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Time-Resolved Electron Diffraction from Selectively Aligned Molecules

Peter Reckenthaeler,l’2 Martin Centulrion,1 Werner FuB,1 Sergei A. Trushin,1 Ferenc Krausz,l’2 and Ernst E. Fill'

"Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strafie 1, D-85748 Garching, Germany
*Ludwig-Maximilians-Universitit Miinchen, Am Coulombwall 1, D-85748 Garching, Germany
(Received 27 March 2009; published 27 May 2009)

We experimentally demonstrate ultrafast electron diffraction from transiently aligned molecules in the
absence of external (aligning) fields. A sample of aligned molecules is generated through photodisso-
ciation with femtosecond laser pulses, and the diffraction pattern is captured by probing the sample with
picosecond electron pulses shortly after dissociation—before molecular rotation causes the alignment to
vanish. In our experiments the alignment decays with a time constant of 2.6 = 1.2 ps.

DOI: 10.1103/PhysRevLett.102.213001

Introduction.—Determination of structure and dynamics
using isolated molecules is important for obtaining accu-
rate information, with the molecules free of external forces
and intermolecular interactions. Electron diffraction has
been very successful in determining the structure of mole-
cules in the gas phase, owing to the large scattering
cross section between electrons and atoms [1]. However,
due to the random orientation of the molecules in the gas
phase only 1D information (the interatomic distances) can
be extracted from the diffraction patterns, which limits the
size of molecular structures that can be studied.

The technique of x-ray crystallography has been suc-
cessful in studying larger molecules. For example, the
majority of the known protein structures have been deter-
mined by x-ray diffraction from crystallized samples [2].
This technique, however, is limited to the fraction of
molecules that can be crystallized. Additionally, crystal-
lized molecules are subject to strong fields that constrain
their conformation and hamper the study of dynamics.
Recently, a strategy was proposed in which a single mole-
cule is exposed to a large enough number of photons within
an x-ray laser pulse short enough to capture a diffraction
pattern before the molecule is destroyed [3]. Diffraction
images of um and nm-sized objects have been recorded
with femtosecond soft-x-ray pulses [4,5]. However, this
approach currently relies on large-scale facilities.

An alternative approach consists in recording a diffrac-
tion pattern from an ensemble of aligned molecules in the
gas phase. It has been shown theoretically that electron
diffraction from aligned molecules in the gas phase reveals
not only the interatomic distances but also the correspond-
ing angles [6,7]. Aligning molecules in helium droplets
using powerful cw lasers has been proposed [8], and elec-
tron diffraction from adiabatically aligned molecules has
been demonstrated experimentally [9]. However, the pres-
ence of strong alignment fields can affect the structure and
dynamics of the molecules under investigation and pre-
vents the study of field-free molecules. To overcome this
problem, we propose using a sample of nonadiabatically
aligned molecules in which the alignment field is no longer
present at the time the diffraction pattern is recorded.
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Molecules can be aligned by means of femtosecond laser
pulses either via active laser alignment techniques [10] or
selectively through a dissociation reaction [6]. This tech-
nique requires using ultrashort electron pulses to record the
diffraction pattern before the alignment vanishes. Ultrafast
electron diffraction experiments have been performed with
picosecond resolution for gas phase experiments [11] and
femtosecond resolution in solid-state experiments [12,13],
but so far the possibility of recording a diffraction pattern
from field-free aligned molecules has not been demon-
strated experimentally.

Here we show for the first time electron diffraction
patterns recorded from a sample of transiently aligned
molecules. In our experiments molecules are aligned se-
lectively using photodissociation of C,F4l, (1,2-
diiodotetrafluoroethane). The breaking of a molecular
bond gives a clear signal in the time-resolved diffraction
patterns, which simplifies the investigation of the transient
alignment effect. The molecules are dissociated using a
linearly polarized femtosecond laser pulse. The corre-
sponding absorption cross section is proportional to
cos’(a), where « is the angle between the laser polariza-
tion and the direction of the transition dipole moment
(Fig. 1). For C,F,I, the transition dipole moment of the
most intense transition is parallel to the C-I bond, along
which the dissociation takes place. Therefore, the C,F,I
radicals emerge preferentially with the dissociated C-I
direction aligned along the laser polarization vector. Note
that by using circular polarization an aligned ensemble of
undissociated molecules could be produced. Because of
the rotations of the molecules the alignment decays with
time. The time constants of the reaction have been deter-
mined using mass spectrometry [14]:

