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The Markov, as well as the secular approximations, are key assumptions that have been widely
used to model decoherence in a large variety of open quantum systems, but, as far as intermolec-
ular collisions are considered, very little has been done in the time domain. In order to probe the
limits of both approximations, we here study the influence of pressure on the alignment revivals
(echoes) created in properly chosen gas mixtures (HCl and CO2, pure and diluted in He) by one
(two) intense and short laser pulse(s). Experiments and direct predictions using molecular dynam-
ics simulations consistently demonstrate, through analyses at very short times (< 15 ps) after the
laser kick(s), the break-down of these approximations in some of the selected systems. We show
that the nonadiabatic laser-induced molecular alignment technique and model used in this study
directly provide detailed information on the physical mechanisms involved in the collisional dissi-
pation. Besides this “fundamental” interest, our findings also have potential practical applications
for radiative heat transfer in planetary atmospheres and climate studies. Indeed, short time delays
in the dipole autocorrelation function monitoring the light absorption spectrum correspond to large
detunings from the optical resonances in the frequency domain, thus influencing the atmospheric
transparency windows. Furthermore, the fact that the approach tested here for linear rotors can
potentially be applied to almost any gas mixture (including, for instance, nonlinear and/or reacting

molecules) further strengthens and broadens the perspectives that it opens.

I. INTRODUCTION

All open quantum systems in contact with an un-
controlled environment (the bath) are subject to dissi-
pation effects. The fact that this occurs in most natural
phenomena has stimulated researches in diverse scien-
tific fields in order to understand the processes at play.
Within this frame, modelling the effect of dissipation
on quantum coherences is a key issue. However, since
this generally involves very challenging (formal, compu-
tational, and of needed input data availability) difficul-
ties, most theoretical studies have used the so-called sec-
ular and/or Markov approximations. The first neglects
environment-induced transfers between coherences of dif-
ferent frequencies as well as those between coherences
and populations, which enables to disregard all the as-
sociated terms in the master equation driving the sys-
tem evolution through its density matrix. The second
considers that all events (e.g. collisions) leading to a
given process (e.g. decoherence, energy transfer, pressure
broadening of light-absorption, -emission and -scattering
spectra, etc.) are complete and un-correlated. There
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are then no memory effects in the system-bath “history”
which is thus assumed to be a Markov chain of instan-
taneous and independent events. Since these approxi-
mations have been investigated or used in a plethora of
studies, as made obvious by a quick bibliography search,
a literature review on this issue is beyond the scope of
this paper, but the interested reader is invited to consult
Refs. [1-4]. Nevertheless, note that a broad range of phe-
nomena and applications are involved, with far from be-
ing exhaustive examples given by quantum heat engines
[5], quantum information and computing [6], human vi-
sion [7], light-harvesting complexes [8], light absorption
and scattering [9], and transports of mass and energy
10, 11].

As far as non-Markovianity and non-secularity in
collision-induced rotational relaxation and decoherence
in gas media (on which this paper focuses) are concerned,
practically nothing has been done in the time domain.
Indeed, to the best of our knowledge, it is only recently
that non-secular effects have been pointed out in a study
of N3O-He gas mixtures (which is a Markovian system)
[12]. The present work thus fills a scientific gap by in-
vestigating, in the time domain, the limits of the Markov
approximation for collision-induced rotational decoher-
ence in molecular gases.

Recall that non secularity and non Markovianity in



TABLE 1. Expected characteristics of the pressure-induced
dynamics in systems probed at the very first instants (typi-
cally, t <15 ps) of decoherence.

Markovian Non Markovian
Secular HCl-He HCI-HCI1
Non secular CO2-He CO2-CO2

intermolecular collisions are commonly denoted [9, 13]
in frequency-domain studies of light-matter interac-
tion spectra as “line-mixing” and “finite-duration-of-
collision” effects, respectively. The former, neglected by
the secular approximation, result in transfers of inten-
sity from the weak to the strong absorption region of the
spectrum (see Chapt. IV of [9] and references therein),
which is the frequency-domain counterpart of the fact
that the secular approximation overestimates the deco-
herence rate at the early stage of the relaxation process,
as shown below and in [12]. Since disregarding the role
of incomplete collisions corresponds to assuming instan-
taneous intermolecular interactions, the Markov approx-
imation is often denoted in frequency-domain spectro-
scopic studies as “impact” (or “sudden”). As we show
in this paper, the non-Markovian nature of collisions in-
creases the decoherence rate at short times, which man-
ifests itself in the spectral domain by an increase of the
absorption of light in the wings of the lines and bands,
as shown for CO3 in [14] and for HCI in [15].

