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Crystallography is the standard for determining the atomic structure of molecules.
Unfortunately, many interesting molecules, including an extensive array of biological
macromolecules, do not form crystals. While ultrashort and intense X-ray pulses from
free-electron lasers are promising for imaging single isolated molecules with the
so-called “diffraction before destruction” technique, nanocrystals are still needed for
producing sufficient scattering signal for structure retrieval as implemented in serial
femtosecond crystallography. Here, we show that a femtosecond laser pulse train may
be used to align an ensemble of isolated molecules to a high level transiently, such that
the diffraction pattern from the highly aligned molecules resembles that of a single mol-
ecule, allowing one to retrieve its atomic structure with a coherent diffraction imaging
technique. In our experiment with CO2 molecules, a high degree of alignment is main-
tained for about 100 fs, and a precisely timed ultrashort relativistic electron beam from
a table-top instrument is used to record the diffraction pattern within that duration.
The diffraction pattern is further used to reconstruct the distribution of CO2 molecules
with atomic resolution. Our results mark a significant step toward imaging noncrystal-
lized molecules with atomic resolution and open opportunities in the study and
control of dynamics in the molecular frame that provide information inaccessible with
randomly oriented molecules.

ultrafast electron diffraction j single molecule imaging j coherent diffraction imaging j alignment of
molecules

Structure determination of molecules at the atomic level is essential for understanding
molecules’ functions. Since the structural elucidation of myoglobin (1) and hemoglobin
(2) in the 1950s, X-ray crystallography played a central role in identifying the structure
of macromolecules. The periodically oriented identical molecules in large, high-quality
crystals provide a coherent amplification of the diffraction signals forming discrete
Bragg peaks for structure retrieval. However, it is challenging or impossible to produce
large, defect-free crystals for many interesting molecules. To circumvent the need for
crystallization, ultrashort and intense X-rays from free-electron lasers (FELs) have been
proposed to image individual biomolecules through the “diffraction before destruction”
method (3). The physics behind this technique is that if the X-ray pulse is short
enough, the destruction occurs after the pulse has traversed the sample; and if the
X-ray pulse is intense enough, useful, single-shot diffraction data could be obtained
from scattering by a single isolated molecule.
In the past two decades, there have been worldwide efforts in extending the method-

ology of crystallography to allow imaging of the structure of single isolated molecules
through the development of hard X-ray FELs (4–8), sample handling techniques (9,
10), and structure reconstruction algorithms (11, 12). However, the X-ray flux avail-
able today still requires nano-to-microsized crystals to produce useable scattering sig-
nals, as implemented in serial femtosecond (fs) crystallography (13–18). Because the
intensity at the Bragg peaks is proportional to the square of the number of molecules
in the crystal, even a nanocrystal would provide a several-orders-of-magnitude-higher
scattering signal than a single molecule. With an upgrade to FELs in peak power and
repetition rate, extending this methodology to crystals in the tens-of-nanometers size
seems feasible, but there is still a long way to go to achieve atomic imaging of isolated
noncrystallized macromolecules.
Alternatively, the structure of a molecule may be obtained with gas electron diffrac-

tion (19). Recently, it was proposed (20, 21) that a single macromolecule in doped liq-
uid helium droplets may be aligned by a continuous laser, which enables the addition of
a large number of diffraction patterns from successive molecules, eliminating the need
for obtaining diffraction patterns in a single shot. The combination of laser alignment
and gas electron diffraction also makes it possible to realize single molecule imaging on
a table-top transmission electron microscope, taking advantage of the orders-of-magni-
tude-higher scattering cross-section of electrons. Instead of using a continuous laser to
align a single molecule, here we used a train of ultrafast laser pulses to align an ensemble
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of a large number of isolated molecules transiently and obtained
a high-quality diffraction pattern with precisely timed ultrashort
relativistic electron beams (Methods). The angular spread of the
molecules with imperfect alignment is taken into account in
the structural retrieval algorithm, and the atomic distribution of
the molecule is reconstructed with subångstr€om resolution using
coherent diffraction imaging (CDI) methodology (22–25).

