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Unveiling Nonsecular Collisional Dissipation of Molecular Alignment
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We conducted a joint theoretical and experimental study to investigate the collisional dissipation of
molecular alignment. By comparing experimental measurements to the quantum simulations, the
nonsecular effect in the collision dissipation of molecular alignment was unveiled from the gas-
density-dependent decay rates of the molecular alignment revival signals. Different from the conventional
perspective that the nonsecular collisional effect rapidly fades within the initial few picoseconds following
laser excitation, our simulations of the time-dependent decoherence process demonstrated that this effect
can last for tens of picoseconds in the low-pressure regime. This extended timescale allows for the distinct
identification of the nonsecular effect from molecular alignment signals. Our findings present the
pioneering evidence that nonsecular molecular collisional dissipation can endure over an extended
temporal span, challenging established concepts and strengthening our understanding of molecular

dynamics within dissipative environments.

DOI: 10.1103/PhysRevLett.133.033202

Molecular collisions are ubiquitous in real gas media
and play an important role in the molecular dynamics
within dissipative environments. The impact of collisions
is often manifested through the rapid relaxation of the
system, significantly influencing the spectral properties of
radiative processes and leading to the redistribution of
energy across internal and external degrees of freedom
within the system. Unraveling the physical mechanisms
underlying collisional dissipation is of great interest and
significance, and has stimulated investigations across
various scientific fields [1-7].

Over the past few decades, many theoretical and
experimental advancements have been made in the
exploration of molecular collisional dissipation by lever-
aging the quantum rotational revivals of molecular
alignment in low-pressure gases [8-23]. Studies have
demonstrated that molecular collision will lead to the
decoherence of the system. Very recently, advances in
rotational echo spectroscopy have accessed the explora-
tion of the collisional dissipation in high-density gases
within the initial few picoseconds following the
pump laser [24-43]. Employing rotational echo spectros-
copy, the nonsecular effect in the molecular collisional
dissipation process was revealed [31]. This nonse-
cular effect was observed to systematically slow down
collision-induced decoherence processes in the time
domain [31]. So far, the nonsecular effect has been
exclusively identified in high-pressure gas media using
the molecular alignment echo technique [31-35], where
its significant role in collisional dynamics has been
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widely acknowledged within a few picoseconds after
the pump pulse, but dissipating rapidly with the increas-
ing time delay [31-35].

In this Letter, we report the first observation of non-
secular collisional dissipation in the molecular system
within the low-pressure regime by employing molecular
alignment. Through experimental measurements of
molecular alignment signals and a comparison with quan-
tum simulations, the nonsecular effect in the collisional
dissipation process of the molecular system in the low-
pressure regime was unveiled from the gas-density-
dependent decay rates of molecular alignment revivals.
Unlike previous findings [31-35], we find that the non-
secular collision effect identified in low-pressure gas media
can persist for tens of picoseconds or even longer, and is
discernible by measuring the decay of molecular alignment
signals. This phenomenon has been experimentally vali-
dated in pure N,, N,-Ar, N,-CO,, and N,-He mixtures. All
the experimental measurements are well supported by the
nonsecular quantum simulations. This discovery challenges
conventional wisdom, expanding our comprehension of
nonsecular effects in molecular collisional dissipation.

In our experiment, the molecular alignment signals were
measured by the weak field polarization measurement [44].
Figure 1(a) is the schematic diagram of the experimental
setup. The laser source is a commercial Ti:sapphire laser
system. It delivers laser pulses at a repetition rate of 1 kHz.
The pulse duration and the central wavelength are 35 fs and
800 nm, respectively. The output laser pulse is divided
into two beams by a splitter. The pump pulse is linearly
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FIG. 1. (a) Schematic diagram of the experimental setup. BD,
beam dump; BF, 400-nm bandpass filter; BP, balanced amplified
photodetectors; BS, beam splitter; DL, delay line; DM, dichroic
mirror; HWP, half-wave plate; P, polarizer; QWP, quarter-wave
plate; W, Wollaston prism. (b) Molecular alignment revival
signals measured in pure N, at room temperature. Here, the
gas density is 4.5 amagat. (c) Time-dependent molecular align-
ment revival intensities (black circles) extracted from (b). Solid
line is an exponential fitting of the experimental data.

polarized and the probe pulse is frequency doubled via a
p-barium borate (BBO) crystal. The time delay between the
pump and probe pulse is controlled by a motorized trans-
lation stage. The probe pulse is polarized by a polarizer and
set to /4 with respect to the pump pulse [see Fig. 1(a)].
These two pulses are focused into a gas cell by a concave
mirror (f =250 mm) in a noncollinear geometry. The
transmitted probe light is analyzed by a balanced detector
which consists of a quarter-wave plate followed by a
Wollaston prism and a free-space balanced amplified
photodetector as depicted in Fig. 1(a). The signal ()
measured on the detector is related to the factor of
molecular alignment (cos?6)(t), which is given by () «
[(cos?8)(t) — 1/3].

