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4D Electron Tomography

Oh-Hoon Kwon and Ahmed H. Zewail*

Electron tomography provides three-dimensional (3D) imaging of noncrystalline and crystalline
equilibrium structures, as well as elemental volume composition, of materials and biological
specimens, including those of viruses and cells. We report the development of 4D electron
tomography by integrating the fourth dimension (time resolution) with the 3D spatial resolution
obtained from a complete tilt series of 2D projections of an object. The different time frames of
tomograms constitute a movie of the object in motion, thus enabling studies of nonequilibrium
structures and transient processes. The method was demonstrated using carbon nanotubes of a
bracelet-like ring structure for which 4D tomograms display different modes of motion, such as
breathing and wiggling, with resonance frequencies up to 30 megahertz. Applications can now
make use of the full space-time range with the nanometer-femtosecond resolution of ultrafast

electron tomography.

or nearly a century, the determination of

three-dimensional (3D) structures of a crys-

talline specimen, with redundancy in the
repeating units of the architecture, has primarily
depended on x-ray and electron-based methods.
Recently, with the combination of electron mi-
croscopy techniques and fast computation meth-
ods, electron tomography has become a powerful
tool for 3D structural determination of nano-
scopic noncrystalline materials (/, 2) and biolog-
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ogy, Arthur Amos Noyes Laboratory of Chemical Physics,
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ical assemblies such as viruses, bacteria, and cells
(3-5). Historically, several initial advances were
made (5), but the first examples of the approach
were published with different variants in the
1960s: reconstruction of 3D biostructures (of high
symmetry) from one or more projections (6, 7),
reconstruction of an asymmetric protein struc-
ture from a sufficient number of projections (8),
and average reprojection calculated from a tilt
series of images (9). However, decades of ad-
vances in computation methods were required to
bring the field into the state of the art in high-
resolution electron tomography with applica-
tions in many fields (/0—12), which include the
impressive methods of energy-filtering for map-
ping a specific element or site (/3—16) and the use

of the high-angular annular dark field (HAADF)
for suppressing the diffraction contrast of crys-
talline materials (/7, 18). In all of these studies,
the tomograms obtained are those of a static
object representing the time-averaged equilibri-
um state of the structure.

To visualize the dynamics, the dimension of
time must be integrated into any electron tomo-
gram that spans a whole tilt series. Furthermore,
the time resolution in every step must be high
enough to capture the motion of the object, ideally
reduced to the atomic scale. This simultaneous
real-space and real-time resolution can be ob-
tained using ultrafast electron microscopy (UEM)
(11, 19). However, in UEM a snapshot represents
a time frame of the 2D projection of the object
under investigation, making invisible the spatial
information in the dimension along the optical
axis of the microscope. This is because of the
large focus depth in the specimen.

Here, we report the development of 4D elec-
tron tomography. The tomograms are constructed
from nearly 4000 projections for a whole series
of tilt angles and time steps. The methodology
is demonstrated in the imaging of multiwalled
carbon nanotubes (MWNTS), with the time res-
olution being independent of the video camera
response time of milliseconds, thus enabling
the visualization of non-equilibrium, fleeting
structures on the femtosecond to millisecond
time scale. For the nanotubes, the 4D tomograms
in a movie display the mechanical motions
and morphological dynamics of the object, a
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Fig. 1. (A) Schematic representation of time-resolved 4D electron tomog-
raphy. The heating pulse initiates (at o) the structural change and acts as a
clocking pulse, whereas the time-delayed electron packet (at t*), with respect
to the clocking pulse, images the structure at a given tilt angle (o). (B) A
series of 2D images at various projection angles and time steps are taken to

bracelet-like structure. For comparison, the dy-
namics for the same object were investigated for
the 2D projections. The complex structures in-
volved exhibit various resonances of motions
after laser-driven impulsive heating, and it is pos-
sible to obtain their frequencies and the per-
tinent segmental structure responsible for their
dynamics.

Shown in Fig. 1A is a schematic representa-
tion of the approach. In addition to the known
methodology of UEM (20, 21), here a specimen-
tilt arrangement is configured to enable the record-
ing of various 2D projections of an object at a
given time. The frames are taken for each de-
gree of tilt with time steps of femtoseconds or
nanoseconds, as dictated by the time scale of
the motions involved. The concept is illustrated
in Fig. 1B, which depicts the construction of
tomograms from the 2D projections at different
angles and times. Because of the various dimen-
sions involved, we note that at a given time each
2D projection represents a 3D frame (includ-
ing time), whereas a 3D tomogram when con-
structed from all the 2D projections represents a
4D frame.

