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We experimentally and theoretically investigate the field-free alignment of the asymmetric-top
acetone molecule. Our study shows that the production of postpulse aligned molecules in a dense
sample (0.05-0.2 bar) of room-temperature acetone using a single-pulse excitation can be signif-
icantly improved by rotational alignment echoes induced in a two-pulse excitation scheme. We
report the observation of fractional echoes that can be used to reveal the nonlinearity of the molec-
ular system. In a proof-of-principle experiment, a pre-aligned sample of acetone is also used for
third-harmonic generation. The analysis of the experimental data with numerical simulations based
on quantum and classical models enables the determination of the collisional decay rate of acetone
alignment, as well as a test of the static, second-order, electric hyperpolarizabilities of the molecule
derived from ab initio calculations presented in this work.

PACS numbers: 45.50.-j, 37.10.Vz, 42.50.Md

I. INTRODUCTION

The alignment of molecules, an efficient way to over-
come the random spatial distribution of molecular axes,
is at the heart of many physical and chemical processes
with multiple ramifications in the generation of high-
harmonic radiations [1-3], molecular orbitals tomogra-
phy [4, 5], collisional dissipations [6-8], air lasing [9],
to name but a few. In the last two decades, intense
femtosecond laser pulses have successfully served as a
powerful tool for achieving impulsive field-free molecular
alignment of various molecules, which has led to a better
understanding of rotational dynamics driven by strong
laser fields [10-12]. Particular attention has been paid
to linear and symmetric-top molecules thanks to their
highly symmetrical structure allowing to achieve a sig-
nificant degree of alignment and a fully tractable numer-
ical modelling. Controlling the rotation of asymmetric-
top molecules is much more attractive given the wide
variety of potential applications in chemistry and biol-
ogy. Rotational dynamics of such molecules have been
extensively studied in the low field regime by ultrafast
coherence spectroscopy [13, 14]. In order to understand
and steer the rotation of asymmetric-top molecules ex-
posed to a strong laser field, several works have experi-
mentally and theoretically studied the short pulse align-
ment of near symmetric-top molecules with Ray’s pa-
rameter £ close to £1 (with x = —1 and +1 for prolate
and oblate symmetric-top, respectively) such as, for in-

stance, SO (k = —0.942) [3, 15-19], CoHy (k = —0.914)
[15, 20, 21], 1,3-butadiene (k = —0.978) [22], iodobenzene
(k = —0.965) [23, 24], pyrimidine (kx = —0.869) [25], 3,4-
dibromothiophene (k = —0.987) [26, 27|, and the chiral
propylene oxide molecule (k = —0.879) [28].

However, many phenomena in nature involve complex
polyatomic molecules structurally more asymmetric, i.e.
with Ray’s parameters closer to zero, which are more
difficult to align than the previous category due to an
increased lack of regularity of their rotational spectrum.
In fact, field-free molecular alignment is closely linked
to the molecules ability to rephase their rotational co-
herences once stimulated by the laser pulse. The com-
mensurability of the rotational energies of symmetric-top
molecules is reflected in the time domain by a pattern
of quasi periodic quantum revivals which vanish at long
time [29]. Conversely, the incommensurability of the ro-
tational energies of asymmetric-top molecules leads to
fast decreasing alignment revivals. In this context the
present work reports the observation of field-free align-
ment of gas phase acetone which, unlike the previously
mentioned molecules, is oblate and highly asymmetric as
evidenced by a small positive kK = 0.37. The revivals in-
duced by a single pulse were studied first. As they turned
out to be very weak under the present experimental con-
ditions (room temperature and a pressure close to the
saturation vapor pressure), an enhanced alignment signal
was obtained using the rotational alignment echo based
on a bi-pulse sequence excitation [30]. Fractional echoes



FIG. 1. (a) Experimental setup of the rotational alignment echoes produced by two ultrashort laser pulses P1 and P2 (800
nm) time-delayed by 712. The molecular alignment is probed by a third ultrashort laser pulse (400 nm). BD: beam dump, PD:
balanced photodiodes, WP: Wollaston prism, QWP: Quarter-wave plate. (b) The C3, configuration used in both theoretical
simulations. The body fixed xyz axis system is attached to the molecule using the I" representation. For clarity its origin is

not drawn at the molecular center of mass.

resulting from the nonlinear geometry of the molecule
could be observed for the first time in a probe-phase
sensitive detection of molecular alignment. Among the
possible applications, a sample of aligned acetone were
then used in a nonlinear process to generate the third-
harmonic radiation of a circularly-polarized fundamental
laser pulse.

II. ALIGNMENT OF ACETONE

A. Experimental setup

In the first part of this study, the aligned molecules
are detected through the femtosecond time resolved bire-
fringence setup depicted in Fig. 1(a). The molecules are
impulsively aligned along the electric field of a short and
intense linearly-polarized laser pulse P; (800 nm, 100 fs,
1 kHz) which is focused in a static gas cell that can be
filled by evaporating liquid acetone. The resulting reori-
entation of the molecular axes induces a birefringence in
the gas medium that is subsequently characterized by a
time delayed weak probe pulse (400 nm) polarized at 45°
with respect to P;. The former beam intersects, with a
small angle, the pump beam at focus. The modification
of the probe polarization is analyzed with a highly sen-
sitive balanced detector providing a signal proportional
to the alignment factor (vide infra). Rotational align-
ment echoes are produced by introducing a second 800
nm pump pulse Py, sharing the same polarization and
propagation direction with Py, but temporally separated
by an adjustable delay 715. All experiments have been
performed below the static pressure of 0.25 bar, which
corresponds to the saturation vapor pressure of acetone
at room temperature.

B. Theoretical models

The theoretical results are based on a quantum
model and on classical molecular dynamics simulations
(CMDS). In both simulations acetone is treated as an
asymmetric-top molecule and the large amplitude inter-
nal rotations of the methyl groups, revealed by the high-
resolution investigations of its microwave spectrum, are
ignored [31]. The C3, configuration shown in Fig. 1(b)
is chosen and the body fixed xyz axis system, coincid-
ing with the principal axes system, is attached to the
molecule using the 1" representation [32]. The two-fold
axis of symmetry is the 2:(= b) axis and the line joining
the two carbon atoms of the methyl groups is parallel
to the z(= a) axis. After fitting and averaging over
tunneling components of the observed microwave and
submillimeter wave frequencies [31], the values 0.339424,
0.283865, and 0.163773 cm ™! were retrieved for the A,
B, and C rotational constants, respectively. Five dis-
tortion constants corresponding to Watson’s A reduced
form [33-35] were also determined and are given in the
Appendix A. In the body fixed zyz axis system, the 3 x 3
polarizability tensor av is diagonal with components «a,,
Qyy, and o, equal to [36] 46.82, 34.16, and 45.63 af,
respectively.