To test the limit of the Markov (and secular) approxi-
mation in the time domain, we study the decay of the
molecular-axis alignment [16] soon after excitation by
short and intense laser pulse(s). Four systems listed in
Table I have been retained, which involve, at the inves-
tigated time scale, all situations: Practically secular and
Markovian (HCI diluted in He) or non Markovian (pure
HC1), non secular and Markovian (CO4 diluted in He)
or non Markovian (pure CO2). The remainder of this
paper is divided into five sections. We first use simple
considerations about the secular and Markov approxi-
mations to explain how and why the above mentioned
systems were chosen (Sec. IT), before presenting the ex-
periments (Sec. IIT) and the model used (Sec. IV). The
measured and predicted results for the time dependence
of the collision-induced decoherence for the four retained
systems, probed through molecular alignment, are then
presented and discussed in Sec. V. Finally, the respective
interests of time- and frequency-domain investigations to
probe the limits of the secular and Markov approxima-
tions are discussed in Sec. VI, before concluding remarks
(Sec. VII).

II. CHOOSING THE MOLECULAR SYSTEMS

In order to explain how and why we chose the molec-
ular systems retained in this study, we below recall
which parameters condition the validity of the secular

and Markovian approximations for the collisional relax-
ation and associated effects on the molecular rotational
alignment.

A. Secularity

As is well known [16-20], a short and intense laser
pulse generates rotational coherences in molecular gases
through the creation of nonzero off-diagonal elements
in the density matrix p(¢). Under collision-free condi-
tions, these elements oscillate at frequencies given by
the difference between the energies of the coupled ro-
tational states. The postpulse evolution of a coherence
|J'M'"y (JM|, for a linear molecule, neglecting centrifugal
distortion, is then driven by exp(iwy jt) = exp[i(Ey —
Ejt/h] = exp[iB[J'(J' +1) — J(J + 1)]t/h], where J
and M are rotational and magnetic quantum numbers
and B is the rotational constant. In the presence
of collisions, exchanges between coherences associated
with different (J,J’) couples occur, but they can be
neglected for long enough time delays after the laser
excitation, when their relative dephasing (or beating),
|lws, 7, —wgr g, |t, is greater than a few times 7, according
to [sinc(wyy g, —wr g, )t| < 1[12]. A criterion for neglect-
ing all exchanges between the |J3) (J2| # |J1) (J1] coher-
ences, which is precisely the secular approximation, can
be derived by considering the “closest” coherences and
the fact that a nonresonant laser pulse implies J' = J=£2.
One can choose, for instance, J; = Jy + 2, J5 = Jo + 2,
and Jo = J; + AJ, with AJ = 1 or 2 according to the
existence, for the considered molecule, of all (HCI case)
or only even (COs case) J values. This leads to a de-
phasing of |wy; s, — wy 5, [t = 4AJBt/h for which the
above mentioned sinc function has reduced to 0.05 for
AAJBt/h > 6, ie. t > tg = 3h/(4AJB) (recall that
this criterion is conservative since it is obtained from the
dephasing between density matrix elements and does not
depend on the efficiency of collisions). This led us to the
choices of CO5 (B = 0.39 cm™ !, AJ = 2), as a prototype
non-secular molecule since its behavior is secular only af-
ter to ~ 30 ps, and of HCl (B = 10 cm™!, AJ = 1) as
a secular prototype since non-secular effects only extend
up to tg =~ 2.5 ps, both values of ¢y being confirmed by
Fig. 1.

B. Markovianity

The Markov approximation here consists in neglecting
the fact that some molecules are experiencing a collision
when the system is excited. Indeed, their later behavior
carries the memory of their prior interactions with the
bath. Criteria for Markovianity must thus consider both
the relative number of molecules which are significantly
interacting with another at a given time and the duration
over which this interaction lasts.
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FIG. 1.

Relative modification of the |JoMo) (Jo + 2Mo| coherence induced by collisional transfers from the coherences

|JM) (J+2M| (all normalized to unity at ¢ = 0) in the cases of HCl (a) and CO2 (b) for the most populated level at
room temperature (Jo = 3 and 16, respectively). The dashed lines indicate the £5% levels. See the Supplementary Information

(Note 2) in [12] for details on the computational procedure used.

