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Directly imaging structural dynamics involving hydrogen atoms by ultrafast diffraction methods
is complicated by their low scattering cross-sections. Here we demonstrate that megaelectronvolt ul-
trafast electron diffraction is sufficiently sensitive to follow hydrogen dynamics in isolated molecules.
In a study of the photodissociation of gas phase ammonia, we simultaneously observe signatures of
the nuclear and corresponding electronic structure changes resulting from the dissociation dynamics
in the time-dependent diffraction. Both assignments are confirmed by ab initio simulations of the
photochemical dynamics and the resulting diffraction observable. While the temporal resolution of
the experiment is insufficient to resolve the dissociation in time, our results represent an important
step towards the observation of proton dynamics in real space and time.

Thermal and photochemical hydrogen and proton
transfer reactions are among the most ubiquitous in
chemistry and biology.[1–3] Directly following photo-
chemical hydrogen and proton dynamics with time-
resolved experimental methods is complicated by their
fast time scales down to the few femtosecond regime.
Moreover, it requires experimental methods with di-
rect and specific sensitivity to the structural dynam-
ics of hydrogens. Such methods, e.g. Coulomb explo-
sion imaging (CEI), are in principle available.[4–6] The
sensitivity of CEI to hydrogens has been already es-
tablished for comparably complex static structures.[7]
Time-resolved CEI studies of hydrogen reaction dy-
namics with relevance to atmospheric chemistry have
been recently demonstrated.[8] However, the direct in-
version of the experimentally obtained fragment mo-
menta into molecular geometries is non-trivial for more
complex structures.[7, 9] Moreover, it is well-established
that the high optical field strengths required for multi-
ply ionizing the molecule in CEI can themselves induce
dynamics.[10] Other methods such as laser-induced elec-
tron diffraction[11–14] are able to image hydrogen mo-
tion, but have so far only been demonstrated for the
observation of dynamics in photoionized, field-dressed
states. Therefore, they are less suitable to investigate
hydrogen structural evolution in field-free valence excited
states with broad relevance to photochemistry.[15, 16]

As an alternative, direct sensitivity to the motion of
the nuclei can be achieved with novel time-resolved imag-
ing methods, such as ultrafast X-ray[17–19] and electron

diffraction.[20–24] In comparison to strong-field-enabled
methods like CEI, time-resolved diffraction probes molec-
ular structure through a ”gentle”, i.e., elastic interaction.

Due to the exclusive interaction with the electron den-
sity of a molecule,[25] the sensitivity of X-ray scattering
to hydrogens and hydrogen motion is extremely limited.
In contrast, electrons scatter off the Coulomb potential
of a molecule, which contains contributions from both
electrons and nuclei.[26] Therefore, the relative cross-
section of hydrogen with respect to carbon is more than
an order of magnitude higher for electron compared to
X-ray diffraction.[27] The observation of hydrogen mo-
tion has recently been demonstrated in bulk water us-
ing megaelectronvolt ultrafast electron diffraction (MeV-
UED).[24, 28, 29] Here, we demonstrate that MeV-UED
can resolve the femtosecond excited-state hydrogen dy-
namics in dilute gas phase ammonia, photoexcited at
∼200 nm.

The photodissociation of ammonia is a benchmark case
for multi-channel nonadiabatic photochemical dynam-
ics and, therefore, has been the subject of many previ-
ous experimental steady-state[34–39] and time-resolved
studies,[40–42] as well as theoretical investigations.[31,
43] Ammonia (C3v symmetry) exhibits a double min-
imum in its electronic ground state connected by an
umbrella-type inversion motion (see potential energy sur-
faces, PESs, in Fig. 1a). Photoexcitation around 200 nm
populates the 21A state, which is dominated by a single-
electron excitation from the nitrogen lone pair (n) orbital
to a 3s Rydberg orbital (see visualizations in Fig. 1a) and,
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FIG. 1. (a) S0 and S1 PESs (obtained from Refs. 30, 31)
along the umbrella (Θ) and ND2-D dissociation coordinates.
Photoexcitation (blue arrow) to the predissociative 21A state
activates the umbrella mode and promotes adiabatic or non-
adiabatic ND2-D dissociation. The contour plot shows the
S1/S0 energy gap, indicating a smaller gap (blue) along the
ND2-D coordinate. Changes in the electronic character are
shown by means of the dominant configuration. Key orbitals
involved in the process are shown as insets and correspond to
state-averaged natural orbitals (isovalue=0.36 a.u.). At the
distorted geometries, the Rydberg orbital correlates with a σ∗