Results

The experiment was performed on a table-top ultrafast electron
diffraction (UED) facility where an ultrashort electron beam
with mega-electron-volt energy is used to produce the diffrac-
tion pattern (26). The spatial coherence length of the electron
beam is longer than the size of the molecule such that the con-
dition for CDI is satisfied, but it is significantly shorter than
the average distance between molecules, which ensures that no
interference between the electrons scattered from different mol-
ecules will occur. As a result, the diffraction pattern is an inco-
herent sum of the diffraction intensities over many molecules.
With randomly oriented molecules, the fine features of the dif-
fraction pattern from individual molecules are smeared out,
and only 1D information (i.e., the interatomic distance) can be
obtained from the isotropic diffraction distribution. In contrast,
by aligning the molecules to the same direction, the diffraction
distribution is the same for each individual molecule, and the
sum over all the molecules simply enhances the signal by the
number of molecules with the fine features maintained.
Furthermore, the continuous supply of gas sample enables the
scattering signal to be integrated over many pulses until a
diffraction pattern with a sufficient signal-to-noise ratio is
obtained.
Molecules may be aligned with a laser in two different

regimes (27). When the laser pulse duration is much longer
than the rotational period of the molecule, the alignment is
considered adiabatic, and the degree of alignment follows the
intensity envelope of the laser pulse. In contrast, if the laser
pulse duration is much shorter than the molecular rotational
period, the alignment is considered impulsive, where excitation
of molecules by an ultrashort laser creates rotational wave pack-
ets that lead to transient alignment of the molecules along the
laser polarization direction. Intuitively, the alignment results
from the torque generated by the laser field and the induced
dipole moment of the molecule. Impulsive alignment has the
advantage of achieving the highest alignment state after the

laser pulse turnoff, allowing the alignment to be achieved in a
field-free condition and avoiding any distortions to the molecu-
lar structure.

In this experiment, CO2 was chosen as the model system for
illustrating the potential of CDI for molecules transiently fixed
in space. CO2 is a linear molecule with a relatively large polar-
izability anisotropy, and rotation around the molecular axis
does not affect the diffraction distribution. The experiment is
schematically shown in Fig. 1. The electron beam with a
kinetic energy of about 3 MeV (Methods) is diffracted from the
CO2 molecules delivered to the interaction point by a pulsed
nozzle with a backing pressure of about 1.3 bar. The 800-nm
alignment laser pulse is divided into four pulses with equal
energy and different time delays (Methods and SI Appendix, Fig.
S1) before it is directed to the molecules. The measured diffrac-
tion pattern is used to reconstruct the atomic distribution of
the molecule using the CDI methodology.

The diffraction pattern before laser excitation expressed as a
function of the momentum transfer s ¼ ð4π=λÞsinϕ=2 is shown
in Fig. 2A, where λ is the de Broglie wavelength of the electron
beam, and ϕ is the angle between the scattered and incident
electrons. The diffraction intensity consists of two parts (28):
the atomic scattering intensity Ia from each atom in the mole-
cule and the molecular scattering intensity Im from interference
for atom pairs. Because the diffraction intensity quickly decays
with momentum transfer, throughout this paper, the diffrac-
tion pattern is divided by Ia to highlight the features at high
momentum transfer. The molecular scattering intensity is con-
verted into a probability distribution in real space by inverse
Fourier transform followed by Abel inversion, as shown in Fig.
2B. This procedure returns a pair distribution function (PDF)
containing the information on both the interatomic distance of
all of the atom pairs in the molecules and the angular distribu-
tion of the molecules (29). The isotropic inner and outer rings
in Fig. 2B represent the C�O and O�O atom pairs for ran-
domly oriented molecules.