200 fs
C2F4Iz g

C,F,0+ 12 C,F, + 2L

The first iodine atom breaks off within 200 fs, leading to
the intermediate C,F,4I radical, which subsequently frag-
ments within some 25 ps to yield C,F,. The structure of the
intermediate C,F,I has been determined using ultrafast
electron diffraction (UED) [11].
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FIG. 1 (color). Experimental geometry: the electron beam,
laser beam, and gas jet are mutually orthogonal. The polarization
of the laser beam is orthogonal to the direction of propagation of
the electron beam. 6 is the scattering angle and ¢ is the
azimuthal detector angle with respect to the laser polarization.
&: laser polarization (blue arrow), C,F4I, molecule (schematic);
a: angle between the C-I bond (dissociation axis) and laser
polarization. The constituent atoms are color coded, with yellow
for iodine, light blue for carbon, and red for fluorine.

Experimental setup.—The experimental geometry is
shown in Fig. 1 (for more detail, see [15]). A supersonic
gas jet is introduced into a vacuum chamber using a Laval
nozzle. It consists of C,F4I, molecules seeded in helium
for rotational cooling. The rotational temperature is calcu-
lated to be 168 K for our gas jet using an empirical formula
[16]. 50 fs laser pulses at a central wavelength of 800 nm
and a repetition rate of 1 kHz are frequency tripled to
produce UV pulses with an energy of 100 wJ at a central
wavelength of 267 nm. These UV pulses are focused to a
200-um diameter inside the gas jet to initiate the dissocia-
tion reaction. A small fraction of the fundamental laser
pulse energy is split off and used to trigger electron emis-
sion from a photocathode. The ejected electron pulse (con-
taining some 10000 electrons) is accelerated to 29 keV
before traversing the gas jet. The electron beam, laser
beam, and gas jet are mutually orthogonal. The directly
transmitted electron beam is blocked and the diffraction
pattern is recorded using a phosphor screen fiber-coupled
to a CCD camera. The duration of the electron pulse on
target was calculated to be 2.3 ps using the general particle
tracer code [17]. Because of the velocity mismatch be-
tween the electron and the laser pulses the total time
resolution of our system is 4 ps [15].

Theory.—In the analysis of gas electron diffraction pat-
terns [18], the diffracted electron intensity (/) is written
as the sum of two contributions, the ensemble-averaged
atomic (/) and molecular (/,,) scattering intensities:
Lo (s) = I (s) + I,i(s). I, accounts for elastic scattering
from the constituent atoms, while I, arises from the
interference of waves scattered from pairs of atoms. Here
s = 4arsin(6/2)/ A is the magnitude of the momentum
transfer between incident and diffracted electrons, 6 and
A denote the scattering angle and the electron wavelength;
in our experiment A = 0.07 A.

In the general case of anisotropic samples, the diffrac-
tion patterns are not cylindrically symmetric but depend on
the azimuthal detector angle ¢. The ensemble-averaged
molecular scattering intensity can be written as

N N
Lngi(s, &) < D" > Ifillf I cos(m; — m)Fyls, ¢). (1)

=

Here, |f;] is the elastic scattering amplitude for atom i, 1;
represents the phase shift suffered by the respective scat-
tered wave. The factor F;; incorporates the effects of align-
ment. In the case of selective alignment through
photodissociation it reads [7]

Fi(s, ¢) = Inlsry)

Sr,»j

I:sin2(Qij)

+ (2-3sin?(£);j))cos? (g)cosz(qﬁ) ] M ,

Srij
2)

where r;; is the internuclear distance between atoms i and
J» Ji is the spherical Bessel function of order /, and (), is
the angle between r;; and the laser polarization. For iso-
tropic samples F;;(s, ¢) is replaced by sin(sr;;)/(sr;;), and
the ¢ dependence vanishes. It is common usage to depict
the diffraction patterns in the form of modified scattering
intensities sM(s, ¢) = s I,o1(s, ¢)/I,(s) to compensate
for the rapid drop of the scattering signal with increasing s.
Azimuthal averaging of sM(s, ¢») patterns from isotropic
samples results in the one-dimensional sM(s) function.
The sine Fourier transform of sM(s) yields the radial
distribution function f(r), which peaks at the interatomic
distances [18].