In these studies, two laser systems were used,
depending on the time scale of interest. The struc-
tural change was initiated through the use of a
heating (clocking) pulse, and the images were
recorded using the electron (probing) pulse. The
timing was controlled by changing the delay
time of the electron pulses relative to the heating
pulse, either optically (using a delay stage) in

the femtosecond mode or electronically in the
nanosecond mode. Each time frame was con-
structed stroboscopically in a few seconds. The
electrons were accelerated to 200 kV, giving a
de Broglie wavelength of 2.5 pm. The data pro-
cessing and analysis involved extensive compu-
tations, as described below.

For the carbon nanotubes used in this study
(22), the diffraction contrast in the bright-field
images at different tilt angles was nearly absent,
thus satisfying the condition for the projection
requirement (/0)—that is, the contrast in images
arises dominantly from changes in specimen den-
sity or thickness. Accordingly, we took a series
of bright-field images of various 2D projections
by single-axis tilting (23) of the specimen and
constructed a 3D tomogram at a well-defined
time, tia , where i denotes a given time step and o
denotes the tilt angle defined with respect to the
electron beam. Such tomograms were generated
for a whole series of time delays. The strobo-
scopic buildup of the tomogram is ideal in this
configuration, as the specimen returns to the orig-
inal structure for any o or any 7 setting.

In generating the tomograms, the tilt series of
images was aligned with respect to reference land-
marks and a precise tilt axis (24); as in conven-
tional tomography, median filtering was used to
assist in the image alignment procedure. By using
the iterative algebraic algorithm ART or SIRT
(25), the 3D (volume) tomograms were recon-
structed from the aligned images. We then used
a series of such time frames of 3D tomograms to

construct the tomograms. In this work, increments of 1° and scannings from
—58° to +58° were used to define o and its range; the time scale ranged
from femtoseconds to microseconds. The number of total spatiotemporal
projections made was near 4000, and these were used to construct the
tomographic movies of the object in motion; see text.

make a movie, which displays the temporal evo-
lution of the morphological and mechanical mo-
tions. The resonance and local motions become
identifiable from changes of volume density se-
lected in the tomograms. Note that the time in-
terval between successive clocking pulses can
be chosen to ensure complete heat dissipation and
damping out of the mechanical motions before
the arrival of each clocking pulse.

In Fig. 2A, we present two time frames of the
3D structures obtained from representative, recon-
structed 4D tomograms at # = 50 ps (left) and £ =
25 ns (right); at earlier times, in femtosecond
frames, there was no noticeable change. The to-
mograms show the nanoscale tubular structure
and the microscale spiral ring, the “bracelet-like”
structure. From the tomographic reconstruction,
it can be seen that bright-field imaging repro-
duced the object structure and that the morphol-
ogy of the sample is preserved. Cross sections
of different carbon nanotubes show that the tu-
bular structure has a diameter of 10 + 2 nm
(Fig. 2B); at this magnification and binning, the
single-pixel resolution is 4.6 nm. To confirm the
general structure, we also obtained transmission
electron microscopy (TEM) images at o = 0° (Fig.
2C). These images—which display the support of
the bracelet by other tubes, without a substrate—
have features that are consistent with the recon-
structed tomograms. At higher magnifications,
we find that the thickest tube has an average
outer diameter of 55 nm and inner diameter of
12 nm for a hollow channel; a narrower tube
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has an outer diameter of 28 nm and an inner
diameter of 9 nm. From the tomographic vol-
ume reconstruction, the 28-nm tube turned out to
be attached to the spiral ring of the 55-nm one
(Fig. 2A).

Representative time frames of 2D projections
of the nanotubes taken at several delay times
are displayed in Fig. 3A (26). At positive times
spanning the nanosecond and microsecond time
regime, after # = 0, visual changes are clear in
the difference images (Fig. 3B). With time, the
bracelet begins to move after the heating pulse,
and with these and other micrographs of equal
time steps we made a movie of such mechanical
motions (movie S1, covering the period from
—100 ns to 1.9 us). No noticeable change was
observed in images obtained before the arrival
of the heating pulse, indicating that the bracelet
had returned to its original spatial configuration.
Moreover, because each time frame was formed
stroboscopically by accumulating ~10* snapshots
(at a repetition rate of 3 kHz for a few seconds),

the revealed motion was reversible, reverting to
the at-rest position after each heating pulse. There
was no sign of structural fatigue or deformation
observed during the course of the experiments.
The average dose for each 2D projection image
was ~15 ¢ /nm? at the maximum number of elec-
trons in the nanosecond pulse; for the femtosec-
ond pulse, this number was lower by two orders
of magnitude. The total dose for the entire tomo-
graphic recording was <10°> ¢ /nm?” which is at
least two orders of magnitude smaller than that
reported to cause deformation of MWNTs (27, 26).