A vertically polarized ultrafast laser will impulsively excite a
rotational wave packet; the molecules will be transiently
aligned, followed by rotational revivals (29–31). The evolution
of the rotational wave packet can be traced by the anisotropy
ðSh � SvÞ=ðSh þ SvÞ in the diffraction intensity as shown in
Fig. 2C, where Sh and Sv are the integrated intensity in the hor-
izontal and vertical cones, respectively, as indicated by the
dashed line in Fig. 2A. The measurement was done with a time
step of 100 fs, and each data point was recorded with an

nozzle

molecule

diffraction
iterative

deconvolution
algorithm

retrieved diffraction 
for single molecule

CDIreal-space image for 
single molecule

Fig. 1. CDI of molecules transiently fixed in space. The molecules, supersonically expanded into a vacuum by a pulsed nozzle, were aligned by a train of
laser pulses and scattered by MeV electron beams to yield diffraction intensity that allows reconstruction of the atomic structure through the CDI technique.
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acquisition time of 90 s. The simulated alignment factor
< cos2θ > (i.e., the ensemble-averaged degree of alignment) is
in excellent agreement with the experimental results (Methods),
where θ is the polar Euler angle between the laser polarization
and molecular axis. The diffraction pattern and the correspond-
ing PDF distribution at the full revival (at a delay time of about
42.7 ps) with the highest alignment are shown in Fig. 2 D and
E, respectively. Fig. 2D indicates a laser alignment anisotropy,
and Fig. 2E indicates that the molecules are preferably confined
in the vertical cone along the laser polarization direction. For a
symmetric top molecule with a heavy atom, the diffraction
under such partial alignment may be used to determine the
bond lengths and angles of the molecule (32); however, gener-
ally, the degree of alignment from a single ultrashort laser pulse
is not sufficiently high to allow robust retrieval of the structure
of molecules.
The degree of alignment can be improved by increasing the

laser intensity and reducing the molecules’ temperature. While the
temperature of the molecules may be reduced to a few Kelvin by
increasing the distance from the nozzle to the interaction point, it
nonetheless reduces the density of the molecules significantly,
making it difficult to obtain a high-quality diffraction pattern (33,
34). The laser intensity can be increased only to a certain limit,
above which the ionization occurs and the degree of alignment
saturates (the laser intensity is kept just below the ionization
threshold in Fig. 2C). Taking advantage of the periodic revival of
the rotational wave packet after the laser is deactivated, with the
intensity of each laser pulse below the ionization threshold, we use
a laser pulse train separated at the rotation period to increase the
degree of alignment significantly (35–37).
We begin by measuring the temporal evolution of the rota-

tional wave packet from 0 to 700 ps, limited by the range of
our delay stage. The evolution of the anisotropy from the

measured electron diffraction pattern following excitation by a
3-mJ laser pulse is shown in Fig. 3A, where revival at the 16th
period with similar amplitude is observed, implying that the
decoherence effect of rotational states is negligible. We then
tested the feasibility of coherent superposition with a two-pulse
alignment experiment. Enhancement and suppression of anisot-
ropy were observed, depending on the time delay of the two
pulses, as shown in Fig. 3B. The time delay for maximal
enhancement of anisotropy is determined to be 42.7 ps, consis-
tent with the rotational period. Finally, a train of four pulses
(3 mJ each) was used to repetitively drive the molecules to a
high degree of alignment, as shown in Fig. 3C.

A high degree of alignment is maintained for about 100 fs
(from t ¼ 128:1 ps to t ¼ 128:2 ps in Fig. 3C), and the diffrac-
tion pattern obtained within such a short time window by ultra-
short electron pulse is shown in Fig. 4A, with the corresponding
PDF shown in Fig. 4B. Large anisotropy and features that are
otherwise smeared out at a low degree of alignment are clearly
seen. Such a high degree of alignment allows us to retrieve the
diffraction pattern for well-aligned molecules. For an ensemble of
molecules with a specific angular distribution, the diffraction
intensity is a linear superposition of all the molecules with differ-
ent orientations. Mathematically, the measured diffraction distri-
bution Id is a convolution of that for a single molecule Is within
the angular distribution. We employ an iterative algorithm
(Methods) to retrieve the diffraction distribution of a single mole-
cule from the measured diffraction pattern and angular distribu-
tion (38). The retrieved diffraction pattern for a single molecule
Ir is shown in Fig. 4C where details washed out by the angular
spread in partially aligned molecules are retrieved.