Static diffraction patterns.—The experimental and theo-
retical sM(s) and the corresponding f(r) functions for
C,F,4I, are shown in Figs. 2(a) and 2(b), respectively (for
details on the data analysis, see Ref. [15]). The calculated
curve draws on structural parameters from the literature

a) sM (s)

- theory F-l
= data

--theory |
= data |

7.9 4
s[1/A] r[A]
FIG. 2 (color online). Ground-state results for C,F4l;.
(a) Azimuthally averaged sM functions, from experiment (blue
or gray line) and theory (dotted black line). (b) Corresponding
radial distribution functions f(r). The dominant contributions to
the peaks are labeled.
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[19-21]. The experimental sM(s) agrees well with the
theoretical prediction and results published previously
[11,19] up to s = 10 A™!, where the signal drops below
the noise level. In Fig. 2(b) the distances which contribute
dominantly to the peaks are indicated. Because of the finite
s-range accessible some of the peaks corresponding to
different internuclear distances overlap.

Time-resolved diffraction experiments.— Figures 3(a)—
3(c) show the results of our pump-probe measurements
in terms of the difference A[sM(s, ¢, )] between
sM(s, ¢, t) patterns measured at a certain delay r after
the laser dissociation and the ground-state pattern shown
in Fig. 2(a). We define the zero of time at the delay ¢ be-
tween electron and laser pulses for which the first changes
become visible. Figure 3(a) shows A[sM(s, ¢, t)] close to
t = 0. At this early time step the dissociation signal is
small due to our instrument response time; however, the
pattern shows significant anisotropy. The intensity of the
image is higher along the direction of laser polarization,
indicating that the dissociated molecules are aligned along
the direction of laser polarization. The theoretical part of
this figure [calculated with Egs. (1) and (2) assuming that
one-third of the molecules are dissociated to C,F,I] shows
a similar pattern. Using the results shown in Fig. 3(a), we
calculate the degree of alignment of the C,F,I radical to be
(cos?*(a)) = 0.5. This quantity represents the average mo-
lecular alignment with respect to the laser polarization.
Values of {cos’(a)) = 1/3 and {(cos’*(a)) = 1 represent
an isotropic distribution and perfect alignment, respec-
tively, while a perfect cosine square distribution would
result in a value of 0.6. Figure 3(b) shows results at a later
time when the anisotropy is weaker but still clearly visible.
The corresponding theoretical pattern was calculated
using a weighted average between the anisotropic pattern
and the isotropic theory, assuming that 2/3 of the molecu-
lar orientations have randomized. Figure 3(c) shows
A[sM(s, ¢, t)] for later time steps. The pattern becomes
isotropic; i.e., the alignment is lost due to the molecular

a) A[sM (s,0,t =0 ps — 1.7 ps)]

b) A[sM (s,,t = 3.3 ps — 5 ps)]

rotations. The theoretical pattern shown in Fig. 3(c) was
generated using the isotropic theory assuming that all the
C,F,I radicals have decayed to C,F,.

We now turn to a quantitative analysis of the diffraction
patterns. Because of the anisotropy we restrict the averag-
ing to narrow pairs of cones aligned parallel and perpen-
dicularly to the laser polarization, yielding A[sM)(s, 1)]
and A[sM | (s, 1)], respectively. The results are shown in
Fig. 4(a). To display the noise level of the data the figure
contains time steps before the dissociation (¢ < 0) which
show no significant difference in the signal diffracted
parallel and perpendicular to the laser polarization. The
plots recorded within less than 2 ps following excitation
clearly reveal a significant difference, indicating the an-
isotropy. The difference vanishes completely at 7 > 8 ps.