Figure 3C depicts the temporal behavior ob-
tained from 2D images, as identified by the arrows
shown in the frame at negative time (Fig. 3A).
Plotted is the displacement from the original posi-
tion along the transverse directions of the tube,
which exhibits the oscillatory behavior shown.
The oscillations have well-defined resonance fre-
quencies of 29.9, 13.5, 5.9, and 3.5 MHz, and
some near 21 MHz, as quantified in Fig. 3D by
taking the fast Fourier transform (FFT) of the dis-

placements. After 1 ps, the two prominent modes
at 13.5 and 3.5 MHz survive. Because the images
are 2D representations of an originally imaged
3D structure in motion, it is difficult to fully elu-
cidate the nature of the modes involved, which
raises the question of whether these resonances
result from the wiggling around the anchored
tubes or from the breathing resonance of the ring.

Figure 4, A and B, shows the evolution of
4D tomograms of the object for two sets of view
angles at representative early time frames and at
longer times, respectively. At each time, such
tomograms were generated from the sets of 2D
projections taken at a series of tilt angles with
steps of 1°, from —58° to +58° (29). For com-
parison, we also constructed movies of 2D pro-
jections taken at different tilt angles: —55°, 0°,
and +55° (movie S1). From the reconstructed 4D
tomograms in Fig. 4, it is possible to visualize
the complicated motions and to dissect some
normal modes in 3D coordinates. There are two
prominent time scales of the motion. At early

Fig. 2. Tomograms and images
resolved in time. (A) Represent- A
ative time frames of 3D vol-
ume images taken at t = 50 ps
and 25 ns for the MWNT speci-
men. The bracelet shape (radius
620 nm) and the detailed tu-
bular morphology are displayed;
from the 3D volume models,
the length of the ring (L) was
measured to be 4.4 um. Around
the anchored region of the ring,
Ly and L, are the lengths of the
long and short segments, respec-
tively. The 3D isosurface render-
ing was made with the Amira
visualization program. (B) Cross
section of tomographic images.
Shown are 4.6-nm-thick 2D slices
in the xy plane, perpendicular

to the optical axis, at t = 50 ps
(top) and 25 ns (bottom). The

dark regions indicated by arrows
represent nanometer-thick car-
bon walls; the light area is the
vacant space in the tomograms.
Tubular features with hollow
channels of diameter ~10 nm
are well resolved. (C) TEM image
of a MWNT specimen. A typical
projection image at a = 0° is
given with the dimensions indi-
cated. Despite the initial femto-
second excitation, all motions
in the object begin on the pico-
second time scale because of the
nature of structural change (26).
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times (Fig. 4A), the volumes in black describe
the original configuration of the object, whereas
those in beige depict the new configuration dis-
placed from the original position. One can iden-
tify the early-time resonance “breathing-type”
motion, because by 75 ns the reversal for the
volume density of the bracelet was obtained. At
longer times, the bracelet resonates on a slower
time scale; the reversal of the motion is clear, as
highlighted by changes in color coding and by
the directions of arrows shown in Fig. 4B.
Specifically, at # =5 ns, the two ends of the
ring begin to move (Fig. 4A), and in 15 ns, the
displacement of the specimen from the at-rest
position is observed for the whole ring. At ¢ =
30 ns, the bending motion of the ring is revealed,;
the two ends move in the same direction, where-
as the middle part of the ring moves in the oppo-
site direction. This bent-ring configuration restores
the structure nearly to its original position at # =
75 ns. The time scale of motions revealed in the
tomograms corresponds to those obtained inde-
pendently using 2D images at a given tilt angle,
such as o = 0° (insets, Fig. 4A). On the microsec-

ond time scale (e.g., from 1950 to 2090 ns), the
bracelet wiggles, as evident from changes in
the volume density, which show displacement
in the same direction (Fig. 4B). In the next 140 ns,
the direction of motion is reversed, revealing that
the resonance motion is a wiggling of the whole
bracelet around the anchored position.

