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Abstract: We report experimental observations of rotated echoes of alignment induced by a pair
of time-delayed and polarization-skewed femtosecond laser pulses interacting with an ensemble
of molecular rotors. Rotated fractional echoes, rotated high order echoes and rotated imaginary
echoes are directly visualized by using the technique of coincident Coulomb explosion imaging.
We show that the echo phenomenon not only exhibits temporal recurrences but also spatial
rotations determined by the polarization of the time-delayed second pulse. The dynamics of echo
formation is well described by the laser-induced filamentation in rotational phase space. The
quantum-mechanical simulation shows good agreements with the experimental results.
© 2017 Optical Society of America
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1. Introduction

The echo phenomenon plays an important role in many areas, ranging from modern medical
technologies of magnetic resonance imaging (MRI) [1] to scientific frontiers of harmonics
generation in free-electron lasers [2–5]. Since the first observation of spin echoes [6, 7] in
magnetic resonance, a variety of echo phenomena were discovered in various nonlinear systems,
such as photon echo [8], plasma-wave echo [9], and cyclotron echo [10]. Echoes were also found
in cold atoms [11, 12], cavity QED [13], and even in particle accelerators [14, 15].

Recently, a new kind of echo phenomenon, i.e. alignment echo [16–18], was demonstrated in
molecules interacting with laser fields. A series of alignment events (for a review of laser-induced
alignment, see [19–22]) spaced with regular time intervals were first detected by measuring
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the laser-induced birefringence of a molecular gas sample subject to a pair of time-delayed
ultrashort laser pulses [16]. Fractional alignment echoes at rational fractions of the time delay
between the pump pulses were predicted [16] and the lowest-order one (1/2) was observed via
the third-harmonic generation in a room-temperature gas of CO2 molecules [17]. Higher order
fractional echoes are difficult to be probed optically due to the low efficiency of the high order
harmonic generation required for their detection. We overcame the difficulty by directly imaging
the molecular axis angular distribution from the measured ion fragments produced by the ultrafast
Coulomb explosion of multiply ionized molecules [23, 24]. Besides the fractional echoes of
various orders, two new kinds of alignment echoes, namely rotated and imaginary alignment
echoes were theoretically and experimentally studied in [18]. For the case when the polarization
of the second pulse makes a cross angle β with respect to that of the first one, the primary echo
shows spatial recurrence at 2β, thus forming the rotated echo of molecular alignment. Normally,
echoes are supposed to appear after the excitation by the second pulse. However, by "reversing"
the dynamics to negative times, echoes are expected at times before the second pulse. Despite the
impossibility of reaching negative times in the real world, we successfully demonstrated [18]
the existence of imaginary alignment echo by focusing the observation around the full quantum
revival [25–27] of the alignment induced by the second laser pulse. The dynamics in the
time region just before the revival is equivalent to the post-second-pulse dynamics analytically
continued to negative times.
In this paper, we report an experimental observation of the rotated fractional echoes, rotated

high order echoes and rotated imaginary echoes in a molecular beam of N2O. The spatiotemporal
evolution of the molecular angular distribution is directly measured via the technique of coincident
Coulomb explosion imaging [23]. In what follows, we will start with the theoretical analysis of
the rotated echo formation using a simple 2D model. A detailed description of the experimental
setup and data analysis is given afterwards. We further reproduce the experimental results by
quantum-mechanical simulations, which agree well with the experimental observations.

2. Rotational phase space analysis

To get the physical insight, we start with a theoretical analysis of the rotational dynamics of
an ensemble of 2D linear molecular rotors. The molecules initially have an isotropic angular
distribution, and a Gaussian distribution with spread (σ) in angular velocity ω [16–18]. The
linearly polarized laser field drives the molecular rotation by an interaction potential of V(φ, t) =
−(∆α/4)E2(t) cos2 φ [28, 29], where φ is the angle between the laser polarization and the
molecular axis, ∆α is the polarizability anisotropy of the molecule and E(t) is the temporal
envelope of the laser pulse. An impulsive kick forces the molecular axis to rotate towards the
polarization direction of the laser pulse, leading to a transient alignment along this direction
shortly after the kick. The alignment factor 〈cos2 φ〉 is used to characterize the alignment degree
of the ensemble. In our case of 2D free rotors, the mean value of 〈cos2 φ〉 = 0.5 indicates an
isotropic distribution of molecular orientations, while 〈cos2 φ〉 is larger or smaller than 0.5 for
alignment and anti-alignment, respectively. After the excitation by the short laser pulse, the
field-free evolutions of the angle φ of the molecular axis and of the angular velocity ω are
described by: φ = φ0 + ωt, ω = ω0 −Ω sin(2φ0) , where ω0, φ0 are the initial conditions, and
Ω is proportional to the intensity of the kick.
As detailed in [16–18], the probability distribution of the molecular axis in phase space after

the impulsive kick is given by:

f (ω, φ, t) = 1
2π

1
√

2πσ
exp

[
−[ω −Ω sin(2ωt − 2φ)]2

2σ2

]
. (1)