orbital in the distorted ND2-D and eventually becomes the
1s H orbital upon dissociation. Additionally, the dominant
electron configurations (non-spin-adapted) of the states in the
Franck–Condon region and in the dissociation limit are shown.
(b) Experimental absorption spectrum of ND3 (black line)
showing strong vibrational progression in the umbrella mode
(ν′

2). The peaks of the progression are labeled with respect to
the corresponding vibrational level. The small peak at 217 nm
results from a hot band of ND3.[32, 33] The spectrum of the
UV pump laser centered around ν′

2 = 4 of the umbrella mode
is shown in blue.

therefore, exhibits Rydberg character. The 21A state
has a minimum at a planar geometry of D3h symmetry.
The large geometric difference between the ground state
and 21A state results in a strong vibrational progression

in its absorption spectrum (see Fig. 1b). H2N-H disso-
ciation is impeded by a barrier, which can be crossed
(potentially aided by tunnelling) from all but the low-
est two out-of-plane bending vibrational states leading
to <100 fs lifetimes in the D3h minimum. Isotopic sub-
stitution with deuterium significantly increases the life-
times in the D3h minimum for a number of out-of-plane
vibrational levels,[34] making it easier to resolve the dy-
namics in time. Hence, we employ fully deuterated am-
monia and excite the 4th excited state vibrational level
at 202.5 nm (see Fig. 1b). Deuteration only affects the
timescales here, and is not expected to have any effect
on the diffraction signal intensity. Thus, our findings are
fully applicable to proton dynamics in general.

The dissociation barrier results from the presence of
an avoided crossing between the excited Rydberg state
and a higher-lying nσ∗ state with D2N-D antibonding
character.[44] Thus, the excited state gradually changes
its electronic character from n3s to nσ∗ along the D2N-
D dissociation coordinate. After passing the dissociation
barrier, the wavepacket proceeds along the D2N-D coor-
dinate towards adiabatic and nonadiabatic photodissoci-
ation channels, yielding ND2(X̃)+D and ND2(Ã)+D (see
Fig. 1).

The sensitivity of electron scattering to the electronic
structure of molecules has long been established and
benchmarked, among other molecules, with the help of
ammonia.[45–47] Elastic scattering processes are sensi-
tive to the electron density in a molecule. In contrast,
inelastic scattering is sensitive to electron correlation.[48]
We have recently demonstrated that inelastic scattering
can be employed to follow electronic structure changes
during photochemical dynamics.[21] Such changes in elec-
tron correlation can originate from population transfer
between excited states of different electronic character
through conical intersections[21] or due to more gradual
excited-state character changes like the change n3s to
nσ∗ when crossing the excited-state barrier of ammonia.

The strongest contributions from inelastic scattering
appear at momentum transfer values <2 Å−1 whereas
difference diffraction signatures of nuclear geometry
changes can typically be measured up to 10 Å−1.[22]
Thus, complementary information from electronic- and
nuclear-structure changes can be detected in a well-
separable fashion in the experimental diffraction pat-
terns. In the present study, we observe, in addition to
signatures of the structural N-D dissociation, clear signa-
tures of the electronic excitation and electronic character
change from n3s to nσ∗.

The experiment was performed at the MeV-UED facil-
ity at SLAC National Accelerator Laboratory.[49] Fig. S1
shows a schematic of the experimental setup. A 202.5 nm
pump pulse was spatially and temporally overlapped
with an electron pulse of 4.2 MeV kinetic energy in a
pulsed jet of ND3. Diffracted electrons were detected
with a combination of a phosphor screen and a camera.
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The simulations were performed using ab initio multi-
ple spawning[50] (AIMS) in combination with ab initio
elastic and inelastic electron scattering simulations.[21]
A detailed description of both the experimental and the-
oretical methods can be found in Sec. S1 of the supple-
mental material.

