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Echo-enhanced molecular orientation at high temperatures
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We consider the orientation of linear and symmetric-top molecules induced by laser and delayed terahertz
(THz) pulses at high rotational temperatures (up to room temperature). We introduce an echo-assisted approach
in which the achieved transient molecular orientation is an order of magnitude higher than the orientation
produced by a single THz pulse. The laser pulse first dissects the wide molecular phase-space distribution into
multiple narrow strips (filaments), each being cold and evolving separately. A subsequent THz pulse causes a
substantial transient orientation of the individual filaments, which leads to an enhanced orientation of the whole
molecular ensemble at later times via the echo mechanism. This enhanced degree of orientation is important in
attosecond science, chemical reaction control, ultrafast molecular imaging, and other domains of physics.
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Introduction. Diverse optical methods have been developed
to align and orient molecules in the gas phase under field-
free conditions [1,2]. A well-established route for orienting
polar molecules is combining intense nonresonant laser fields
with weak electrostatic fields [3-5]; another approach uses
intense two-color laser pulses [6—14]. It is possible to induce
enantioselective orientation in chiral molecules using laser
pulses with twisted polarization [15-20]. Modern THz tech-
nology allows generating single- and half-cycle THz pulses
to orient polar molecules under field-free conditions [21-27].
The efficiency of the methodologies mentioned above dete-
riorates rapidly with increasing rotational temperature due to
the growing dispersion of the molecular angular velocities. At
room temperature, the molecular orientation is typically just a
few percent—too low for many practical applications.

Orienting molecules at room temperature without signif-
icant ionization is still an open, very challenging problem.
Over the years, several proposals for enhancing molecu-
lar alignment and orientation have been put forward. These
include applying optimized sequences of pulses [28-32],
optimizing the pulses’ parameters [33-37], and combin-
ing one-color laser pulses with two-color and THz pulses
[38—43]. Several schemes were experimentally implemented
and demonstrated improved orientation, mainly in the low-
temperature regime [23,44].

In this Letter, we propose a general approach for over-
coming the effect of thermal molecular rotational motion and
for achieving significant field-free molecular orientation by
moderate THz pulses at high temperatures (room temperature
and higher). The method is based on a three-step process:
(1) laser-induced dissection of the rotational phase-space dis-
tribution to narrow strips (filaments), (ii) subjecting all the
filaments to the orienting action of a moderate THz pulse,
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and (iii) waiting for the orientation echo induced by the two
pulses to emerge after a delay. We show that the amplitude of
the echo-induced orientation may be an order of magnitude
higher than the orientation produced by the THz pulse alone
at room temperature. The enhancement mechanism of the
present work is related to the recently predicted and observed
molecular alignment echoes [2,45,46]. In contrast to the spin
echoes [47,48], they are based on the phenomenon of phase-
space filamentation known in nonlinear systems (see, e.g.,
Refs. [49-52)).

Orientation by a single pulse. Consider a simplified pla-
nar rotor model, where noninteracting linear polar molecules
(rigid rotors) are restricted to rotate in the XY plane and are
subject to electromagnetic fields polarized along the X axis.
The orienting light-molecule interaction potential is taken to
be o —cos(9), where 6 is the angle between the molec-
ular axis and the X axis. Such a potential describes, e.g.,
the interaction of a single- or half-cycle THz pulse with the
permanent molecular dipole. In the impulsive approximation
(when the change in 6 during the pulse is negligible), 6 and
the molecule’s angular velocity w after the orienting kick read

0(t) =0y 4+ wt, = wy— Py sin(by), (1)

where 6y and wy are the initial angle and angular velocity, re-
spectively. P, is proportional to the orienting field amplitude
&o.or (for details, see Sec. I of the Supplemental Material [53]).

