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Ultrafast collisional dissipation of symmetric-top molecules probed by rotational alignment echoes
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We experimentally and theoretically investigate the ultrafast collisional dynamics of a symmetric-top molecule
(C,Hg) in pure gas and mixtures with He at high density by employing the rotational alignment echo created
by a pair of time-delayed intense laser kicks. The decrease of the amplitude of the echo when increasing the
delay between the two laser pulses, reflecting the collisional relaxation of the system, is measured by probing
the transient birefringence induced in the medium. The theoretical predictions, carried using purely classical
molecular dynamics simulations, reproduce well the observed features, as demonstrated previously for a linear
molecule. The analysis shows that the dissipation of the ethane alignment, despite the fact that this species has an
extra rotational degree of freedom as compared to a linear molecule, barely involves more complex collisional
relaxation channels due to characteristics of the C;Hg-C,Hg and C,Hg-He interactions. However, our findings
reveal that the dissipative dynamics of a symmetric-top molecule can be properly approached using the recently
discovered rotational alignment echoes, which, so far, have been only tested for probing rotational decoherence

of simpler (linear) molecules.
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I. INTRODUCTION

Molecular dynamics in dissipative media, where interac-
tions between atoms or molecules cause a rapid relaxation of
the system, have attracted much attention for their important
applications in many research fields [1-4]. Indeed, most real
gas media being at non-negligible pressure, intermolecular
collisions affect the spectral properties of radiative processes
as well as the energy redistribution over the internal and ex-
ternal degrees of freedom of the system. In the past few years
[5-10], quantum rotational revivals of molecular alignment
induced by a single laser pulse have been successfully used
to investigate the collisional relaxation in low-pressure gases.
Unfortunately, this strategy cannot be used at high densities
because the revivals vanish after a few tens of picoseconds
due to the high rate of collisions. Recently, a new kind of
echo, called rotational alignment echoes [11], including full,
high-order, fractional [12], rotated [13], and imaginary echoes
[14], was discovered in gas molecules stimulated by a pair
of time-delayed intense nonresonant femtosecond laser pulses
[15-17]. In contrast to the rotational alignment revivals,
whose temporal positions are fixed by the molecular rotational
constant, the alignment echo offers much more flexibility as
its time of appearance (at twice the delay between the two
laser pulses) is adjustable at will regardless of the molecule.
It can hence be set much earlier than the first rotational align-
ment revival in order to probe relaxations occurring at very
short time scales. Based on this phenomenon, a very recent
study indeed demonstrated that the extremely fast collisional
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dissipation in linear molecular rotors at high pressures can be
investigated in the few first picoseconds [18].

Time-resolved analyses of molecular collisional dynamics
of aligned molecules have mainly focused on linear species
[18-21] with only few investigations on symmetric tops
[22-24]. In particular, the approach using rotational alignment
echoes has never been tested for nonlinear molecules. Using
ethane (C,Hg) as a prototype, the present work fills this gap
by investigating the collisional relaxation of a symmetric-top
molecule at high density, for pure gas and mixtures with He.
Our results confirm that rotational alignment echoes provide a
powerful tool for investigating ultrafast collisional relaxations
from linear to symmetric-top molecules, and potentially in
asymmetric-top molecules that exhibit more complex align-
ment features.

II. ECHO MEASUREMENTS

Alignment echoes share many common properties with,
for instance, photon echoes, which result from the excitation
of a quantum system by a pair of time-delayed laser pulses.
For rotational alignment echoes, a first ultrashort laser pulse
produces a superposition of rotational coherences resulting
in a slightly retarded alignment response of the molecular
axes along the polarization of the field. Soon after this exci-
tation, the alignment vanishes due to the free evolution of the
coherences that oscillate at the different Raman frequencies
excited by the large spectral bandwidth of the laser. A second
ultrashort pulse, delayed by 15, is then introduced in order
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FIG. 1. Schematic diagram of the rotational alignment echoes
created by two time-delayed ultrashort laser pulses P, and P,
(800 nm) and probed by a third ultrashort laser pulse (400 nm).
QWP: quarter-wave plate; BD: beam dump; WP: Wollaston prism;
PD: photodiode.

to rephase most of the coherences of the system at the time
271, where molecules realign as to form the echo. In many
systems, it is usual to explain the echo phenomenon by in-
voking the time-reversal mechanism; formally, the application
of the second pulse reverses the course of time, so that the
phase accumulated by the system during the first interval 7,
is compensated by the one accumulated during the second
interval.

