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Rotational dynamics of D2 molecules inside helium nanodroplets is induced by a moderately intense
femtosecond pump pulse and measured as a function of time by recording the yield of HeDþ ions, created
through strong-field dissociative ionization with a delayed femtosecond probe pulse. The yield oscillates
with a period of 185 fs, reflecting field-free rotational wave packet dynamics, and the oscillation persists for
more than 500 periods. Within the experimental uncertainty, the rotational constant BHe of the in-droplet D2

molecule, determined by Fourier analysis, is the same as Bgas for an isolated D2 molecule. Our observations
show that the D2 molecules inside helium nanodroplets essentially rotate as free D2 molecules.
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Laser-induced alignment of molecules in the gas phase
has been intensively studied in the last decades and used in
various applications [1–4]. In particular, moderately intense
femtosecond laser pulses can create rotational wave pack-
ets, i.e., coherent superpositions of field-free rotational
eigenstates, leading to alignment and antialignment revivals
in narrow, periodically occurring time windows. For iso-
lated linear and symmetric top molecules, the characteristic
revival structure of the time-dependent degree of alignment,
explored in a large number of works, persists and does not
change provided coupling of the rotational angular momen-
tum to, e.g., the nuclear spin is negligible [5,6]. On the
other hand, if the molecules are in a dense gas, collisions
with other molecules or atoms will lead to a gradual
dephasing of the wave packet and possibly rotational state
redistribution, which manifests as a gradual disappearance
of the revival structures [7–9].
Recently, alignment in the nonadiabatic regime was

extended to molecules embedded in liquid helium nano-
droplets [10–13]. Studies on OCS, CS2, and I2 molecules
showed that when their rotational energy is kept well below
the roton energy of the droplet [14,15], where coupling
between rotation and the phonons is weak, revivals are
present in the time-dependent degree of alignment traces,
reflected as discrete peaks in the corresponding frequency
spectra. These observations were interpreted as a conse-
quence of the superfluidity of He droplets. Although the
observed rotational dynamics differed strongly from the

rotational dynamics of gas-phase molecules, a free-rotor
model accounted for the experimental results [12]. It
revealed that the difference is due to the smaller effective
rotational constant BHe and the much larger centrifugal
distortion constant DHe of the in-droplet molecules [14,15]
compared to those of the gas-phase molecules, Bgas and
Dgas, as well as to a distribution rather than a single value of
BHe and DHe.
For OCS, CS2, and I2, the Bgas=BHe ratio lies between 2

and 5, an effect caused by a nonsuperfluid density of He
corotating with the molecules [16]. For smaller and lighter
molecules, Bgas=BHe tends toward 1, notably when
Bgas > 1 cm−1. This trend, qualitatively explained as the
surrounding He atoms not being able to follow the fast-
rotating molecules, indicates that the rotation of small
molecules inside He droplets should closely resemble that
in the gas phase. However, the collected information from a
large number of infrared (ir) spectroscopy studies have
established that DHe ¼ 0.038B1.88

He at least up to BHe ¼
1 cm−1 [15]. Although it is not clear if this correlation
between DHe and BHe is still valid when BHe > 1 cm−1, ir
studies on methane (BHe ¼ 5.0 cm−1) showed that DHe
remains significantly larger thanDgas [17]. Such a situation
will lead to rotational dynamics very different from that of
gas-phase molecules. On the other hand, the quasiparticle
angulon model recently predicted that in the limit of
light rotors, DHe scales as B−1

He, which would point toward
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a gas-phase-like rotation [Ref. [18], Sec. V]. This leaves an
open question: How do small and light molecules
(Bgas ≫ 1 cm−1) rotate inside superfluid He droplets?
The purpose of our work is to answer this question. It is
done by using a nonresonant femtosecond pulse to create
rotational wave packets in D2 molecules embedded in
helium nanodroplets and measuring the rotational dynam-
ics through timed strong-field dissociative ionization.
A schematic of the experimental setup is given in