Our AIMS simulations are based on the PESs and
nonadiabatic couplings reported by Yarkony et al.[30, 31]
and provide a picture consistent with previous numeri-
cally exact quantum dynamics.[31] In particular, follow-
ing photoexcitation and progress along the D2N-D dis-
sociation coordinate (Sec. S2 and Fig. S4), the majority
of the population undergoes nonadiabatic photodissocia-
tion (∼66 %) with a smaller portion (∼24 %) proceeding
along the adiabatic channel (Fig. S5). A small fraction
(< 10 %) remains trapped (after 0.84 ps) on the excited
state by the predissociation barrier and hence retains Ry-
dberg character (Fig. S6).

In Fig. 2e, we present the results of our MeV-UED
experiment as a false-color plot in the form of the dif-
ference between the time-dependent diffraction and the
static diffraction of ND3 normalized by the static diffrac-
tion (∆I/Iref(s, t), where s is the momentum transfer in
Å−1). Additionally, Fig. 2a shows ∆I/Iref(s) at the three
different delay times (t = -0.56 ps, 0.04 ps, and 0.84 ps),
which are marked by the color-coded horizontal lines in
Fig. 2e. These delay times are chosen to include one de-
lay clearly before time zero as a reference for the noise
level of the experimental signals, the closest experimen-
tal delay to time zero, and one delay where the dissocia-
tion reaction is expected to be finished. The s-integrated

∆I/Iref(0.67 Å
−1

< s < 1 Å
−1

, t) (dashed purple verti-
cal line in Fig. 2e) is shown in Fig. 2d, purple. At time
zero, a strong positive feature turns on in the s < 2
Å−1 regime and decays within the instrument response
function (500-fs full width at half maximum, FWHM) to
a weaker, delay-independent level (Fig. 2d). Simultane-
ously, substantially weaker features appear: specifically,
a broad positive signature between 3 and 6 Å−1 and a
broad negative signature at s > 6 Å−1 that stay constant
over the whole remaining time delay window.

The experimental results in Fig. 2e are compared
with the simulated scattering signals computed based on
AIMS dynamics of photoexcited ND3 (see Secs. S1 D
and S2). We use two different approaches to simulate
the electron diffraction observable from the simulated
wavepacket. First, using ab initio scattering where the
∆I/Iref(s, t) signatures are computed by scattering off
the Coulomb potential from the nuclei and the electronic
wavefunction as evaluated in our wavepacket simulations
(Figs. 2b/f). This scattering simulation includes both
elastic and inelastic scattering contributions. Analogous
to the experimental data, the time-dependence of the in-

tegrated difference diffraction 0.67 Å
−1

< s < 1 Å
−1

is plotted in Fig. 2d (dashed cyan line). Second, we also

provide ∆I/Iref(s, t) signatures based on the independent
atom model (IAM, Figs. 2c/g) that neglect both inelastic
scattering and changes in electron density around indi-
vidual atoms due to chemical bonding or electron density
redistribution (e.g., following electronic excitation). The
time-dependence of the integrated signal at low s-values
is plotted in Fig. 2d (dashed brown line).

To understand the time-dependent signatures in Fig. 2,
we begin by considering the respective signatures at late
delays (Fig. 2a-c, orange) when the photodissociation is
complete (see Fig. 1a). The signature from the IAM scat-
tering simulation in Fig. 2c exclusively originates from
changes in the nuclear geometry (interatomic distances)
due to the atomic superposition approximation inherent
to IAM. Since it is a ∆I/Iref(s, t) signature, it results
from the difference of signatures from the atomic dis-
tances in and between the dissociation products at a de-
lay time of 0.84 ps and signatures from the distances in
the ND3 reactant geometry. Due to the relatively large
atomic form factor of nitrogen, it is dominated by the
difference of N-D distance signatures from the evolving
photoexcited population and from the reactant geome-
try (see Sec. S3 for details). Moreover, the presence of
the predissociation barrier (see S1 potential surface in
Fig. 1a) leads to a blurring of the diffraction signatures
from the photoexcited population. This effect is further
increased by the limited time resolution of the experiment
(modeled in the IAM simulations in Fig. 2 by convolution
with a Gaussian in time, see Sec. S1 D). The signature
at late delays in the IAM simulation (Fig. 2c) is, there-
fore, dominated by the loss of one N-D bond distance
(see Sec. S3).

