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We explored the collision-induced vibrational decoherence of singly ionized D2 molecules inside a
helium nanodroplet. By using the pump-probe reaction microscopy with few-cycle laser pulses, we
captured in real time the collision-induced ultrafast dissipation of vibrational nuclear wave packet
dynamics of Dþ

2 ion embedded in the droplet. Because of the strong coupling of excited molecular cations
with the surrounding solvent, the vibrational coherence of Dþ

2 in the droplet interior only lasts for a few
vibrational periods and completely collapses within 140 fs. The observed ultrafast coherence loss is distinct
from that of isolated Dþ

2 in the gas phase, where the vibrational coherence persists for a long time with
periodic quantum revivals. Our findings underscore the crucial role of ultrafast collisional dissipation in
shaping the molecular decoherence and solvation dynamics during solution chemical reactions, particularly
when the solute molecules are predominantly in ionic states.
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As an important driving force for chemical reactions in
dense gases or liquids, the collisional interaction can induce
energy transfer among the reacting entities through quantum
coherences and decoherences [1,2], which plays a key role
in many-body physics [3] and solution chemistry [4–6]. For
a molecule embedded in a dissipative environment, the
collisions with its surroundings may largely dissipate the
coherence of nuclearmotions. This would degrade the phase
coherences of molecular entities, leading to an irreversible
influence on the chemical reactions. In general, the colli-
sional effect on the interacting molecules strongly depends
on the immediate environment. In rarefied gas, the negli-
gible intermolecular collisions of near-isolated molecules
permit a long-lived coherence of the molecular quantum
dynamics [7,8]. However, in dense gases, the significant
collisional dissipationwill induce a fast decay of the coherent
nuclear motions. For instance, the collision-induced coher-
ence loss of molecular echo response in high-pressure dense
gases suggests a timescale of the collisional dissipation
dynamics on the order of a few picoseconds [9–11]. For
molecules dissolved in a liquid, a more severe collisional
effect is expected due to the much higher randomness and
matrix density of the surrounding solvent [12–14].
The quantum liquid of superfluid helium nanodroplets

(HeN) gives an expectation that the environmental colli-
sion has an inappreciable perturbation on the nuclear

dynamics [15–19]. Using the solvent of HeN as an ideal
reaction matrix, many studies on how the dissipative
solution environment influences the nuclear motions, such
as vibration [20], rotation [21,22], as well as dissociative
reaction dynamics [23,24], have been conducted. For
instance, the long-lived nuclear coherences of vibrational
dynamics have been observed for alkali-metal dimers on
droplet surfaces (range from ∼5 ps to ∼1.5 ns) [18,19],
and for neutral indium dimers embedded in the droplet
interior (tens of ps) [17]. These observations highlight
the low perturbing character of HeN when comparing the
observed long-lasting vibrational coherences to that in
other condensed mediums, such as high-pressure buffer
gases [11] and cryogenic rare-gas matrices [25], where
the vibrational coherence loss typically proceeds within
hundreds of femtoseconds up to a few picoseconds [26].
In principle, the collisional effect on the nuclear coher-

ence of solute molecules in a liquid environment is largely
determined by the coupling of dopants with the solvent.
The collisional interaction degree depends on many aspects
of the molecule’s intrinsic characteristics, such as vibra-
tional energies and modes, translational energies, electronic
structures, interaction potentials, and charge states [27,28].
A strong suppression of vibrational coherence has been
observed for excited lithium iodide molecules solvated in
the HeN interior [20], stressing the role of molecular
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excitation in the collisional dissipation. As compared to
neutrals, when the charged species is embedded in HeN ,
due to its ionic character and excited vibrational modes, a
more intensive coupling with the surroundings is expec-
ted [29,30]. However, previous investigations on the
behaviors of embedding excited molecular ions are limited
in spectroscopy studies [29,30]. So far, the details of how
the intensive coupling between the charged ions with the
helium surroundings dissipates the nuclear motions have
escaped real-time observation at the molecular level. To
resolve the ultrafast collisional dissipation dynamics in
time domain, an observable coherence loss of nuclear
motions with a shorter coherent period than the collisional
decoherence time is required.
In this Letter, we used the intrinsic vibrational motion of

singly ionized D2 molecules, with a vibrational period of
∼27 fs, as a sensitive probe to study the ultrafast collisional
dissipation dynamics of charged molecular cation inside a
HeN . By performing pump-probe experiments with few-
cycle laser pulses in a reaction microscope, we compared
the vibrational dynamics of Dþ