We first conducted experiments to investigate the molecu-
lar collision dynamics with pure N, gas. Figure 1(b) depicts
the time-dependent molecular alignment revival signals
measured with the gas density of 4.5 amagat. We defined
the intensity of the molecular alignment revival S(¢)
as the peak-to-dip amplitude differences of the revival
signals. Figure 1(c) show the measured S(¢) as a function
of pump-probe time delays (black circles). One can
clearly see that S(r) decreases monotonically with the time
delay. To quantitatively describe the collisional dissipation
process, we have performed an exponential fitting S(7) =
A - e77/Twv 10 S(1), as depicted as the solid line in Fig. 1(c).
Here T,, = 8.38 ps is the rotational period of N,. The
fitting coefficient y is called the decay rate of the alignment
revivals [11].

To study the collisional dissipation process, we have
measured the time-dependent molecular alignment revival
signals at different gas densities. The corresponding decay
rate y as a function of pure N, gas density (red circles) is
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FIG. 2. (a) Measured (red circles) and calculated [dashed and
dotted lines represent the secular (S) and nonsecular (NS) results,
respectively] decay rate y of the alignment revival signals as a
function of the gas density in pure N,. (b) Same as (a) but for y as
a function of the Ar density in the N,-Ar mixture. (c),(d) Same as
(b) but for the N,-CO, and N,-He mixtures, respectively. In the
mixtures, the density of N, is fixed at 0.9 amagat. The intercepts
of the lines in each panel have been set to zero because we mainly
focus on the slopes of these lines.

depicted in Fig. 2(a). The error bars represent the standard
deviations of the fitting results of ten independent measure-
ments. One can see that the decay rate y increases almost
linearly with the density of N,, which is consistent with
previous results [30,32]. We have also performed experi-
ments in N,-Ar, N,-CO,, and N,-He mixtures. The corre-
sponding decay rate y as a function of the density of Ar, CO,,
and He in the mixtures is depicted in Figs. 2(b)-2(d),
respectively. In the mixtures, the gas density of N, is fixed
at 0.9 amagat to maintain a consistent contribution of N,-N,
interaction to the collisional dissipation process.

For the mixture of N, and perturber X with densities dy,
and dy, the decay rate y can be written as [11]

y(dy,, dx) = 1%, N, 95, + 1%, xdx; (1)

where yR_y, and yR_y represent the density-normalized
values for N,-N, and N,-X interactions, respectively.
Equation (1) suggests that the decay rate y in the mixture
will increase linearly with the gas density of the
perturber. This is well supported by our measurements
in Figs. 2(b)-2(d). Note that the slope of the increased
decay rate y just reflects the contribution of N,-X inter-
action to the collisional dissipation process [11]. According
to Eq. (1), we can get the y{ y, and y{ y for Ny-Ar,
N,-CO,, and N,-He from Fig. 2, which are 0.0690, 0.0514,
0.0859, and 0.0404 amagat™!, respectively.

To understand the experimental results, we have simu-
lated the time-dependent molecular alignment revival
signals with the quantum model [31,35,45,46]. In our
simulations, the evolution of the molecular dynamic is
described by the density matrix p(¢) from the Liouville-von
Neumann equation:
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Here, H is the molecular free rotation Hamiltonian, and
H; describes the interaction between the molecule and the
laser pulse. For the linear molecule and linearly polarized
pump laser, Hy(t) = — 1 E*(t)Aacos’d, where Aa is the
anisotropy of polarizability of the target molecule and E(¢)
is the envelope of the laser pulse. The matrix elements of
the collisional dissipation can be written as

dpi(t
— =—=dd A;:y 3
( i ) o 3)

)

of the system, p;;(¢) oscillates at angular frequency

= (E; —E;)/h, and A;; ;; are the density-normalized
relaxatlon matrix elements constructed as in [31,35]. The
parameters for the systems studied here are obtained from
Refs. [47-51]. The detailed expression of A;; sy and the
parameters are given in the Supplemental Material [52]. We
have performed simulations with both the secular and
nonsecular models. In the nonsecular model, all the colli-
sional transfer channels in Eq. (3) are included. In contrast,
the secular model disregards the nondiagonal relaxation
matrix elements A;; y that satisfy w;; # w;; [35]. For N»-X