Taking the distribution in Fig. 4C as the Fourier transform
of the molecule, the molecule’s structure may be reconstructed
with the CDI method (22–25), where the missing phase

A

B

C

D E

Fig. 2. Electron diffraction of laser-aligned molecules. (A and B) Diffraction pattern and PDF distribution for randomly oriented molecules. (C) Evolution of a
rotational wave packet following impulsive excitation. (D and E) Diffraction pattern and PDF distribution for laser-aligned molecules.
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information is recovered from the intensity via oversampling
(39) (Methods). Such a lensless method has been applied to
solid samples (22, 23) and large viruses (40, 41), where details
on the order of a few tens of nanometers can be reconstructed.
Here, we apply the CDI method to the small gas molecule
CO2. The real space potential map of the molecule recon-
structed with an oversampling smoothness algorithm (42) by
averaging over 200 independent runs is shown in Fig. 4D. It is
seen that CO2 is a linear molecule with C–O and O–O distan-
ces of 1.13 Å and 2.26 Å, respectively, in good agreement with
the literature. The resolution is estimated to be about 0.7 Å
from the maximal momentum transfer in this experiment.

Discussion

It should be noted that previous studies on aligned molecules
with UED technique used only one ultrashort laser pulse (29,
31, 43). As a result, the degree of alignment is relatively low,
such that the anisotropy is clearly seen only with the
diffraction-difference method, and only PDFs are obtained.
The degree of alignment may be significantly increased with a

nanosecond laser pulse in the adiabatic alignment regime
together with quantum state selection (33, 34). However, the
quantum state selection unavoidably increases the distance
from the nozzle to the interaction point, and therefore the den-
sity of the molecules is significantly reduced. This makes it
challenging to obtain a high-quality diffraction pattern even
with a state-of-the-art X-ray FEL (33, 34). Furthermore, the
momentum transfer (about 4 Å�1) in typical FEL measure-
ments (33, 34, 44) needs to be significantly increased in order
to achieve reliable reconstruction of molecular structure with
atomic resolution.

Based on the fact that the rotational wave packet created by
ultrashort laser pulse leads to periodic revival of the alignment,
we used a train of laser pulses to significantly enhance the
degree of alignment, such that the fine details related to the
molecular structure are encoded and preserved in the measured
diffraction pattern. The large scattering cross-section of the
electrons and the relatively high molecule density, together
with the improved temporal resolution (26), enabled us to
obtain a high-quality diffraction pattern for transiently aligned
isolated molecules in a 100-fs time window with a table-top

A

B

C

Fig. 3. Enhancement of degree of alignment with a laser pulse train. (A) Periodic revival of a rotational wave packet following impulsive excitation.
(B) Enhancement (pulse delay at 42.7 ps) and suppression (pulse delay at 41.9 ps) of anisotropy by two laser pulses with various pulse delays. (C) Repetitive
excitation for increasing the degree of alignment with a train of four pulses.
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MeV UED instrument. The short de Broglie wavelength of
electrons also provides a large momentum transfer (about
8 Å�1), crucial for reliable reconstruction of the atomic distri-
bution in real space. The diffraction pattern for a single isolated
molecule is retrieved with an iterative algorithm and further
used to reconstruct the atomic distribution of the molecule
with the CDI method.
The ultrafast lensless imaging method demonstrated here

may be extended for three-dimensional (3D) imaging of more
complex molecules, which requires 3D alignment with an ellip-
tically polarized laser (45). A higher degree of alignment is
likely required, which may be achieved by increasing the num-
ber of laser pulses and doping the molecules in helium droplet
to reduce the temperature to sub-Kelvin (46). Quantum state
selection may also be employed to further increase the degree
of alignment for large molecules measured by UED and FELs
with MHz repetition rates, which help to compensate the low
scattering signal from the reduced density of molecules. Fur-
thermore, a high degree of alignment demonstrated in a field-
free condition, and the high temporal and spatial resolution of
UED may enable studies of ultrafast dynamics through the
pump-probe technique in the molecular frame (47, 48), mark-
ing a significant step toward the creation of a 3D “molecular
movie” at the femtosecond time scale and atomic spatial scale.