Fig. 1(a). A continuous helium nanodroplet beam was pro-
duced by expanding 4He gas (99.9999%, 16.2 K, 20 bar)
through a 5-μm-diameter nozzle. The droplets, estimated to
contain on average 2000 He atoms [14], were doped by
passing them through a 4-cm-long pickup cell with D2 gas.
Two linearly polarized pulsed laser beamswere focused by a
concave silver mirror (f ¼ 7.5 cm) onto the doped He
droplets inside a cold target recoil ion momentum spectros-
copy (COLTRIMS) setup [24,25]. The pulses in the pump
beam (790 nm, ∼40 fs, y-polarized, 8.0 × 1013 W=cm2)
were used to induce alignment and the pulses in the probe
beam (395 nm, ∼30 fs, z-polarized, 2.0 × 1014 W=cm2)
were used to measure the degree of alignment.
In previous studies of laser-induced alignment of mole-

cules in He droplets, the degree of alignment was measured
by Coulomb exploding the molecules with an intense laser
pulse and recording the emission directions of the fragment
ions [10,27]. Fragment ions like Iþ, Brþ, or Sþ from, e.g., I2,
C6H5Br, and CS2 molecules, respectively, lose some of their
initial directionality following the Coulomb explosion event
due to scattering on He atoms as the ions move out of the
droplet, but their final angular distribution can still be used to
determine the degree of alignment [27,28]. For the much

lighter fragment ionDþ, the influence of theHe scattering on
the ion trajectories ismore severe, and our experiment shows
that the Coulomb explosion probe method is not well suited
[18]. Instead, the rotational dynamics is probed by ionizing
the D2 molecules with the probe pulse and measuring the
dissociative-ionization yield because it depends on the
orientation of the molecular axis relative to the polarization
of the probe pulse.
The alignment-dependent dissociative-ionization pro-

cess details are illustrated in Fig. 1(b). The probe pulse
ionizes and dissociates the D2 molecule via two channels:
D2 → Dþ

2 þ e → Dþ þ Dþ e, denoted as D2ð1; 0Þ, and
D2 → Dþ

2 þ e → Dþ þ Dþ þ 2e, denoted as D2ð1; 1Þ.
Both channels are sequential, and the first step is multi-
photon ionization of D2. The ionization step depends only
mildly on the molecular alignment [29,30]. The subsequent
step is a parallel transition between the 1sσg and 2pσu
states of Dþ

2 [31] before either dissociating to Dþ and D
[the D2ð1; 0Þ channel] or undergoing charge-resonance-
enhanced ionization [32] followed by Coulomb explosion
to Dþ and Dþ [the D2ð1; 1Þ channel]. Both of these two
channels occur most effectively when the molecular axis
aligns along the polarization direction of the laser pulse;
i.e., they are alignment dependent. As a result, the rota-
tional dynamics can be visualized by measuring the time-
dependent yield of the dissociative-ionization channels
[33,34], i.e., the Dþ ion yield, with the highest (lowest)
yield expected when the molecules align parallel
(perpendicular) to the probe polarization.
The laser pulses interacted not only with D2 molecules

inside He droplets but also with free D2 molecules that
diffused from thepickup cell to the target region. To eliminate
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FIG. 1. (a) Schematic diagram of the experimental setup. (b) Relevant potential energy curves of D2, D
þ
2 , and D 2þ