This orienting kick operates on molecules at nonzero rota-
tional temperature, where the initial phase-space density of an
isotropic ensemble of rotors is described by p(0, w,t = 0) =
(277)’3/20;1 exp[—a)g/(ZUTz)] [see Fig. 1(a)]. The parame-
ter oy = /kgT /I defines the thermal dispersion of angular
velocities, where T is the temperature, kp is the Boltzmann
constant, and / is the moment of inertia. The degree of
orientation of the molecular ensemble is quantified by the av-
erage value of cos(@), (cos(0)). After the kick, (cos(0)) () =
exp(—07t%/2)J1(Pyt) (for the derivation, see Sec. II A of
the Supplemental Material [53]), where J;(z) is the Bessel
function of the first kind of order one. When time is measured
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FIG. 1. Phase-space distribution for a single orienting pulse.
(a) Att = 0, before the kick. After the kick att = o ! for (b) weak,
Pyy = 0.2507, and (c) strong, P, = 0.7507, pulses.

in units of 1/o7, the maximum degree of the kick-induced
orientation is determined by a single dimensionless parameter,
the ratio Py /o7 (X€0,or/ JT ). At room temperature, currently
available THz pulses deform the phase-space distribution only
weakly, and shortly after a kick, the phase-space density looks
as it does in Fig. 1(b). For stronger kicks or at lower tem-
peratures, the phase-space distribution folds as in Fig. 1(c),
resulting in the higher orientation.

Phase-space filamentation. To help a weak orienting pulse
overcome the detrimental effect of high temperatures, we
stratify the rotational phase-space density into numerous sepa-
rated strips (filaments). This way, the orienting pulse interacts
with different molecular groups belonging to the individual
narrow filaments rather than a single broad thermal distribu-
tion. For stratification, we use a relatively strong prepulse—a
nonresonant linearly polarized laser pulse that precedes the
orienting one. Intense laser pulses interacting with molecular
polarizability have been widely used for inducing transient
field-free molecular alignment [1,54-57], but here we focus
on the postalignment dynamics leading to the phase-space
filamentation [58-60].

A prepulse applied at # = 0 transforms the rotors’ variables
according to

0(1) =6+ wt,  ® = wy — Py sin(26p), )

where P, is proportional to the laser intensity (for details, see
Sec. I of the Supplemental Material [53]). The phase-space
density after the prepulse is described by

o [+ Pyre 5in(20 — 2wt )]
p(e,w,n:(zgwexp<— : 207 ) 3)

where we used Eq. (2) to express wy in terms of w and 6 after
the pulse, and substituted wy into the Boltzmann distribution.
With time, the phase-space density undergoes stratification
and turns into a series of almost parallel filaments (strips)
separated in angular velocity by m /¢t [see Eq. (3)]. Longer
waiting times result in narrower filaments because the phase-
space volume is conserved.

After some delay, at ¢t = 7, when the filaments are numer-
ous and thin [see Fig. 2(a)], we apply the orienting kick. Since
the dispersion of angular velocities within each filament is
much smaller than the initial thermal dispersion, the interac-
tion with the weak orienting pulse results in a non-negligible
deformation of the filaments [see Fig. 2(b)]. With time, each
filament folds as in Fig. 1(c), developing a bunch. Since the
bunches move relative to each other (they are spaced apart by

w (units of o)

w (units of o)

FIG. 2. Phase-space distribution. (a) Just before the orienting
kick, t = 7_, for t = 5/0r. (b) Just after the orienting kick, t = 7.
(c) Orientation along the X axis, before the time of the orientation
echo att = 37. Here, Py = 207, Por = 0.2507.

7 /T along the w axis), no substantial orientation is visible just
after the orienting kick. Nevertheless, due to the “quasiquan-
tization” of the angular velocities, the bunches accumulate
near 6 = 0, r after an additional delay of t (at t & 27, not
shown). A related mechanism is behind the alignment echoes
previously observed in molecules gases [2,45,58-61], and
similar echo phenomena in several other nonlinear systems
[51,52,62-65].

After an additional delay of t (at r =~ 37), we witness
another echo, and this is a different observation. The bunches
resynchronize in an asymmetric manner resulting in molecu-
lar orientation. First, the bunches accumulate near 8 = O [just
before t = 37; see Fig. 2(c)], and then near 8 = & (just after
t = 37, not shown). The closeups in Fig. 2(c) demonstrate
that the bunches in each filament look similar to those seen
in Fig. 1(c). Such resynchronizations happen again at later
times, t = S5t, 77, ..., and manifest themselves in orientation
echoes of higher orders [2,58-62].

Figure 3 shows the time-dependent orientation factor for
two delays, T = 10/0o7 and t = 20/07. In both cases, the first
orientation echo emerges att = 3t. Compared to 7 = 10/o7,
the echo amplitude for T = 20/o7 is significantly higher. In
line with the qualitative arguments presented above, longer
delays give rise to thinner filaments which, in turn, “help” the
weak orienting kick.