We now use A[sM, (s, t)] and A[sM (s, 1)] to determine
the temporal evolution of the anisotropy. As an approxi-
mation we define corresponding scattering signal ampli-
tudes Aj(r) and A,(f) within a limited s range
(2.2 < 5 < 6.2) where the s dependencies of A[sM)(s, 1)]
and A[sM | (s, t)] are similar. The time dependencies of
A)|(r) and A (r) are shown in Fig. 4(b).

While the rise time is similar for Ajj() and A | (¢), there is
a clear delay between the two curves, with the signal along
the laser polarization [A|(7)] appearing first. This is due to
the fact that the C,F,I radicals remain aligned immediately
after the dissociation. Shortly thereafter, the alignment
deteriorates due to the molecular rotation. Note that the
delay between the two signals can be measured with a
resolution well beyond the instrumental response time of
4 ps without deconvolution. After 8 ps, the orientations
have fully randomized and the difference between Aj(r)
and A | (r) vanishes.

Finally, we quantify the anisotropy using the following
definition [Fig. 4(c)]:

Ay — AL (1)

o) = D+ AL ()

3)

c) A[sM (s,¢,t = 8.3 ps — 28.3 ps)]

< < <
=0 =0 =0
@ 2 @
4 4 4
4 0 4 4 4 4 0 4
s[1/A] s[1/A] s[1/A]
-0.1 0 0.1 0.2 -0.4 0 0.4 -0.5 0 0.5

FIG. 3 (color). 2D time-resolved diffraction patterns. (a) A[sM(s, ¢)] close to zero delay of probe: the pattern is the result of
averaging patterns recorded within the delay range of + = 0 ps and # = 1.7 ps. The white arrow indicates the direction of the laser
polarization. The upper left half of the image displays the experimental data, while the lower right half shows the theoretical
prediction. The dark region splitting the image is the shadow of our beam stop. (b) A[sM](s, ¢) averaged between ¢ = 3.3 ps and
t =5 ps. (¢c) A[sM](s, ¢) averaged between t = 8.3 ps and 7 = 28.3 ps.
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a) A[sM (s,t)] b) A [arb.units]
Experiment i
3 . - .—..i". A
t=-5ps,-1.7 ps 138
2 13
7
] il
1 “ A
iz ¥y
t=0ps, 1.7 ps 0 "i’!i Ay
0 10 20
t [ps]
- A[sM]
t=83ps I AlSMiI
Theory c) 6 [arb.units]
—exponential
° data

4 10
s[1/A] t [ps]
FIG. 4 (color). (a) Experiment: A[sM(s)] and A[sM (s)]
before time zero (averaged between ¢t= —5ps and =
—1.7 ps), ALsM|j(s)] and A[sM (s)] close to time zero (aver-
aged between t = 0 ps and t+ = 1.7 ps) and for late time steps
(averaged between ¢ = 8.3 ps and t = 28.3 ps). For visual
clarity the curves for t = —5 ps, —1.7 ps, and for ¢ = 0O ps,
1.7 ps are multiplied by a factor of 2.8. Theory: corresponding
theory curves. (b) A and A measured parallel and perpendicu-
lar to the laser polarization as functions of delay time f;
(¢) Anisotropy parameter 6 as a function of delay time 7; the
black line shows an exponential fit to the data.

From an exponential fit to the data we measured a dephas-
ing time of the alignment of 2.6 = 1.2 ps. This is in good
agreement with the theoretical value of 2.7 ps, calculated as
in Ref. [22].

Conclusion.—Our results demonstrate for the first time
the feasibility of recording a UED pattern from transiently
aligned molecules. The decay of the alignment was mea-
sured on a picosecond time scale. These results are a first
important step towards 3D imaging of complicated mo-
lecular structures with electron diffraction or possibly us-
ing the new generation hard x-ray sources. Increasing the
degree of alignment, combined with diffraction patterns
corresponding to different projections of the molecule
(using suitable algorithms [23]), will allow full 3D mea-
surement of the molecular structure. This method could
also be applied to investigate ultrafast molecular dynamics
in a field-free environment. Improving transient molecular
alignment may be pursued by saturating the dissociation
[24] or with active 1D [25] and even 3D alignment tech-
niques [26,27]. The temporal resolution could be further
improved by compressing the electron pulses to a few
femtoseconds [28,29].
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