The first step of the classical calculations consists in
the initialization of the center of mass positions and
translational velocities as well as of the orientations and
rotational angular momenta of a large number of ace-
tone molecules. For this, random Euler angles 6,,(t = 0),
©m(t =0), and 1, (t = 0) are assigned to each molecule
m, with the convention such that, for ,, = v, = ¥, =
0, the body fixed xyz axis system [see Fig. 1(b)] coin-
cides with the space fixed XY Z axis system. Angular
speeds Wi, 4 (t = 0), wm,y(t = 0), and wy, .(t = 0) for the



rotations around the principal axes of inertia are gener-
ated so as to satisfy the Boltzmann equilibrium distribu-
tion at 300 K. The needed values of the diagonal com-
ponents of the inertia tensor I were obtained from the
rotational constants A = h/(4wcl,,), B = h/(4nclyz),
and C' = h/(4wcly,). For the translational motion, ran-
dom positions of the molecules (but not too close to each
other), within a cubic box whose size is defined by the
number of molecules and the gas density, and boltzman-
nian velocities were ascribed to the centers of mass in
the initialization process. The propagation in time of the
orientation, angular speed, position and translational ve-
locity of all molecules is computed using the equations of
classical mechanics, driven by the time dependent force
£, (t) and torque 7,,(t) applied to each particle. For the
angular variables, the quaternion method is used, based
on the definitions and equations given in Sec. 3.3.1 of
Ref. [37] and driven by 7, (¢). For the translation, peri-
odic boundary conditions [37] are used and the centers of
mass positions are changed according to the translational
velocities, the latter being monitored, via the accelera-
tion, by f,,(t). The values of f,,(t) and 7, (t) result-
ing from interactions between molecules (collisions) are
obtained from the molecules positions and orientations
using the site-site intermolecular potential proposed in
Ref. [38]. During the laser pulse(s), the resulting con-
tribution to the torque is computed, in the zyz frame,
from 7, (t) = pm (t) X Epp, (t), where the dipole g, (t) in-
duced in the molecule by the laser electric field E,, (¢) is
given by i, (t) = a- E,, (). In the preceding equations,
E,.(t) is straightforwardly obtained from the laser field
in the space fixed axis system, E(t) = Ey(t)Z, by using
E,.(t) = A, (t)E(t), where A,,(t) is the rotation matrix
associated with the current orientation of the considered
molecule. Finally, at each time, the following quantity,
which is proportional to the measured birefringence sig-
nal [39], is computed

S~ Y ulene? -1/, ()

m=1,Ni=xz,y,z

where N is the total number of molecules and ®7%,(¢) de-
notes the direction cosine between the body-fixed axis ¢ of
molecule m and the space-fixed axis Z. For the calcula-
tions, the values of the polarizability tensor components
given above were used. The laser pulses characteristics
were set to those of the experiments.

These CMDS were used to simulate the measured echo
signals but also to provide information on the collisional
dissipation of the laser-induced alignment by studying
the influence of the gas pressure (as done in Ref. [40] and
those cited therein). However, as discussed in Ref. [41],
while the CMDS do enable calculation of the echoes (as
shown in Figs. 6 and 8), they do not predict the revivals
induced by a single laser pulse, because these are of quan-
tum nature. However, previous studies for a linear [7] and
an symmetric-top [42] molecule have shown that the de-
cay time constants of the collisional reduction of the am-
plitudes of the revivals and echoes are very comparable.

We thus carried CMDS for delays 112 between the two
pulses of 13.5 and 9 ps, for which the first- (at 2712) and
second-order (at 3712) echoes respectively appear near
the first revival, shown in Figs. 2 and 4, at 27 ps. The
decay time of each of these echoes was then determined
from the ratio of their peak-to-dip amplitudes in calcu-
lations for the densities of 0.2 and 0 amagat (as done in
Ref. [8]). Alternatively, we also computed the echoes for
various delays between the laser pulses and analyzed the
decay of their amplitudes with 715 at constant gas den-
sity (as done in Refs. [7] and [42]). All these exercises
lead to consistent results with a decay time constant of
9 ps-amagat.

In the quantum simulations, rotational energies are
computed setting up and diagonalizing the matrix of the
rotational plus distortion terms Hamiltonian. The ba-
sis set functions used are the symmetric-top rotational
functions |J, k, M), where J is the total angular momen-
tum, k its projection onto the body fixed z axis, and M
its projection onto the space fixed Z axis. The resulting
rotational levels are identified with the usual asymmetric-
top label JK,K. and characterized by I' their Cs, sym-
metry species. The latter depends on the parity of K,
and K,; it is Ay, By, Az, and By when K,, K. are ee,
oe, 0o, and eo, respectively. The spin statistical weight
of A; and Ay (B; and Bs) levels is 28 (36). The cou-
pling of the molecule with the laser field is described by
the second order quadratic Stark coupling Hamiltonian
Hg(t) = —1E(t)- a-E(t), where E(¢) is the laser electric
field. The simulation of the signal is based on a calcula-
tion similar to that carried out [43] on the HaS molecule.
The reader is referred to this work for the time averag-
ing of the laser electric field, the matrix elements of the
Stark coupling Hamiltonian, the form of its matrix, and
the time propagation of the rotational wavefunction. Us-
ing the same laser field as for the CMDS approach, we
are able to compute the time evolution of the expecta-
tion values of the three direction cosines squared, (®%.),
(<I>2Zy>, and (®%_), taking as initial wavefunction the rota-
tional |JK, K., M) function. From these results, taking
a maximum value of J equal to 79 when setting up the
Hamiltonian matrix, assuming prior to the pulse a Boltz-
mannian equilibrium characterized by a temperature of
300 K, and accounting for the spin statistical weights, we
are able to calculate the time dependent thermal averages
(®%.), <<<I)2Zy>>, and (®%.)) as well as the birefringence
signal defined in accordance with Eq. (1) as

S~ Y (@) —1/3). (2)

I=x,Y,Z

C. Rotational dynamics

In order to understand the rotational dynamics, the ef-
fect of a single pulse is investigated theoretically using the
quantum approach. Two temperatures are considered: 0



and 300 K. Although the measurements were carried out
at room temperature, studying the molecule dynamics at
0K enables a better grasp of the alignment mechanism.

