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Molecular Alignment by Trains of Short Laser Pulses
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We show that a dramatic field-free molecular alignment can be achieved after exciting molecules
with proper trains of strong ultrashort laser pulses. Optimal two- and three-pulse excitation schemes are
defined, providing an efficient and robust molecular alignment. This opens new prospects for various
applications requiring macroscopic ensembles of highly aligned molecules.
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small number of short pulses, which can be easily real-
ized experimentally even without pulse shaping. The where F is the confluent hypergeometric function. The
Molecular alignment and orientation play an important
role in chemical reaction dynamics, surface processing,
and ultrafast optics. Strong nonresonant laser fields have
been shown to yield molecular alignment along the field
polarization direction [1–4] by creating pendular mo-
lecular states [5–7]. However, the adiabatic molecular
alignment produced by a relatively long pulse disappears
when the pulse is off. On the other hand, very short pulses
(100 fs and less) excite rotational wave packets that yield
a noticeable aligned shape after the end of the pulse
[8–13], even under thermal conditions [14]. Initial experi-
ments have been performed showing the alignment of
macroscopic samples of I2 molecules with a single short
laser pulse [15]. This is of special importance for appli-
cations that require transient molecular alignment at
field-free conditions. Generation of ultrashort laser pulses
[16,17] and control of high harmonic generation [18] are
only a few potential applications to mention. The ability
to (transiently) align molecules to the highest possible
degree is crucial for applications of this kind.

As we show in the present work, there is a limit to the
degree of alignment that can be attained with a single
intense ultrashort laser pulse. In order to achieve an en-
hanced field-free molecular alignment beyond this limit,
more complex pulse shapes should be used. Methods of
optimal control have been applied to this problem in
the past, providing rather sophisticated field patterns
[19–21]. Recently, a novel strategy for producing angu-
larly squeezed states of a rigid rotor by a specially de-
signed series of short laser pulses was suggested [22]. The
proposed ’’accumulative squeezing’’ scheme leads to a
dramatic narrowing of the rotor angular distribution
upon increasing the number of the pulses. An atom optics
realization of this strategy [23] has been experimentally
demonstrated [24]. Enhanced molecular alignment by
trains of ultrashort laser pulses seems to be a feasible
experimental procedure as well.

The present work provides the guidelines and defines
conditions for a forthcoming experiment of this kind. We
consider the simplest excitation schemes involving only a
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limited number of pulses allows for a complete optimi-
zation of the related excitation parameters and provides
even better and more robust alignment compared to the
accumulative squeezing approach [22–24].

The Hamiltonian of a driven 3D rigid rotor (linear
molecule) is

H �
~LL2

2I
� V��; t�; (1)

where L is the angular momentum of the rotor, and I is its
moment of inertia. A linear molecule without a perma-
nent dipole couples with the external field via induced
polarization. For nonresonant laser fields, this interaction,
averaged over the fast optical oscillations, is

V��; t� � �
1

4
E2�t���	k � 	?�cos2��� � 	?	: (2)

Here, 	k and	? are the components of the polarizability,
parallel and perpendicular to the molecular axis, respec-
tively, and E�t� is the envelope of the laser pulse. If the
interaction with the laser field is much shorter than the
dominant periods within the excited rotational wave
packet, the motion of the wave packet is ’’frozen’’ during
the interaction and the wave function immediately
after the pulse (applied at t � 0) is  ��; 0�� �
exp�iPcos2�� ��; 0�: Here, the dimensionless pulse
strength P � �	k � 	?�I

R
dt E2�t�=�4 �h2� has been intro-

duced. If we assume that the rotor is initially in its ground
state  ��; 0� � Y0

0���, the wave function at time � after
the pulse is
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where � � t �h=I is the dimensionless time. The coeffi-
cients cl are given by
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coefficients in Eq. (4) are obtained by expanding
exp�iPcos2�� in terms of spherical harmonics. The ex-
tremely rich space-time dynamics of the wave function in
Eq. (3), including angular focusing, followed by a num-
ber of semiclassical catastrophes is discussed in detail
elsewhere [25]. We stress here that the wave function
shows periodic behavior in time with a revival period of
Trev � 2�.