0.2 w w
— 71 =10/or

~ 0.1 T=20/oT n
>

% 0.0 Lo Lo 7/\\/, PAVAN g1 -~

3

~—0.1} =
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|
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t (units of 1/o7)

FIG. 3. Orientation factor following combined excitation by
stratifying and orienting pulses. Here, Py, = 207, P,y = 0.107. With
the orienting pulse alone, the maximal orientation factor is ~0.03.
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The degree of orientation in Fig. 3 can be analytically de-
rived as follows. Just after the stratifying kick (laser prepulse),
the rotor’s variables are given by Eq. (2). After a delay equal
to T, at t = 7, we apply the orienting kick which transforms
the rotor’s variables according to

6(t) =61(t)+ (t — T)wy,

where 6, and w; are the rotor’s variables after the prepulse.
The orientation factor is given by the real part of

() (t) = O — 1)27) 0y

00 2
5 / / "0~/ a0 dwy,  (5)
—00 J0

wy = w1 — Porsin[0i(1)], (4)

where ®(t — 1) is the step function. After carrying out the
integrals, the orientation signal reads (for the intermediate
steps, see Sec. II B of the Supplemental Material [53])

(cos(0)) (1) = Ot — ) Y _ Sk(0), (6)

odd k

where
Si(t) = e T LI Pt = OV [Pprelkt = D)) (T)

The orientation signal consists of a series of pulsed responses
separated in time by 27. The first orientation echo (k = 3,
around t = 37) is

S3(1) & e TR L QPO [P (BT — )] (8)

This expression shows the essential feature of the proposed
scheme—for fixed temperature and stratifying kick (prepulse)
strength, the echo amplitude increases with P,.t. In other
words, increasing the delay 7 is equivalent to increasing the
orienting kick strength. The echo amplitude can be further
enhanced by increasing Py (see Sec. II B of the Supplemen-
tal Material [53]). However, there is a limit to Py, due to
molecular ionization, which should be estimated for partic-
ular experimental conditions. Note that according to Eq. (8),
while the overall echo duration is «1/o7 = /1/(kgT), the
frequency of oscillations increases with Py.. Thus, both tem-
perature and the prepulse strength determine the effective
duration of the significant orientation.

Classically, the delay t could, in principle, be increased
indefinitely to achieve a higher orientation factor. However,
when the delay becomes comparable to the time of rotational
quantum revivals [66,67], the interplay between echoes and
revivals needs to be taken into account. As shown previ-
ously [64,68], a particular type of echo, termed a quantum
echo, exists in the quantum case. A series of quantum echoes
emerge on a long timescale, just before the quantum revivals.
These echoes have a valuable property—in the limit of weak
echo-inducing excitation (the orienting kick in our case), their
amplitudes are higher than the classical echoes discussed.

To study the quantum echoes, we consider the dynamics
of a kicked two-dimensional quantum rigid rotor (for details,
see Sec. III of the Supplemental Material [53]). The rota-
tional revival time is Ti., = 4wl /h [67]. Figure 4 shows the
orientation factor in the presence of the stratifying (prepulse)
and orienting kicks. Here, for demonstration purposes, we

0.2 |- Tg,
orienting kick i
§ 0.1 %( classical echo £l
~— 0 0 f’ A R T | M A *
Yél . v w N v M Yy
< 0.1} V quantum echo
—0.2 |- N
| | | | | | | | | |

0 01 02 03 04 05 06 07 08 09 1
t (units of Trey)

FIG. 4. Orientation factor calculated quantum mechanically at
T =300 K. Here, the orienting kick is applied at v = 0.0257T;,,
which corresponds to T ~ 7.2/o7. The excitation strengths Py, and
P, are the same as in Fig. 3. When only the orienting kick is applied,
the maximal orientation factor is ~0.03.

