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a b s t r a c t

We consider here the extension of four-dimensional (4D) electron imaging methodology to the attosec-
ond time domain. Specifically, we discuss the generation of attosecond electron pulses and the in situ
probing with electron diffraction. The free electron pulses have a de Broglie wavelength on the order
of picometers and a high degree of monochromaticity (DE/E0 � 10�4); attosecond optical pulses have typ-
ically a wavelength of 20 nm and DE/E0 � 0.5, where E0 is the central energy and DE is the energy band-
width. Diffraction, and tilting of the electron pulses/specimen, permit the direct investigation of electron
density changes in molecules and condensed matter. We predict the relevant changes in diffraction
caused by electron density motion and give two examples as prototype applications, one that involves
matter-field interaction, and the other is that of change in bonding order. This 4D imaging on the atto-
second time scale is a pump–probe approach in free space and with free electrons.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction ence of free electrons in solids [13]; for comprehensive review see
The relevant length and time scales of electron–nuclear motions
are determined by the forces and masses within the structures of
interest. For atomic movements, quantum principles dictate the
time and distance scales of femtoseconds and angstroms. Slower
and larger-scale dynamics, which are governed by such motions,
are equally important for a variety of processes. A full picture of
the change requires observation throughout the hierarchy of scales
[1].

Electron dynamics occur in the attosecond–femtosecond do-
main [2–6] and are different in their manifestations from those
involving nuclear motions, the bond making and bond breaking
events of femtochemistry [7]. For example, electron displacement
out of the equilibrium position in materials is the microscopic ori-
gin of light emission, refractive index, current, plasmon and polar-
iton activity, and of nonlinear optical effects. Moreover, electron
density distributions, if possible to follow, can mirror changes in
bonding/anti-bonding description of the orbitals involved. The
imaging of such changes, therefore, requires both the time and
space resolution.

Optical attosecond pulses have already been advanced to mea-
sure femtosecond Auger decays [8], femtosecond dynamics of
diatomics [9–12], and the attosecond delay due to the speed differ-
ll rights reserved.

), zewail@caltech.edu (A.H.
[2]. One approach that aims at the probing of electron density of
orbitals is that of Corkum and coworkers [6,14]. In these, so far, sta-
tic experiments, ionization is first made by a strong laser field, and
because the electrons resulting from ionization are re-accelerated
back to the ions, the emitted radiation indirectly reflects the
remaining electron density distribution. This was reported for a
diatomic [14] with the interpretation aided by knowledge of the
initial electronic structure, which depends on the system complex-
ity [15,16]. Several theoretical studies have indicated the time
scales involved for electron dynamics in more complex systems
[17–19]. It should be noted that the sensitivity of spectroscopic
studies with attosecond optical pulses [20] is determined by a sig-
nificant change of the transition probability or by a shift of the
transition energy by many eV. Thus, changes of charge distribu-
tions that have small energy shifts become unobservable.

In this contribution, we focus on a different methodology for
attosecond science, namely the extension of ultrafast 4D diffrac-
tion and microscopy [21] to the attosecond regime. The key con-
cept here is the use of attosecond electron diffraction to observe
attosecond electron motion. We show that in order to achieve such
visualization methodology the pulses have to be freely generated,
compressed, and tilted. The approach can be implemented to ex-
tend previous studies from Caltech, for example those of phase
transformations [22,23], chemical reactions [21], nano-mechanical
processes [24,25], and surface dynamics [26,27], and possibly
to other studies (in other laboratories) of melting processes
[28,29], coherent phonons [30], gold particles [31], and molecular
alignment [32].