The initial phase-space distribution is shown in Fig. 1(a), as mentioned above, with an isotropic
angular distribution (horizontal axis) and a Gaussian angular velocity distribution (vertical axis).
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Fig. 1. Rotated echo formation. The first pulse is applied at t = 0, φ = 0, with Ω1/σ =
1. The second pulse is applied at t = T (such that σT = 5), at crossing angle β = −π/12
with respect to the first pulse, (a)-(c) Laser-induced filamentation of the phase-space
density distributions. (a) Initial phase-space density distribution. (b) Folding and alignment
shortly after the first pulse at t = 0.1T . (c) Filamentation at t = T after the first pulse.
(d)-(f) Rotated echo formation after the second pulse, Ω2/Ω1 = 0.333. The polarization
angles of the first and the second pulses, as well as the rotation angles of echoes at
different times are indicated by the white dashed lines. (d) Rotated 1/2 fractional echo at
(t, φ) = (1.46T, 1.5β). (e) Rotated second order echo at (t, φ) = (2.82T, 3β). (f) Rotated
imaginary echo at (t, φ) = (−1.2T,−β). (g)-(i) Rotated echo formation after the second pulse,
Ω2/Ω1 = 0.16 (close to the value used in our experiments). (g) Rotated 1/2 fractional echo
at (t, φ) = (1.533T, 1.5β). (h) Rotated second order echo at (t, φ) = (3.13T, 3β). (i) Rotated
imaginary echo at (t, φ) = (−0.865T,−β). (j)-(l) are the corresponding polar plots of the
angular distributions for (g)-(i), respectively. A constant angular-independent background
was subtracted in these polar plots. The theoretically expected directions of the rotated
echoes are indicated by the gray dashed lines.

                                                                                                  Vol. 25, No. 21 | 16 Oct 2017 | OPTICS EXPRESS 24920 



The short kick imparts rotation of molecules with angular speed −Ω sin(2φ0) while not moving
them during the interaction. Immediately after the kick, the phase-space distribution starts folding
towards the polarization direction of the excitation pulse, i.e. φ = 0◦. With course of time, a
symmetric folded pattern corresponding to the laser-induced alignment appears shortly after the
kick, as shown in Fig. 1(b). At longer times, the phase-space probability distribution develops
multiple parallel filaments due to dispersion in angular velocities, as shown in Fig. 1(c), and the
alignment factor 〈cos2 φ〉(t) takes the isotropic value of 0.5. Since the phase-space volume is
constant, the width of each filament narrows with the number of these filaments growing, till they
become almost horizontal and uniform in density. The neighboring filaments are separated in
angular velocity by ∼ π/t, as can be seen from Eq. (1). Such a filamentation of phase space is well
known in stellar systems [30] and in accelerator physics [31], and the folding of the phase-space
distribution shown in Fig. 1(b) has much in common with the bunching effect observed in particle
accelerators beams [14, 15].
When a second kick is applied (at t = T) polarized at angle β with respect to the first one,

it will fold each filament in a way similar to Fig. 1(b), which is not shown here. However, the
initial position of the folded features will be at (φ, ω) = (β,mπ/T + β/T), where m is the filament
number. Due to the "quantization" of the angular velocities, the folded parts of the filaments will
bunch up after another delay T (i.e. near t = 2T) at the angular position φ = 2β, resulting in
an echo not only delayed in time, but also rotated by an additional angle β with respect to the
second pulse, or 2β with respect to the first one [18]. More generally, the rotation angle of echoes
observed at time t > T after the first pulse is given by:

φ = β + [(mπ/T + β/T)] (t − T)(mod π). (2)
Hence, for echoes appearing at t = T + (k/n)T , the rotation angle is given by φ = β + (mπ +
β)(k/n)(mod π), where k and n are integers. The 1st order rotated echo was discussed in [18]
for n = 1, k = 1. Here, we focus on the high order echoes of n = 1, k > 1, appearing at
(t, φ) = (3T, 3β), (4T, 4β), etc. Figures 1(e) and 1(h) show the phase-space distributions of the 2nd
order rotated echo for different intensity ratios between the two excitation pulses, i.e. I2/I1. The
folding effect is sensitive to the intensity ratio of I2/I1. As illustrated in [16, 18], the echo signal
can be optimized by changing the relative strength between the two pulses. For n > 1, the equation
describes the fractional echoes appearing at rotational fractions of the time delay T . Figures
1(d) and 1(g) show the rotated 1/2 fractional echo (n=2) that happens at (t, φ) = (1.5T, 1.5β).
By integrating over the angular velocity in phase space, i.e. projecting the 2D filament density
distribution in Figs. 1(g) and 1(h) to the horizontal axis (angular dimension), one can extract the
angular distribution of the molecular ensemble, as shown in the polar plots in Figs. 1(j) and 1(k)
correspondingly.
The above analysis addresses rotated echoes appearing after the excitation of the second

pulse. As discussed in [18], counter-intuitive imaginary echoes [32, 33] may show up before the
second pulse if the rotational dynamics is analytically continued to negative times. The imaginary
alignment echoes can be observed by utilizing the phenomenon of quantum revivals [25–27] as
a mechanism for time reversal. Here, we predict the appearance of rotated imaginary echo at
(−T,−β) [Figs. 1(f), 1(i) and 1(l)] in a similar manner and report its experimental observation
for the first time. The reversed rotation direction of the echo further confirms our time reversal
explanation of the mechanism responsible for the imaginary echo formation.

3. Experimental setup

We create the rotated alignment echoes in a supersonic molecular beam of N2O driven by a
pair of time-delayed and polarization-rotated femtosecond laser pulses, denoted as P1 and P2
respectively. A schematic diagram of the experimental setup is shown in Fig. 2. The time delay
between P1 and P2 is controlled by a motorized delay stage in the arm of P1. Two half-wave
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plates are inserted in each of the two arms to set the polarization of P1 along the Z-axis and
adjust the polarization direction of P2. An intense, circularly polarized probe pulse is used
to Coulomb-explode the excited molecules at various time delays, generating an image from
which the molecular orientation at that time can be derived. The laser pulses are delivered
from a multipass amplifier Ti:sapphire laser system (10KHz, 25fs, 790nm), and are collinearly
focused in the supersonic gas jet of N2O by a concave silver mirror (f = 7.5cm) inside the
ultrahigh vacuum chamber of a COLTRIMS (COLd Target Recoil Ion Momentum Spectroscopy)
apparatus [34]. By measuring the time-delay-dependent single ionization yield as a cross-
correlation between every two pulses, we estimate the pulse duration in the interaction region
to be about 60 fs. The peak intensities of P1, P2 and the probe pulse are measured to be I1
∼ 5.0 × 1013 W/cm2, I2 ∼ 0.8 × 1013 W/cm2, and Iprobe ∼ 4 × 1014 W/cm2, respectively. The
rotational temperature of the supersonic molecular beam can be estimated from the translation
temperature, which can be derived from Ttrans = ∆p2/[4ln(4)kBM], where kB is the Boltzmann
constant, ∆p and M are the full width at half maximum (FWHM) of the momentum distribution
(in the jet direction, i.e. Y-axis) and the mass of the singly ionized N2O+, respectively. In our
experiment we measure a momentum width in the jet direction of ∆p ∼ 10.2 a.u. of N2O+ ions
created by the laser pulse polarized along Z-axis, thus we assume that the upper limit of the
rotational temperature is ∼75K.

Fig. 2. Experimental setup. Two linearly polarized pump pulses P1 and P2 are employed
to stimulate molecular alignment echoes of N2O. An intense circularly polarized probe
pulse is used to trace the molecular angular distribution at various times. The meaurement is
performed in a reaction microscope of COLTRIMS. BS, beam splitter; HWP, zero-order
half wave plate; QWP, zero-order quarter wave plate; DL, delay line.