We here present details about the choice of pure CO,
and HCI as prototype non-Markovian systems and CO»-
He and HCl-He as Markovian ones. For this, we first
carried molecular dynamics simulations, as explained in
Sec. IV, for pure CO2 and COs diluted in He under ther-
modynamic equilibrium conditions. We extracted from
them the relative number of molecules N;(t) which are in
the rotational level J at ¢ = 0 and are still there with an
unchanged rotational energy at time ¢ > 0. The results
obtained at room temperature for several J values are
plotted in Figs. 2(a) and 2(b). As can be seen, the decay
of Ny(t) is well represented by an exponential law for
COs3 in He over the entire range of the plot, even at very
early times, while it is not the case for pure CO5 which
shows a quicker decay at short times than at longer ones.
Note that extrapolating the long time exponential to =0
points out the “initial slip” effect [21], a characteristic sig-
nature of non-Markovian dynamics. These results, which
indicates that the Markov model is suitable for interac-
tions of CO5 with He but not for those with COs, results
from the influence of the incomplete collisions associated
to those molecules which are already significantly inter-
acting with a partner at ¢ = 0. The difference between
the behaviors of COq in He and pure CO3 (similar results
being predicted for HCl-He and pure HCI, respectively)
can be explained, as done below, by the relative trans-
lational speeds of the collision partners and the charac-
teristics of the intermolecular potential energy surfaces
(PES) involved.

For CO9-He, the PES has an almost negligible well
(with respect to the kinetic temperature at 295 K) and

a repulsive front whose relevant part lies within the 3.5
to 4.0 A range of the C-He distance (see Fig. 1 of [22]).
This implies that, for a CO5 molecule to be colliding
with an He atom at ¢ = 0, the latter should be located
in the interval between the two spheres centered on the
C atom and of radii 3.5 to 4.0 A. This corresponds to a
very small volume (~90 A3 ) that statistically contains
very few He atoms (for 5 amagat which corresponds to
1.34 x 10%% atom/m?, this statistical number is about
0.01). In addition, the mean relative speed of COo-He
collisions at 295 K is 1300 m/s, which means that the
distance between the two spheres (0.5 A) is, on average,
traveled in 38 fs. The above given numbers show that
non-Markovian effects are very small and only exist at
times scales much shorter than those investigated in this
study.

For pure COs, the situation is very different due to
both the significantly slower relative speed of collisions
and the much broader range of distances within which
intermolecular forces are large. Indeed, the CO2-COs in-
termolecular potential has a repulsive front around 3 A
and is significant for C-C distances up to 6 A (see Fig.
3 in [23]). In this case, the volume (~800 A3) between
the two spheres where a collision partner should be at
time ¢ = 0 and the statistical number (~0.1 at 5 ama-
gat) of particles within this volume are ten times larger
than for He. In addition, the difference of the radii of
these spheres (3 A) is traveled, for the pure COy mean
relative speed of 530 m/s, in about 0.5 ps [in agreement
with the time interval where the population decay in
Fig. 2(b) is much faster that at long delays]. It is thus
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FIG. 2. (a) Computed relative evolution with time of the number of CO2 molecules in the rotational J state at time ¢t = 0
which are still in this level at time ¢ > 0 for pure CO2 and CO2 infinitely diluted in He and a gas density d of 5 amagat (1
amagat is the number of molecules of an ideal gas per unit volume at STP). (b) Same results plotted in a reduced time range,
with a zoom on short times. (c) and (d) same as (a) and (b) but here only for pure CO2 and obtained under the Markovian
approximation, after removal of all the molecules which are significantly interacting with another at ¢t = 0.

obvious that non-Markovian effects impact the behavior
of pure CO4 at the early stage of the collision-induced ro-
tational relaxation and decoherence processes, contrary
to the case of COg interacting with He. It should be
pointed out that the fact that the pure COq results in
Fig. 2 deviate from a purely exponential behavior only
before about 0.5 ps does not imply that the Markov
approximation is valid right after this time. Indeed, a
Markovian behavior is only obtained once the apparent
density-normalized decay time constant 7;(t), such that
Ny(t)/N;(t = 0) = exp[—td/7;(t)], becomes indepen-
dent of t. From the results in Fig. 2(a), one can show
that this plateau is reached only around 20 ps. For CO»-
CO; collisions, non-Markovian effects will thus signifi-
cantly influence the decay with pressure of the alignment
echo amplitude up to 72 &~ 10 ps, as confirmed by the
results presented in Sec. V. Finally, note that the facts
that the decays in Figs. 2(a) and 2(b) increase with J
for pure COg, while they are almost J independent for
COg colliding with He, result from the large difference in
the duration of efficient collisions between CO2-CO, and
COs-He pairs.