A qualitatively similar, but weaker, signal is found
both in the experimental and ab initio scattering sig-
natures for s > 3 Å−1 (Figs. 2a and b). A decomposition
of the ab initio scattering signature into elastic and in-
elastic scattering contributions (Figs. 3 and S7) shows
that it is exclusively due to elastic scattering. Due to the
incoherent nature of inelastic scattering, we do not ex-
pect any direct signatures from changes in the molecular
geometry.[21] Thus, the absence of the signature at s > 3
Å−1 in the inelastic scattering supports the assignment
of this signature as the loss of one N-D bond, analogous
to the IAM scattering signature. The relative weakness
of the signatures with respect to the IAM simulation is a
direct result of the deviation of the actual electron distri-
bution in ND3 from a superposition of atomic densities
assumed in IAM.

Considering next the low-s (s < 3 Å−1) region at late
delays (orange plots), the ab initio scattering and ex-
perimental signals deviate qualitatively from the IAM.
Both show a strong positive signature for s < 1 Å−1

whereas the IAM simulations exhibit a negative signa-
ture. Decomposition of the ab initio scattering simula-
tions (Figs. 3 and S7) show that its main contribution
below 1 Å−1 originates from the small fraction (< 10 %,
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FIG. 2. Comparison of experimental and simulated signatures. (a), (b), and (c) show ∆I/Iref signals at different delays from
(a) the experiment, (b) ab initio scattering calculations based on AIMS simulations, and (c) the same AIMS simulations, but
using the independent atom model (IAM) to compute the diffraction signal. The delays for the temporal lineouts in (a)-(c) are
marked as color-coded horizontal lines in the corresponding false-color plots of the time-dependent signals from the experiment
and the two different simulation approaches in (e)-(g). Additionally, the time-dependence of the integrated low-s regions of the
three false-color plots is shown in plot (d) where the upper-s integration limits are marked by vertical color-coded dashed lines
in plots (e)-(g).

Fig. S5) of population that is trapped behind the S1 pre-
dissociation barrier (see Fig. 1a). As shown in Fig. S6,
this is mainly due to the Rydberg character of the excited
state rather than geometric changes from the difference
between ground-state and excited-state potentials in the
Franck–Condon region.

It should be noted that both elastic and inelastic scat-
tering contribute to the low-s signature (see Figs. 3 and
S7). Both contributions can be directly connected to
the Rydberg character of the excited state. First, the
strength of the elastic scattering contribution originates
from the significant change in electron density distribu-
tion induced by the Rydberg excitation: one electron,
i.e., 10 % of the overall electron density, is redistributed
from a fairly localized lone pair orbital to a strongly de-
localized Rydberg orbital. Second, the excitation from
the electronic ground state (strongly correlated motion
of the two electrons occupying the n orbital) to a n3s
Rydberg state (weak correlation between remaining n
electron and the 3s electron) can be expected to yield
a significant change in the inelastic scattering signature.

Weaker contributions to the s < 1 Å−1 signal arise
from the large population (∼66%) in the nonadiabatic
dissociation channel, mainly from inelastic scattering
contributions (see Fig. 3). The less populated adia-

batic dissociation channel (∼24%) shows negligible con-
tributions in this region. The disagreement between ex-
perimental and ab initio scattering simulation between
1 < s < 2 Å−1 can be explained by a baseline offset in
the experimental data in this region in combination with
a slight overestimation of the inelastic scattering intensi-
ties in the ab initio simulations.