The fragment ions are guided by a weak homogeneous static electric field (∼22.3 V/cm) to a
time- and position-sensitive detector at the end of the spectrometer, consisting of a two-layers
stack of microchannel plates and a delay-line detector. The three dimensional momenta of the
fragment ions can be retrieved from the measured times of flight and positions of impact. Since
the Coulomb explosion is much faster than the molecular rotational period, the instantaneous
orientation of the molecular axis at the time of ionization can be reconstructed from the relative
momenta of the coincidently measured ion pair. By scanning the arrival time of the probe pulse,
snapshots of the molecular angular distribution at various times directly visualize the molecular
rotational motion.
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4. Experimental results

Several constraints define the temporal condition for experimental observation of high order
echoes, which imposes the use of a relatively long time window for the measurement. This
requirement conflicts with the appearance of fractional quantum rotational revivals [25–27]
at earlier times of the molecular alignment. To avoid such a temporal overlap, the experiments
reported here were performed with N2O molecules. The rotational full revival time of this
molecule is 39.9 ps [35], but unlike CO2 (used in our earlier studies [16–18]), due to the
symmetric weight of odd and even nuclear spin states, the field-free evolution of N2O does
not exhibit quarter revivals, thus providing a clear time window of approximately 20 ps for the
manipulation and observation of the alignment echoes. The Coulomb explosion double ionization
channel, i.e., N2O + n~ω→NO++ N+ + 2e, is employed to retrieve the orientation of molecular
axis and since the molecules are mostly fragmentized in the polarization plane of the probe pulse,
we restrict the data analysis in this plane by selecting molecules confined to [-20◦, 20◦] with
respect to the Y-Z plane.

Fig. 3. Experimentally measured time-dependent angular distribution of (a) the 1/2 fractional,
the full and the 2nd order echoes, and (d) the rotated 1/2 fractional, the rotated full, and the
rotated 2nd order echoes of N2O. In both cases the echo region is highlighted between the
vertical dashed white lines. The corresponding polar plots of the angular distributions are
shown in (b)-(c) and (e)-(f). The angular-independent negative background was subtracted in
these polar plots. (b) and (c) for the 1/2 and 2nd order echoes, and (e) and (f) for the rotated
1/2 and 2nd order echoes. The red solid lines in (b)-(c) and (e)-(f) are the results of quantum
simulations, which agree well with the experiments.The theoretically expected directions of
echoes and the rotated ones are indicated by the gray dashed lines.

The measured time-dependent angular distribution is shown in Fig. 3(a), where τ is the time
delay of the probe pulse with respect to P2, and φ is the azimuth angle between the molecular axis
and the polarization direction of P1 in the Y-Z plane. In order to eliminate the imperfection of the
circularity of the probe pulse and to enhance the visibility, the total probability of the angular
distribution at each time step is normalized to unity, i.e. the integrated Coulomb explosion signal

                                                                                                  Vol. 25, No. 21 | 16 Oct 2017 | OPTICS EXPRESS 24923 



over [-180◦, 180◦] for each slice is normalized to 1, and the averaged angular distribution between
P1 and P2 is subtracted. The time delay between P1 and P2 is set to 3 ps. To enhance the visibility
of the weak 2nd order echo, we zoom the color-bar scale which saturates the negative maximum of
the signal around τ = -3ps and 3ps, as featured in white color. As shown in Fig. 3(a), shortly after
the kick of P1 at τ = -3 ps, the molecular angular distribution is centered around φ = 0◦(±180◦),
corresponding to alignment along the polarization direction of P1, but disperses quickly due to the
spread in angular velocities of the molecular rotors. The second pulse with polarization parallel
to the first one (φ = 0◦) is applied at τ = 0 ps. Instantaneous alignment is created, followed by the
appearance of the 1/2 fractional and full echoes around τ = 1.5 ps and 3 ps respectively. Following
the first full echo, higher order echoes appear at multiple integers of the time delay, namely at τ =
6 ps, 9 ps, etc, in this case. Since the magnitude of echoes rapidly decreases with their order, only
the lowest order one, i.e. the 2nd order echo at τ = 6 ps, is clearly observed (between the white
dashed lines) in Fig. 3(a). As we have already demonstrated [18], the first order full echo depicts a
rapid transition from alignment to anti-alignment. However, here we find that the 2nd order echo
exhibits the reverse order - a transition from anti-alignment to alignment. The polar plot of the
angular distribution of the 2nd order echo in the alignment region at τ = 6.5 ps is depicted in Fig.
3(c). Since the 1/2 fractional echo shows a butterfly shaped distribution [Fig. 3(b)], we take the
vertical axis of symmetry along φ = 0◦to indicate the alignment direction of reference, as shown
in gray dashed line in Fig. 3(b). Our quantum-mechanical simulation shows good agreements
with the experimental observations of both 1/2 and 2nd order echoes, as shown by the red curves
in Figs. 3(b) and 3(c). The quantum mechanical calculation was carried out by numerically
solving the time-dependent Schrödinger equation, and the alignment echo was successfully
reproduced. The angular-distribution-probability for each initial molecular rotational state was
calculated separately as a function of time, and later integrated according to the initial Boltzmann
distribution and proper spin statistics. For details of this quantum mechanical simulation see [18].
It should be noted that while the direct observation of higher order echoes by optical means is
possible by observing the laser-induced birefringence [16], here we demonstrate direct access to
the angular distribution enabled by the coincident Coulomb explosion imaging [18, 23].
We have previously shown [18] that when the polarization of the second pulse is not parallel

