long Time Signals

The theory of time-resolved X-ray scattering has a comparatively simple limit if
the optical excitation is fast compared with the process to be investigated. This
so-called quasistatic condition is of great practical importance. In fact, optical
pumping is generally done on subpicosecond time scales, whereas with present
state-of-the-art, the X-ray probing is at least 100 times longer. A new time-scale
separation appears. The slow variable is the chemically driven electron density f,
and the fast variable is the laser-controlled dipole moment M. The correlation
function ([[f*f,M], M]) in Eq. (4) thus splits into two factors, a factor involving
f,f* and a factor involving M,M. A quasistatic experiment thus has the intrinsic
power to disentangle these two sorts of dynamics. This is the first simplification
in this problem.

A second simplification results from introducing the Born—Oppenheimer
separation of electronic and nuclear motions; for convenience, the latter is most
often considered to be classical. Each excited electronic state of the molecule can
then be considered as a distinct molecular species, and the laser-excited system
can be viewed as a mixture of them. The local structure of such a system is
generally described in terms of atom-atom distribution functions g,,(r,t)
[22, 24, 25]. These functions are proportional to the probability of finding the
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nuclei p and v at the distance r at time t. Building this information into Eg. (4) and
considering the isotropy of a liquid system simplifies the theory considerably.

B. “Filming” Atomic Motions

The most spectacular success of the theory in its quasistatic limit is to show how
to “film” atomic motions during a physicochemical process. As is widely
known, “photographing” atomic positions in a liquid can be achieved in static
problems by Fourier sine transforming the X-ray diffraction pattern [22]. The
situation is particularly simple in atomic liquids, where the well-known
Zernicke—Prins formula provides g(r) directly. Can this procedure be transfered
to the quasistatic case? The answer is yes, although some precautions are
necessary. The theoretical recipe is as follows: (1) Build the quantity
F(q)q AS(q,t), where F(q) = [EZH¢Vfu(q)fv(q)]’1 is the ““sharpening factor”
and f,(q) and f,(q) are atomic form factors. (2) Perform the Fourier sine
transform of this quantity for a large set of interatomic distances r. Denote the
resulting signal by ASJr, t]. Then, in the case of an atomic liquid [18, 19],

AS[r, 1] = / Aty (t — 1) ASualr. 1

e \? 1 1
ASingt[1, 1] = (mc2> sin 6 [(V(t)g(r’t) - V(O)g(r)> (5)
1 1
(v<t> wm)]
where g(r,t) is the atom pair distribution function in the presence of laser
excitation, and g(r) is its analogue in the laser-free system. The interpretation of
the above result is as follows. (1) The first term appearing in the expression for
AS]r,t] describes the variation in the pair distribution function due to laser
excitation. It permits the visualization of molecular dynamics in the laser-excited
system. (2) The second term probes the change in the volume V(t) due to the
laser heating. It dominates ASins[r,t] at small r’s, where g(r,t) — 0 and only
1/V(t) —1/V(0) survives. As AV/V = —A, /., the evolution of the mass
density py, of the liquid can be monitored in this way. (3) Equation (5) represents
a generalization of the Zernicke-Prins formula for time-resolved X-ray
experiments. At small r’s it permits one to monitor macroscopic variations of
the mass density py,, whereas at large r’s it offers a visualization of atomic
motions in the system.
In molecular liquids the situation is slightly more complicated; the following
points merit discussion. (1) The signal ASJr,z] is composed of a number of

different distribution functions g, (r,t), but this is not a real handicap. If the
bond p—v is broken, only the distribution function g, of atoms p, v forming this
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bond stands out in the difference signal. Other terms disappear, partially or
completely. (2) The atom-atom distribution functions g, (r,t) do not enter into
ASingt[r, t] alone but are multiplied by the atomic form factors f, (q)f,(q). This
sort of coupling blurs the information contained in the signal AS|r,t] to a
certain extent. Nevertheless, taking the necessary precautions, monitoring
atomic motions is still possible.