2 ion in the gas-phase and in
the droplet interior. The forth-and-back vibrational motion
of Dþ

2 induced by a pump pulse is visualized in real time by
monitoring its subsequent dissociation induced by a
probe pulse. Our results show that the vibrational oscil-
lations of in-droplet Dþ

2 only persist for a few periods and
then quickly undergo irreversible coherence loss within
∼140 fs, which is distinct from the observed long-lived
vibrational coherence in gas phase. It indicates a strong
coupling of the molecular cation with the liquid helium
surroundings. A simplified theoretical model was devel-
oped to understand the Dþ

2 -He collisional interaction.
As depicted in Fig. 1(a), the experimental measurements

were performed in a reaction microscope of cold target
recoil ion momentum spectroscopy (COLTRIMS) [31].
The helium nanodroplets, containing on average ∼1800 He
atoms [32], were doped with one D2 molecule (see more
details in the Supplemental Material [33]). As illustrated in
Fig. 1(b), a linearly polarized femtosecond laser pulse
(790 nm, 25 fs, 10 kHz) was spectrally broadened via
a multiple-plate continuum generation system [44], and
afterwards temporally compressed to produce 8-fs few-
cycle pulses for the pump-probe experiments. The pump-
probe scheme for probing the collisional dissipation
dynamics is illustrated in Fig. 1(c), which is based on
the laser-induced dissociative ionization of D2 molecules.
First, the ultrashort pump pulse removes one electron from
a neutral D2 molecule, launching a vibrational nuclear
wave packet (NWP) moving initially on the ground 1sσg
state of Dþ

2 . The propagating NWP that may undergo a
photon-coupled transition to the upper 2pσu state at the
internuclear distance of Rc, which is subsequently frag-
mentized by a probe pulse through either dissociating into
Dþ and D [45], denoted as D2ð1; 0Þ channel, or Coulomb
exploding into Dþ and Dþ [46]. The vibrational motion of

Dþ
2 NWP can be visualized by measuring the time-

dependent Dþ ion yields resulting from the two fragmen-
tation channels [40,47]. The observed time-resolved
vibrational coherence loss allows manifesting the colli-
sional effect in the dissipative environment.
In the experiment, due to the diffusion of free molecules

from the pickup cell to the target region, the molecular beam
in the interaction region contains D2 molecules in gas phase
and embedded in the HeN interior. Both the gas-phase and
in-droplet D2 molecules will interact with the laser pulses to
generate Dþ fragment ions. To identify the right HeN events,
we recorded the HenDþ (n ¼ 1; 2; 3;…) ions rather than
pure Dþ ions to account for the dissociative ionization of in-
droplet D2 molecules [15]. Figure 2(a) shows the measured
yields of ion fragments as a function of their time-of-flight
(TOF) and impact positions along the y axis of the detector,
integrated over the pump-probe time delay. In the spectrum,
the Dþ (m=q ¼ 2) ions, mainly resulting from the D2ð1; 0Þ
channel of gas-phase D2, and the HeDþ (m=q ¼ 6), He2Dþ
(m=q ¼ 10) ions, originating from the dissociative ioniza-
tion of in-droplet D2, can be clearly distinguished, and were
selected for further analysis.
Figures 2(b)–2(e) display the laser-shot-normalized

yields of Dþ, HeDþ, and He2Dþ ions as a function of
the pump-probe time delay within different time windows.
We first inspected the time-dependent yield distributions of
Dþ from the breaking of gas-phase Dþ