The breathing period of ~70 ns corresponds
to the 13.5-MHz resonance obtained in the FFT
analysis (Fig. 3D). To estimate Young’s modulus
(Y) of the tube, we assumed that the frequencies
of the open ring are derivable from a beam un-
dergoing bending motions, similar to a previous
analysis of nanotubes (30). This assumption is
justified when one notices the direction of dis-
placement at, for example, 30 ns in Fig. 4A. The
Euler-Bernoulli equation (37) for elastic beams
with natural frequencies, f,, is given by

f‘ _ Bi (1)3 471)?))]

= 1
8nL? P M

where L, D,,, D;, and p denote the length, the outer
diameter, the inner diameter, and the density of

REPORTS I

the MWNT, respectively; B, is a constant for
the nth mode. For simplicity, the free-ends
boundary condition was adopted with ; = 4.730.

For D, =55 nm, D;= 12 nm, and L = 4.4 um,
all values were easily retrieved from the images,
and using the observed value of f; = 13.5 MHz,
Young’s modulus was calculated to be 61 GPa.
This value is in the range reported for carbon
nanotubes, from ~1 TPa for D, < 10 nm to ~100
GPa for tubes of larger diameter (30, 32); for
bent tubes, smaller Y values are expected be-
cause of wrinkles or ripples on the inner arc.
Knowing that Y= 61 GPa, and using the bound-
ary condition of a clamped-free beam (3; = 1.875),
we can deduce the frequencies for segments of
the bracelet; for L; = 1.4 ym and L, = 2.8 um
(Fig. 2A), one obtains 5.3 and 21.4 MHz, re-
spectively. These frequencies are in agreement
with those obtained (5.9 and ~21 MHz) in the
FFT analysis (Fig. 3D), supporting the assign-
ment of f; = 13.5 MHz to the global motion of
the ring and the others to local ones. The to-
mographic visualization in Fig. 4B indicates that
the oscillation at 3.5 MHz (period = 300 ns) is

Fig. 3. Dynamics of 2D
image projections. (A)
Snapshots of images rec-
orded stroboscopically
at different time delays,
as indicated at the up-
per right of each image.
(B) Difference images
relative to the frame at
t = -50 ns, showing
projected motions of
the MWNT specimen. In
the difference images, the
regions of white or black
indicate the motions in-
volved, whereas the gray
regions indicate that the
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Fig. 4. 4D tomographic visualization
of motion. (A) Representative 3D vol-
ume snapshots of the nanotubes at
relatively early times. Each 3D ren-
dered structure at different time delay
(beige) is shown at two view angles.
A reference volume model taken at t =
0 ns (black) is merged in each panel
to highlight the resolved nanometer
displacements. Arrows in each panel
indicate the direction of motion. (B)
The time-dependent structures visual-
ized at later times and with various
colors to indicate different temporal
evolution. The wiggling motion of the
whole bracelet is highlighted with
arrows. From these tomograms, movies
were constructed in the two different
time domains (movies S2 and S3).
Note that the time scale given here is
chosen to display clearly the objects’
motions, as opposed to the early
ultrashort time domain (see text).

2020 ns
2090 ns

B 2090 ns
2160 ns
2230 ns

due to the wiggling motion of the ring that is
supported by the bundle of nanotubes shown
in the tomograms. Note that thermal vibrations
(33) give rise, from room temperature to 1000°C,
to amplitudes ranging from 0.5 to 1.0 nm, in
contrast to the large amplitudes of tens of nano-
meters reported here for heating in the far-from-
equilibrium state. In future work, it should be
possible to map the microscopic forces involved
by comparison with large-scale computer simu-
lations of mechanical motions, including the in-
fluence of defects and fatigue on nanoscale
materials properties.

4D electron tomography, which unites the
power of volume imaging with time resolution,
reveals the structural and morphological dynam-
ics of a 3D object. In the application demonstrated
here, for a complex ring structure in the non-
equilibrium  state, the tomographic movie dis-
plays the motions in different parts of the object
on various time scales. The modes involved are
those of breathing, due to segmental bending,
and wiggling of the ring around the tethered po-
sition. Considering the three domains of electron
microscopy—teal space, Fourier space, and en-
ergy space—the introduction of energy resolu-
tion to tomography would constitute a fourth
dimension of measurement (/5), but here the
integration of tomography with time represents
the fundamental four coordinates of space and
time. In this report, the proof-of-principle was
made using stroboscopic ultrafast electron tomog-

