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ABSTRACT: We propose a novel time-resolved diffraction technique based on sum
frequency generation that combines an optical pump with an X-ray stimulated Raman
probe. Simulations are presented for formyl fluoride, which is nonchiral in the ground
state and evolves into a chiral nonplanar structure in the first excited state upon
excitation by a circularly polarized UV pump. A coherently controlled elliptically
polarized pump is used to prepare the molecule in a selected enantiomer and the chiral
interconversion dynamics is then monitored by the probe diffraction.

Sum frequency generation (SFG) spectroscopy is a second-
order χ(2) technique widely used to study vibrational

dynamics of molecules at interfaces.1−4 A single interaction
with an infrared pulse first creates a vibrational coherence, and a
broad-band visible pulse then generates the signal at a sum of
the IR and visible frequencies, which is recorded as a function
of the pulse delay (see Figure 1). We propose an X-ray

extension of this technique, Figure 1a, which first uses a visible/
UV pulse to create an electronic coherence, followed by a hard
X-ray pulse that generates a diffraction signal at a sum of the
UV and X-ray frequencies. In contrast to optical SFG, the
scattering wavevector now provides a time-resolved diffraction
image of the electronic coherence. Standard diffraction
experiments detect the diagonal elements of the charge density
operator that represent the charge density of a specific
electronic state. The proposed experiment is made possible

by recently developed ultrashort hard X-ray sources such as free
electron laser (XFEL)5,6 or synchrotron sources using the
slicing scheme.7 These new sources make ultrafast nonlinear X-
ray spectroscopy8,9 and diffraction10−15 a reality. While such
sources can induce significant photodamage in the sample, the
combination of a diffract-before-destroy detection strategy and
the use of a jet sample injector allow one to disregard this
issue.16

In previous work,17 we simulated the SFG diffraction signal
from an oriented formyl fluoride and demonstrated that this
technique can image time-evolving transition current densities.
Here, we extend that study in three ways. First, we consider a
randomly oriented sample of formyl fluoride, Figure 1c.
Second, we include nuclear dynamics. As a consequence of
rotational averaging, the diffraction is dominated by the one-
molecule contribution that scales with the number of scatterers
and exhibits ring patterns.18 This planar and achiral molecule in
its ground state (Figure 1c,d) has an excited-state double-well
potential along the out-of-plane stretching mode, which
represents two nonplanar enantiomers that interconvert on a
femtosecond time scale. Third, we use a coherent control
scheme to shape the elliptically polarized pump pulse in order
to prepare a nuclear wave packet initially localized at one
selected enantiomer, Figure 2. Diffraction of the subsequent X-
ray pulse can then image the chiral dynamics. The technique
should further provide a sensitive probe for coupled electronic
and vibrational dynamics during the delay period, including
nonadiabatic processes and conical intersections. These go
beyond the present study.
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Figure 1. (a) SFG experimental setup. Excited-state dynamics is
launched by a UV pump pulse, and after a delay T, an X-ray pulse is
diffracted by an ensemble of randomly oriented molecules. (b)
Diagram representing the stimulated SFG signal, eq 2. (c) Lewis
structure of formyl fluoride. (d) Transition charge density between the
ground and first excited states for the planar configuration.
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We first define the time-resolved stimulated diffraction signal.
The numerical approach and the computed signals are then
presented and followed by a conclusion.
When the X-ray pulse is off-resonant with respect to core

excitations, its diffraction may be described by the minimal
coupling Hamiltonian for the radiation−matter interaction19,20

∫ σ=H t
e
mc

tr r A r( )
2

d ( ) ( , )int
2

(1)

where σ(r) is the charge density operator and A(r,t) is the
vector potential of the field.
Time-resolved diffraction signals can be measured either by

the spontaneous (homodyne) or by the stimulated (hetero-
dyne) detection mode. The spontaneous two-molecule signal
vanishes in isotropic, nonchiral samples, which lack long-range
order.18 A stimulated signal is generated by interaction with two
fields tA ( )XR and tA ( )het .17 tA ( )XR creates the diffracted field,
which interferes with tA ( )het , and the resulting phase detection
of X-ray diffraction resolves the phase problem.21

We will calculate the time-resolved chiral diffraction signal
initiated by a UV pulse. To first order in that pulse, the
rotationally averaged signal depicted in Figure 1b is given by

∫
μσ

= ℑ * · − +

× ⟨ ⟩Ω

S T N t t t t t t T

t t

q A A A

q

( , ) 2 d d ( ) ( ) ( )

( , ) ( )

stim 1 het XR pump 1

1 (2)

where q is the scattering wavevector and μ = ∫ dr j(r) is the
space-integrated current density operator, which gives the
electric dipole operator in the momentum representation, and
Ω stands for rotational averaging by integration over a sphere.

tA ( )XR is the incoming diffracted X-ray pulse, and tA ( )het is the

detected heterodyne pulse. When a single interaction with the
pump creates a coherence between the ground g and the first
excited e states, eq 2 can be recast as17