The short time dynamics of the molecule when sub-
ject to a single pulse can be understood with the help of
Fig. 3 showing the time variations of the direction cosines
squared computed for temperatures of 0 and 300K. As
expected, a much slower dynamics is observed for the
lower temperature than for the higher, since the fre-
quency beating between the rotational transitions at 0
K involves a small number of states. In both cases, an
antialignment of the body fixed y axis and nearly iden-
tical alignment of the x and z axes take place within
2ps from the pulse. This stems from the y axis be-
ing the least polarizable axis while the more polariz-
able z and z axes are characterized by nearly identi-
cal polarizability. The behavior of the molecule is quite
different from that of ethylene where the a axis is by
far more polarizable than the b and ¢ axes [44]. This
is confirmed by a unitless tensorial components ratio
03/ = /23 (202: — e — tyy) / (O — ) [43, 45]
as large as 5.89 for ethylene and as small as 0.66 for ace-
tone. For the lower temperature, between 5 and 40 ps
after the pulse, the ensuing dynamics is dominated by
opposite phase revivals in (®%,)) and <<<I)22y>> describ-
ing a rotation of the molecule around its z axis, which
is a stable axis of rotation in the classical limit. This
is consistent with the smallness of the ratio /a3 since
ag may be considered as being responsible for a single
axis alignment and a3 for a rotation of the body around
this single axis [46]. A value of (®%_)) smaller than 1/3
and somewhat constant can be interpreted as the z axis
remaining delocalized in the XY plane. For the higher
temperature, between 2 and 40ps after the pulse, the
three direction cosines display almost no variations ex-
cept near 25 and 27 ps, where the A- and J-type revivals,
respectively, take place. These are described in the next
paragraph. Near this region, from 26 to 28 ps, the vari-
ations depicted in Fig. 3 show a behavior that mimics
the one after the pulse. An antialignment (followed by
an alignment) of the body fixed y axis and nearly iden-
tical alignment (followed by antialignment) of the x and
z axes can be observed, with a much reduced planar de-
localisation of the z axis as compared to 0 K.

The birefringence signal calculated at 300 K is shown
in Fig. 2. The position of the depicted alignment revivals
can be calculated starting from the rotational wavepacket
after the pulse. As it evolves under the field-free Hamil-
tonian, it can be written

_ M —i2nc By Kot
|War) = E CIK.K.©
JK. K.

JK K., M), (3)

where Ejk, k. is the field-free rotational energy in cmfl,

c is the speed of light in cm-s™!, and C%(GKC is an ex-
pansion coefficient depending on the initial wavefunction
and the interaction with the pulse. As the Stark cou-
pling Hamiltonian belongs to the A; symmetry species of
Cyy, the rotational levels in Eq. (3) belong to the same

| Signal (a,°)

0.1 | 1 1 1

t (ps)

FIG. 2. Time variations of the alignment signal calculated
with Eq. (2) for a temperature of 300 K and the same pulse
as in Fig. 3. The signal is truncated near ¢ = 0. Small arrows
are located at the positions of the most prominent revivals
identified in Sect. II C.

symmetry species. The contribution from the rotational
wavepacket in Eq. (3) to the transient birefringence sig-
nal is written

S'(t) = > FM, exp[—i2rc(Ep — En)t] + cc.,  (4)
n#n'

where the static term, i.e. the permanent alignment com-
ponent, has been disregarded. In this expression, n and
n' are shorthand notations for the rotational quantum
numbers and the complex amplitude Fé”n, takes the form

I=x,Y,Z

with pM, denoting the coherence between |n) and |n’)
states of same M value. This equation emphasizes that
the complex amplitude mainly depends on the matrix
element of the birefringence signal operator in Eq. (2).
This matrix element is nonvanishing provided the se-
lection rules K, — K/, = 0,42, K. — K, = 0,+2, and
|J — J'| < 2 are fulfilled. As in Refs. [47, 48], these
selection rules and the expression of the rotational en-
ergy in the high-K, or K. limit allow us to retrieve
the rotational coherences giving rise to revivals. In the
high-K . limit, J-type features AK, = 0 (K. ~ J) with
AJ =1 and 2 coherences associated to energy differences
AE = (A+B)(J+1) and (A+B)(2J+3), respectively, are
found. They are produced at t = p/[2¢(A + B)] = pTy
(with Ty = 26.740 ps), where p > 1 is an integer. K-
type AJ = 0 and AK,. = £2 (K, =~ J) coherences lead
to transients at t = p/[c(24 + 2B — 4C)] = pTk (with
Tk = 56.355 ps). A-type AJ = AK, = £2 lead to tran-
sients at t = p/(4cA) = pTy (with T4 = 24.551 ps) in the
high-K, limit. At last, C-type AJ = AK,. = 42 lead to
transients at ¢t = p/(4cC) = pTe (with Te = 50.883 ps)
in the high-K, limit. The associated transients (J-, K-
, and A-type) which could be found in the calculated
birefringence signal of Fig. 2 are indicated in this fig-
ure. Although in this figure the strength of the J-type
transients seems to increase with time, these transients
actually display an alternating magnitude [44, 49] leading
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FIG. 3. Time variations of the Boltzmann averaged direction
cosines squared when the molecule is subject to a single pulse
P1 with 12TW/ cm? intensity at ¢ = 0. The left panel shows
the variations for a zero temperature; the middle and right
panels for a temperature of 300 K. Solid, dashed, and dotted
lines correspond to (®%,)), (®%,), and (®%.)), respectively.
For the higher temperature, (®%,)) is truncated for 0 < t <
0.05 ps.

to a third transient weaker than the second. The reason
is that AJ = 41 transitions produce J-type transients
with a period that is twice compared to AJ = 42 transi-
tions. A numerical calculation carried out up to t=250 ps
confirms that the third J-type revival is indeed weaker
that the second. This calculation also demonstrates that
the revival strengths decrease with time mainly because
of the molecule asymmetry, with a small influence of cen-
trifugal distortion.