AN
iji'j CNz iji'j +CXA1/[/

the molecular fractions of N, and gas X, respectively. AI.\I?.',]\.I?
'

mixtures, A; Cy, and Cy are

and Ai’l,}; denote the relaxation matrix elements for the

N,-N, and N,-X systems, respectively [49]. The time-
dependent alignment factor then is given by

(cos?0)(1)="> _(J.M|p(t)cos?0|J. M)
J.M
= > (J.M|p(t)|J.M)(J'.M|cos?6]J . M). (4)
JM,J

We first examined the simulations of pure N, with the
secular model. The calculated density-dependent decay rate
y is depicted in Fig. 2(a) (black dashed line). Compared to
the experimental results, one can see that the decay rate y
simulated by the secular model increases faster with the gas
density. To understand this difference, we have also
performed simulations with the nonsecular model. The
result is shown as the blue dotted line in Fig. 2(a). It can be
seen that the nonsecular effect reduces the collisional
dissipation and the calculation results agree better with
the experimental results. We have also performed the
simulations for the gas mixtures. Figures 2(b)-2(d) depict
the experimental and calculated results for N,-Ar, N,-CO,,
and N,-He mixtures, respectively. One can see that the
results calculated using the secular model also overestimate
the slope of the decay rate y with respect to the gas density

Ar density (amagat)

CO2 density (amagat) He density (amagat)

FIG. 3. (a) Measured (red circles) and calculated (dashed and
dotted lines represent the secular and nonsecular results, respec-
tively) decay rates y of the alignment revival signals as a function
of the Ar density in the N,-Ar mixture. Here the total gas density
of the gas mixture is fixed at 4.5 amagat. (b),(c) Same as (a) but
for the N,-CO, and N,-He mixtures, respectively.

of the perturber, while the results obtained with the
nonsecular model exhibit better agreement with the exper-
imental results. It is worth mentioning that increasing the
gas density of the perturber in mixtures amplifies the
contribution of N,-perturber interaction to the collisional
dissipation process. The increased decay rates y as a
function of the gas density of the perturber primarily
reflect the dissipation induced by the collisions between
N, and the perturber.

For further evidence, we have also performed experi-
ments and simulations in mixtures with a fixed total gas
density (4.5 amagat) while varying the gas densities of N,
and the perturber. Figures 3(a)-3(c) depict the decay rates y
as a function of the gas density of the perturber in N,-Ar,
N,-CO,, and N,-He mixtures, respectively. One can see
that the decay rate y decreases as the Ar density in N,-Ar
mixtures increases. There is the same trend in N,-He
mixtures. However, in the case of N,-CO, mixtures, the
dependence of decay rate y on the CO, density is reversed.
The different trend of the gas-density-dependent y is due to
the difference between the contribution of N,-Ar, N,-CO,,
and N,-He interaction to the collisional dissipation process.
For the mixture of N, and perturber X with a fixed total
density d, the decay rates y(dy) are given by

r(dx) = J’ONZ-N2 (diota = dx) + J’ONZ.XdX

- }/%Z'NZ diotal + (yONZ—X - Y%Z-Nz)dx (5)
From Eq. (5), it can be seen that the slope of decay rate

y(dy) is determined by the difference between y%z_x and
70N2-N2' According to the results obtained from Fig. 2, we
find that yR . and yR_,, are smaller than yy_ , while
70N2-C02 is larger than y%o_Nz. Thus a decrease (an increase)

trend of the X-density-dependent decay rate y is observed
for N,-Ar and N,-He (N,-CO,) mixture. With the exper-
imental results in Fig. 3, we can also estimate the 7/1912— A
YR,.co,» and 7R . from the slopes of y. The results are
0.0525, 0.0883, and 0.0410 amagat™!, respectively, which
are in good agreement with the results obtained from Fig. 2,
confirming the consistency between these two independent
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FIG. 4. (a) Modulus of the coherence term p; y—o.742.—0(?)
simulated with the nonsecular (solid lines) and secular (dashed
lines) models for pure N, at 4.5 amagat. For clarity, the results for
initial rotational state |J, = J, M, = 0) with J/ = 10 and J = 13
have been multiplied by factors of 10 and 100, respectively.
(b) Time-dependent difference of the modulus of the coherence
term between the nonsecular and secular models. (c),(d) and (e),
(f) Same as (a) and (b) but for 10 and 30 amagat, respectively.

measurements. Additionally, we also extracted the corre-
sponding average pressure broadening coefficients by I' =
vo/(2mcT,,) for these systems. The obtained results are
I'n, N, =0.044 cm™' /amagat, I'y, o, = 0.032 cm™' /amagat,
and I'y,.co, = 0.054 cm™! /amagat, which also agree well
with the results in previous works [11,48,49].