raphy, but it should also be possible to use the
technique of single-particle (tomographic) imaging
together with single-pulse recording, provided
that this recording is made before radiation dam-
age can occur. The methodology promises to have
wide-ranging applications in materials and biolog-
ical sciences.
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M f h I proaches 0 and therefore does not represent the
easurement or the Instantaneous real velocity of the particle (1, 2).
- - - The equation ([Ax(r)]*) = 2Dt, however, is
Velocrty Of a Brown|an Pa rt|c Ie valid only when ¢ >> 1,; that is, in the diffusive
regime. Here, 1, = m/y is the momentum relaxa-
Tongcang Li, Simon Kheifets, David Medellin, Mark G. Raizen* tion time of a particle with mass m. At very short
time scales (¢ << 1,), the dynamics of a particle are
Brownian motion of particles affects many branches of science. We report on the Brownian motion  dominated by its inertia, and the motion is ballistic.
of micrometer-sized beads of glass held in air by an optical tweezer, over a wide range of pressures,  The dynamics of a Brownian particle over all time
and we measured the instantaneous velocity of a Brownian particle. Our results provide direct scales can be described by a Langevin equation
verification of the energy equipartition theorem for a Brownian particle. For short times, the (12). The MSD of a Brownian particle at very
ballistic regime of Brownian motion was observed, in contrast to the usual diffusive regime. We short time scales is predicted to be ([Ax(£)]*) =
discuss the applications of these methods toward cooling the center-of-mass motion of a bead in  (kg7/m)f*, and its instantaneous velocity can be
vacuum to the quantum ground motional state. measured as v = Ax(¢) /¢, when t << 1, (13).
For a 1-um-diameter silica (SiO,) sphere in
n 1907, Albert Einstein published a paper in ~ The measured velocities of Brownian particles  water, 7, is about 0.1 us and the root mean square
Iwhich he considered the instantaneous ve-  (3) were almost 1000-fold smaller than what was ~ (rms) velocity is about 2 mm/s in one dimension.
locity of a Brownian particle (/, 2). By mea-  predicted by the energy equipartition theorem.  To measure the instantaneous velocity with 10%
suring this quantity, one could prove that “the = Recent experiments with fast detectors that studied  uncertainty, one would require 2-pm spatial res-
kinetic energy of the motion of the centre of grav-  Brownian motion in liquid (5—7) and gaseous  olution in 10 ns, far beyond what is experimen-
ity of a particle is independent of the size and  (8—10) environments observed nondiffusive mo-  tally achievable today (7). Because of the lower
nature of the particle and independent of the  tion of a Brownian particle. viscosity of gas, compared with liquid, the T, of a
nature of its environment.” This is one of the Einstein’s theory predicts that ([Ax(r)]*) = particle in air is much larger. This lowers the
basic tenets of statistical mechanics, known as 2D, where ({Ax(¢)]?) is the mean square displace-  technical demand for both temporal and spatial
the equipartition theorem. However, because of  ment (MSD) in one dimension of a free Brown-  resolution. The main difficulty of performing high-
the very rapid randomization of the motion, ian particle during time # and D is the diffusion  precision measurements of a Brownian particle in
Einstein concluded that the instantaneous veloc-  constant (/7). The diffusion constant can be cal-  air, however, is that the particle will fall under the
ity of a Brownian particle would be impossible to  culated by D = kgT/y, where kg is Boltz- influence of gravity. We overcome this problem
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measure in practice. mann’s constant, 7'is the temperature, and y is by using optical tweezers to simultaneously trap
We report here on the measurement of the  the Stokes friction coefficient. The mean veloc-  and monitor a silica bead in air and vacuum, al-
instantaneous velocity of a Brownian particle in a ity measured over an interval of time ¢ is V=  lowing long-duration, ultra—high-resolution mea-

system consisting of a single, micrometer-sized  /([Ax(¢)]*Y/t = v/2D/+/. This diverges as fap-  surements of its motion.
Si0, bead held in a dual-beam optical tweezer in
air, over a wide range of pressures. The velocity . A .
data were used to verify the Maxwell-Boltzmann :fllgmn]r; simplified schemahf Vacuum
A L g the counterpropa

velocity distribution and the equipartition theorem gating dual-beam optical Chamber
for a Brownian particle. The ability to measure tweezers, and a novel detec-
instantaneous velocity enables new fundamental  tjgn system that has a 75-MHz
tests of statistical mechanics of Brownian par-  pandwidth and ultralow noise.
ticles and is also a necessary step toward the cool-  The s-polarized beam is re-
ing of a particle to the quantum ground motional  flected by a polarizing beam-
state in vacuum. splitter cube after it passes

The earliest quantitative studies of Brownian  through a trapped bead inside
motion were focused on measuring velocities, ~ a vacuum chamber. For detec-

and they generated enormous controversy (3, ). tion, it is split by a mirror with
a sharp edge. The p-polarized
beam passes through the cube.
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