D. Experimental results and discussion
1.  Rotational revivals

First, we start with a standard alignment scheme using
a single pump-pulse excitation (P;). Figure 4(a) presents
comparisons between recorded alignment signals and re-
sults of the collision-free quantum simulations for ace-
tone gas (left vertical scale). The first and second re-
vivals predicted in Sect. II C near 27 and 54 ps can be
seen, but with a very small amplitude. The weakness of
the signal is due to several reasons. First, as mentioned
in the introduction, asymmetric-top molecules are more
difficult to align if one compares to symmetric-top and
linear molecules exhibiting much more regular rotational
features. Second, the collisional decay time constant of
acetone is short due to the strong and long range dipole-
dipole interaction involved in collisions between acetone
molecules (see discussion below), reducing therefore the
amplitude of the revivals that occur at relatively long
time delays. This signal damping due to collisions is evi-
denced by comparing in Fig 4(a) the relative amplitudes
of the first and second revival J-type transients in both
the experiment and the simulation performed in collision-
free conditions.

To corroborate both statements, we performed addi-
tional measurements. First, we measured the ratio R of

ot

the second to the first revivals amplitudes and compared
this number to the value computed with the help of Eq.
(2), so as to evaluate the decay rate constant of gas ace-
tone defined as

1 Rexp.

=L (). ©
with 7; the time interval between the first and second
revivals of the J-type transient. As shown in Fig. 4(b),
in order to assess the consistency of our measurements,
we repeated this execice for different gas densities d and
then fitted the linear dependence v = ~yd in order to ex-
tract the density normalized collisional decay time con-
stant t. = 751 = 5.4 + 0.4 ps-amagat of the acetone
vapor. This value is in reasonable agreement with the
CMDS prediction of 9 ps-amagat obtained in Sec. IIB
with a simple acetone-acetone potential. These decay
time constants for pure acetone are significantly smaller
than those obtained from measurements and requantized
CMDS of revivals decay time constant in the cases of pure
ethane (~48 ps-amagat [29, 40]) and pure carbon dioxide
(~65 ps-amagat [50, 51]). Besides mass effects, this is
mainly due to the fact that acetone-acetone collisions in-
volve much longer range and stronger anisotropic forces
than do those between CoHg (and CO3) pairs. This re-
sults from the strong electric dipole of acetone (~2.90 De-
bye [52, 53]), leading to large interaction energies in R™*
(with R the intermolecular distance), and the fact that
the two other molecules only possess a quadrupole mo-
ment inducing a weaker and shorter range (in R™°) in-
termolecular potential.

Next, in order to compare the alignment efficiency of
acetone with reference to a known system, we performed
measurements and calculations substituting the acetone
with CO9 and keeping the same experimental conditions.
As shown in the right vertical scale of Fig. 4(a), the am-
plitudes of the revivals as well as that of the permanent
alignment (recognizable by the asymmetrical shape of the
transients [54], see e.g. the third revival) of CO5 are very
well reproduced by the quantum model. The transient
and permanent components being respectively propor-
tional to I; and I? [54, 55], this confirms the estimated
intensity I; of P;. Because the collisional decay of the
alignment signal of COs is negligible [50] at the consid-
ered pressure under the present temporal range, the am-
plitude of the CO2 and acetone experimental signals de-
picted in Fig. 4(a) are scaled by matching the CO4 signal
to the theory.

Although the difference between the largest and small-
est polarizability components is comparable for the two
molecules, the collision-free calculations predict an am-
plitude of the second revival of acetone about 7 times
weaker than the third revival of CO5. This can be ex-
plained by the fact that for asymmetric-top molecules,
only a small part of the laser pulse is transferred to the
subsets of rotational transitions leading to a rephasing
of the rotational wavepacket at specific times. This was
shown in Sec. II C in the limiting case of high-K, or K.
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FIG. 4. (a) Alignment signal recorded in 0.15 bar of room-temperature acetone (red solid line) and CO2 (blue circles) molecules
induced by a linearly polarized laser pulse (P1) of intensity 12 TW/ cm2, and the corresponding quantum simulations for acetone

(black dashed line) and CO2 (yellow solid line) performed in collision-free conditions using Eq. (2).

The vertical scales are

given in Bohr units and the acetone signal is magnified by a factor 7 to help the eyes. (b) Collisional decay rate constant of the
alignment revivals of acetone (red solid circles) as a function of the gas density expressed in amagat (1 amagat = 2.69 x 10%
molecules/m®) with error bars representing one standard deviation. The density normalized decay time constant is obtained
from the linear fit applied to the data (bue dashed line). (c) Laser energy dependence of the peak amplitude of the revival of
COz (blue diamonds) and acetone (red solid circles) measured under the same experimental conditions (0.15 bar). Linear fit

of the CO2 data (blue solid line).

values, where only some specific transitions contribute
to a given revival (e.g. J-type). No such limit holds
for linear molecules, while, for symmetric-top molecules,
the energy transferred to the subsets by the same laser
pulse is larger if one assumes that both molecules ex-
hibit the same anisotropy of polarizability between the
largest and smallest components. These statements are
confirmed by the results in Fig. 5, where for each dis-
crete energy separation |E,, — E,| defined in Eq. 4, the
corresponding complex amplitude Fé\?n/ factors of Eq. 5
are summed up and displayed at different times of the
system evolution. Indeed, one clearly sees that, while all
significantly populated coherences contribute with con-
sistent magnitudes to the alignment minimum (at 42.59
ps) and maximum (at 42.95 ps) on both sides of the 4"
revival of COo, it is not the case for the 2°¢ J-type revival
of acetone to which coherences somehow inconsistently
contribute to the minimum (at 54.01 ps) and maximum
(at 54.60 ps) alignment. Furthermore, the magnitude of
the contributions to the alignment (see scales) is much