http://dx.doi.org/10.1016/j.chemphys.2009.07.013
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Earlier, we discussed schemes for obtaining attosecond resolu-
tion with electron diffraction [33] with focus on the generation
of pulses. Here we present, besides the generation, the in situ prob-
ing through diffraction with free electrons, and give two possible
prototypical applications. Three key points must be addressed:
first, attosecond diffraction requires near mono-energetic attosec-
ond electron pulses for keV-range of energies in free space, and
thus space charge effects need to be considered. Second, spatio-
temporal synchronization of the electron pulses to the pump
pulses must be made along the entire sample area and with atto-
second precision. Third, diffraction orders must be shown to be
sensitive to the effect of electron displacement and conclusive of
the four-dimensional dynamics. In the following sections, we shall
discuss the methodology and then highlight possible applications
and pump–probe schemes.
2. Attosecond resolution in electron diffraction

A central requisite for reaching attosecond resolution with elec-
tron diffraction is the generation of attosecond electron pulses in
‘free space’, so that diffraction from freely chosen samples of inter-
est can take place independent of the mechanisms of pulse gener-
ation. Electrons with energies of 30–300 keV are ideal for imaging
and diffraction, because of their high scattering cross sections, con-
venient diffraction angles, and the appropriate de Broglie wave-
length (0.02–0.07 Å) to resolve atomic-scale changes. Moreover,
they have a high degree of monochromaticity. For example, elec-
trons accelerated to E0 = 30–300 keV with pulse duration of
20 attoseconds (bandwidth of DE � 30 eV) have DE/E0 � 10�3–
10�4, making diffraction and imaging possible without a spread
in angle and resolution. Optical attosecond pulses have typically
DE/E0 � 0.5 [34,35] and because of this reach of DE to E0, their
duration is Fourier-limited to �100 attoseconds [34,35]. Free elec-
tron pulses of keV central energy can, in principle, have much
shorter duration, down to sub-attoseconds, while still consisting
of many wave cycles [33].

2.1. Single electron packets and dispersion

Pulses with a large number of electrons suffer from the effect of
space charge, which determines both the spatial and the temporal
resolutions. This can be avoided by using packets of single, or only
a few, electrons in a high repetition rate, as demonstrated in 4D
microscopy imaging [36]. Fig. 1 depicts the relation of single elec-
tron packets to the effective envelope due to statistics. A second
obstacle is the high dispersion for electrons of non-relativistic en-
ergy. The small but unavoidable bandwidth of an attosecond elec-
Fig. 1. Single-electron packets and electron pulses. Shown are the effective
macroscopic pulse parameters and the coherence time involved. Each single
electron (blue) is a coherent packet consisting of many cycles of the de Broglie wave
and has different timing due to the statistics of generation. On average, multiple
single electron packets form an effective electron pulse (dotted envelope).
tron pulse causes the pulse to disperse during propagation in free
space, even when no space charge forces are present. For example,
a 20-attosecond pulse with DE/E0 � 10�3 would stretch to picosec-
onds after just a few centimeters of propagation.

Our approach for the suppression of dispersion and the genera-
tion of free attosecond electron pulses is based on the initial prep-
aration of negatively-chirped electron packets [33]. In this
approach, femtosecond electron pulses are generated by photo-
emission and accelerated to keV energies in a static electric field.
Preceding the experimental interaction region, optical fields are
used to generate electron packets with a velocity distribution, such
that the higher-energy parts are located behind the lower-energy
ones. With a proper adjustment of this chirp, the pulse then self-
compresses to extremely short durations while propagating to-
wards the point of diffraction. To achieve attosecond pulses, the
chirp must be imprinted to the electron pulse on a nanometer
length scale. Optical waves provide such fields. However, non-
relativistic electrons move significantly slower than the speed of
light (e.g. �0.3 c for 30 keV). The direct interaction with an optical
field will, therefore, cancel out over time and can not be used to
accelerate and decelerate electrons for compression. In order to
overcome this limitation, we make use of the ponderomotive force,
which is proportional to the gradient of the optical intensity to
accelerate electrons out of regions with high intensity. By optical
wave synthesis, intensity profiles can be made that propagate with
less than the speed of light and, therefore, allow for co-propagation
with the electrons.