choose a short time delay t = 0.0257;, resulting in a rela-
tively weak classical orientation echo at t = 3t = 0.075T;y.
The amplitude of the classical echo is comparable to the max-
imal orientation factor induced by the orienting pulse alone,
~3%. In striking contrast, a quantum echo emerges at a delay
2t before the revival, at t = 0.975T;, with a much higher
amplitude of ~22%. Echoes of the same magnitude (but op-
posite sign) emerge just before the half revival. Alignment
echoes emerging before the quantum revivals were studied
both theoretically and experimentally [59,60].
Three-dimensional simulations. Next, we apply the devel-
oped understanding to three-dimensional linear and prolate
symmetric-top molecules driven by the experimentally avail-
able femtosecond laser and picosecond THz fields. The
rotational dynamics is treated classically and quantum me-
chanically within the rigid rotor approximation (for details,
see Sec. IV of the Supplemental Material [53]). We model
the time-dependent electric field, consisting of the delayed
nonresonant laser and single-cycle THz pulses, using

E(t) = e14(t) cos(wiget Jez + etnz(t — T)ez, )

where wg, is the carrier frequency of the laser pulse, €1+ (¢) =
€0.1sr €Xp[—21n2 (¢ /0151)*], €01 is the peak amplitude, and
oy 18 the full width at half maximum (FWHM) of the laser
pulse intensity profile. ey, (t) = €o,tr.(1 — 2kt?) exp(—/ctz)
[25,69], where &g tq;, is the peak amplitude of the THz pulse
and « determines the temporal width of the THz pulse. 7 is
the time delay between the laser and THz pulses and ez is a
unit vector along the laboratory Z axis.

Linear molecule. We consider OCS as an example lin-
ear molecule. The molecular properties were taken from
NIST [density functional theory (DFT), Coulomb-attenuating
method with Becke three-parameter Lee- Yang-Parr functional
and augmented correlation-consistent polarized valence triple
zeta Gaussian basis set (CAM-B3LYP/aug-cc-pVTZ)] [70]:
I =83.021 amu A2, u =0.755D, and A = 3.738 A3. The
rotational revival time of the OCS molecule is Ty = 271 /i =
82.4 ps [67]. Figure 5 shows the time-dependent orienta-
tion factor obtained using classical and quantum simulations.
Here, 6 is the polar angle between the molecular axis and
the polarization direction. The molecules were excited by
the delayed laser and THz pulses [see Eq. (9)] at different
initial rotational temperatures. The peak intensity of the laser
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FIG. 5. Orientation factor for OCS molecules at (a) T = 50 K
and (b) T = 300 K. The molecules are excited by delayed laser and
THz pulses. The delay is T = 7 ps. The inset shows a magnified por-
tion of the signal during the quantum echo. The maximum orientation
factors obtained without the laser pulse are 0.0201 (50 K) and 0.0215
(300 K), respectively.

pulseis Iy 1 = 4 x 10" W/cm?, and FWHM is oy, = 100 fs.
The THz pulse parameters are &y i, = 1.0 MV/cm and k =
3.06 ps~2. Laser and THz pulses with similar parameters are
readily available nowadays [71-74].

Both quantum and classical simulations demonstrate an
immediate orientation response emerging during and shortly
after the THz pulse excitation (at # = 7 ps). The first classical
echo appears with a delay 2t after the THz pulse, at¢ ~ 21 ps.
The quantum mechanical result shows a strong echo signal
before the orientation quantum revival, at r &~ 75.4 ps. The
magnitude of this echo is an order of magnitude larger than
the maximum orientation factor induced by a THz pulse alone.
A significant orientation factor exceeding 10% (in absolute
value) lasts for &1 ps for OCS molecules at 300 K (see the
inset to Fig. 5). In agreement with previous studies [64,68]
and the qualitative analysis based on the simplified models,
the orientation during the quantum echo is significantly higher
than the orientation during the classical echo.

Remarkably, the echo amplitude depends weakly on tem-
perature (in the presented temperature range). This behavior
can be understood with the help of the simplified model dis-
cussed above. The laser pulse is intense enough to induce
efficient phase-space filamentation at the presented temper-
atures. With time, the number of filaments grows, and they
become thinner. As a result, each molecular subgroup forming
a single filament has a much reduced dispersion of angular
velocities (originating from the initial thermal Boltzmann dis-
tribution), and it is effectively “cold.” Instead of competing
with the highly dispersed angular velocities of the initial ther-
mal ensemble, the weak THz pulse competes against the cold
narrow filaments. When the change P,; of the rotation veloc-
ity due to the orienting pulse exceeds the width of the cold
filaments, the following orientation echo dynamics becomes
insensitive to this width and hence to the initial molecular
temperature.