to that of the first one, i.e. there is a cross angle β , 0◦between them, the primary echo shows an
angular response at 2β. According to Eq. (2), not only the primary echo, but also the fractional
and the high order echoes will exhibit the same properties of rotated angles of the molecular
alignment. To observe the rotated high order echoes, we repeat the experiment described above
by rotating the polarization direction of P2 by β = −14◦with respect to P1. As shown in Fig. 3(d),
the rotated 1/2 fractional echo, the rotated full echo, and the rotated 2nd order echo after P2 are
observed. Here we focus on the rotated 1/2 fractional echo and the rotated 2nd order echo only, for
more details of rotated full echo, see [18]. Since P2 is applied at -14◦, the instantaneous alignment
induced by P2 already shows angular alignment centered around this angle. As expected from Eq.
(2), the rotated 1/2 fractional echo and the rotated 2nd order echo generate angular distributions
centered around φ = -21◦and φ = -42◦, corresponding to 1.5β and 3β respectively, as shown in
Figs. 3(e) and 3(f), which exactly correspond to the theoretical prediction of Figs. 1(j) and 1(k)
respectively.
A different regime that had been explored before is the domain of negative times [18]. By

propagating the rotational dynamics to negative times, an imaginary echo is predicted to appear
before P2. Since this is not physically possible, the effect has been demonstrated by utilizing
the phenomenon of quantum revival [25–27]. Within the framework of the 2D classical model
considered in Sec. 2, the imaginary echo rotated in the opposite direction [see Figs. 1(f), 1(i)
and 1(l)] compared to the "regular" echoes. To experimentally verify this point, we looked at the
time window before and around the full quantum revival of the alignment response induced by
the second pulse. Figures 4(a) and 4(b) show the measured angular distribution and alignment
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Fig. 4. (a) Time-dependent angular distribution of rotated imaginary echo. (b) The measured
alignment factor as a function of probe time delay. The red and blue curves show the full
revivals of the alignment induced by P1 and P2 respectively. The rotated imaginary echo is
presented by the magenta curve. (c) and (d) are the polar plots of the angular distributions
of the rotated imaginary echoes at alignment and anti-alignment times respectively, where
the angular-independent negative background was subtracted.The red curves in (c) and (d)
are quantum simulations. The theoretically expected directions of the rotated echoes are
indicated by the gray dashed lines.

factor as a function of the probe time delay around the time of full revivals of the alignment
created by P1 and P2 applied at τ = -3 ps and τ = 0 ps, respectively. As depicted in magenta in
Fig. 4(b), a significant alignment signal is observed around τ = 33.2 ps, i.e., 6 ps before the full
revival of the alignment created by P2 (blue curve). The imaginary echo exhibits a transition from
anti-alignment to alignment. The associated angular distributions of alignment and anti-alignment
are shown in polar plots in Figs. 4(c) and 4(d), respectively. As expected from time reversal, both
alignment and anti-alignment rotate in the clockwise direction and are centered around φ=14◦and
φ = 104◦, respectively, in agreement with the prediction of a rotated imaginary echo, as shown in
Fig. 1(l) for the alignment. The quantum simulations (red solid curves) in Figs. 4(c) and 4(d)
agree well with the experimental observations.

5. Conclusion

In conclusion, we experimentally observe various rotated echoes of molecular alignment,
including rotated fractional echo, rotated high order echo and rotated imaginary echo. A pair of
time-delayed and polarization-skewed pump pulses are employed to stimulate the rotated echoes
in a molecular beam of N2O. Direct access to the molecular angular distribution is achieved by
scanning the time delay of a circularly polarized probe pulse by using the technique of coincident
Coulomb explosion imaging. The rotated echoes are well explained using a classical analysis of
laser-induced filamentation in rotational phase space. The spatiotemporal properties of the rotated
echoes provide opportunities to control the echoes by varying the arrival time and polarization
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of the second pulse. The common properties shared by echo phenomena in various systems
may be beneficial to related fields, such as the echo-enabled harmonics generation (EEHG) in
free-electron lasers [36].
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