2 ions. Three major
features are exhibited. First, as indicated by the three black
arrows in Fig. 2(b), well-resolved oscillatory structures
peaking at ∼38, 66, and 93 fs, with a period of T ∼ 27 fs,

FIG. 1. (a) Schematic diagram of the experimental setup for
femtosecond pump-probe reaction microscopy. (b) Sketch of the
few-cycle laser pulse generation system. The four thin fused silica
plates, placed near the waist of the beam at Brewster’s angle, were
used to generate an ultrafast white light continuum. The
dispersion introduced by silica plates was compensated by the
chirped mirror pairs. (c) Potential energy curves of D2 and Dþ

2 ,
illustrating the process of pump-probe-induced dissociative
ionization of D2 molecules.
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can be observed. Second, the vibrational structures in
Fig. 2(b) exhibit apparent damped oscillations with decre-
asing contrast. Third, as shown in Fig. 2(c), an obvious
vibrational structure reappears between 520 and 680 fs for
the Dþ yield distribution. These features manifest the
vibrational motion of the bound Dþ

2 NWP. Initially, the
Dþ

2 NWPs are populated onto various vibrational states.
The dominating coherences between neighboring vibra-
tional states with different frequencies lead to the oscil-
latory peak structures in the time domain. The vibrational
NWP then undergoes dispersion during its oscillatory
motion between the outer and inner turning points.
Because of the anharmonicity of the potential curve of
the Dþ

2 ground state [40], the vibrational contributions at
different frequencies gradually get out of phase, leading to
the apparent degeneration of the vibrational structures.
However, since the vibrational motion of the isolated gas
phase Dþ

2 is nondisturbed by the environment, the vibra-
tional NWP stays fully coherent despite its dispersion. The
restored periodicity of the vibrational motion at large delay
[Fig. 2(c)] thus reflects the quantum vibrational revival of

the Dþ
2 NWP [48,49]. Note that the low revival amplitude

can be attributed to the excitation of rotational NWP of gas-
phase Dþ

2 [33,40].
Using the observed vibrational motion of the gas-phase

Dþ
2 as a reference, we now turn our attention to the

vibrational dynamics of Dþ
2 ions embedded in HeN . In

Fig. 2(d), one can observe that the modulation amplitude of
the first and second peak in the time-dependent yield
distribution of HeDþ were significantly decreased as
compared to that of Dþ in Fig. 2(b), and the third peak
was nearly smeared out. A comparable oscillatory tendency
was observed for He2Dþ as well. To have a quantitative
analysis for the vibrational decaying feature, the exper-
imental data points were fitted with the function SðtÞ ¼
S0 þ S1e−ðt=t1Þ þ S2e−ðt=t2Þ sin ½2πðt − t0Þ=T� [11,20]. The
time constant t1 represents the depletion of Dþ

2 ions via
dissociation to the continuum, and the t2 accounts for the
decay time constant of exponentially damped oscillations.
In the fittings, by assuming a constant decay time t1
(∼29 fs) of Dþ

2 dissociation for all conditions, the values
of t2 are obtained to be ∼25� 8 and 37� 6 fs for HeDþ
and Dþ, respectively. This indicates a faster degeneration
and stronger damping of the vibrational motion of the Dþ

2

inside a droplet compared to that of the Dþ
2 in the gas phase.

For a gas-phase Dþ
2 , its vibrational motion is merely

degenerated by the wave packet dispersion. However, for
a Dþ

2 ion immersed in the interior of HeN , additional strong
perturbations to the vibrational dynamics raise up from the
interaction between the dopant ion and the He environment.
Moreover, as shown in Fig. 2(e), the oscillation struc-

tures reflecting the quantum revival of the vibrational wave
packet are absent for both yield signals of HeDþ and
He2Dþ for time delay around 600 fs. Note that such
structureless yield distributions of HeDþ and He2Dþ
without periodic modulation have already occurred after
∼140 fs. The corresponding frequency-domain representa-
tion of the NWP motion is plotted in the insert of Fig. 2(e).
For the isolated gas-phase Dþ