III. EXPERIMENT

The experimental study of the aforementioned systems
has been performed through two different configurations.
To probe the short-time collisional relaxation of COs, it
was necessary, due to its long rotational period (42.7 ps),
to align the molecules using two pump pulses (denoted
below as Py and P2) delayed by 712, leading to the for-
mation of a rotational echo [24-26] at 2712, whereas the
rotational period of HCI (1.50 ps) was short enough to
track the dissipation using the alignment revivals induced
by a single laser pulse.

The experimental setup is presented in Fig. 3. The
laser beam was produced by a chirped-pulse amplified
Ti:Sapphire laser (not shown) delivering nonresonant
pulses centered at 800 nm, of 100 fs duration (FWHM),
and operating at 1 kHz repetition rate. A beam split-
ter was placed at the output of the laser to produce a
probe beam, vertically polarized, and a pump beam, po-
larized at 45° with respect to the probe beam. The latter
was frequency-doubled in a BBO crystal enabling a fil-
tering out of the 800 nm light scattered by the gas cell
on the detectors. The 800 and 400 nm pulses were tem-
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FIG. 3. Experimental pump-probe setup for measuring ultrafast collisional dissipation of rotational coherences by probing
either molecular alignment revivals (using a single pump pulse P1) or rotational echoes (using both pump pulses P1 and P»).
HWP: half-wave plate. QWP: quarter-wave plate. WP: Wollaston prism. 712 and ¢ denotes the temporal delay between P,

and P2 and between P; and the probe pulse, respectively.
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FIG. 4. (a) Alignment trace measured in 3 bar of pure HCI for a laser peak intensity estimated around 20 TW/ch. 3D
representation of the Density-normalized alignment signals measured for different densities d (1 amagat corresponding to
2.69 x 10°® molec/m?) around the (b) 5th and (c) 13th revival at ¢ = 4.05 and 10.45 ps, respectively. The black vertical lines
on the colored maps in (b) and (c) indicate the densities for which measurements were made. The colorbars represent the

amplitude of the signal.

porally delayed using a motorized stage equipped with a
corner cube reflector. In the case of the two excitation
pulses setup, in order to create rotational echoes, a sec-
ond beam splitter was added to the path of the pump
P, to create a second pump beam P5 with the same po-
larization and same direction of propagation as P, and
with an adjustable time delay 712 monitored by a sec-
ond motorized stage placed on the P; path. The two
pump beams were then focused, using a plano-convex
lens, on a high-pressure static cell filled with the gas sam-
ple. The optical anisotropy following the alignment of
the molecules along the electric field of the pump(s) was

measured by a probe pulse with a balanced detection [27]
providing a signal proportional to the alignment factor
(cos® 0 —1/3) (t), where () denotes an ensemble average
and 6 is the angle between the molecular axis and the di-
rection of the (linear) polarization of the pump pulse(s).

Echoes of CO3, pure and diluted in 96% He, have been
recorded for fixed delays 72, chosen such that the echo
at 2719 after Py appears before the first alignment revival
(at t=10.6 ps), and various total gas pressures from 6 to
18 bar and from 7 to 24 bar, respectively. Similarly, the
series of revivals following the excitation of HCI, pure
and diluted in 95% He, by a single pulse have also been



recorded for pressures ranging from 0.5 to 6 bar and from
5 to 40 bar, respectively. All measurements have been
made at room temperature for pulse intensities between
20 and 40 TW /cm?. A measured alignment trace of pure
HCI is shown in Fig. 4, which, incidentally, constitutes
the first realization of laser-induced alignment of this
molecule, as well as two of its revivals recorded for differ-
ent gas densities d. The density-normalized decay time
constants 7 (tg) (in ps.amagat) as a function of the re-
vival time tg was obtained by subtracting the permanent
component from the alignment trace [17] and then fitting
the peak-to-dip amplitudes S(tgr,d) of the revivals ver-
sus d, using the expression S(tr,d) x exp[—trd/Tr(tR)]-
The same procedure was applied to CO5 in order to ex-
tract the decay time constants of the echoes 7(2712) as
a function of 712, as done in [12].