smaller in the case of acetone than they are for COs.
These two facts explain the large difference between the
magnitudes of the computed alignments of CO2 and ace-
tone shown in Fig. 4(a). However, the experimental ratio
of the CO5 third revival to the acetone second J-type
revival is found to be 121, which is much larger than
the value of 7 found with the collision-free calculation of
Sect. IT C and of 29 predicted by the quantum simulations
when the measured value of vy is included in the calcu-
lation! We believe that this important discrepancy re-
sults from the photodissociation of the acetone molecule
induced by the strong pump pulse, which is the third
reason for the weakness of the revivals. This statement
is supported by the energy dependence of the alignment
signals observed for both molecules. Indeed, Figure 4(c)
shows the amplitude of the alignment signal versus the
energy of the pump pulse recorded in COx (third revival)
and acetone (second revival) under the same experimen-
tal conditions. In the present intensity regime, the sim-
ulations for both molecules predict a revival amplitude
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FIG. 5. Summed up contributions of the coherences of same |E,,; — E,| value to the alignment signals [see Eq. (4)] as a function
of |E,s — Ey| and time t, for CO> (a, c¢) around the 4" revival and acetone around the 2™ revival (b, d). The vertical dashed
lines in the color maps (a, b) indicate the positions of the minimum and maximum alignments [see Fig. 4(a)] on both sides of
the considered revival. The plots (c¢) and (d) display the values at these specific times. Note that the sum of all values along
any vertical line (i.e. for a given time t) in (a) or (b) gives the value, for the corresponding time ¢, dislayed in Fig. 4(a).

scaling linearly with the pump intensity. While this is
experimentally confirmed for COs, the alignment signal
recorded in acetone exhibits a clear saturation effect. It
is known that the single-photon excitation of the S; ex-
ited state of acetone at a wavelength close to 266 nm
leads [56-59] to an efficient C-C bond breakage (with a
quantum yield reaching 1 at 256.4 nm). We believe that
the resonant excitation of the S; state also takes place
via a three-photon process driven by the pump pulse at
800 nm, probably with a different rate than for a single-
photon excitation but with enough efficiency to deplete
the number of acetone molecules in the interaction region
and hence to reduce the alignment signal. The amount
of molecules possibly lost through excitation of the S;
state can be estimated from the energy dependence of
the alignment signal depicted in Fig. 4(c). This plot
shows that the departure of the signal from the linear
dependence is already achieved at the lowest investigated
energy of 10 pJ. If we assume that below this value the
linearity of the signal would be satisfied if we were able
to detect it, by drawing a line joining the origin of the
graph to the signal measured at 10 pJ, and extrapolating
it up to the abscise of 35 pJ corresponding to the inten-
sity of 12 TW/cm? used in the results of Fig. 4(a), we

can estimate that at least 50 % of the molecules has not
been aligned by the pulse. This is a lower limit, since
we do not know from which energy value the saturation
sets in. In addition, as discussed above, the quantum
simulations predict an acetone signal that is 121/29 ~4
times larger than what is observed. Based on the above,
we can reasonably estimate that between 50 and 75 % of
the ground state population is promoted to the excited
state. The competition between the dissociation of the
parent molecule and its alignment by the pump pulse can
explain the saturation of the signal observed in Fig. 4(c)
and therefore the unexpected weakness of the acetone
signal observed in Fig. 4(a).

2. Rotational echoes

In order to enhance the alignment of acetone under
field-free conditions, we generated rotational echoes by
introducing a second pump pulse P, at time 715 after
P1. It should be stressed that rotational echoes are to
be distinguished from optimization of one-dimensional
[60, 61] or three-dimensional [46] field-free alignment of
molecules by multiple-pulse laser excitation. In the lat-
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FIG. 6. (a) Alignment echoes measured in acetone stimulated
by two pump pulses P; (12 TW/cm?) and Py (12 TW /cm?)
with delays of 712=4.93 (red solid line) and 6.11 ps (upshifted,
blue solid line), respectively, for a pressure of 0.15 bar. Same
conditions as in Fig. 4(a). The first- and second-order echo,
as well as the fractional echoes are indicated by arrows. (b)
Quantum (blue dashed line) and classical (yellow solid line)
simulated signal calculated from Egs. (1) and (2), respec-
tively, for 712=4.93 ps.

ter, enhanced alignment occurs at or close to a revival,
whereas in the former the echo occurs outside a revival’s
area. The results of Fig. 6(a) have been obtained by
setting 712 to 4.93 and 6.11 ps, respectively, keeping
the pressure and intensity of P; identical to the previ-
ous measurements. Four alignment echoes are observed,
the first- and the second-order echo produced at times
T12 and 2715 after Pa, respectively, and small fractional
echoes produced at %7’12 and %7’12, their existence be-
ing well predicted by both theoretical models depicted
in Fig. 6(b). The vertical scales of Figs. 4(a) and 6(a)
are identical, allowing a direct signal comparison between
the single- and double-pump experiment. As shown, the
echo-assisted alignment signal is twice the amplitude of
the largest revival observed in the standard alignment
trace reported in Fig. 4(a). The first- and the second-
order echoes, as well as others of higher order at 372,
4719, etc., are the only ones observed in linear molecules
with detections sensitive to (cos?(#)) [8, 30, 62]. The frac-
tional echoes have only been observed in linear molecules
optically probed through third- [63] or higher-order har-
monic generation [64] sensitive to higher-order observ-
ables ({cos®™(0)), n > 1) or by means of the cold target
recoil ion momentum spectroscopy technique [65]. In or-