The experimental setup is schematically shown in Fig. 1.
A pair of time-delayed (7)) collinear pump laser pulses (100
fs, 800 nm, 1 kHz) with parallel linear polarizations, labeled
P; and P,, are tightly focused into a high-pressure static cell.
The probe beam (100 fs, 400 nm, 1 kHz), polarized at 45° and
temporally delayed from P; by t, is spatially overlapped with
the pump foci with a small crossing angle enabling us to filter
out the pump pulses after the interaction zone. The transient
birefringence resulting from the anisotropic distribution of
molecular orientations generated by the pumps is encoded
in the modification of the polarization of the probe pulse,
which is analyzed by a highly sensitive balanced detector
consisting of a quarter-wave plate followed by a Wollaston
prism (WP) and a pair of photodiodes. The separated vertical
and horizontal polarization components after the WP are
independently measured by the two photodiodes, which are
connected head to tail so that the difference of their signals is
directly obtained and amplified. All the measurements were
performed at room temperature (295 K). More details about
the experimental setup can be found in Ref. [18].

A measured temporal trace of the molecular alignment
signal created by two successive nonresonant ultrashort laser
pulses in pure C;Hg gas at low pressure is shown in Fig. 2(a).
The laser pulse P; impulsively aligns some of the molecules
along its polarization direction due to the anisotropy of the
molecular polarizability. After a delay 7, = 3.2 ps, the pulse
P, is applied in order to produce the alignment echo at time
211, = 6.4 ps after P;. Its amplitude Secho is defined as the
peak-to-dip change of the alignment signal. According to pre-
vious studies [11,16,18], the sensitivity of the echo amplitude
to the second pulse (P,) intensity varies with the delay 7;.
This feature originates from the fact that, in contrast with spin
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FIG. 2. (a) Molecular alignment signal measured in C,Hg gas at
low pressure (0.2 bar). The two laser pulses P; and P, are temporally
delayed by 7, = 3.2 ps. The echo amplitude Se.p, is measured from
peak to dip. (b) Amplitude of the echoes, normalized to its maximum
value, measured and calculated in pure C,Hg for different delays
712. The intensities of P; and P, in the calculation are set to 40 and
28 TW /cm?, respectively.

or photon echoes, alignment echoes take place in a multi-
level system where the interference between many quantum
pathways [16] leads to a partial rephasing of the coherences
excited by the first pulse. A way to limit the experimental
biases possibly resulting from the entanglement between P,
and 115 is to find a compromised intensity of P, for which
Secho Varies little over a limited range of 71, [18]. As shown
by Fig. 2(b), theoretical predictions obtained by solving the
time-dependent Schrodinger equation indicate that, for P,
set to 28 TW/cm?, Seeno is almost constant over a ~2 ps
wide range around tj; & 3 ps. Based on these simulations,
we maximized Secpo at 7o ~ 3.6 ps by adjusting the intensity
of the second pulse around 28 TW /cm?. This was done for
pure CoHg at a low pressure (0.2 bar) in order to avoid any
significant collision-induced decay of the echo amplitude. As
shown in Fig. 2(b), the measured echo amplitude is indeed
almost constant with less than 10% variations when Tt is
tuned between 2.5 and 4.5 ps. This range of delays and the
intensity of P, were thus retained to explore the collisional
dissipation of the echo in pure C;Hg gase and 10% C,Hg +
90% He gas mixture for total pressures up to of 14 and 19 bar,
respectively.

Figure 3(a) presents the alignment signals recorded in a
C,Hg¢-He mixture for various delays tj, and a pressure of
17 bar (~15.4 amagat, 1 amagat corresponding to 2.69 x
10%° molec/m?). As expected, the collisional dissipation in-
duces the reduction, with increasing 75, of the rotational
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FIG. 3. (a) High-pressure temporal traces of the echo signal
recorded in C,Hg diluted in 90% of helium at a pressure of 17 bar.
The results of rCMDS calculations performed in the same exper-
imental conditions are displayed in the inset. (b) Measured (blue
filled circles) and calculated (red filled triangles) echo amplitude
Secho €xtracted from (a) as a function of 27, and the exponential fits
(solid lines) of the data.