C. Short Time Signals

Contrary to the long time limit of Eq. (4) for the signal AS(q, 1), its short time
limit has not yet been explored in detail. The reason is that these times are not yet
accessible to the experiment, due to technical difficulties. Nevertheless, some
characteristics of short time signals can be understood without any detailed
study. (1) First, the liquid is not isotropic at times t < tr, Where tr is molecular
rotational relaxation time [13-15]. The reason is that the laser-generated electric
field E(r,t) induces a partial alignment of molecular transition moments, and of
the molecules themselves in its direction. The liquid is closer to being an
incompletely ordered crystal than an isotropic liquid. The difference signal
AS(q, 1) is then expected to depend on the relative orientation of the vectors q
and E(r,t). The isotropy is recovered again at times t > tg. (2) The quantity
(exp(—iqr)), omnipresent in the theory of X-ray scattering, does not reduce to
the function sin(qr)/qr in the absence of isotropy. The Zernicke—Prins formula
and its extension given by Eq. (5) rely heavily on the isotropy of the liquid
medium; they thus break down in the short time limit. (3) If two electronic states
of the molecule are close enough to be excited simultaneously by the optical
pulse, beating phenomena may occur. However, it is not known how these
processes evolve on the very shortest time scales in the presence of molecular
rotations. These few statements are by no means exhaustive and a detailed study
of the short time regime remains to be done. However, one conclusion is certain:
time-resolved X-ray diffraction is very different at long and short times.

V. SIMULATIONS AND CALCULATIONS

A. Generalities

The purpose of this section is to show how the above theory can be applied in
practical calculations. For the time being, only quasistatic processes have been
studied in detail; the subsequent discussion will thus focus on this limit. Two
sorts of quantities enter into the theory: the atom-atom distribution functions
gLV(r, t) in a given electronic state j and the corresponding populations n;(t). The
total atom—atom distribution function g, (r, t) is then

Gu(r,8) = 3, (0l (1 6)
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One would prefer to be able to calculate all of them by molecular dynamics
simulations exclusively. This is unfortunately not possible at present. In fact,
some indices p,v of Eqg. (6) refer to electronically excited molecules, which
decay through population relaxation on the pico- and nanosecond time scales.
The other indices p,v denote molecules that remain in their electronic ground
state, and hydrodynamic time scales beyond microseconds intervene. The
presence of these long times precludes the exclusive use of molecular dynamics,
and a recourse to hydrodynamics of continuous media is inevitable. This
concession has a high price. Macroscopic hydrodynamics assume a local
thermodynamic equilibrium, which does not exist at times prior to 100 ps. These
times are thus excluded from these studies.

B. Molecular Dynamics Simulations

The basic principles are described in many textbooks [24, 26]. They are thus only
sketchily presented here. In a conventional classical molecular dynamics
calculation, a system of N particles is placed within a cell of fixed volume,
most frequently cubic in size. A set of velocities is also assigned, usually drawn
from a Maxwell-Boltzmann distribution appropriate to the temperature of
interest and selected in a way so as to make the net linear momentum zero. The
subsequent trajectories of the particles are then calculated using the Newtonian
equations of motion. Employing the finite difference method, this set of
differential equations is transformed into a set of algebraic equations, which are
solved by computer. The particles are assumed to interact through some
prescribed force law. The dispersion, dipole-dipole, and polarization forces are
typically included; whenever possible, they are taken from the literature.

Molecular dynamics permits one to determine rapidly varying atom-pair
distribution functions g{w(r,t). In order to do that, one counts the number of
atoms of the species v in a spherical shell of radius r and thickness Ar centered
on an atom of the species . This counting is repeated for a large number of
computer-generated configurations. Calculations of this kind are generally well
controlled, although they may occasionally generate spurious peaks in the
difference signals AS(q). This perturbing effect is due to the finite size of the
basic computation cell and to the smallness of difference signals. Particular care
is thus necessary in the interpretation of these calculations.