IV. THEORY

Alignment traces for the considered systems were pre-
dicted using Classical Molecular Dynamics Simulations
(CMDS), following the approach detailed in [18, 28]
briefly recalled below. The molecules (and atoms) are
placed inside a cubic box, with periodic boundary con-
ditions [29], of dimensions defined by the chosen number
of particles and total gas density. Their positions are
chosen randomly with the constraint that they should
not be too close to each other in order to avoid non-
physically strong interactions between pairs. The trans-
lational velocities were initialized according to the Boltz-
mann statistics with, for the molecules, random axis ori-
entations and a Boltzmannian distribution of the rota-
tional angular momentum vectors. Then the evolution
with time of all these parameters are computed using laws
of classical mechanics [28]. For this, the torque and force
applied to each molecule/atom resulting from its interac-
tion with the neighboring collision partners are computed
using the intermolecular potentials from [22, 23, 30, 31]
for CO3s-He, pure CO2, HCl-He, and pure HCI, respec-
tively. Note that in order to simulate COs and HCI in-
finitely diluted in He at a reasonable computational cost,
mixtures containing 50 % of He were treated while dis-
regarding all molecule-molecule interactions. During the
electromagnetic excitation(s) the torque is computed [28]
from the laser pulse(s) experimental characteristics us-
ing the ansitropic polarizabilites from [32] for HCI and
[33] for CO3. Once the time evolution of the axis ori-
entation of each molecule is known, the alignment fac-
tor (cos® @ — 1/3) (t), which is the measured quantity, is
straightforwardly derived.

As known since their discovery [24], alignment echoes
following the excitation of gas molecules by two short
laser pulses are a classical phenomenon, a characteris-
tic demonstrated by the good agreement between purely
classical simulations and measurements [18, 34]. In con-
trast, this is not the case of the revivals generated by a
single pulse, which result from the quantization and com-

mensurability of the rotational speeds. Their modelling
thus requires a requantization of the molecular rotation
in the classical molecular dynamics simulations (rCMDS)
for which the procedure proposed in [28] was applied.
Since the equations of classical mechanics used in the
rCMDS are exact, the quality of the associated predic-
tions is only conditioned by the limits of the molecular-
rotation requantization procedure and the quality of the
input data, including the description of the laser pulses(s)
and intermolecular potential. Concerning the first issue,
it is difficult to quantify its influence but we expect it
to be small, particularly for CO,, due to its small rota-
tional constant. This statement is supported by previous
comparisons between rCMDS predictions and absorption
spectra showing that refined collisional effects are accu-
rately predicted for both CO2 [35, 36] and HCI [15, 37].
For the input data, tests show that the predicted decay
rates are little sensitive to the laser pulse peak intensity
and temporal shape, largely due to the non-adiabatic na-
ture of the excitation. The influence of the intermolecular
potential energy surface is significant, with decay time
constants that decrease as the strength of interactions
increases. However, the PESs used have been obtained
from accurate ab initio calculations and were successfully
tested (see [22, 23, 30, 31] and studies using them).

rCMDS were carried out for each of the considered sys-
tems at various densities, providing time dependencies of
(cos® @ —1/3) (t) which were treated, exactly as the ex-
perimental ones, to determine the decay time constants.
The very good agreement between rCMDS-computed
and measured traces around echoes was demonstrated
in [34], and an agreement of similar quality is obtained
for the HCI revivals, as shown in Fig. 5. Note that the
rCMDS enable, in contrast with the measurements, to
obtain the absolute value of the alignment factor, Fig. 5
demonstrating that the alignment efficiency is relatively
weak, as could be expected from the small value of the
HCI polarizability anisotropy [32]. Recall that rCMDS
do take non secularity into account [18] and that they in-
trinsically include non-Markovian effects [see Figs. 2(a)
and 2(b)]. However, they can mimic a Markovian behav-
ior by disregarding all those molecules that are signifi-
cantly interacting with a collision partner at the time of
the (first) laser excitation. The efficiency of this trick is
demonstrated for pure COs by the comparison between
Figs. 2(a) and 2(b) and Figs. 2(c) and 2(d). As well, sec-
ularity can be mimicked by progressively removing the
contribution to the alignment factor of those molecules
whose rotational speed has, since the end of the laser
pulse, changed due to a collision.

V. RESULTS AND DISCUSSION

The results of the experimentally and theoretically de-
termined density-normalized decay time constants of the
alignment features (echoes or revivals), reported in Fig. 6
for the studied systems of Table I, are discussed below.
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FIG. 5. rCMDS computed alignment traces for pure HCI at the densities of (a) 0.0, (b) 1.5, and (c) 3.0 amagat after excitation

by a single laser pulse of peak intensity 20 TW/ch.

A. CO:-He (A non-secular but Markovian system)

Recall that for COs-He collisions the Markov approx-
imation is valid, so that the predictions obtained with
and without this approximation are the same. As shown
in Fig. 6(a), the secular assumption (open symbols) leads
to inaccurate results over the entire time range studied,
with errors that reduce as the delay increases. The asso-
ciated rates are largely overestimated at the early stage
of the dissipation process before agreement with exper-
iment and non-secular predictions is obtained at longer
time delays, once the plateau region is reached (which is
expected, from Sec. II, from visual “extrapolation of the
values in this plot, and from the results obtained for the
very similar NoO-He system [18], to be reached after a
few 10 ps). In contrast, the non-secular predictions do
predict a large change of the pressure-induced decay of
the echo amplitude, in very satisfactory agreement with
the experimentally determined values. This confirms the
importance of non-secular effects for CO5 at early times
expected from the preliminary analysis of Sec. II A and
previous results [12] for the very similar NoO-He system.