2 (1=R Coulomb
potential), adapted from Ref. [26]. The blue vertical arrows illustrate the D2ð1; 0Þ and D2ð1; 1Þ dissociative ionization channels; see text.
(c) Measured position y-TOF spectrum of the ions produced when the probe pulse interacts with the doped He nanodroplets. The signal
originating from the residual gas in the interaction chamber (e.g., H2, H2O, and N2) was subtracted from the spectrum for clarity.
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the background contribution from these isolated D2 mole-
cules and obtain a signal that exclusively originates from D2

molecules embedded in the droplets, we recordedHeDþ ions
rather than Dþ ions. This strategy is similar to that employed
in past studies on, e.g., I2 molecules where HeIþ ions were
recorded [11,27]. The ultralow pressure (∼10−7 mbar) in the
interaction zone excluded the possibility that the fragment
ion Dþ from a gas-phase isolated D2 molecule collided with
diffusing He atoms, required to form HeDþ ions. The HeDþ
ions stem from,webelieve,Dþ fragment ions binding to aHe
atom as they travel out of the droplet.
Figure 1(c) depicts the measured position y-TOF spec-

trum of the ions produced by the probe pulse. The spectrum
consists of two series of singly charged ionic fragments
with mass-to-charge ratio m=q ¼ 4n and m=q ¼ 4nþ 2
(n ¼ 1; 2; 3; 4;…), which are respectively assigned to Heþn
and HenDþ ions [35]. The m=q ¼ 4n may also have a
contribution from Hen−1Dþ

2 ions. The signals with 1000 <
TOF < 2000 ns are mainly from Dþ ions produced when
D2 molecules are dissociatively ionized. In what follows,
we focus on the peak withm=q ¼ 6 (marked by the dashed
ellipse), which is assigned to HeDþ ions and could only
have originated from D2 molecules embedded in helium
droplets, as discussed above.
Figure 2(a) depicts the yield of the HeDþ ions as a

function of their kinetic energy (Ekin) and the time delay
between the pump and the probe pulses. The time interval
recorded was from −200 to 1000 fs with a step size of
6.7 fs. The Ekin axis is on a logarithmic scale, and the yield
is normalized for each kinetic energy. Pronounced oscil-
lation structures are visible with an apparent π-phase shift
between ions with 0.1 < Ekin < 1.0 eV and ions with
Ekin < 0.04 eV. The yields integrated over the two Ekin
ranges from 100 to 1000 fs are plotted in Fig. 2(b). The π-
phase shift is evident, and it is seen that the two traces have
the same oscillation period of ∼185 fs. Here, we focus on
the high-Ekin fragments, i.e., HeDþ, and discuss the low
Ekin in the Supplemental Material [18].
To explore the further evolution of the yield of the high-

Ekin ions, measurements were conducted in the interval
1–7 ps with a step size of 10 fs. Figure 3(a) shows that the
oscillations continue essentially without any change, a
behavior qualitatively different from the alignment dyna-
mics previously observed for I2, CS2, and OCS in He
droplets [12]. The regular sine-like structure of the yield
indicates that the D2 rotational dynamics is the result of a
wave packet dominated by two rotational quantum states
[36]. To investigate if that is the case, the time-dependent
HeDþ yield from 1 to 7 ps was Fourier transformed. The
power spectrum, represented by the red curve in Fig. 3(c),
contains three peaks, of which the one centered at 5.35 THz
is the dominant one.
Like past studies on both isolated and in-droplet mole-

cules, one may expect that the central value of each spectral
peak is given by the frequency of a (J − J þ 2) coherence

in the rotational wave packets created by the alignment
pulse, where J is the rotational angular momentum.
Consequently, we assign the three observed peaks at
5.35, 8.92, and 12.40 THz as the (0–2), (1–3), and (2–4)
coherences, respectively. The observation that the 5.35 THz
peak is by far the strongest shows that this frequency
dominates the rotational dynamics. This is consistent with
the observed period of ∼185 fs in the time-dependent yield
of HeDþ.
InFig. 3(d), the central frequencies of the spectral peaks are