The determination of the laser-generated populations n;(t) is infinitely more
delicate. Computer simulations can certainly be applied to study population
relaxation times of different electronic states. However, such simulations are no
longer completely classical. Semiclassical simulations have been invented for
that purpose, and methods such as surface hopping were proposed.
Unfortunately, they have not yet been employed in the present context. Laser
spectroscopic data are used instead: The decay of the excited state populations
is written n;(t) = njexp(—t/t;), where t; is the experimentally determined
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population relaxation time. The laws of chemical kinetics may also be used
when necessary. Proceeding in this way, the rapidly varying component of
AS(g,T) can be determined.

C. Hydrodynamics

The calculation of the slow components in AS(q, t) follows another path. It can
be realized as follows: (1) Assuming local equilibrium one can write

AS(q,7) = (8AS(q)/3T),AT(x) + (8AS(q)/3p)r Ap(7) (7)

where AT (t) and Ap(t) are changes in the temperature and density from their
equilibrium values T and p [18, 19]. (2) In order to estimate the thermodynamic
derivatives contained in AS(q), this signal is calculated by molecular dynamics
simulation for two temperatures T, and T, and for two densities p, and p,. Finite
differences are used next to calculate the derivatives. (3) The temperature and
density increments AT(t) and Ap(t) are calculated using equations of
hydrodynamics of nonviscous fluids [27]. Under the present conditions, these
equations can be linearized. Then, denoting by T'(t) and p’(t) the density
increments AT (t) and Ap(t), the following equations of motion can be used to
calculate the time-dependent parts of T'(t) and p/(t):

19% o«

2 P 2
= — Py
czotz Gy Q

Q Jrcp—cv 1

= P
CpPo Cy %pPo

(8)

T/

Here Q(t) denotes the heat input per unit volume accumulated up to time t, C, is
the specific heat per unit mass at constant pressure, Cy is the specific heat per unit
mass at constant volume, ¢ is the sound velocity, o, is the coefficient of isobaric
thermal expansion, and p, is the equilibrium density. (4) The heat input Q(t) is the
laser energy released by the absorbing molecule per unit volume. If the excitation
is in the visible spectral range, the evolution of Q(t) follows the rhythm of the
different chemically driven relaxation processes through which energy is
transmitted to the liquid medium. If, on the other hand, vibrations are excited
in the near-infrared or infrared, the evolution of Q(t) can be considered impulsive.
(5) While the expression for T’(t) is obtained immediately from Q(t) and p’(t),
the calculation of p’(t) is not trivial. An approximate solution, valid along the axis
of a Gaussian laser beam, was found by Longacker and Litvak [28].
A slightly extended version of it is [19]

p (1) :C—p/T dt(d?j—ft))l — 1+ exp(—c2(t — 1)?/R?)] (9)
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where R is the radius of the laser beam. The important feature of the Longaker—
Litvak [28] solution is that thermal expansion does not set in immediately after a
transient heat input, but is delayed as perturbations in a liquid cannot propagate
faster than sound waves. There exists an acoustic horizon; the quantity t, = R/c
is often called the acoustic transit time. This closes the discussion of the slowly
varying component of the difference signal AS(q, t).

VI. RECENT ACHIEVEMENTS

A. Diffractions and Absorption

During the last few years, time-resolved X-ray techniques have been employed
in several areas. The first problem studied by time-resolved X-ray diffraction was
surface melting of crystals. Thermal effects consecutive to the impact of an
intense laser pulse on the crystal surface were measured on picosecond and
subpicosecond time scales. A number of different studies were made: melting of
the crystal surface, lattice strain propagation, and onset of lattice expansion.
These effects were observed for crystals such as Au [29], Ge [30], GaAs [31],
and InSb [32-34]. More complex objects like Languir-Blodgett films were
examined too [35]. Another very interesting research area concerns biological
systems. Crystals of the myoglobin complex with CO and MbCO were examined
with particular care and the positions of CO were determined at different times.
Combining Laue X-ray diffraction with time-resolved optical spectroscopy
permitted deeper insight into how to initiate a biochemical reaction in a crystal in
a nondestructive way [36, 37]. The studies of the yellow protein in its pR state
belong to the same general area [38].

