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Probing ultrafast thermalization with field-free molecular alignment
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The rotation-translation thermalization of CO2 gas is investigated 500 ps after its preheating
by a non-resonant short and intense laser pulse. The temperature of thermalization is optically
determined with two additional short laser pulses enabling a field-free molecular alignment process
and its probing, respectively. The measurements are performed for various intensities of the preheat
pulse leading to the observation of different temperatures which are in very good agreement with
classical molecular dynamics simulations. The results can be regarded as a step towards real time
tracking of ultrafast relaxation pathways in molecular motion.

PACS numbers: 37.10.Vz, 34.50.Ez, 42.50.Md

I. INTRODUCTION

With the advent of short and intense laser pulse tech-
nology routinely available in laboratories, light-induced
molecular alignment has become a well-established
method for controlling the spinning of a molecule about
a privileged direction. The basics have been explored
through a wealth of experimental [1, 2] and theoret-
ical [3] studies. The effect is particularly interesting
when produced with a non-resonant pulse of duration
much shorter than the classical rotational period of the
molecule. In this regime, the interaction leads to tran-
siently aligned molecules produced after extinction of the
driving field. This so-called field-free alignment is ap-
propriate to a growing class of potential applications in-
cluding molecular tomography [4], molecular-frame pho-
toelectron angular distribution [5], laser filamentation [6],
control of molecular scattering[7], high-order harmonic
generation [8], and collisional dynamics of liquid and gas
phase systems [9]. The present work is related to the
latter topic.

The benefit of using molecular alignment for probing
dissipative environments was addressed by the pioneer
work of Ramakrishna et al. [10]. The temporal evolution
of field-free alignment is featured by transient compo-
nents, during which the molecules are either delocalized
in a plane or aligned along a fixed axis, together with
a steady state component corresponding to a permanent
alignment [1, 2]. The dynamics is more or less complex
depending on the molecular symmetry. Considering the
simplest case of linear molecules like CO5 used in the
present study, the transients revive at a fixed time inter-
val corresponding to a fraction of the rotational period.
Dissipation due to collisions differently affects the tran-
sients and permanent component of the alignment. A
reason is that the former arises from optical coherences
whereas the latter occurs due to populations, both ro-

tationally excited during the pulse interaction through
stepwise Raman transitions [11]. Revivals coincide with
the rephasing of rotational coherences that is sensitive
to both state-changing (J and M) and -dephasing colli-
sions, while populations are only affected by the former.
Revivals and permanent alignment therefore decay with
different rates due to pure dephasing processes [10]. This
difference is moreover considerably enhanced considering
that collisions (at least for CO2) have a propensity to
conserve the orientation of the angular momentum (i.e.,
M/J) [12]. This last mechanism and its important con-
sequences for the decays of the permanent and transient
alignments are supported by recent measurements per-
formed on aligned COs molecules in pure gas phase and
in CO2-He gas mixtures [13].

II. METHODS

Relaxation processes in molecular dynamics are gov-
erned by the energy transfers occurring among the dif-
ferent degrees of freedom of motion. For instance, ex-
tensive literature can be found about vibrational relax-
ation processes studied with photoacoustic spectroscopy
[14, 15]. This technique is well adapted to measure the
relaxation due to vibration-translation (V-T) transfers
which typically occurs at the microsecond time-scale for
CO3 molecules at atmospheric pressure. [16]. However,
it is not relevant to much faster relaxations involving ro-
tational and translational motions. The present study
demonstrates that rotational-translation (R-T) transfers
can be optically probed in the few hundreds of picosec-
ond time-scale using the concept of field-free molecular
alignment.

The alignment of a linear molecule is frequently de-
scribed in terms of (cos? #), where () refers to the quan-
tum expectation value and 6 is the angle of the molecular



axis with respect to the field polarization. A molecule
aligned along the field is achieved when (cos? ) > 1/3,
whereas (cos? ) < 1/3 reflects a delocalization of the
molecular axis in the plane perpendicular to the field,
1/3 being the degree of alignment representing a ran-
domly oriented molecule. To describe a gas sample, this
quantity must be averaged over the initial states (J,M)
of the constitutive molecules, which is properly described
at thermal equilibrium by the Maxwell-Boltzman statis-
tics: (cos20),(t) = 32, S0 =7  ps(cos?0) . In this
expression, T is the rotational temperature of the gas
sample before interaction, J and M are the total angular
momentum and its projection along the quantification

axis, respectively, and p; = s (2?; fﬁ‘;&;ﬁ; (/f%?/kBT)
the thermal relative population with kg the Boltzmann
constant, F; the rotational energy, and g; the nuclear
spin degeneracy factor to be considered only in case of
symmetric molecules. Due to the thermal averaging, a
change in the temperature and therefore in the initial
state distribution affects both the amplitude and shape
of (cos?6),(t). This dependence with respect to T' is
a feature that makes the concept of field-free alignment
particularly useful for non-resonant space-resolved opti-
cal diagnostics [17, 18].