B. CO:-CO: (A non-secular and non-Markovian
system)

For pure COg, the results in Fig. 6(b) demonstrate
that, among the values obtained with the various mod-
els, the non-Markovian and non-secular predictions (full
trangles) lead to the best agreement with the experimen-
tal results. In contrast, using either the Markovian or
the secular approximation leads to significant discrepan-
cies at short times before all predictions tend to become
valid as the delay increases, all reaching the same plateau
(which is expected, from Sec. IT and from visual “extrap-
olation of the results in this plot, to be reached after a few
10 ps). As for CO2-He in Fig. 6(a), the secular approach
(open symbols) results, for pure COq, in an overestima-
tion of the decay of early echoes with pressure, due to
the disregarding of exchanges between some coherences
which slower down the alignment dissipation at short
times. Concerning the Markov approximation, its effect
goes in the opposite direction (underestimation of the de-
cay), because the significant and instantaneously efficient
contribution of those collisions which are on-going when
the system experiences the first laser kick are neglected.
These non-secular and non-Markovian processes almost
compensate each other in the case of pure COs, leading
to full (nS-nM) predictions that only slightly depend on
the delay, as do the experimental results.
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FIG. 6. Density-normalized time constants of the decays of alignment structures (echoes for CO2 and revivals for HCI) as
functions of their time of appearance. The black full circles with error bars are values obtained from experiments, all other
symbols having been deduced from rCMDS-computed alignment traces with a non-secular and non-Markovian (nS-nM, red full
triangles), a secular and non-Markovian (S-nM, red open triangles), a non-secular and Markovian (nS-M, blue full squares),
and a secular and Markovian (S-M, blue open squares) approach. Echoes for CO2 infinitely diluted in (a) He and (b) pure
COa. Revivals for HCI infinitely diluted in (c) He and (d) pure HCI.

C. HCI-He (A secular and Markovian system)

The results obtained from the revivals of HCI diluted in
He are shown in Fig. 6(c). Note that the large error bars,
when compared to those for CO2-(He, CO2) in Figs. 6(a)-
6(b) and for pure HCI in Fig. 6(d), come from the fact
that the decay time constants for HC1(5%)-He(95%) are
typically two times smaller than for HCI infinitely diluted
in He, as explained in the Appendix. Although we believe
that these uncertainties have been rigorously evaluated,
they may be overestimated as indicated by the smooth
evolution of the experimental mean values with tg. Now
recall that, for HCl-He, as for COs-He, the Markov ap-
proximation is valid, so that the results obtained with
and without this approximation are the same. As can
be seen, the experimental and theoretical results confirm
the rapidly vanishing influence of non-secular effects and
quick reaching of the plateau expected from our prelimi-
nary analysis (Sec. ITA).

D. HCI-HCI (A secular but non-Markovian system)

The results obtained from the revivals of pure HCI are
shown in Fig. 6(d). Since HCI shows small non-secular ef-
fects at short times, as seen in Fig. 6(c), but is expected
to show significant and long-lasting non-Markovian ef-
fects, due to the strong and long-range dipole-dipole in-
teraction, only two computations were made, both non
secular. The first (non Markovian) includes the contri-
bution of collisions on-going at t=0, while the second
(Markovian) disregards them. Figure 6(d) confirms the
strong non Markovianity, with effects at short times that

considerably enhance the collisional dissipation rate (by
a factor of nearly 3 for the first revival at tg = 0.8 ps
with respect to the asymptotic value at long times ac-
cording to the measurements, a change well predicted by
the calculations). As the delay after the laser excitation
increases, the decay time constant again tends toward a
plateau (reached after a few tens of ps) and the Markov
approximation progressively becomes valid.