plotted as a functionofJ. In analogywithprevious studies,we
fit the data points to Bð4Jþ6Þ−Dð8J3þ36J2þ60Jþ36Þ,
which is the expression for the frequencies of the (J − J þ 2)
coherences for a nonrigid linear molecule, characterized by
the rotational constant B and the centrifugal distortion
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FIG. 2. (a) Yield of the ionic fragments with m=q ¼ 6 as a
function of the kinetic energy and the time delay. (b) Time-
dependent yield obtained by integrating the yield over the low-
Ekin and the high-Ekin ranges. (c),(d) Time-dependent yields of
HeDþ (from D2 in He droplets) and Dþ [from the D2ð1; 0Þ
channel of the isolated gas-phase D2 molecules] in two selected
time intervals. The shaded area represents the error bars. The time
step sizes for the intervals of 19.42–20.02 and 100.1–100.7 ps are
6.7 and 10 fs, respectively.
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constant D [12]. The best fit, shown by the red curve in
Fig. 3(d), is obtained for BHe ¼ 29.9� 1.3 cm−1 and
DHe ¼ 0.013� 0.060 cm−1, with units converted from
THz to cm−1 (see the discussion on uncertainty in
Ref. [18], Sec. III). There is a large relative uncertainty on
bothBHe andDHe because the fit is based only on three points.
In particular, forDHe, the uncertainty is larger than the central
value but the result still shows thatDHe ≪ BHe and allows us
to conclude that the DHe ¼ 0.038B1.88

He correlation [15]
indeed does not apply to D2 molecules, similar to the case
of methane molecules in helium droplets [17]. Moreover,
using the reported formula obtained within a simplified
angulon model [13], we estimate DHe ¼ 0.001 cm−1 for
D2 (see Ref. [18], Sec. V), which lies within the uncertainty
range. Our results are the first measured values of BHe and
DHe for D2 molecules embedded in He droplets.
As a reference, the time-dependent yield for isolated D2

molecules in the background, measured using Dþ as the
observable [blue curve in Fig. 3(b)], exhibits an oscillatory

structure similar to that of the HeDþ signal in Fig. 3(a). The
corresponding power spectrum, shown by the blue curve in
Fig. 3(c), contains four peaks which we assign as the (0–2),
(1–3), (2–4), and (3–5) coherences, respectively. The central
positions of the spectral peaks, of which the first three
essentially coincide with those for the D2 molecules in He
droplets, are plotted as a function of J in Fig. 3(e). Again, the
experimental data points are fitted to the nonrigid rotor
expression, and we find that the best fit, represented by
the blue curve, is obtained for Bgas ¼ 29.98� 0.13 cm−1,
Dgas ¼ 0.013� 0.004 cm−1. Within the uncertainty of the
experiment, these results are consistentwith thevalues 29.91
and 0.01123 cm−1 obtained from either spectroscopic
measurements or theoretical calculations [37–39].
Figure 3(c) shows that the relative intensities of the

spectral peaks are not the same for the isolated and the in-
droplet D2 molecules. As we now explain, this is ascribed
to a difference in the initial population PðJÞ of the rota-
tional states. For the isolated D2 molecules, PðJÞ is
determined by a Boltzmann distribution with a rotational
temperature Trot equal to 295 K and taking into account the
2∶1 nuclear spin statistical factor for the even (ortho-D2)
and odd (para-D2) states: Pð0Þ ¼ 19%, Pð1Þ ¼ 21%,
Pð2Þ ¼ 39%, Pð3Þ ¼ 11%, Pð4Þ ¼ 9%, and Pð5Þ ¼ 1%.
With this population distribution, the parameters of the
experimental alignment pulse, and the Bgas and Dgas values
from the fit of the experimental data, we calculated
hcos2θiðtÞ, the standard metric for the degree of alignment,
by solving the time-dependent rotational Schrödinger
equation; here, θ is the angle between the alignment pulse
polarization and the D2 internuclear axis. Subsequently,
Fourier transforming hcos2θiðtÞ gives a spectrum that is
very close to the blue curve in Fig. 3(c) (see Ref. [18],
Sec. IV). If PðJÞ for the in-droplet D2 molecules is
determined by a Boltzmann distribution with Trot ¼
0.37 K as observed for molecules like SF6 [40], OCS
[41], CS2, and I2 [27], then only the J ¼ 0 state should be
populated. Only spectral peaks from coherences between
states with even J values would be seen after the (cascade)
Raman excitation by the alignment pulse. The observation
of the (1–3) peak in Fig. 3(c) shows that some of the D2