is

III. RESULTS AND DISCUSSION

The experiment is performed in CO, at a static pres-
sure of 1 bar and initially at 295 K. The alignment pro-
duced by a strong pulse is optically probed by a weak
pulse using a time-resolved birefringence technique and
an homodyne detection. As shown previously [19, 20],
the technique provides a signal S proportional to the tem-

poral convolution of ({cos? @) — 1/3);(1&) with the tem-
poral envelope of the probe pulse. The aligning and
probing pulses are produced by a chirped pulse ampli-
fied Ti:sapphire femtosecond laser which delivers 100 fs-
duration pulses at a repetition rate of 100 Hz, with a
wavelength centered at 800 nm. The signal of the first
alignment revival recorded at room temperature (solid
line) is shown in Fig. 1(a). The intensity of the aligning
pulse is set to 25 TW/cm? and the alignment produced
by the weak probe can be neglected. The other revivals
spaced by Ty/4, with T, the rotational period [19], are
not shown. The corresponding first revival signal ob-
tained when introducing a laser pulse of 60 TW /cm? 500
ps prior to the aligning pulse is shown on the same figure.
This preliminary pulse serves as a preheat pulse. A part
of its energy is transferred to the CO2 molecules rotations
by means of intrapulse non-resonant Raman excitations
of the rotational levels. It is then converted to transla-
tion through R-T transfers until complete thermalization
(full Boltzmann equilibrium of both rotation and trans-
lation) is reached. Figure 2 displays the predicted tem-
poral evolutions of the averaged rotational and transla-
tional energies following the excitation of the system by
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FIG. 1: (Color online) (a) Alignment induced birefringence
measured with (dashed red line) and without (solid blue line)
preheating a CO2 gas sample by a short laser pulse launched
500 ps before initiating the alignment. (b) Alignment signal
versus time calculated with the quantum-ECS model for a
rotational temperature computed by CMDS (see text).

the preheat pulse. These were obtained from Classical
Molecular Dynamics Simulations (CMDS) as described
in [12] and using the CO2-CO2 intermolecular potential
of [21]. Immediately after the preheat pulse, set at the
time origin, the average energy released by the field into
the rotation raises to about Fyot/kp = 520 K. Then colli-
sions induce changes leading to the decrease of the rota-
tional energy and increase of the translational one with
a progressive equilibrium within each of these modes un-
til they are in equilibrium with each other. According
to CMDS, Rotation-Rotation (R-R) relaxation is faster
than R-T relaxation, with respective time constants of
70 ps and 150 ps for pure COy at 1 bar, and an average
time between collisions of 100 ps. The results plotted in
Fig. 2 together with Fig. 15 of [12] thus predict that, af-
ter typically 500 ps, a Boltzmann equilibrium is reached
within rotation and translation, these two degrees of free-
dom being (almost) in equilibrium with each other, i.e.,
Erot = 2/3F¢yans- The modifications of the alignment re-
vival observed in Fig. 1(a) reflects hence the elevation of
the (equilibrium) rotational temperature produced after
thermalization of the gas sample. It is worth mentioning
that aligning and preheat pulses have been exchanged to
make sure that the pulses were not affected by thermal ef-
fects in the optics. Propagation effects due to the plasma
generated by the preheat pulse have also been tested by
performing the experiment in Argon, observing the elec-
tronic Kerr response of the gas. In this case, no signal
change introduced by the preheat pulse could be noticed.
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FIG. 2: (Color online) Averaged rotational energy E.oi/kp
(red curves) and translational energy 2Fians/3ks (blue
curves) of CO2 molecules initially excited by a 100 fs-duration
laser pulse of 60 TW/cm? (solid lines) and 25 TW /cm?
(dashed lines). The initial temperature of the gas sample
is 295 K and the pressure is 1 bar.

To confirm the observed effect, we performed simula-
tions of the birefringence signal on the first alignment re-
vival of COs. For this, the rotational temperature 500 ps
after the preheat pulse was first calculated using CMDS
(e.g., Fig. 2). The expectation value (cos? @) following
the aligning pulse was then calculated using the quantum
M-dependent Energy Corrected Sudden (ECS) model of
[12]. The previously used values [12, 13] of the ECS pa-
rameters (A, «, 8, {.) were retained with the multipli-
cation of A (in ps/atm units) by (295/7)%% in order
to accurately represent the temperature dependent self
broadening values of [22]. These quantum-ECS calcula-
tions thus provide the values of {cos? ) following a 25
TW /cm? aligning pulse for rotational temperatures as-
sociated, through CMDS, with preheat pulses of differ-
ent intensities. Note that [12] shows that the classical
and quantum approaches lead to consistent predictions
for the collisional dissipation of laser induced alignment
confirmed in [13] by comparisons with experimental re-
sults. The simulations conducted with (solid line) and
without (dashed line) preheat pulse are shown in Fig.
1(b). Both results agree with the observations reported
in Fig. 1(a). This comparison allows to estimate the ro-
tational temperature (~ 400 K) resulting from preheat-
ing the gas sample by the 60 TW/cm? laser pulse. To
our knowledge, this is the first measurement of temper-
ature increment resulting from ultra-fast R-T transfers.
We point out that the calculations of Fig. 1(b) were per-
formed at the same molecular density, a safe assumption
considering the value of the delay between the preheat
and aligning pulses. Indeed, the average distance trav-
eled by CO3 molecules at 400 K during 500 ps is less than
0.3 pm, a value negligible when compared to the beam
foci (= 30um). Note that the rotational thermalization
of the gas sample has also been confirmed by observing
the extinction of the field-free alignment produced by the
preheat pulse after 500 ps. No residual permanent nor
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FIG. 3: (Color online) First alignment revival of CO; recorded
at different intensities of the preheat pulse.