Materials and Methods

Laser Pulse Train. The 800-nm laser with a pulse width of 70 fs (full width at
half maximum [FWHM]) has an energy of 20 mJ, operating at 50 Hz. The four
laser pulses were generated by two nested interferometers, as shown in SI
Appendix, Fig. S1. Two translation stages adjust the interpulse delay. Because

two of the pulses have slight offsets at the exit of the interferometer, a specially
designed aspheric lens was employed to focus the four pulses to the gas jet with
a similar size (about 0.4 mm FWHM) and position. The laser pulse train is
directed to the gas jet at an angle of 4° with respect to the electron beam.

MeV UED. The electron beam with a kinetic energy of about 3 MeV is produced
in a photocathode radiofrequency gun. The electron beam pulse width is com-
pressed in a double-bend achromat consisting of two dipole magnets and three
quadrupole magnets (26). The electron beam is scattered by the molecules deliv-
ered to the interaction point by an Even-Lavie nozzle. The interaction region is
∼0.6 mm away from the nozzle exit, and the electron beam size is about
0.3 mm FWHM at the interaction point. A phosphor screen captures the diffrac-
tion pattern imaged onto an electron-multiplying charge-coupled device camera.
The electron pulse width is about 40 fs (FWHM) measured with a terahertz
deflector (49), and the temporal resolution in the measurement is estimated to
be about 80 fs (FWHM).

Simulation of Rotational Wave Packet Evolution. The temporal evolution
of the angular distribution of the molecules was simulated by solving the time-
dependent Schr€odinger equation. A theoretical diffraction pattern was calculated
with this angular distribution, and its anisotropy was extracted in the same man-
ner as the experiment. The evolution of the anisotropy curve—in particular, the
amplitude and position of the peaks and valleys—is mainly determined by four
parameters: the laser fluence, the initial rotational temperature of the molecules,
the time resolution of the measurement, and a rescaling factor that accounts for
the spatial overlap of the beams and the variation of the laser intensity across
the sample (31). We performed a four-parameter fitting between the theoretical
curve and experimental results, which returned a laser fluence of 1.43 J/cm2,
rotational temperature of 53 K, rescaling factor of 0.36, and time resolution of
about 100 fs FWHM.

A B

C D

Fig. 4. Reconstruction of molecular structure with lensless imaging. (A and B) Diffraction pattern and PDF distribution for highly aligned molecules with a
train of four laser pulses. (C) Retrieved diffraction distribution for a single molecule. (D) Reconstructed molecular structure with the CDI method.
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Iterative Algorithm to Retrieve Diffraction Pattern for a Well-Aligned
Molecule. The iterative algorithm starts with a uniform distribution as an initial
guess of Is. A random small change is made for the guessed retrieved diffraction
pattern in each iteration, which is then convoluted with the angular distribution
to generate a diffraction pattern Ig. Only changes that reduce the difference
betweenId and Ig are kept. The result converges after about 10

6 iterations, and
the result shown in Fig. 4C is averaged over 10 independent runs. It is worth
pointing out that the feasibility of the iterative algorithm has been tested with
simulated diffraction pattern and angular distribution of the molecules in Yang
et al. (38) and with measured diffraction pattern and simulated angular distribu-
tion in Hensley et al. (32). In this work, the algorithm is implemented with all
the parameters measured in the experiment.

Reconstruction with CDI. The real space potential map of CO2 is recon-
structed from the retrieved single molecule diffraction pattern in Fig. 4C by solv-
ing the phase problem with an oversampling smoothness algorithm (42). In
Fourier space, a constraint is applied to match the amplitude in the retrieved dif-
fraction distribution for a well-aligned molecule. No explicit constraints are used

for the regions of missing data at the center of the diffraction. In real space, a
positivity constraint is applied. In total, 200 independent runs with random start-
ing distributions are performed, and the result shown in Fig. 4D is the average
over the 200 runs. Each run iterates between real and reciprocal space for a total
of 2000 times. All 200 reconstructions had Fourier errors below 0.28.

Data Availability. All study data are included in the article and SI Appendix.
The data are available on the Science Data Bank at https://www.scidb.cn/
s/3Mrqqm.
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