der to explain the presence of these fractional echoes in
the measure of (cos?(#)) for acetone, let us recall that
echo phenomena, as for instance spin [66] and photon [67]
echoes, are usually interpreted in quantum mechanics
using the time-reversal argument. The phase accumu-
lated by the system between the two pulses and the
one acquired by the system from the second pulse un-
til the time of observation of the echo compensate each
other. In other words, the second pulse formally re-
verses the course of time, bringing back the system to
its starting point. The same arguments apply to ro-
tational echoes. However, the interpretation is a little
more complex [62] since molecular alignment occurs in
a multilevel system. As for photon- or spin-echoes, ro-
tational echoes arise through a nonlinear process involv-
ing constructive interference between quantum pathways
[41, 68]. In an asymmetric-top molecule, one of them
can be clearly identified as responsible for the presence
of a fractional echo in the birefringence signal. Figure 7
displays its corresponding Feynman diagram. Starting
from an asymmetric-top energy level characterized by J
and a high K, value so that asymptotic expression of the
rotational energy can be used, P; gives rise to a J-type
AJ =1 and AK. = 0 coherence associated with the fre-
quency wyi1,7 = 2mc(A + B)(J +1). As emphasized by
Eq. (4), its accumulated phase is ¢1 = wyy1,5 712 at the
time of P,. Via two successive impulsive Raman transi-
tions, marked 7)2(1) and ’P2(2) in Fig. 7, this second pulse
creates a J-type AJ = 2 and AK. = 0 coherence associ-
ated with the frequency wy jyo2 = —2mc(A + B)(2J + 3)
and to an accumulated phase @3 = wy 42T at time T
after Py. In the high-J limit, these phases compensate
each other provided that ¢; 42 = 0 yielding a rephasing
of the system, i.e. a fractional echo, at T ~ %712. Note
that the two above mentioned coherences rephase regard-
less of J and of the associated rotational constant. This
implies that, as for the full echo in linear molecules [41],
the fractional echo is here also a classical phenomenon.
This explains why it is predicted by the purely classical
approach [see Fig. 6(b)].

In the case of a symmetric-top molecule, the preceding
results still hold because these molecules also display J-
type AK = 0 coherences with AJ = +1 and +2. The
fact that the observation of fractional echoes was not
reported by previous studies of such species [42, 62] must
be ascribed to the weakness of the effect. In the case of
a linear molecule, fractional echoes are not observed [8,
30, 62] because AJ = +1 coherences do not arise.

The above arguments demonstrate that the observa-
tion of a fractional echo in the present work is related
to the nonlinearity of the molecule, which in itself con-
stitutes an important outcome of this work. Alignment
echoes can potentially reveal the nonlinear nature of an
unknown system.
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FIG. 7. Double-sided Feynman diagram corresponding to one
of the quantum pathways leading to a fractional echo. A
pair of wavy arrows illustrates an impulsive Raman transition
leading to an increase (long followed by a short arrow) or a
decrease (short followed by a long arrow) of the rotational
energy of the system (see e.g. Ref. [62]) as a result of its
interaction with P1, P2, and the probe pulse S, (signal).

III. THIRD-HARMONIC GENERATION IN
ALIGNED ACETONE MOLECULES

Since a field-free aligned sample of room-temperature
acetone can be produced using the echo technique, it
can be potentially used for applications requiring an
anisotropy of the molecules’ orientations. As a proof
of principle, we have investigated a nonlinear coherent
process that necessarily requires a pre-aligned sample of
molecules. It is known that a circularly-polarized (CP)
light cannot drive a nonlinear optical conversion process
in a centrosymmetric medium [69], which explains that
harmonic radiations generated by CP light cannot take
place in a gas of atoms or of randomly oriented molecules.
However, it has been demonstrated that third-harmonic
generation (THG) [63, 70], as well as higher-order har-
monic generation [71], occurs in a sample of pre-aligned
molecules, thanks to the axial symmetry breaking of the
molecule+field system. Hereafter, the alignment echo of
acetone was used to generate the third-harmonic of a CP
radiation using the setup described in Fig. 8(a). In con-
trast to the previous experiment, the wavelength of the
third beam was set to 800 nm, its input polarization was
circular, and the THG radiation of the fundamental ra-
diation was detected by a photomultiplier tube (blind at
800 nm), combining dichroic mirrors and a band-pass fil-
ter in order to remove the residual 800-nm radiation. The
alignment echo-assisted THG signals obtained for two
different delays 712 is depicted in Figs. 8(b) and 8(c). It
is important to mention that no THG could be detected

when the molecules were field-free aligned with a single-
pump pulse. This results from the collisional dissipation
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THG (arb. units) THG (arb. units)

1.5 2 2.5 3 3.5 4 4.5
Delay t (ps)

FIG. 8. (a) Third-harmonic generation setup. BD: beam
dump, PB: pass-band filter (250-280 nm). Echoes observed in
the third-harmonic signal generated by a circularly polarized
fundamental pulse (Fund.) in acetone molecules (solid lines)
aligned by two pump pulses P; and P2 temporally delayed by
T12=2.7 (b) and 3.1 ps (c) at 0.1 bar, respectively, with the
corresponding numerical classical simulations (dashed lines).
The quantum results (not shown) are indistinguishable from
the classical ones for the scale of the present figure.

for the THG signal, proportional to the intensity of the
THG field, being twice faster than for the birefringence
signal measured with a balanced detection, proportional
to the field amplitude. As shown by Figs. 8(b) and (c),
the rotational echo enables to overcome this limitation by
substantially aligning the molecules before the revivals.
The THG signal produced from aligned molecules can be
used to assess the second-order electric hyperpolarizabil-
ities v of the molecule. Figure 8 also presents the cal-

culated THG intensities, defined as I5(t) = Eg(t)f?;;(t),
with E3(t) = Es,(t)Y + E3,(t)Z the third-harmonic
field, computed from the following expressions
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assuming a fundamental field defined as Ej(t) =

1 ~
EEl(t) (Y +4Z). The coefficients a;, a,, bys, by,

bzz, bz., and ¢, are defined as a functions of the elec-
tric hyperpolarizabilities v;; of the molecule (see Ap-
pendix B). As previously mentioned, for randomly
1
g, <(I)%]> = g, and
<<I)%Z-<I)%j> = %5 for ¢ # j, no harmonic field is produced.
Details about the derivation of Egs. (7) and (8) and de-
termination of the hyperpolarizabilities of acetone are
provided in Appendices B and C, respectively. Accord-
ing to the simulations, the echo-assisted THG signal is
dominated by the three observables (®%_), (®%.), and
(®%,®%,) weighted, respectively, by the coefficients a.,
by, and bz, and c,,, which combine the six independent
elements of the hyperpolarizability. The good match be-
tween the calculated and observed THG echoes allows
a validation of the relative values of the calculated hy-
perpolarizability components given in Table I (Basis A,
MP2) of Appendix C. A thorough assessment of the lat-
ter values could be achieved by analyzing the THG field
components [72] as a function of polarization of the align-
ing and fundamental pulses.