2 , a dominant vibrational
frequency of the Dþ signal is peaked at ∼38.5 THz.
However, for the in-droplet Dþ

2 , the lack of characteristic
and dominant frequencies in the Fourier power spectrum
implies a decoherence of the vibrational motion by the
strong ion-He interaction.
In the previous studies, the investigated targets tend to be

the neutral molecules sitting on the droplet surface or
immersing in the HeN interior [17–19]. Since the inter-
action between the neutral molecule and droplet environ-
ment is considerably weak, their vibrational dynamics is
weakly perturbed, leading to the observation of long-lived
nuclear coherences [17]. However, for the here-studied in-
droplet cation, the strong coupling of the excited ion to the
surrounding He atoms will induce fast damping of the
coherent vibrational motion, leading to the faster and
irreversible decoherence of the NWP. The process of such

FIG. 2. (a) Time-integrated ion yields as a function of their TOF
and positions measured in the pump-probe experiments. The
signal islands, indicated by dashed ellipses, with m=q ¼ 2
(1300 ns < TOF < 1750 ns), m=q ¼ 6 (2500 ns < TOF <
2800 ns), and m=q ¼ 10 (3250 ns < TOF < 3550 ns), are as-
signed to Dþ, HeDþ, and He2Dþ ions, respectively. (b),(d)
Measured yields of different fragment ions: Dþ, HeDþ, He2Dþ,
as a function of the pump-probe time delay. The solid lines
are numerical fits to the data points. (c),(e) Time-dependent ion
yields of Dþ, HeDþ, and He2Dþ for time window from 520 to
680 fs. The corresponding FFT spectra are shown in the inset. Each
data point of the ion yield distributions from (b) to (e) is normalized
to a single laser shot.
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collisional dissipation dynamics of vibrational NWP of in-
droplet ions is typically on a femtosecond timescale. In our
study, by using the ultrafast vibrational motion of Dþ

2 as a
sensitive probe, such an ultrafast collisional dissipation
process within ∼140 fs is successfully visualized in
real time.
To validate our assignment of the observed ultrafast

vibrational decoherence of the in-droplet Dþ
2 to the ion-He

collisional interactions, we developed a semiclassical
model to simulate the behavior of NWP decoherence inside
a HeN . In the simulation model, the Dþ

2 -HeN system is
simplified by considering 15 He atoms surrounding a Dþ

2

ion. The open system model is given by the Liouville von-
Neuman equation [50]

∂ρ
∂t

¼ iℏ½H; ρ� − ρ − ρd

τ0
: ð1Þ

The ρ is the density matrix of Dþ
2 . At the beginning, the

initial density matrix is formed as ρt¼0 ¼ jν0ihν0j, where v0
is the vibrational ground state of neutral D2. The H is the
Hamiltonian containing both the diagonal and non-diago-
nal terms, which corresponds to the vibrational eigenstates
of Dþ

2 , and the dipole-transition introduced by the probe
pulse, respectively. The term of ½ðρ − ρdÞ=τ0� in the
equation indicates the decoherence of NWP causing by
the collisional effect of HeN on the Dþ

2 vibrational motion,
where the ρd is the diagonal term of ρ, representing the
vibrational eigenstates of Dþ

2 , and τ0 is the decoherence
time. The value of τ0 is crucial in determining the vibra-
tional decoherence dynamics of Dþ

2 NWP in HeN .
Based on this simplified model, we performed the

molecular dynamical simulations (see Supplemental
Material [33] for more details). The critical value of
DisHe−Dþ

2
representing the distance of the nearest He toward

the Dþ
2 was inspected. Each time the DisHe−Dþ

2
reaching a

valley value represents the Dþ
2 ion getting collided by a He

atom. We iterated the molecular simulations for hundreds
of times, and collected the time interval T interval between
each He-Dþ

2 collision. As displayed in Fig. 3(a), three
typical routes with different initial conditions are presented,
which results in different delay-dependent DisHe−Dþ