VI. TIME-DOMAIN VERSUS
FREQUENCY-DOMAIN STUDIES

Line-mixing and finite-duration-of-collision effects,
which are how the spectroscopic community respec-
tively designates the influences of non secularity and non
Markovianity on pressure-broadened light-absorption
and -scattering molecular spectra, have received signif-
icant attention in the past (see Chapts. IV and V in [9]).
Recall that these spectra are obtained [9, 13]) from the
Fourier transform of the autocorrelation function of the
molecular dipole and polarizability, respectively, a trans-
formation which enables to switch from the time to the
frequency domain as shown, for instance, in [38-40]. For
a linear molecule, they thus involve the ensemble aver-
ages of (cos0(t)) and (cos® 0(t)), where 0(t) is the change
of the molecule axis direction since t = 0. The fact that
these quantities have much in common with the align-
ment factor investigated in this study enables to point
out that the findings of the present and frequency do-
main studies are similar, recalling that the character-
istics of Fourier transformation imply that short times
correspond to large frequency detunings and vice-versa.



Indeed, as widely demonstrated experimentally and the-
oretically (Chapt. IV of [9]), disregarding line-mixing ef-
fects leads to the overestimation of the absorption (or
scattering) of light in the wings of the optical resonances
(see [41, 42] for the CO2-He Markovian system also in-
vestigated in the present study). This is the direct equiv-
alent of the underestimation of the decay time constant
by the secular approach shown in Fig. 6(a). Furthermore,
investigating line- and band-wings regions for molecular
pairs involving interactions at larger distances and last-
ing significantly longer than COs-He has also enabled
to point out the breakdown of the impact (Markovian)
approximation (see Chapt. V in [9]). Predictions made
disregarding the finite duration of collisions then under-
estimate the absorption in the line wings and the troughs
between resonant transitions (see e.g., [15] for the practi-
cally secular system HCI, and [14] for COg). This is the
direct equivalent of the overestimation of the decay time
constant by the Markovian model shown in Figs. 6(b) and
6(d). Furthermore, it is worth noticing that the plateau
values at long delays, estimated from the experimental
results in Figs. 6(a)-6(d) to be around 80 ps.amagat for
CO32-He, 200 ps.amagat for HCl-He, 50 ps.amagat for
pure CO4, and 20 ps.amagat for pure HCI, are very con-
sistent with the corresponding pressure-broadening co-
efficient of absorption lines measured in the frequency
domain. Indeed, the population-averaged values of these
parameters are 83 ps.amagat [43], 255 ps.amagat [44], 51
ps.amagat [45], and 23 ps.amagat [46], respectively. This
confirms the relation between this spectral parameter,
which describes the collision-induced decay of the dipole
autocorrelation function at long delays and is thus a sec-
ular and Markovian quantity, and the relaxation rate of
alignment features at long delays.

Although there is a link between frequency and time
domains, direct measurements of the system evolution at
(very) short times, as done in the present study, provide
more valuable and detailed information than do those
in the spectral domain for several reasons. The first is
that the Fourier transform involved in the calculation
of the spectrum “intricates” different times in the evo-
lution of the relevant tensor (e.g. dipole) autocorrela-
tion function. Although no information is lost, the way
with which specific collisional effects manifest is somehow
“fuzzier”. More importantly, pointing out non-secular
and/or non-Markovian effects in molecular spectra re-
quires the availability of a predictive model that neglects
them. This is generally achieved by computing the spec-
trum using purely Lorentzian line shapes [9], which re-
quires a priori knowledge of many spectroscopic quan-
tities including the positions, integrated intensities, and
pressure-broadened widths of the various optical transi-
tions. In contrast, the breakdown of the secular and/or
Markov approximation may be directly detected, with-
out use of any model, by experimentally studying the
decay of alignment structures. Indeed, as shown in this
paper, significant deviations between the collisional dissi-
pation rates at short times and the asymptotic values at

long delays (the plateau region where both approxima-
tions become valid), see Figs. 6(a)-6(d), directly indicate
their individual or simultaneous break down. Note that
knowing if one (and then which one) or both of these ap-
proximations are involved requires some kind of model,
but that semi-quantitative indications can be brought by
analyses (based on the rotational constant for the secular
approximation and on the intermolecular potential and
relative translational speed for the Markov approxima-
tion) such as those made in Secs. ITA and IIB. Last but
not least, frequency-domain measurements require lasers
of wavelengths properly adapted to the molecular system,
or a spectrometer with a suitable spectral resolution if a
broad light source is used. In contrast, the present study
based on molecular alignment relies on a nonresonant
laser pulse excitation and therefore can be extended to
any molecules provided they exhibit anisotropic polariz-
ability, which only excludes spherical tops from the panel
of investigable systems.