aligned molecules, where (®7;) =

IV. CONCLUSION

We have shown that field-free alignment of the acetone
molecule is hardly achievable at room-temperature. The
first reason is that acetone has a very small asymmetry
parameter, much closer to zero than any other molecules
that have been so far aligned by laser pulses. The incom-
mensurability of its rotational spectrum, which trans-
lates, in the temporal domain, to a poor periodicity of
the rotational motion at room temperature, results in the
production of quick and fast vanishing weak alignment re-
vivals. The second explanation is that gas-phase acetone
is exposed to a fast collisional dissipation resulting from
a large dipole-dipole interaction between molecules. This
is revealed by our analysis performed at different gas den-
sities, which leads to a measured collisional decay time
constant of 5.4+0.4 ps-amagat. Finally, the alignment of
acetone at 800 nm seems to be strongly reduced by a con-
comitant near-resonant multiphoton dissociation process

of the molecule. In order to improve the alignment ef-
ficiency, rotational echoes were generated by submitting
the molecules to a sequence of two short laser pulses. In
this way, a rotational alignment echo with twice the am-
plitude of the largest revival could be observed, along
with second-order and fractional echoes, using a bire-
fringence detection. It is the first time that the latter
type of echo is observed in an asymmetric-top molecule.
We show that these fractional echoes are attributed to
the nonlinear structure of the molecule, which provides
us with a tool to evaluate its linear or nonlinear nature
without prior detailed analysis. Our findings are fully
supported by classical molecular dynamics simulations
and quantum calculations. Finally, as an illustration of
possible applications, rotational echoes of aligned acetone
were used to generate the third-harmonic radiation from
a circularly-polarized fundamental field. Echoes are par-
ticularly relevant in this case, since no harmonic radiation
could be detected when acetone was aligned by using a
single-pulse excitation. Furthermore, our study enables
to test the values of the second-order hyperpolarizability
tensor calculated in this work. Indeed, the simulation of
the alignment-echo-assisted harmonic signal requires the
knowledge of both the electric polarizability and second-
order hyperpolarizability. Only the first tensor was so
far known from literature. The second one was hence
determined using a finite-field perturbation theory and
coupled cluster calculations. A comparison between the
recorded signals and the quantum and classical simula-
tions of the harmonic signal validated the successful test
of the six independent components of the hyperpolariz-
ability tensor of acetone.
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Appendix A: Distortion constants

Rotational distortion effects are accounted for using a
Watson’s type [73] effective rotational Hamiltonian Hp.
It is expressed as follows in terms of the rotational con-
stants and the quartic first-order distortion parameters

Hr = AJ; + BJ, +CJ; — AgJ;

— AggIPNZ — Ayt — (62 + 0,32, T2, )+ (A1)
where J,, Jy, and J, are body fixed components of the
rotational angular momentum; JZQy = J2 - JyQ; [,]+ is
the anticommutator; A, B, and C are the rotational con-
stants; and Ag, Ak, Ay, 0k, and §; are the quartic
first order distortion parameters. The values used in this
work are: —0.770064, 1.216119, —0.0179238, 0.265816,
and —0.017583 x 107% em™?, respectively.

Appendix B: Third-harmonic generation in aligned
asymmetric-top molecules

Working in the framework of perturbation theory and
neglecting dispersion, the third-harmonic field E5(t) pro-
duced at frequency ws =~ 3wy can be estimated from the
constitutive relations relating the macroscopic nonlinear
polarization P®(¢) to the electric field Eq(¢) at the fun-
damental frequency w

PO (1) = eox OB (1)E1 () E: (t), (B1)

where ¢p is the vacuum permittivity and X(?’) =
x(?’)(—wg;w,w,w) is the third-order nonlinear suscepti-
bility tensor of the medium. Using Kleinman’s symme-
try relation and considering that the fundamental field
propagating along X is circularly polarized, E;(t) =

1 ~ ~
%El(t) (Y +4Z), with F;(t) the complex amplitude of

E;(t), the body fixed components of the THG field are
given by the following expressions

s - 3 3
Eoy (1) = B3 () (xyy — 3% 22)

~ ~ .3 . @3
Es,(t) ~ E}(t) (*ZX(Z)ZZZ + 3ZX(Z%YY) . (B3)

(B2)

The matrix elements of the tensor X(B) can be derived
from the components of the second-order hyperpolariz-
ability tensor v using the rotation matrix involving the
three Euler angles 6, ¢, and

Xk, = No®ri® 1, @ s ®Livii, (B4)
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where Ny is the number density and where ®;; defines
the direction cosines of the angle between the molecule-
fixed frame (i = x,y,z) axis and the space-fixed frame
(I = XY, Z) axis [74]. Here summation over the repeat-
ing indices is assumed. For an asymmetric-top molecule,
the 81 non-vanishing components of the hyperpolarizabil-
ity can be expressed in terms of six independent elements,
Yrezzz = Vrzs VYyyyy — Vyys Vzzzz = Vzzy VYozyy — Vzys
Vrwzz = Yoz, a0d Yyy.. = Yyz, Whose calculation is de-
scribed in Appendix C. Using Eqgs. (B2)-(B4), and con-
sidering that the aligning field is linearly polarized along
the Z axis and therefore leaves the rotation ¢ invariant
around the Z axis, the THG field components Es, (t)
and Ej, (t) can be calculated for any orientation of the
molecule defined by the two Euler angles § and x us-
ing, respectively, Eqs. (7) and (8) of the main text, with
coefficients defined as

Vaaz — 6Vay + ’Yyy) ) (B5)

5(
a, =5 ('Yyy - 6'Yzy + 'Yzz) s

2 (=37za + 157y — 29yy — 3Vz2a + 372y)
by == 2 (3Vay — 2%yy — 3Vex + 1572y — 3722)
bze= (—3Vzx + 307y — TYyy — 372z + 37zy) 5
bz.= (3Vay — Ty — 3Vza + 3072y — 3722)
Coz= 10 (=37ay + Yyy + 372z — 3Vzy) -

bY:n =

The expectation values of the direction cosine functions
by, = —sinfcosyx and Pz, = cosf and their respec-
tive powers and products can be computed by solving
the time-dependent rotational dynamics of the system,
as described in Sec. II B of the main text. Note that for
a linear molecule, the hyperpolarizability tfnsor recliuces
g'Yzz = g'Yyyv
and 7y;, = 7y.. In this case, the coefficients a,, by,
bzs, and ¢, are null and Eqs. (7) and (8) of the main
text reduce to the expression of the THG field given in
Ref. [72].

to three independent elements v.., vzy =

Appendix C: Quantum Mechanical calculation of the
linear and non-linear polarizability of acetone

Our approach to the calculation of (hy-
per)polarizability relies on a computational philosophy
presented in sufficient detail in a previous paper [75].
Only a few essential points are expanded here.