0.12 T T T

quantum sim.

— quantum sim.

|~ classical sim.

6 9 12 15
T T T T ] T T
— quantum sim.

TR ISR S N N D O Y (N S SN E
0 10 20 30 40 50 60 70 80 90
7 (ps)

0.0

FIG. 6. Maximum orientation factors (OCS molecule, T =
300 K) as a function of 7. (a) During the classical echo (solid blue
and blue circle) and during the quantum echo (orange dashed line).
(b) The global maximum. The field parameters are the same as in
Fig. 5. For comparison, the maximum orientation factor without the
stratifying pulse is 20.0215.

As discussed above, the echo amplitude increases with the
time delay between the stratifying and orienting pulses (for
fixed temperature and field parameters). Figure 6(a) shows the
maximum orientation during the first classical echo (at delay
2t after the THz pulse) and during the quantum echo (at delay
27 before the orientation revival) for relatively short delays
7. For T < 9 ps, the magnitude of both types of orientation
echoes increases with 7, which is consistent with the qualita-
tive discussion above.

Figure 6(b) shows the global orientation maximum for
various 7. The dependence on t is periodic, and the period
equal to half revival, Tiey/2 & 41.2 ps. When t = T, /4, the
maximum degree of orientation exhibits high-amplitude oscil-
lations. The reason for this high sensitivity is the coalescence
of the echo that appears after the THz pulse at t & 3t =
3Tiev/4 and the echo that appears before the quantum revival at
t ® Tiey — T = 3T5y /4. Notice, the orientation can be further
enhanced using a stronger prepulse.

Previously, related schemes for enhancing the THz- and
two-color-induced orientation were applied to cold OCS
molecules (at 2 K in Ref. [23], and at 25 K in Ref. [44]).
The orientation was substantially enhanced with the help of
an aligning laser pulse. The delay between the aligning and
orienting pulses was set to Ti.y/4. The authors explained the
enhancements using quantum mechanical arguments. Note
that our results in Fig. 6 are in agreement with Refs. [23,44]
for the specific delays of Tiey/4 and 3Ty /4.

Symmetric-top molecule. To demonstrate the robustness of
the proposed orientation enhancement mechanism, we con-
sider an additional example molecule CHsI that belongs to
the class of symmetric-top molecules. The molecular prop-
erties were taken from NIST [DFT, method CAM-B3LYP
with pseudopotential (PP)-based correlation-consistent po-
larized valence triple zeta Gaussian basis set, cc-pVTZ-PP]
[70]: I, = I, = [ = 68.527 amu A%, I, =3.23 amuA?, ;=
1.697 D, and Aa = 2.951 A3,
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FIG. 7. Orientation factor for CH3;I molecules at 7 = 300 K.
The delay between laser and THz pulses is 7 =9 ps. The inset
shows a magnified portion of the signal during the quantum echo
The maximum orientation factor obtained using only the THz pulse
is ~0.016.

Figure 7 shows the orientation factor obtained using the
quantum and classical simulations at room temperature. The
field parameters are the same as in Fig. 5, except the lower
THz field amplitude, o1, = 0.3 MV/cm. On the short
timescale, the quantum and classical results are close. The

maximum orientation emerges before the quantum revival
(during the quantum echo). The maximum orientation ob-
tained using the THz pulse alone at room temperature is ten
times lower, ~1.6%.

Conclusions. In this Letter, we addressed the open problem
of how to orient room-temperature molecules with available
moderate THz pulses. To overcome the detrimental effect
of the thermal molecular rotations, we introduce a rela-
tively strong nonresonant laser prepulse to dissect the broad
phase-space distribution into multiple narrow filaments. The
subsequent weak THz pulse induces several echoes of en-
hanced orientation at well-defined delays. The strongest of
these echoes is the quantum echo observed at a delay 2t
before the orientation revival. In the presented examples, the
maximum orientation at room temperature reaches tens of
percent during the quantum echo. With stronger prepulses
and various optimization procedures, even higher orientation
is anticipated. The sizable orientation in a thermal gas paves
the way to different imaging opportunities, chemical reaction

control, and more.
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