ϵ μσ= ℑ ⟨ · ⟩ΩS T N f Tq q( , ) 2 ( ) ( )eg ge egstim pump (3)

where ϵpump is the pump pulse polarization and the line shape
function feg(T) is given in the Supporting Information. The
commonly used homodyne detection signal, in contrast,
depends on |σge(q)|

217 rather than σge(q). The transition charge
density σge(q) is given by

∫σ = Ψ Ψ*− ·Nq r r r r r r( ) d ... d e ( ... ) ( ... )ge N g N e N
q r

1
i

1 1
1

(4)

where Ψg(r) and Ψe(r) are the ground- and first excited-state
wave functions of the molecule. A real space movie of the
evolving charge density is obtained by the Fourier transform

∫= ·S T S Tr q q( , ) d e ( , )q r
stim

i
stim (5)

Formyl fluoride (Figure 1) is planar in its electronic ground
state and assumes two enantiomeric chiral structures generated
by out-of-plane bending in its first electronic excited state S1.
To obtain clear enantiomeric conversion dynamics, we need to
prepare a photoexcited molecule initially in a single enantiomer.
We used an optimal control pulse shaping strategy22,23 for the
elliptically polarized pump to create a localized wave packet in
the first electronic state. The x and y components of the electric
field were controlled independently. The control mechanism is
based on the fact that both components of the pump laser field
can interact with transition dipole moments of different parity
with respect to the nuclear motion. Starting with an even
ground state, the x component of the field interacts with an
even transition dipole to create the even wave function in the
excited state. The y field component interacts with an odd
transition dipole moment, creating an odd excited-state wave
function. A proper superposition of the even and odd nuclear
wave packets results in an enantiomeric excess, i.e., a wave
packet localized in one potential well. We have used an optimal
control protocol to independently optimize the x and y
components. Details of the optimal control protocol and the
optimized shaped pump pulse are given in the Supporting
Information. The resulting wave wave packet, created by the
elliptically polarized pump pulse, is shown in the middle panel
of Figure 2.
Our coherent control target is to optimize the elliptically

polarized pump in order to create an excited-state wave packet
localized at a single enantiomer. The Hamiltonian of the
molecular system is given by

= − + ̂ + ̂H
m R

V R V R
1

2
d

d
( ) ( )g e0 (6)

where R is the mass-weighted normal-mode displacement, m =
1822 is the reduced mass of the normal mode (in atomic units),
and V̂g and V̂e are the potential energy curves of the electronic
ground state and the first electronic excited state, respectively.
To prepare the molecule in a desired chiral state, we employ an
elliptically polarized pump pulse propagating along the z
direction. The interaction with the pump pulse is

μ= ·H R tE( ) ( )int pu , where μ is the transition dipole moment
shown in the Supporting Information. To address target states
of different symmetry, we use components of μ that are of odd
and even in the vibrational mode. The time evolution of the

Figure 2. Enantiomeric interconversion dynamics in formyl fluoride
after interaction with an elliptically polarized shaped pump pulse that
selects a single enantiomer. R is the out-of-plane bending nuclear
coordinates of the molecule. Upper panel: first excited-state potential.
Lower panel: time evolution of the nuclear wave packet in the
electronic excited state (|Ψe(t)|

2) following the pump pulse excitation.
The molecular configurations corresponding to the normal coor-
dinates are shown at the bottom. Time slices of the nuclear dynamics
are shown in the Supporting Information, Figure S3.
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initial wave packet, governed by H0 + Hint, is calculated by the
Chebyshev propagation scheme.24

A localized and displaced wave packet (see Figure 2) in the
electronic excited state is generated by using optimal control
theory (OCT) to determine a pump laser field. We use an
OCT approach based on the Krotov method.25,26 The control
functional reads

∫

∫

αΨ Ψ = |⟨Ψ |Φ ⟩| −
| − ̃ |

− ℜ ⟨Ψ |Φ ⟩ ⟨Ψ | + + ∂
∂

|Ψ ⟩
⎡
⎣⎢

⎤
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J t t E t T t
E t E t

s t

T t t H H
t

t

[ ( ), ( ), ( )] ( ) d
( ) ( )

( )

2 ( ) d ( ) i( ) ( )

T

T

f i i i f
2

0
0

i i
2

i f
0

f 0 int i (7)

where Ψi is the initial wave function and T the final time of the
propagation. Here Ψi(t = 0) is defined as the as the vibrational
ground state of the electronic ground states. The target wave
function Φf is set as a Gaussian with a width of 0.39 au (fwhm)
centered at 1.7 au, which corresponds to one of the
enantiomers. The Krotov change parameter α0 is set to 1,
and the shape function s(t) = sin(tπ/T)2 guarantees smooth on
and off switching of the laser field. The iterative solution of the
optimization procedure25 yields a time-discretized field Ei(t),
i.e., one of the two components (x or y) of the elliptically
polarized laser field. To achieve a total field with balanced x and
y components, the iteration procedure alternates between both
components (8 steps for x, 8 steps for y, 20 steps for x, 20 steps
for y). First a solution for Ex(t) is calculated with a fixed field
Ey(t) from a previous optimization (or an initial guess), and
after that a solution for Ey(t) is calculated by using the
previously calculated field as a fixed field Ex(t). This procedure
yielded a wave packet that has a 86% overlap with the target
wave function. The optimized electric fields in the time and the
frequency domains are shown in Figure 3. The enantiomeric
excess optimization has been carried out on an oriented

molecule. Subsequent random averaging needs to be achieved,
leading to a 1/3 factor that decreases the yield substantially.27