The energy of a neutral molecule interacting with a
weak, static electric field is given as an expansion [76)

1
EP = E° — uoE, — 5CasEaEy (C1)

1 1
= gPapyBals By — oo vapys Baig By Bs + -,
where E° is the energy of the free molecule and E,,

Eg, --- are the electric field components. The rest of
the terms are the permanent properties of the molecule,



TABLE 1. Electric (hyper)polarizability for acetone at the
theoretical MP2(FULL)/cc-pvdz geometry (all properties
in atomic units).

Property BASIS A BASIS B
SCF MP2 SCF MP2
Ll -1.3659 -1.1540 -1.3637 -1.1510
Qza 44.4831 47.0722 44.4958 47.0972
Qyy 32.9569 34.3373 33.0184 34.0361
Q.. 42.0303 45.9333 42.0876 46.0413
a 39.8235 42.4476 39.8673 42.5249
Aa -7.37 1.48 -8.35 0.86
Buzz 10.5165 12.2053 10.4828 12.1676
Beyy 28.01 27.60 27.17 24.58
Braa 56.81 22.91 58.93 25.86
B 46.47 31.19 46.66 30.78
Yecra 3884 6232 4203 6973
Yooy 2854 3820 2963 4024
Yozzz 7389 13811 7548 14176
Yezuw 1246 2085 1296 2243
Yyyea 1281 1856 1375 2042
Yewzz 2327 4510 7463 4835
5 4767 8153 4996 8633

that is the dipole moment (u,), dipole polarizability
(aap), first dipole hyperpolarizability (Basy) and sec-
ond dipole hyperpolarizability (Yasys). The subscripts
denote Cartesian components. A repeated subscript im-
plies summation over x, y, and z. The number of inde-
pendent components is strictly regulated by symmetry.
We follow closely Buckingham’s conventions and nota-
tion. In addition to the Cartesian components of the (hy-
per)polarizability tensors we calculate also the isotropic
components and the anisotropy, defined as

Q@ = (Qgz + oy +@zz) /3, (C2)
A= s [(@un = ) + (g = 02 o = 0]
B = g (Bazz + Bayy + Braa)

vy = . (Yozzz + Yyyyy + Vozzz + 2Vzzyy + 2Vyyze + 2Vawzs) -

ot

All computational efforts in this paper rely on two
atom-specific basis sets designed for the electric prop-
erties of acetone. Both are built upon a 6-31G sub-
strate, as implemented in the GO3 set of codes [77]. Ba-
sis A consists of 154 and Basis B of 196 CGTF. The
additional basis functions are diffuse CGTF or atom-
optimized [78, 79], or added even-temperedly.
Synoptically:

A = 6-31G + 1sp(O)diff + 6sp(C)diff (C3)
+ 65(H)diff + 2d(C)opt + 2d(O)opt + 12p(H)opt.

Additional polarization functions are added even-
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temperedly on C, O, H to obtain the B basis:

B = A+ 1d(O)even-temp
+ 3d(C)even-temp + 6p(H )even-temp.

(C4)

6D CGTF were used in all cases.

All optimizations and calculations were carried out
at the theoretical MP2(FULL)/cc-pvdz [80] geome-
try. All electrons were correlated in the MP2 geometry
calculations. In the finite-field electric property calcu-
lations the four innermost MO were kept frozen. All
properties are shown in atomic units, unless otherwise
specified. Conversion factors to SI units are [81], en-
ergy, 1 Ej, = 4.35974434(19) 107'® J, length, 1 ag =
0.52917721092(17) 107*° m, dipole moment I, 1 eap =
8.47835326(19) 1073° Cm, polarizability a, 1 e?a?E~" =
1.6487772754(16) 10~ C? m? J~!, first hyperpolariz-
ability B, 1 e*a®E~? = 3.206361449(71) 10~ C* m®
J72, and second hyperpolarizability v, 1 e*a*E~3 =
6.23538054(28) 107% C* m* J73. For simplicity’s sake
molecular property values are given as pure numbers
in the text, ie. u/eas, a/e*a®*E~", a/e®a®E2, and
~/eta*E~3

The calculated electric properties of acetone are given
in Table I. We add here a few pertinent remarks on the
(a) stability of our values and (b) the comparison to other
selected results.

a The SCF dipole moment with basis A is u(4) =
—1.3659. For B we have u(B) = —1.3637, lower by 1%
in absolute terms. At the correlated MP2 level of the-
ory p(A) = —1.1540 and pu(B) = —1.1510, again lower
by 1% in absolute terms. The proximity of the dipole
polarizability values is easily verified. For the mean
dipole polarizability, the increase from A to B brings
about a small increase of the SCF and MP2 values,
as a(A) < a(B) for both theoretical methods. For 3,
electron correlation reduces significantly the SCF 5(A)
and S(B) values while the basis set effect is small in all
cases. For the second hyperpolarizability 7, both SCF
dependence and electron correlation effects are signif-
icant. Compare J(A4) = 4767 (SCF) to F(B) = 4996
(SCF) and 7(A) = 8153 (MP2) to ¥(B) = 8683 (MP2).

b Our best value of the dipole moment of acetone is

MP2/B result y = —1.1510, in excellent agreement
with the experimental value of —1.14, as measured
by Swalen and Costain [82]. Our dipole polarizabiliy
() and first hyperpolarizability (8.54) values agree
quite well with the corresponding SCF/PolX values
of Eckart et al. [83]. Our SCF/B values for the
mean polarizability and first hyperpolarizability are
a = 39.8673 and 8 = 46.66 to be compared to 38.84
and 46.1, respectively, reported by Eckart et al.. Last,
our SCF/A of the mean 7 = 4767 agrees well with the
ab initio value of Zhou and Dykstra 7 = 4490 [84].
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