transient alignment was observed indicating that a Boltz-
mann equilibrium is reached within rotational degrees of
freedom.

In a first approximation (valid for moderate pulse in-
tensities), the internal energy of the molecules increases
with the square of the applied intensity (e.g., Fig. 6
of [12]). This is due to the rotational excitations that
are achieved through Stimulated Raman-like transitions
in an intensity regime well described by two-photon pro-
cesses. As already mentioned, the rotational temperature
of the gas sample can be deduced from the modification
of the alignment signal. The COs signal recorded for dif-
ferent intensities of the preheat pulse is shown in Fig. 77
Figure 4 presents a comparison between the total area
of the alignment revival recorded for different intensi-
ties and the theoretical predictions from the quantum-
ECS calculations carried for the rotational temperature
derived from CMDS. The values are normalized to the
area obtained without preheat pulse. As can be seen the
agreement between experimental and calculated values
is very good. This is a noticeable success for simula-
tions free of any adjusted parameter that, together with
the results of [13], confirms the quality of the approaches
proposed in [12]. The right hand scale of Fig. 4 pro-
vides the equilibrium temperature of the molecules after
complete thermalization.

The elevation of temperature resulting from the pre-
heat pulse also influences the long-term evolution of the
alignment signal through a decay modification. This has
been confirmed by measuring at 1 bar the area of the first
and fifth transients (separated by 42.7 ps) with and with-
out a 60 TW/cm? preheat pulse. The exponential fit of
the data collected over several days indicates a time decay
of 55.2 ps with preheat, against 59 ps without preheat,
with a corresponding ratio of 0.937 £0.063. These values
are in agreement with the CMDS [12] predictions, i.e.,
54.2 and 59.5 ps, respectively. The faster decay (6.4%)
observed with the preheat pulse is consistent with the
increase of temperature detected just after thermaliza-
tion, i.e., before variation of the molecule density in the
interaction volume.
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FIG. 4: (Color online) Area of the first alignment revival
normalized to the value measured with no preheat pulse: ex-
periment (red solid circles) and theory (blue dashed line).
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FIG. 5: (Color online) First alignment revival of CO2 calcu-
lated for different temporal delays between the preheat and
alignment pulse.

IV. CONCLUSION

Field free molecular alignment has been used to opti-
cally probe the ultrafast temperature rising in a molec-

ular sample subsequent to the increase of its rotational
energy by a short and intense laser pulse. The detection
has been conducted by setting the delay between this
preheat pulse and the detection pulses early after ther-
malization in order to limit the migration of molecules
out of the laser foci during the measurements. By vary-
ing the intensity of the preheat pulse, we have been able
to detect an incremental temperature from nearly zero
up to about 100 K above the initial temperature (295
K) in good agreement with the predictions of classical
molecular dynamics simulations. A similar heating ef-
fect resulting from R-T transfers after laser excitation
is expected in the production of the laser induced gas
vortices predicted very recently [23]. As an extension of
the work, a stimulating perspective would be to perform
the optical diagnostics for various delays between excita-
tion and thermalization of the sample. For a preliminary
investigation of the information brought by such exper-
iments, CMDS have been made for a preheat pulse of
60 TW/cm? and a 20 TW/cm? alignment pulse. The
subsequent first alignment revivals obtained for various
delays between these two pulses are plotted in Fig. 5.
They show a considerable increase of the central peak
near 10.5 ps when increasing the delay together with a
simultaneous decrease of the two surrounding peaks for
the chosen time delays. Adapted experiments would en-
able to track these evolutions, providing an additional
stringent test of the theoretical models and the possibil-
ity to analyse the influence of R-R and R-T relaxations
that the evolution of the revival shape translates. Such
experiments may enable the first direct measurement of
R-T transfer rates through investigations at the relevant
time scale. This seems a promising alternative to the
very indirect extraction of this rate and of “rotational
collision numbers” from bulk viscosity or thermal tran-
spiration measurements (eg [24] and those cited in Fig.
2 of [25]).
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