alignment echo amplitude. The latter, plotted in Fig. 3(b), was
first least-squares fitted by Aexp[—2712y (d)], where A defines
the amplitude of the signal and y(d) is the decay rate at the
chosen gas density d. Then, the density dependence of y(d)
was fitted using the linear law y (d) = ypd resulting from the
fact that, at the investigated densities, collisions are binary.
The result of this exercise is shown in Figs. 4(a) and 4(b),
which demonstrate the consistency of the measurements for
both C,Hg¢-He mixture and pure C,Hg, respectively. Finally,
the density-normalized decay time constant of the rotational
alignment echo was obtained from tg = yo‘l, leading to the
values summarized in Table I. For comparison, we also stud-
ied the decay time constant of the quantum alignment revivals
of C,Hg measured in C,Hg (10%)-He gas mixtures and pure
C,Hg gas. In that case, the dynamical alignment was produced
by a single pulse (P;) using the experimental setup depicted in
Fig. 1. This study was conducted at low gas pressure (about
3 bar) so that the peak-to-dip amplitude of up to five revivals
could be measured in the pure gas or the mixtures with He
and fitted by an exponential law. The procedure to extract the
related decay time constant is hence similar to that explained
above for the determination of the echo decay time constant,
provided that the series of values of 27, is replaced by the
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FIG. 4. (a) Measured (blue diamonds) and calculated (red filled
circles) decay rate y (d) of the rotational alignment echo as a function
of the density of the C;Hg (10%)-He gas mixture and the linear fit
(blue solid line) applied to the experimental data. (b) Same as (a) but
for pure C,Hg gas.

times of appearance of the probed revivals (i.e., multiples of
about 12.5 ps [22]). The time constants estimated for pure
C,Hg and C,Hg infinitely diluted in He are reported in Table I
and compared to the echo ones. Note that the value obtained
for the revivals in a pure gas is similar to the one reported in
Ref. [22].

III. THEORETICAL ANALYSIS AND DISCUSSION

Calculations of the alignment signal in pure C;Hg and
C,Hg-He mixtures stimulated by two (for the echoes) and one
(for the revivals) laser pulse(s) were made using molecular
dynamics simulation (MDS). For the revivals, we used the
requantized classical MDS (rCMDS) described in Ref. [24]
where all details on the computational procedure can be
found. For the echoes, the same approach was used, except
that the requantization procedure was not applied and purely

TABLE I. Measured and calculated collisional decay time con-
stants in ps.amagat units for infinitely diluted C,Hg¢-He gas mixture
and pure C,H¢ gas. For the measured values, the uncertainties
correspond to two standard deviations.

Experiment (r)CMDS model
C,Hg-He Revivals 58.0+ 94 63.0
Echo 56.3£2.0 59.0
Pure C,Hg Revivals 447 £5.6 44.9 [24]
Echo 449 +£22 429
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classical MDS (CMDS) were thus carried out. These choices
were made in order to emphasize the fact that the revivals
are of purely quantum nature while the echoes are a generic
classical phenomenon, as demonstrated in the Supplemental
Information of Ref. [25] (however, note that, as for N,O
[25], CMDS and rCMDS lead to very close results for the
considered echoes in C,Hg). As in our previous studies,
the (r)CMDS enable to calculate the time evolution of the
alignment factor under the conditions of the experiments (e.g.,
Fig. 3(a) and Ref. [24]), with one or two exciting laser pulses.
These predictions were then treated, exactly as done with the
measurements (see Sec. II), in order to retrieve the decay time
constants of the revivals and echoes.

For pure C,Hg, as in Ref. [24], the accurate ab initio
intermolecular potential of Ref. [26] was used. In the absence
of any available potential describing C,Hg-He interactions,
atom-atom 12-6 Lennard Jones (LJ) were used, with pa-
rameters ec_ge = 33K, eg_pge = 7.4K, oc_ge = 3.0 A, and
OH_He = 2.6 A. These values were deduced from those as-
sociated with C-C, H-H, and He-He pairs by using the
(Lorentz-Berthelot) combination rules ex.y = ,/éx-x€y-y and
ox-y = (ox—x + oy_y)/2. For the C-C and H-H parameters,
we retained ec_c = 100K, eg_g = 5K, oc_c = 3.40 A, and
ou_n = 2.65 A, values that are consistent with those for the
interaction between propane [27] and methane [28] molecule.
For He-He, we used ¢ge_pe = 11 K and oge_pe = 2.6 A, ob-
tained from a fit of the potential of Ref. [29] by a 12-6 LJ.
The inset in Fig. 3(a) shows the echo signals predicted by
the CMDS approach for a C;Hg-He mixture at various delays
712, whereas the corresponding amplitudes are displayed in
Fig. 3(b). As can be seen by comparing the simulations to
the experimental results for the same conditions displayed in
Fig. 3, the agreement is very satisfactory. For comparison with
the experimental data, three decay rates calculated at different
densities are shown in Figs. 4(a) and 4(b) for the gas mixture
and pure C,Hg, respectively. Notice that because collisions
are binary, the CMDS results are strictly proportional to the
density. As shown in Table I, the experimental results for
the echoes are well predicted by the theory for both the
C,Hg-He gas mixture and pure CyHg. It is observed that the
experimental decay time constants of rotational alignment
echoes and revivals, both well reproduced by the CMDS and
rCMDS models, respectively, have close values. This trend
is similar to those observed and predicted for pure CO, and
CO,(4%)-He [18]. In addition, for C,Hg, collisions with He
induce slower decays that when pure gas is considered, as
observed and predicted previously for CO, gas [8,9]. In both
cases this results from the fact that, for C,Hg-He (CO,-He),
the interaction potential is at much shorter range and with
a much shallower well when compared to the C,Hg-CyHg
(CO,-COy,) potential.