Fig. 2 depicts a schematic of the concept. A synthesized optical
field of two counter-propagating waves of different wavelengths
results in an effective intensity grating, similar to a standing wave,
which moves with a speed slower than the speed of light. Electrons
can, therefore, co-propagate with a matched speed and are acceler-
ated or decelerated by the ponderomotive force according to their
position within the wave. After the optical fields have completely
faded away, this velocity distribution results in self-compression;
the attosecond pulses are formed in free space and away from
the spatial region of the laser fields. Depending on the optical pulse
intensity, the electron pulse duration can be made as short as
15 attoseconds [33], and, in principle, shorter durations are achiev-
able. If the longitudinal spatial width of the initial electron pulse is
longer than the wavelength of the intensity grating, multiple atto-
second pulses emerge that are located with well-defined spacing at
Fig. 2. Temporal optical gratings for the generation of free attosecond electron
pulses for use in diffraction [33]. (a) A femtosecond electron packet (blue) is made
to co-propagate with a moving optical intensity grating (red). (b) The ponderomo-
tive force pushes electron towards the minima and thus creates a temporal lens
[37]. (c) The induced electron chirp leads to compression to attosecond duration at
later time. (d) The electron pulse duration from 105 trajectories reaches into the
domain of few attoseconds.
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the optical minima. This concept of compression, which was tested
by simulation [33], can be rigorously described analytically as a
‘temporal lens effect’ [37]. The temporal version of the Kapitza–
Dirac effect [38–40] has an interesting analogy.

Some of the simulations in our initial work were based on an
effective ponderomotive force in a collinear geometry. In order to
extend the approach to more complex arrangements, here we gen-
eralize the approach and consider the full spatiotemporal (electric
and magnetic) fields of two colliding laser waves with an arbitrary
angle and polarization. The transversal and longitudinal fields of a
Gaussian focus were applied [41]. We simulated electron trajecto-
ries by applying the Lorentz force with a fourth-order Runge–Kutta
algorithm using steps of 100 attoseconds. The spatial dimensions
were treated exactly, in order to correctly capture the compression
of electron packets into extremely small volumes. Space charge ef-
fects were taken into account by calculating the Coulomb interac-
tions between all single electrons for each time step (N-body
simulations).

As a first check, our earlier findings for exactly counter-
propagating laser beams were reproduced, and the same electron
compression dynamics and final attosecond pulse durations were
obtained; the optical polarization has no effect as long as the
counter-propagating waves can interfere. We then considered the
more general case. Fig. 3 depicts the compression of radially
extended electron packets in the combined field of two counter-
propagating laser pulses with durations of 300 fs at wavelengths
of 1040 nm and 520 nm, with �5 lJ each. The plotted pulse shape
is a statistical average over 105 packets of single electrons (see
Fig. 1). The beam diameter of the initial electron packet was
10 lm and the beam diameters of the laser pulses were 60 lm;
the resulting compression dynamics is depicted before, just at,
and some time after the time of best compression to a duration
of 15 attoseconds (see Fig. 3b). These results show that an optical
wave with a beam diameter of only several times larger than that
of the electron packet is sufficient to result in almost homogeneous
compression across the entire electron beam. The characteristic
longitudinal spread after the point of best compression, as depicted
in Fig. 3c, is result of the histogram of accelerations along the
sinusoidal laser wave. Most electrons are accelerated or
decelerated, and only a small fraction is not affected. The energy
spectrum of the compressed electron pulse, accordingly, has a
shape similar to the letter ‘M’.

2.2. Space charge effects

Coulomb forces prevent concentration of a large number of
electrons in a limited volume, and a compromise between electron
flux and laser repetition rate must be found to achieve sufficiently
intense diffraction. The laser pulses for compression have energies
on the order of 5 lJ and can, therefore, be generated at MHz
Fig. 3. Spatiotemporal compression dynamics of attosecond electron pulses averaged ov
pulse is shown just before, at, and after the time of best compression; the center along
repetition rates with the resulting flux of 106 single electrons/s,
which is sufficient for conclusive diffraction. Nevertheless, having
more than one electron per attosecond pulse is beneficial for
improving the total flux.