The rotational averaging does not destroy the creation of an
enantiomeric excess because it is the angular momentum of the
light, independent of the relative molecular orientation, that
drives the chiral dynamics. As of today, an experimental
realization of an efficient coherent control scheme of molecular
chirality has still not been demonstrated.28−30

Upon interacting with the pump, the free molecule
interconverts between the two enantiomers, as shown in the
other panels of Figure 2, until after a delay T when it is finally
probed by the diffraction of an X-ray probe pulse.
The diffraction signal monitors the wave packet evolution in

the excited state. Snapshots of the animation of the time-
resolved SFG X-ray diffraction signal and dynamics given in
Supporting Information are displayed in Figure 4. The

diffracted X-ray pulse AXR (see eq 2) and the heterodyning
pulse Ahet are 5 fs long. The signal shows a 23 fs oscillatory
period corresponding to the enantiomeric interconversion.
A Fourier transform of eq 5 to real space, as defined in the

Supporting Information, generates the signal displayed in
Figure 5. The real space signal reveals the rotationally averaged
off-diagonal matrix element of the charge density. This signal
from an oriented sample17 can reveal an image of the transition
charge density (Figure 1d). In Figure 5, the coherent control
pulse interacts with the matter in order to prepare a localized
wave packet in a single enantiomer at time zero (see Figure 2).
After this, the system can freely evolve for a delay T, and we
observe oscillations in the signal that correspond to the wave
packet moving back and forth between the two enantiomeric
minima as visible in the signal defined in q space. The measured
r dependence provides the rotationally averaged transition
charge density ⟨σeg(r)⟩Ω. While structural details are lost in the
rotational averaging, the signal still offers information on the
displacement length of the electronic cloud induced by this
transition. We see that the X-ray diffraction signals in the liquid
phase or in crystals are widely used to probe long-range order
in matter because the homodyne signals that originate from
pairs of molecules vanish in an isotropic sample. We have
shown that stimulated or spontaneous X-ray signals originating
from a single molecule in an isotropic sample can nevertheless
provide valuable information. Measurements are simpler in
ensembles of randomly oriented molecules, but orientational
averaging of the matter correlation function makes it impossible
to recover the complete molecular structure. Combined with

Figure 3. Components of the elliptical polarized pump field that create
the localized wave packet. The left column shows the electric fields in
the time domain, and the right column shows the electric fields in the
frequency domain. The upper and lower rows are the x and the y
components, respectively.

Figure 4. Orientationally averaged stimulated X-ray SFG signal
Sstim(q,T), eq 3 vs the delay times T. In an isotropic sample, the signal
has a radial symmetry and thus only depends on the norm of q.
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the emerging ultrafast capabilities of X-ray pulses, SFG X-ray
diffraction offers a new window into the excited-state dynamics
in molecules. Typical incoming energies for X-ray diffraction
are near 10 keV. The detector resolution has to have good
frequency resolution at these energies in order to separate the
inelastic signal of interest. While a difficult task, this is now
possible; for example, the swissFEL PSSS detector (photon
single shot spectrometer) can measure spectra with a resolution
of ΔE/E = (2−5) × 10−5 in the 4−12 keV range. In our case,
the needed energy resolution is (5 eV)/(10 keV) = 0.0005 and
is 1 order of magnitude larger that the detector limit.31 We have
employed the SFG signal to follow in real time the
enantiomeric dynamics in formyl fluoride, and it complements
the time-resolved CD signal.32

When using the multipolar Hamiltonian, the electric and the
magnetic dipoles have a well-defined parity, and one can easily
find out which contribution appears at a given order in the
multipolar expansion. The charge density matrix elements
constitute scalar fields that need not be eigenvalues of the parity
operator (defined by σ σ= −r r( ) ( )). They can be
decomposed into symmetric and antisymmetric components
σ(r) = σs(r) + σas(r), where σ σ σ= − −r r r( ) ( ( ) ( ))as

1
2

and

σ σ σ= + −r r r( ) ( ( ) ( ))s
1
2

. It follows that σ σ= −r r( ) ( )as as

and σ σ=r r( ) ( )s s . In a nonchiral molecule, ⟨σas⟩Ω = 0, while
in a chiral molecule, both ⟨σs⟩Ω and ⟨σas⟩Ω are nonzero. Then,
the time-resolved diffraction signal on a randomly oriented
sample measures only ⟨σs⟩Ω when the molecule is nonchiral
and the total charge density when it is chiral. Designing a chiral
signal that could selectively probe ⟨σas⟩Ω and vanishes for
nonchiral molecules is an open challenge.
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