We have also plotted the simulation results in Fig. 3. As
shown, although the secular simulations (S, black dashed
lines) can well reproduce the trend of the gas-density-
dependent y, they present much larger deviations in the
absolute values of y. In contrast, the nonsecular results (NS,
blue dotted line) agree much better with the experimental
results. From the results in Figs. 2 and 3, we concluded that
the nonsecular effect in the collisional dissipation process
was observed in our molecular alignment experiment on
timescales of tens of picoseconds.

For a deep understanding of the nonsecular effect in the
collisional dissipation of the molecular alignment, we have
further analyzed the time-dependent decoherence process
using both nonsecular and secular models. Excited by the
linear polarized laser, only the coherence terms p; 7.y (1)
with J' =J + 2 contribute to the transient alignment
revival amplitudes [15]. Therefore, we below focus on
these terms. We calculate the modulus of the coherence
term Py y—o.7+2.m—0(f) excited from various initial rota-
tional states around the most populated state (J, = 8) of N,
at 295 K with different gas densities. Figure 4(a) depicts the
modulus of the coherence term p; p—o.712.—0(t) excited
from the initial rotational state |/, = J, My = 0) at4.5 ama-
gat. One can see that the time-dependent modulus of the
coherence term of nonsecular (solid lines) and secular
(dashed lines) models both decrease with time. But the
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FIG.5. (a) Molecular alignment revival intensity S(¢) simulated
by the nonsecular (solid lines) and secular (dashed lines) models
for the pure N,. (b) Difference between the nonsecular and
secular results in (a).

time-dependent modulus of the coherence term in the
nonsecular model decreases a little slower than that in
the secular model. This can be clearly seen in Fig. 4(b),
which plots the time-dependent difference of the modulus
of the coherence terms of these two models. A positive
difference is observed in Fig. 4(b), indicating the slower
decrease induced by the nonsecular effect. Similar results
are also observed for higher gas densities, as depicted in
Figs. 4(c) and 4(d) for 10 amagat and Figs. 4(e) and 4(f) for
30 amagat. The slower decrease of the coherence term
induced by the nonsecular effect consequently slows down
the decrease of the alignment signals. In Fig. 5(a), we have
simulated the time-dependent molecular alignment signals
of pure N, with both the nonsecular (solid lines) and secular
(dashed lines) models for different gas pressures. It is
evident that the nonsecular results decrease slower than the
secular results.

In addition, it is crucial to note that for low gas density, as
4.5 amagat in Fig. 5(b), the difference between these two
models can keep increasing for a few tens of picoseconds
before attenuation. This observation differs from previous
findings [31-35]. Such a long-lasting nonsecular effect can
thus be accessed by the molecular alignment signals. While
for much higher gas density, e.g., 10 and 30 amagat in
Fig. 5(b), such difference turns to decrease at earlier time
delay. In particular, for 30 amagat, the difference between
these two models starts to rapidly decrease at the initial few
picoseconds after the pump laser. This is consistent with the
previous findings [31-35]. The nonsecular effect at the
early stage has been identified by the molecular alignment
echo technique [31].

Finally, we should emphasize that our above simulations
are performed under the Markov approximation. For the
pairs of molecules that interact over long distance, such as
N,-CO,, the non-Markovian effects could accelerate the
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dissipation of the alignment at the early stage of the
collision-induced decoherence process [34,35], leading to
a much larger decay rate as shown in Fig. 3(b). We can
also see that the difference between the nonsecular
simulations and experimental measurements is smaller
than that between the secular and nonsecular simulations.
This result indicates a bigger role of the nonsecularity
than the non-Markovianity in our work. Note that devel-
oping a quantum model beyond the Markov framework is
still a complex problem and has not yet been achieved.
It can be anticipated that, by taking the non-Markovian
effects into account, the nonsecular simulations of
N,-CO, mixture may agree much better with the exper-
imental results.

In summary, the nonsecular effect in the collision
dissipation of molecular alignment was first observed.
Through a series of proof-of-principle experiments involv-
ing pure N, gas, N,-Ar, N,-CO,, and N,-He mixtures, the
nonsecular collisional dissipation of molecular alignment is
identified. This identification is achieved by comparing the
measured gas-density-dependent decay rate of molecular
alignment revival signals to the quantum simulations. In
contrast to previous investigations utilizing molecular
alignment echoes [31-35], our study reveals that the
nonsecular collisional effect in the low-pressure regime
persists for much longer durations, extending up to tens of
picoseconds. The extended temporal persistence of the
nonsecular collisional effect uncovered in low-pressure gas
media complements existing research, strengthening our
comprehension of the intricate dynamics involved in
molecular collisional processes.
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