In order to investigate the influence of space charge on the per-
formance in our attosecond compression scheme, we considered
electron packets of increasing electron density and evaluated the
resulting pulse durations and effective electron density per atto-
second pulse. Two findings are relevant with the results shown
in Fig. 4. First, the duration of individual attosecond electron pulses
increases relatively insignificantly with the number of electrons
contained within. Even for 40 electrons in a single pulse, the dura-
tion increases only from 15 to 25 attoseconds (see Fig. 4a). The rea-
sons for this are the highly oblate shape of the electron pulses, and
the approximate linearity of space charge forces in the longitudinal
direction, which are compensated for by somewhat longer interac-
tion in the ponderomotive forces of the optical waves.

Secondly, for a train of pulses, there is an effect on synchroniza-
tion. When the initial femtosecond electron packet covers several
optical cycles of the compression wave (see Fig. 1), a train of atto-
second pulses results. Perfect synchronization to the optical wave
is provided, because all attosecond pulses are located at the same
optical phase of the fundamental laser wave [33]. This phase
matching relation, which permits attosecond resolution despite
the presence of multiple pulses, is altered under space charge con-
ditions. The attosecond pulses repel each other and a temporal
spreading of the comb-like train results. For a train of 10 attosec-
ond pulses, Fig. 4b displays the difference in timing for an adjacent
attosecond pulse in relation to the central one, which is always
locked to the optical phase because the space charge forces cancel
out. The total timing mismatch is the product of the plotted value
with the number of attosecond pulses in the entire electron packet
(10 for this example). In order to keep the total mismatch to the
optical wave below 20 attoseconds, 10 electrons per attosecond
electron pulse represent an optimum value. The total pulse train
then consists of 200 electrons for that group of pulses; of course
the total flux of electrons is determined by the repetition rate. Note
that mismatch to the compression wave is absent with isolated
attosecond electron pulses, which are generated when the initial
uncompressed electron packet is shorter than a few femtoseconds,
and/or with optical fields of longer wavelength.

Numerous imaging experiments have been successful with sin-
gle electron packets [21,42]. In state-of-the-art electron crystallog-
raphy experiments, typically 500 electrons per pulse were used at
a repetition rate of kHz [22] to produce the needed diffraction. This
is equivalent to having five electrons per attosecond pulse at
100 kHz, which is a convenient repetition rate for optical wave
synthesis, and provides enough time for letting the material under
investigation cool back to the initial state. Laser systems with MHz
repetition rates will provide even higher fluxes.
er 105 single trajectories. Z is the propagation direction and X is perpendicular. The
Z is shifted for clarity.



Fig. 4. Space charge effects on pulse width and synchronization. (a) The attosecond
pulse duration increases with the number of electrons within the attosecond pulses.
(b) For the case of multiple pulses, space charge repulsion affects the synchroni-
zation to the minima of the optical wave. Adjacent pulses accumulate a temporal
offset to each other (see text).

Fig. 5. Schemes for phase matching of laser phase fronts (red) and electron pulses
(blue) at extended specimen areas (black). (a) An arrangement for synchronization
by adjusting the appropriate angles between laser and electron beams in combi-
nation with sample tilt (see text). (b) Alternatively, tilted attosecond electron pulses
allow the instantaneous probing of the entire surface.
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2.3. Space–time phase matching with tilted attosecond pulses

Applications of attosecond electron pulses for diffraction and
microscopy require synchronization of events in the pump–probe
arrangement with an accuracy that is equal or better than the indi-
vidual pulse durations. In contrast to recompression concepts that
are based on time-dependent microwave fields [43–45], the appli-
cation of laser waves for attosecond electron pulse generation pro-
vides exact temporal synchronization when the pump pulses are
derived by phase-locking from the same laser system. Many com-
mon optical techniques, such as nonlinear frequency conversion,
continuum generation in solids [46,47], or high-harmonic genera-
tion [34,35], all provide a phase lock in the sense that the outcome
has the same relative phase and timing in relation to the incoming
optical wave for each single pulse of the laser.