VII. CONCLUSION

By experimentally and theoretically studying the time
dependence of the pressure-induced decay of alignment
features induced in properly chosen gas molecules mix-
tures (HCl and COg, pure and diluted in He) by in-
tense and short laser pulse(s), we have probed the limits
of the widely used secular and Markov approximations.
The measured and computed results obtained at very
short delays (<15 ps) after the excitation show that non-
Markovian (resp. non-secular) effects may considerably
accelerate (resp. slow down) the dissipation of the align-
ment at the early stage the collision-induced decoherence
process. This investigation demonstrates, for linear ro-
tors, that probing the evolution of the nonadiabatic laser-
induced alignment very soon after the excitation directly
provides (in contrast with spectral domain studies) de-
tailed information on the roles played by non-secularity
and non-Markovianity in the collision-induced decoher-
ence. Besides this “fundamental” interest, the fact that
the short time delays correspond to large detunings from
resonances in the frequency domain opens potential prac-
tical applications for planetary atmospheres science. In-
deed, correct modelling of the associated line-wings re-
gions (the so-called atmospheric transparency windows)
where the absorption/emission of light is weak is essential
for remote sensing of deep atmospheric layers as well as
for radiative transfer and climate studies as discussed in
Chapt. VII of [9]. Our time-domain study thus appears
as a complementary tool to test spectroscopic models tak-
ing line-mixing (i.e. non-secular) and finite-duration-of-
collision (i.e. non-Markovian) effects into account. These
perspectives are further broadened by the fact that the
approach tested here for prototype linear rotors can po-
tentially be applied to molecules of more practical inter-
est. These include nonlinear species, such as NHs, HxO,
and hydrocarbons, for instance, whose absorption spec-



tra must be modelled beyond the secular and Markovian
frames for studies of the atmospheres of various plan-
ets, as well more exotic systems like molecules embedded
or deposited in helium nanodroplets [47]. Finally, the
approach used in this work also appears as of interest
to probe the influence of non Markovianity on the short
time kinetics of reactive gas collisions, which opens the
path toward chemistry and combustion studies.

Appendix: Protocol for measuring the collisional
decay time constants

A data series i is obtained by recording an alignment
revival (for single pump pulse measurements) or an echo
(for two pump pulses experiments) produced around time
t, for different gas densities by varying the pressure in
the static cell. For each time t,,, a nonlinear least-squares
fitting procedure is applied in order to extract the single
exponential decay time constant 7;(¢,) of the peak-to-
dip amplitude of the revival (or echo) with an error bar
oi(tn) corresponding to 2 standard deviations. To re-
duce the latter, this exercise is repeated N times from

N N
which an averaged value 7(t,) = ZWiTi(tn) / ZWZ
i=1 i=1

N —1/2
and uncertainty o(t,) = (Z W1> are calculated,
i=1

with W; = 1/02(t,). This protocol is applied for a pure
gas (COq or HCI), which enables to estimate a time con-
stant 71009 (tn) £ 0100% (tn ), and for a gas mixture, where
the decay time constant Txo (t,) £ oxo(tn) of X% of
molecules (CO2 or HCI) diluted in (100-X)% of He is cal-
culated. The collisional decay times 7y corresponding to
molecules infinitely diluted in He is calculated by assum-
ing binary collisions (justified in present conditions) using

Cntol y Ctte  here Cater = X/100

the relation — =
TX% T100% T0%
and Cye = 1 — X/100 are the concentration of molecules

and He atoms, respectively. The uncertainty within two
standard deviations of this quantity is obtained by the
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following equation

4 2 2 4
Tho, O C T
Oo = \/ 0% “ X% + Mol ‘0% 2 (Al)

o .
%% Che  Che Tioon 100%
Note that for high dilutions (Cyol/Cre < 1, ie. Che ~
1) the last quantity can be approximated by

7_2

~ 0%
UO%NTQ 0X%-
X%

(A.2)

Equation (A.2) shows that, first, the uncertainty for the
infinitely diluted value is, for (HCl, CO2)-He, always
larger than that of the (95% He) mixture since one always
has 71909 < Toy [compare Fig. 6(a) with Fig. 6(b), and
Fig. 6(c) with Fig. 6(d) | thus leading to 7x9 < To% and,
second, its amplitude scales with the square of the ratio
To%/Tx%- In the case of CO2-He, this ratio is close to
unity, whereas for HCl-He, its maximum value is about
two, which explains the much larger uncertainties on the
time constant of HCl-He as compared to CO2-He. Note
that this is further emphasized by the second term below
the square root in Eq. (A.1) which is also significantly
larger in the case of HCI than for COs.

In order to reduce error bars, alignment revivals (HCI
and HCI-He) have been recorded for up to 10 total pres-
sures and, in the case of the echoes (CO2 and COz-He),
15 delays between the two pump pulses. Altogether, the
experimental values displayed in Fig. 6 are the results of
about 2600 specific alignment signal recordings.
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