Time-resolved X-ray absorption is a very different class of experiments
[5-7]. Chemical reactions are triggered by an ultrafast laser pulse, but the laser-
induced change in geometry is observed by absorption rather than diffraction.
This technique permits one to monitor local rather than global changes in
the system. What one measures in practice is the extended X-ray absorption fine
structure (EXAFS), and the X-ray extended near-edge structure (XANES).
Systems like SFg [39,40], H,O [41], CH3OH [41], and CB4/Cg [42] have been
examined using this technique. Three recent papers on ruthenium(ll) tris-2,2’-
bipyridine, or [Ru“(bpu)?,]2+ [43], on photosynthetic O, formation in
biological systems [44], and on photoexcitation of NITPP — I, [45] in solution
also merit attention. Theoretical work advanced at the same time. Early
approaches are due to Frank et al. [46], whereas a statistical theory of time-
resolved X-ray absorption was proposed by Tanaka et al. [47] and Tanaka and
Mukamel [48]. This latter theory represents the counterpart of the X-ray
diffraction theory developed in this chapter.

The purpose of this section is to describe recent achievements in time-resolved
X-ray diffraction from liquids. Keeping the scope of the present chapter in mind,
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A/A’" and higher electronic states, and a maximum appears around 3.2 A In
addition, the energy transfer from the solute to the solvent induces a
rearrangement of the structure of the liquid without any observable thermal
expansion. New minima in AS[r,t| appear at 4.0 and 6.2 A. Molecular
dynamics simulations assigned them to changes in the intermolecular CI-CI
distances in liquid CCl,. At later times, the excited molecules all relax, and the
thermal expansion is completed. The strong increase in AS][r,t] observed at
small r’s is due to the decrease in the mass density p,, of CCl,, compared with
Eq. (5). In turn, the features observed at large r’s reflect the variations in the
intermolecular CI-ClI distances due to the thermal expansion.

“Filming” of atomic motions in liquids was thus accomplished. More
specifically, the above experiment provides atom-atom distribution functions
gu(r,t) as they change during a chemical reaction. It also permits one to
monitor temporal variations in the mean density of laser-heated solutions. Last
but not least, it shows that motions of reactive and solvent molecules are
strongly correlated: the solvent is not an inert medium hosting the reaction [58].

C. Structure of Reaction Intermediates
1. Photodissociation of Diiodomethane

Determining the geometry of short lived transients in a complex chemical
reaction is a difficult—but very important—problem of chemistry. Time-
resolved X-ray diffraction offers new possibilities in this domain, as shown by
a recent work on photodissociation of dilodomethane CHl, in methanol CH;0OH
[59]. For many reasons, partially scientific and partially commercial, this
reaction was extensively studied in the past. Spectroscopic techniques [60-63]
were employed, together with theoretical methods of quantum chemistry
[64-66]. In spite of these efforts, the reaction mechanism remained poorly
understood. For example, Tarnovsky [63] suggested the presence of a long living
intermediate (CH,l—I) in the reaction sequence. In order to prove—or
disprove—this statement, the problem was reexamined by time-resolved X-ray
diffraction.

The experiment was as follows. A diluted solution of CH,l, was pumped by
an optical laser, promoting an electron onto an antibonding orbital of the C—I
bond. After excitation this bond is ruptured and the (1)” and (CH,!)" radicals are
formed. Several reaction pathways are possible, both geminate and nongemi-
nate. These radicals also react with CH3OH to form the ions I; and I3. The
solution was proved by time-delayed 150 ps long X-ray pulses.

The theory was very similar to that described earlier but was simplified in
view of the complexity of the problem. A number of reaction intermediates
were considered explicitly, and the corresponding signals were calculated by
molecular dynamics simulation. Kinetic equations governing the reaction
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r~27-30 A proves the existence of an T, bond in different chemical
environments; this bond is present in (CH,l—I) at times less than 10
nanoseconds, and in I3 at later times. This study proves, for the first time
unambiguously, the presence of the long living intermediate (CHsl—I).