A second requirement for reaching into the temporal resolution
of attoseconds is the realization of spatial delay matching along ex-
tended areas of the diffraction [48]. The use of large samples, for
example with up to millimeters in size in some experiments, pro-
vides enhanced diffraction efficiency and offers the possibility to
use electron beams with large diameter, in order to maximize
the coherence and flux. In this case, the time resolution is limited
by differences in the arrival times of pump and probe pulses at dif-
ferent points within the involved beam diameters (group velocity
mismatch).

Electron pulses at keV energies travel with significantly less
than the speed of light (e.g. vel = 0.3 c for 30 keV electrons) and
are, therefore, ‘overtaken’ by the laser wave. However, in a collin-
ear geometry, the multiple attosecond electrons pulses within a
pulse train arrive at a given sample location with temporal coin-
cidence to the phase of the original laser wave, because the elec-
tron pulses are generated with a spacing that is more narrow
than the laser wavelength. The velocity matching condition for
compression leads to distances between the individual electron
pulses that just compensate for the slower speed [33]. If the com-
pression wave is properly synthesized, the simulations show that
all electron pulses in a pulse train hit the target with the same
frequency as the laser carrier wave and have therefore a fixed
phase relation. Also, fluctuations of the optical carrier-envelope
phase cancel out.
A collinear arrangement is not beneficial for many applications.
We here offer two novel schemes for matching the group velocity
of electrons with the phase velocity of optical pulses, which are
suitable for applications in non-collinear, ultrafast electron micros-
copy and diffraction. Fig. 5a presents a concept for the transmission
geometry in which two angles are introduced, one between the la-
ser beam and the electron beam (b), and another one (a) for the tilt
angle of the sample (black) to the phase fronts of the laser wave.
Total synchrony is achieved if the relative delay between the opti-
cal wave and the attosecond electron pulses is made identical for
all points along the entire sample surface. Each small volume of
the sample is then subject to an individual pump–probe-type
experiment with the same time delay. The sample thickness in
electron diffraction and microscopy is below lm and does not sig-
nificantly affect the phase matching.

The above condition is found when we match the coincidence
along the width of the specimen. The effective surface velocity
vsurface of the laser and of the electron pulses must be identical.
From Fig. 5a, this requirement is expressed by the following
equation:

sinðaÞ
sinða� bÞ ¼

c
vel
: ð1Þ

It follows that an angle of b = 10�, for example, results in an opti-
mum angle for the sample tilt of a = 14.8�, which are both easily
achievable angles in a real experiment. The effective tilt of the sam-
ple with respect to the electron direction is then a � b = 4.8�. Natu-
rally, if this value is not coincident with a zone axis direction, a
complete rocking curve should be obtained in order to optimize a
and b with tilt requirements.

Another option for synchronization along extended surfaces is
the use of tilted electron pulses, for that the electron density makes
an angle with respect to the propagation direction. Tilted optical
pulses were used for reaching femtosecond resolution in reflection
geometry [48], but here tilted electron pulses are introduced for
effective spatiotemporal synchronization to the phase velocity of
the excitation pulses along the entire sample surface. Fig. 5b de-
picts the concept. If an angle c is chosen between the laser (red)
and the attosecond electron pulses (blue), the electron pulses need
to be tilted likewise. The sample is located parallel to the optical
phase fronts and its entire surface is illuminated by the attosecond
electron pulse at once and at the same time of incidence relative to
the optical pulse wave. Because the incidence is delay-free for all
points along the surface, velocity matching is provided for the
whole probed area.