At this step, two points deserve discussion, which are:
(1) Is the dissipation of the rotational alignment echoes (and
revivals) in ethane gas influenced by the symmetric-top nature
of this molecule (in other words is it different from that of a
linear molecule)? (ii) What is the role of the nonsecular effects
recently demonstrated [30] at the early stage of the relaxation
of the alignment in N,O-He mixtures?

The answer to the first question is no in the particular cases
of pure C;Hg and C,Hg-He mixtures. Indeed, as discussed

in Ref. [24], the C,Hg-C,Hg intermolecular potential [26] is
almost insensitive to rotations of the molecules around their
C-C bond. This implies that collisions do not significantly
change the molecules’ motion around this axis (i.e., they leave
the quantum number K describing the rotation of the molecule
around the C-C axis unchanged, justifying the assumption
made in Ref. [6]), so that collisional dissipation effects in pure
ethane are very close to those occurring in a gas of linear
molecules. For C,Hg colliding with He, the situation is the
same, since the forces applied to the H atoms by a nearby He
are weak as a result of the very shallow H-He potential well
(eq_He = 7.4 K). As discussed in the conclusion of Ref. [24],
finding a good molecular system to evidence the influence of
the nonlinearity of a symmetric-top molecule on the dissipa-
tion of its alignment is not easy. Indeed, not only the chosen
molecule should have a large enough anisotropy of polariz-
ability (in order to experimentally achieve a sufficient degree
of alignment), but also its interaction with collision partners
should significantly vary when the molecule is rotated around
its symmetry axis and, in addition, an accurate intermolecular
potential should be available.

In Ref. [30], it was experimentally and theoretically
demonstrated that nonsecular effects resulting from colli-
sional exchanges among the quantum coherences generated
by the laser pulse slow down the pressure-induced decay of
the echo in N,O-He gas mixtures for short time delays. It is
also very likely the case in C,Hg, although the secular approx-
imation should become valid sooner than in N,O since the
latter has a smaller rotational constant (recall that nonsecular
effects are significant at times such that the dephasing between
significantly collisionally coupled coherences is smaller than
a few times m [30]). In the present study, deviations from
the secular behavior, which require studying the decay with
density of the echo at fixed values of the delay t;,, cannot be
evidenced since only the average decay over the time window
of observation (i.e., the scanned range of delays between
the two pulses) is studied. In any case, nonsecular effects,
which are expected and likely present in the measurements,
are included in the CMDS despite their classical nature, as
demonstrated in Ref. [25]. Indeed, in the classical rotational
phase space, they result from collisional transfers within the
rotational speed filaments induced by the first pulse. Further
studying this secular or nonsecular issue would require using
the approach proposed in Ref. [30], i.e., to measure (and
compute) the decay of the amplitude of each individual echo
induced by pressure.

IV. CONCLUSION

The ultrafast dissipation dynamics of rotational alignment
echoes of the symmetric-top molecules C,Hg in high-pressure
gases (pure and diluted in He) have been experimentally and
theoretically investigated. The decay time constant of the mea-
sured rotational alignment echoes (as that of the alignment re-
vivals) is well reproduced by molecular dynamics simulations.
These results, and the fact that the echoes and revivals show
similar pressure-induced decay time constants, are in line with
our previous work performed for the linear molecules CO,,
and the analysis shows that ethane, due to some characteristics
of the C;H¢-CyHg and C,Hg-He interactions, practically be-
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haves as a linear molecule. This study, however, corroborates
the idea that rotational alignment echoes provide a relevant
method for probing ultrafast rotational relaxation in high-
density media where quantum alignment revivals become
unusable [18] as well as when the quantum description of
the system becomes intractable. The latter applies to complex
molecules, as asymmetric tops [7,31] and nonrigid molecules
[32]. Since the echo is a classical phenomenon, its dissipation
analyzed with the help of a classical model should in principle
give access to the collisional relaxation of complex sys-
tems, including molecules embedded in helium nanodroplets
[33,34].
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