Summing up our theoretical analysis at long time de-
lays, we can distinguish two regions in the ∆I/Iref(s, t)

signal: (i) the < 1 Å
−1

region which is almost exclu-
sively sensitive to the electronic character of the excited

electronic state, and (ii) the > 3 Å
−1

region which is ex-
clusive sensitivity to nuclear structural changes, i.e. the
loss of an N-D bond upon photodissociation.

We can interpret the time-zero signal (blue curves in
Fig. 2a-c) along the same s-regions. Experimental and ab
initio scattering signals are dominated by a stronger sig-
nature at s < 1 Å−1 than at later delay times. The region
at s > 3 Å−1 shows the same (albeit weaker) signatures
as at later delay times. The strong signature at s < 1
Å−1 is easily explained by the fact that initially all of
the excited-state population is residing behind the pre-
dissociation barrier, where the electronic state exhibits
Rydberg character (see Fig. 1a). Accordingly, the decay
of the signal at s < 1 Å−1 after time zero is related to the



5

FIG. 3. Decomposition of the ab initio scattering signal at
t = 0.84 ps according to exit channel. (a) Total scattering
signal, and its decomposition into (b) elastic and (c) inelastic
components. The vertical dashed lines mark s = 1 and 3 Å−1.
The distance-based cutoffs used to define the photoproducts
are indicated in the figure (see also Fig. S5).

depopulation of the quasi-bound Franck–Condon region
across/through the predissociation barrier due to the as-
sociated change in electronic character (see also Fig. S6).
Since IAM is insensitive to the electronic state, this fea-
ture is entirely missing in the IAM scattering signal. The
weak dissociation signatures at s > 3 Å−1 are the result
of a temporal smearing of the onset of the dissociation
signatures due to the limited temporal resolution (see
Fig. S7 for the raw, i.e., without temporal convolution,
theoretical difference scattering signals).

In conclusion, we observed signatures from both deu-
terium structural dynamics and electronic structure
changes during the photodissociation of ND3 in well-
separated momentum transfer ranges of ultrafast electron
diffraction. The ability to follow complementary informa-
tion of nuclear and electronic structure evolution in well-
separable observables is so far unmatched by other meth-
ods and marks a powerful demonstration of the ability of
MeV-UED to follow nonadiabatic proton and hydrogen
photochemistry. Our results lack so far in temporal res-
olution (500 fs FWHM), a crucial parameter for the in-
vestigation of photochemical reaction dynamics involving
hydrogens and protons. However, structural dynamics of

more strongly scattering second row elements can already
be investigated at the existing MeV-UED facility using
lower electron pulse charges, which result in a 3-fold im-
proved time resolution (150 fs FWHM).[22] The signal
levels required for the observation of proton dynamics at
this higher temporal resolution can be achieved, e.g., by
an increase of the repetition rate to the MHz regime as
already demonstrated for electron injector guns for next-
generation X-ray free electron lasers.
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two-photon excitation spectroscopy, Chem. Phys. 93, 293
(1985).

[36] M. Ashfold, S. Langford, R. Morgan, A. Orr-Ewing,
C. Western, C. Scheper, and C. de Lange, Resonance
enhanced multiphoton ionization (REMPI) and REMPI-

photoelectron spectroscopy of ammonia, Eur. Phys. J. D
4, 189 (1998).

[37] M. L. Hause, Y. H. Yoon, and F. F. Crim, Vibrationally
mediated photodissociation of ammonia: The influence
of N-H stretching vibrations on passage through conical
intersections, J. Chem. Phys. 125, 174309 (2006).

[38] D. H. Mordaunt, M. N. R. Ashfold, and R. N.

Dixon, Photodissociation dynamics of Ã state ammo-
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L. Bañares, A velocity map imaging study of the pho-
todissociation of the a state of ammonia, Phys. Chem.
Chem. Phys. 16, 406 (2014).

[40] A. S. Chatterley, G. M. Roberts, and V. G. Stavros,
Timescales for adiabatic photodissociation dynamics
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