The generation of tilted attosecond electron pulses is outlined in
Fig. 6a. As described above, a femtosecond electron packet (blue) is
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first generated by conventional photoelectron generation and
accelerated in a static electric field. By intersecting the counter-
propagating intensity grating at an angle, tilted electron pulses
result with attosecond duration. The ponderomotive force acceler-
ates the electrons towards the planes of destructive interference in
the intensity wave and they form attosecond pulses that are
compressed along the optical beam axis; but the pulses propagate
in the original direction. Only a slight adjustment of the electrons’
central energy is required to achieve phase matching to the moving
optical grating [33].

Based on this concept, we simulated the tilting effect by using
31-keV electron pulses with an initial duration of �15 femtosec-
onds and a spatial beam diameter of �10 lm (Fig. 6b, left). The
optical intensity wave is synthesized by two counter-propagating
laser pulses of 100-fs duration and wavelengths of 1040 and
520 nm. The angle between the electron beam and the laser wave
is 5�. The results of compression are shown in Fig. 6b: As expected,
attosecond electron pulses are formed at the minima of the optical
intensity wave and, therefore, are tilted by 5� with respect to the
electron propagation direction. For other incidence angles of the la-
ser, the electron pulses are tilted accordingly. Perpendicular to the
attosecond pulses (see Fig. 6), the measured duration is �20 atto-
seconds, given as the full width at half maximum.
3. Attosecond 4D imaging: applications

Having outlined the methodology for generation and synchroni-
zation of attosecond electron pulses, we now consider the diffrac-
tion and manifestation of electron dynamics in the patterns. By
way of two different examples, we outline the conditions for
observing electronic motions in molecules and materials with atto-
second electron packets.

3.1. Scattering factors

In this section, we consider first the physics of electron scatter-
ing and the change in scattering factors which characterize individ-
ual atoms and the electron density involved. Diffraction from
Fig. 6. Generation of tilted electron pulses. (a) The introduction of an angle
between the intensity grating (red) and the electron beam (blue) leads to formation
of electron pulses with a tilt. (b) Simulation results for an initial packet of 15-
femtosecond duration (left) and an intersection angle of 5�. The tilted attosecond
pulses have duration of �20 attoseconds when measured perpendicular to the tilt
(note the different scale of Z and X).
molecular crystals or other crystalline structures provides two dis-
tinct advantages over that obtained for gas phase ensembles. First,
the sample density is many orders of magnitudes higher (1020 mol-
ecules/cm3 as compared to 1010–1016/cm3 in gas jets); diffraction
is, therefore, more intense. Second, the crystalline order results in
Bragg scatterings that are concentrated into well-defined ‘spots’ for
ordered crystals; the patterns become rods for surfaces and narrow
rings for amorphous substances. The diffraction results in intensi-
ties which are proportional to the square of the diffraction ampli-
tude. As discussed below, coherence in diffraction is critical for
observing the changes of interest.

The diffraction from molecular crystals, or other crystalline
materials, is defined by the summation over the contributions of
all scatterers in a unit cell. The intensity I of a Bragg spot with
the Miller indices (hkl) is determined by the positions (xyz) of the
scatterers j in the unit cell:

IðhklÞ /
X

j

fj exp �2pi ðhklÞ � ðxyzÞj
h i�����

�����
2

; ð2Þ

where fj are the atomic scattering factors. Electron diffraction is the
result of Coulomb interaction between the incoming electrons and
the potential formed by nuclei and electrons. The factors fj account
for the effective scattering amplitude of atoms and are derived from
quantum calculations that take into account the specific electron
density distribution around the nuclei, including core electrons.
The scattering we are considering here is the elastic one.