2
dis-

tributions. Figure 3(b) shows the extracted distribution of
the T interval values. The most probable value of T interval ∼
59 fs can be regarded as the decoherence time τ0, which is
identified to be reliant on the mass of the molecular ions
[33]. We note that this decoherence rate is comparable to
the collision rate obtained from the Langevin model
[33,41], which indicates the crucial role of ion-induced
dipole interaction for the He-Dþ

2 collision [42]. With τ0 ¼
59 fs in Eq. (1), as shown in Fig. 3(c), the simulated time-
dependent yield distribution of Dþ, originating from the
dissociation of Dþ

2 ion suffering surrounding collisional
interactions, exhibits a prominent vibrational structure with

fast decoherence within ∼140 fs (purple solid line) and a
flat distribution at larger time delay after 500 fs. The
simulation results qualitatively agree with the experimental
observations of the vibrational motion of the in-droplet Dþ

2 .
Furthermore, to reveal the crucial role of τ0 value in the
collision-induced vibrational decoherence, we extracted the
results for τ0 ¼ 30, 70 and 100 fs, respectively. As shown in
Fig. 3(c), the smaller the τ0 value is, the faster the Dþ yield
distribution decays. This indicates that the more times the
He-Dþ

2 collision occurs, the stronger the perturbation is
given by the He environment to the vibrational dynamics.
In general, the vibrational coherence loss of in-droplet

dopants can be caused by both the elastic dephasing of the
vibrational modes and the inelastic dephasing via droplet-
induced relaxation of vibrational excitation. In the latter
case, the dopant molecule strongly collides with the
droplet, resulting in energy transfer from the molecule to
the droplet environment and destruction of the coherent
vibrational phase relations. Our observation is strikingly
different from the previously observed long-lived vibra-
tional coherences of in-droplet neutral indium dimers,
where the elastic dephasing is mostly present [17]. The
difference is rationalized by the different degrees of
coupling of the molecular cations and neutral molecules
to the HeN environment. In our recent studies, an enhanced
dissociation of Hþ

2 in HeN was observed, showing the
participation of the surrounding He atom in the generation
of HeHþ ion [51]. The well depth of interaction potential of

FIG. 3. (a) Simulated time-delay-dependent distance between
the nearest He atom and Dþ

2 (DisHe−Dþ
2
). Three typical routes,

labeled with 1, 2, 3 in different colors, represent different initial
conditions. (b) Extracted distributions of time interval (T interval)
between each He-Dþ

2 collision in the simulations. The orange
histogram is the collected T interval distribution for the simulated
collisional events. The black-solid curve shows the numerical fit
to the simulation results based on kernel density estimation
method. (c) Simulated yield distributions of He-perturbated Dþ
as a function of time delay with different τ0 values. The inset
shows the enlarged distributions for delay between 20 and 200 fs.
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He-Hþ
2 (∼2717 cm−1) is much larger than that of He-H2

(∼10.3 cm−1) [52,53]. The strong decoherence of NWP is
partly due to the consumption of vibrationally excited Dþ

2

populating on high lying states through the chemical
reaction of Heþ Dþ

2 → HeDþ þ D.
To conclude, by real-time visualizing the vibrational

NWP motion of the Dþ
2 ion from the dissociative ionization

of a D2 molecule inside a HeN , we have demonstrated the
observation of the extremely fast collisional dissipation
dynamics, at timescales on the order of 100 fs. Our results
show that, differing from the behaviors of the in-droplet
neutral molecules, the charged ions in the HeN interior
strongly couple to the He solvent via ion-He collisional
interactions. The collision-induced dissipation of molecular
dynamics is essential in diverse natural phenomena and
technological applications, such as interstellar hydrogena-
tion process [54], photosynthetic light harvesting [55,56],
and quantum heat engines [57]. In particular, the observa-
tion of how the intermolecular collisions influence the
excited molecular dynamics in a cold environment of HeN
will pave the way for understanding the molecular reactions
at extreme conditions, for instance, the collisional chem-
istry in the interstellar medium and planetary atmospheres.
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