2. Photodissociation of Diiodoethane

Another chemical reaction studied with the same method was the photodissocia-
tion of diiodoethane C,H4T, in CH30OH [67]. Attention was focused on the
radical (CH,ICH,)”, which appears after release of one iodine atom. This radical
was examined carefully by theory [68—70] and experiment [71-74]. In spite of
these efforts, the geometrical information remained incomplete. A bridged
structure was postulated by Skell and co-workers to explain the stereochemistry
of free radical addition reactions [75, 76], but direct structural evidence was still
lacking. Should the anticonfiguration (ICH,—CH,)" really be excluded? The
purpose of this work was to provide the missing information by time-resolved
X-ray diffraction.

The experiment was done as follows. A diluted solution of C,Hyl, in CH3;0OH
was pumped by an optical laser, which triggered the elimination of one iodine
atom followed by creation of the radicals (C,H4I)" and (1)". A series of X-ray
diffraction patterns were recorded at times between —100ps and 3 pus. The
signals AS(qg,t) and their Fourier transforms AS[r,t] were determined in this
experiment. The theory was similar to that described earlier. In particular, the
solvent-free signals AS[r, t] were calculated using Eq. (10). The main difficulty
in this study was that the signatures of the bridge and the antiradicals are not
very different. Molecular dynamics simulations were thus realized with
particular care, and statistical deviation checks (x?) were performed.

The results of these investigations are presented in Fig. 7, where the signals
AS]r, 1] are plotted for the bridge and antiform of the radical (C,H,l)". These
figures favor the bridge form. The concentrations of different species in the
solution at different times were also determined. The crucial role of theory
should be emphasized: it would be difficult to extract this information by simple
insight of the experimental data.

D. Hydrodynamics of Laser-Heated Liquids

If the system under consideration is chemically inert, the laser excitation only
induces heat, accompanied by density and pressure waves. The excitation can be
in the visible spectral region, but infrared pumping is also possible. In the latter
case, the times governing the delivery of heat to the liquid are those of vibrational
population relaxation. They are very short, on the order of 1 ps; this sort of
excitation is thus impulsive. Contrary to first impression, the physical reality is in
fact quite subtle. The acoustic horizon, described in Section V.C is in the center
of the discussion [18, 19]. As laser-induced perturbations cannot propagate faster
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close to the curved nanoparticle surface. This ablation is achievable for laser
excitation powers far below the onset of general catastrophic material
deterioration, such as plasma formation or laser-induced explosive boiling.
Anisotropy in the ablation pattern was observed. It coincides with a reduction of
the surface barrier from water vaporization and particle melting. This effect
limits any high power manipulation of nanostructured surfaces such as surface-
enhanced Raman measurements or plasmonics with femtosecond pulses.

VII. CONCLUSIONS

A major breakthrough has been realized in the last few years in time-resolved
X-ray diffraction and absorption. It may be compared to that realized fifteen
years ago in time-resolved optical spectroscopy. It offers spatial and temporal
resolution of atomic motions directly, contrary to optical spectroscopy where
extra information is required to pass from energy to geometry. First, molecular
“films” were realized and the geometry of a few short-lived reaction
intermediates was determined. Surface melting of crystals, laser-induced
deterioration or destruction of gold nanoparticles in water, and migration of
carbon monoxide molecules in the myoglobin crystals are further examples
of successful applications of this technique. A new avenue is open in this
direction.

However, time-resolved X-ray diffraction remains a young science. It is still
impossible, or is at least very difficult, to attain time scales of less than a
picosecond. General characteristics of subpicosecond X-ray diffraction and
absorption are hardly understood. To progress in this direction, free-electron
laser X-ray sources are actually under construction, subject to heavy financial
constraints. Nevertheless, this field is exceptionally promising. Working therein
is a challenge for everybody!
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