In order to estimate the influence of electron dynamics on con-
tributions to time-resolved diffraction patterns, we consider typi-
cal densities of electrons in chemical bonds, and the possible
change. Static electron density maps show that typical covalent
bonds consist of about one electron/Å3 and that this density is
delocalized over volumes with diameters in the order of 1 Å [49].
For estimating an effective scattering factor of such electron den-
sity, we consider a Gaussian sphere with a diameter of 1 Å, consist-
ing of one electron. The electric potential is derived by Gauss’ law
and results in a radial dependence that is represented in Fig. 7a,
dotted line. The total scattering amplitude of free charges diverges
at small angles, because of the long-range behavior of the potential
[50]. Since in real crystals the potential is localized in unit cells, we
use a Gaussian distribution of the same magnitude in order to re-
strict the range to about ±1.5 Å.

For potential of spherical symmetry, an effective scattering fac-
tor can be calculated from the radial potential UðrÞ according to

felðsÞ ¼
8p2mee

h2

Z 1

0
r2UðrÞ sinð4psrÞ

4psr
dr; ð3Þ

where s ¼ sinð#=2Þ=kel is the scattering parameter for a diffraction
angle # and kel is the de Broglie wavelength of the incident electrons
Fig. 7. Scattering factor of electron density distributions. (a) Potential of a Gaussian
electron density (dotted) and approximate one (solid) made in order to reduce the
unphysical long-range interaction (see text). (b) Effective scattering factors for a
Gaussian electron density (blue). The scattering of hydrogen is given for comparison
(black).



Table 1
Effects of electron motion on selected molecular Bragg spots.

Miller indices (hkl) (a) DITransition (b) DIMovement (0.08 Å)

100, 010, 001 (forbidden) (forbidden)
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[50]. The result for our delocalized electron density is shown in
Fig. 7b; for comparison we plot also the tabulated scattering factor
of neutral hydrogen [50]. Both have comparable magnitude, which
is expected because of their similar sizes.
200, 400, 600 0 0
002 +35% 0
020 (weak) �50% �17%
400 0 0
040 +18% +13%
004 0 0
111 �15% �2%
331 +20% +15%

(a) Magnitude of Bragg spot intensity change DI of crystalline iodine as a result of
bonding to anti-bonding transition. (b) Magnitude of Bragg spot intensity change as
a result of field interaction with charge density, also in iodine.
3.2. Molecular excitations

Here, we consider the iodine molecule as a model case and in-
voke the transition from a bonding to an anti-bonding orbital.
The crystal structure of iodine consists of nearly perpendicular io-
dine pairs with a bond length of �2.7 Å [51]. Two electrons con-
tribute to the intramolecular r bond; the intermolecular bond is
weaker [52].

Fig. 8a depicts the system under study. The effect of anti-bond-
ing excitation is made by comparing the Bragg intensities for the
iodine structure, including the binding electrons, to a hypothetical
iodine crystal consisting only of isolated atoms (see Fig. 8a). In Ta-
ble 1a, we give the results of the calculations following Eq. (2) with
the values of f tabulated for iodine atoms [50] and from Eq. (3) for
the electronic distribution changes. Despite the large difference in f
of the iodine nuclei and the electron (about 50:1), the changes of
Bragg spot intensity are significant, being on an order of 10–30%.

This large change is for two reasons. First, the bonding electrons
are located in-between iodine atoms and contribute, therefore,
strongly to the enhancement or suppression of all Bragg spots that
project from the inter-atomic distances of the molecular units. Sec-
ond, the large effect is result of the intrinsic ‘heterodyne detection’
scheme of diffraction; the total intensity of a Bragg spot scales with
the square of the coherent sum of individual contributions (see Eq.
(2)). Although the total contribution to the intensity of a Bragg spot
from bonding electrons is lower by a factor of several hundreds
than the intensity contributions from the iodine atoms, the modu-
lation is on the order of several percents as a result of the coher-
ence of diffraction on a nanometer scale [53]. Symmetry in the
crystal is evident in the absence of change in certain Bragg orders.
From measurements of the dynamics of multiple spots, it follows
that electron density movies could be made. This is best achieved
in an electron microscope in diffraction geometry; however con-
ventional diffraction is also suitable to simultaneously monitor
many Bragg spots [22] and is advantageous for the study of or-
dered bulk materials. The example given is not far from an exper-
imental observation made on an ultrafast metal-to-insulator
transition for which a r*-type excitation was induced with a fem-
tosecond pulse [22].
Fig. 8. Schematic for the two considered applications of 4D imaging with
attosecond electron diffraction. (a) Transition of bonding order. (b) Displacement
and oscillation of electron density in non-resonant laser fields. For explanation see
text.
3.3. Physical electron oscillations and resonances