molecules inside the droplets are initially populated in
states with odd J. Consequently, the time it takes a He
droplet to fly from the pickup cell, where the D2 molecules
are embedded, to the interaction region with the laser beam,
about 2.2 ms in our experiment, is not sufficient to
completely thermalize the rotational state distribution
initially at 295 K to one at 0.37 K. We believe this is
due to the well-known long timescales for flipping the
nuclear spin of the deuterons [42–44].
The information from the time-dependent HeDþ yield

and the corresponding power spectrum allows us to
conclude that the laser-induced rotational dynamics of
the D2 molecules inside He droplets is determined mainly
by the (0–2) coherence with frequency 5.35 THz.
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FIG. 3. (a),(b) Time-dependent yields of HeDþ (from D2 in He
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molecules] in the 1–7 ps time interval. (c) Power spectra of the
yield traces in (a) and (b). (d),(e) Central frequencies of
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The unchanged amplitude of HeDþ in the 1–7 ps interval
shows that inhomogeneous and homogeneous broadenings
are negligible on this timescale. To explore dynamics on
longer timescales, data were recorded in the intervals
19.42–20.02 ps and 100.1–100.7 ps; see Figs. 2(c)–(d).
Because of the significant acquisition times required,
measurements were restricted to these two selected time
windows. Again, the Dþ signal from isolated molecules
was recorded as a reference. The signals measured in both
time intervals demonstrate that the 185-fs oscillations are
still present, even after 100 ps, although with a somewhat
reduced amplitude compared to the first 7 ps. These
observations show that the dominant (0–2) coherence of
the rotational wave packet is preserved for more than 500
oscillations and that the J ¼ 2 state has a lifetime of at least
100 ps. This is in accordance with a recent theoretical study
investigating the influence of the rotational constants, the
initial rotational state, and the droplet size on rotational
relaxation dynamics of fast rotors inside helium nano-
droplets [45]. The calculations predicted that rotational
relaxation of D2 (J ¼ 2, MJ ¼ 0) in superfluid helium
nanodroplets could be >5 ns due to the weak molecule-
helium interaction. Consistent with this, we suggest that the
low density of states of superfluid helium [46,47] at the
energies of the excited rotational states of D2 is responsible
for the weak coupling of the molecular rotation with the
helium excitations. Also, we note that the energies of
the excited rotational states are significantly larger than the
He-D2 binding energy. Thus, creating a coherent super-
position of J ¼ 0 and 2 would be enough to decouple the
molecule from the surrounding helium [11,48], in line with
the classical picture of a light rotor carving out a cavity in
which it rotates [15].
In summary, we experimentally investigated laser-

induced field-free molecular alignment dynamics of D2

molecules insideHe droplets. The dominant (0–2) rotational
coherence has an energy (179 cm−1) much above the roton
energy of the droplets and persists for longer than 100 ps.
From the power spectra of the alignment traces, BHe was
determined and found to be the same as Bgas. In total, our
measurements show that for at least 100 ps, equivalent to
>500 rotational periods, D2 molecules in He droplets rotate
as if they were isolated gas-phase particles. This behavior is
strikingly different from the in-droplet rotation of all other
molecules studied [49]. It would be interesting to investigate
the rotational dynamics for significantly longer times to find
out when coupling between the D2 rotation and the droplet
becomes important. This is in principle possible with our
technique. So are studies on other light molecules like HF
and C2H2, which would explore the rotational dynamics of
rotors in the gap between the superlight D2 and the heavier
species like OCS.
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