As a second model case we consider the reaction of bonded
electron density to external electric fields, such as the ones from la-
ser fields (see Fig. 8b). Depending on the restoring force and the
resonance, an electron density will oscillate with the driving field
in phase or with a phase delay. This charge oscillation re-radiates
and is responsible for the refractive index of a dielectric material.
In order to estimate the magnitude of charge displacement, we
take into account the polarizability, a, and the electric field
strength, Elaser. In the limit of only one moving charge, the displace-
ment D is approximately given by

D � a
e

Elaser: ð4Þ

The polarizability of molecular iodine along the bond is a � 130
e0Å3 (�70 a.u.) in the static limit and a similar magnitude is ex-
pected for the crystal for optical frequencies away from the strong
absorption bands [54]; the anisotropy of polarizability indicates
the role of the bonding electrons. With femtosecond laser pulses,
a field of Elaser = 109 V/m is possible for intensities below the dam-
age threshold; for example, 109 V/m correspond to �10 mJ/cm2

for a 30-fs pulse. With these parameters, one expects a charge dis-
placement of D � 0.08 Å, or about 3% of the bond length.

Fig. 8b is a schematic for the change in charge distribution by an
electric field. We assume an active role of only the bond electrons,
and take the polarization of the laser field to be along the b axis of
solid iodine. This axis is chosen because it has the least symmetry;
a is perpendicular to the bonds. Table 1b gives the intensity
changes of selected Bragg spots; the change is in the range of
±15% for some of the indices. The total energy delivered to the
molecular system by the laser field is only on the order of
0.01 eV. Nevertheless the changes of charge displacements on
sub-angstrom scales are evident. This marks a central advantage
of electron diffraction over spectroscopic approaches, which re-
quire large energy changes in order to have projections on dynam-
ics. In contrast, diffraction allows for the direct visualization of a
variety of ultrafast electron dynamics with combined spatial and
temporal resolutions, and independent of the resolution of internal
energy levels.
4. Outlook

The above results suggest that 4D imaging methods with dif-
fraction have the potential of revealing electron dynamics on the
attosecond time scale. Given the proposed pump–probe experi-
ments with free attosecond electrons, the issue of the pump char-
acteristics must be considered. In femtoscience, especially
femtochemistry and femtobiology, the pump-pulse energy width
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is a small fraction of the dissociation energy of molecules and the
dynamics is that of a nuclear motion in a given force field (elec-
tronic state). For the attosecond regime, because of the uncertainty
in energy (>10 eV), such conditions are not met.

Here, we suggest three different avenues of pump–probe stud-
ies with diffraction. The first is to use ultraviolet or soft X-ray
pump pulses that coherently cover multiple electronic states to
form an electronic wave packet, the analogue of a nuclear packet.
Charge density of some superposition will rapidly oscillate in a
frozen nuclear framework. Because diffraction is insensitive to
the resolution of states, it can follow the dynamics of possible
electron–electron interactions and transient repulsion effects. The
second approach would be to excite a well-defined state with a
few-femtosecond pulse duration and then map the electronic
distribution changes on this time scale while the nuclear motion
is proceeding. The third prospect, as outlined above, is the study
of ‘off-resonance’ effects due to electron displacements and
oscillations, which are responsible for physical properties such as
the refractive index and nonlinear optical effects. In all such
scenarios, diffraction with free electron packets allows for
four-dimensional imaging of charge density, independent of the
mechanism of pulse generation.
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