The degree of molecular alignment can be quantita-
tively characterized by the alignment factor A��� � h1 �
cos2�i. The alignment factor defined this way coincides
with the variance in � for well-aligned molecules. It tends
to zero when the alignment turns perfect, and shows a
nice scaling with the number of pulses in the accumula-
tive squeezing approach [22]. Using Eq. (3) we obtain

A��� � 1 �M�
1

2�
Re
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Here, M is the time-averaged value of hcos2�i. Figure 1
shows the quantum mechanical alignment factor (solid
line) of a 3D rotor kicked by a short pulse at � � 0. For a
strong enough kick, the initial stage of the time evolution
can be explained in classical terms (for a 2D rotor see
[22,23]). For this purpose, consider an isotropic ensemble
of classical rotors (or, equivalently, an ensemble of par-
ticles freely moving on a sphere) subject to a kick. A
motionless classical particle initially at angle �0, gains
the angular velocity ! � �P sin�2�0� as a result of a
pulsed interaction given by Eq. (2). The classical align-
ment factor may be calculated as
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FIG. 1. Quantum mechanical (solid line) and classical
(dashed line) alignment factor for kick strength P � 10.
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This result is shown for comparison by the dashed line in
Fig. 1. Acl��� reaches a minimum of Amin � 0:30 at P� �
1:1 and then approaches the asymptotic value A��!
1� � 1=2 in an oscillatory way. For �� 1; the quantum
mechanical alignment factor coincides with the classical
result. In later stages of the evolution, full and fractional
revivals [26] lead to relocalization of the rotational wave
packets at Trev=4 � �=2 and Trev=2 � �. Surprisingly,
the degree of alignment during the fractional revivals is
considerably larger than at the initial, classical-like,
stage of evolution. The alignment factor reaches the
global minimum at � � �; which is 3 times smaller
then the initial, classical minimum. The appearance of
an extremely narrow angular state at half of the revival
period has been numerically observed in several studies
(see, e.g., [14,16]), but, to the best of our knowledge, it has
been never explained, and no estimates have been given to
the lower limit of the alignment factor in this time
domain. We further note that the appearance of a global
minimum of the quantum mechanical alignment factor at
� � � is a truly three-dimensional effect, and it does not
show up in the alignment of a 2D rotor [22,23].

We show here that despite the quantum nature of the
phenomenon, this global minimum can be related to the
classical dynamics analytically continued to negative
times. Indeed, as can be seen in Fig. 1, the classical
alignment factor has a pronounced maximum Amax �
0:925 at P� � �0:8. The increase of the alignment factor
can be interpreted as a focusing of the particles around
� � �=2 in the equatorial plane when propagating back in
time after a kick. The periodicity of the quantum me-
chanical alignment factor allows us to relate its value in
the � � � region to the corresponding values in the
classical domain ��� 1�. It follows from Eq. (5) that
A��� �� � 1 � A��� � �1 � 2M� where M is given by
Eq. (6). For a sufficiently large kick strength, M tends
to the classical time-averaged value of hcos2�i � 1=2.
Therefore, A��� �� � 1 � Acl���, and the minimal
alignment factor achievable by a single strong pulse is
Amin � 1 � Amax � 0:075: This asymptotic value can be
approached by increasing the kick strength. However, the
dependence of the global minimum near � � � on P is
nonmonotonic. As can be seen in Fig. 2 (solid line), there
are ’’magic’’ kick strengths that provide local minima of
the alignment factor as the function of P (Pm �
5:4; 11:8; 18:2; . . .�.

In order to align molecules beyond the limit of Amin �
0:075, a single pulse is not sufficient. However, the degree
of alignment can be considerably improved by applying a
213001-2



TABLE I. Optimal sequence of pulses for a given number of
kicks (no.) with total kick strength Pt. Shown are the kick
strengths P1, P2, P3, the delay times between the kicks (�1

and �2�, the detection time �d; , and the minimal alignment
factor Amin.

No. Pt P1 P2 P3 �1 �2 �d Amin

1 5 5 � � � � � � � � � � � � 2.98 0.088
2 10 4.56 5.65 � � � 2.88 � � � 0.06 0.034
2 55 4.60 50.4 � � � 2.94 � � � 0.01 0.008
3 60 4.38 2.88 52.7 2.86 0.13 0.01 0.005

FIG. 3 (color online). Noise reduction near the optimal
solution.
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FIG. 2. Optimal alignment factor of a 3D rotor kicked with a
single pulse (solid line), or with a sequence of two (dashed
line) or three (dotted line) pulses for the given total kick
strength Pt.
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second pulse around the time of minimal angular spread
[22]. This leads to a simple, but effective two-pulse align-
ment scheme. The first pulse prealigns the molecules in
the harmonic region of the angular interaction potential
while the second pulse completes the angular focusing.
For better focusing, the second pulse should be much
stronger than the first one, so that the kinetic energy
gained by the molecules during the first kick can be
neglected. In the classical limit, such a strong second
pulse provides a complete alignment of the ’’frozen’’
angular distribution formed by the first pulse. In order
to estimate the efficiency of the process, we choose the
first ‘‘magic’’ kick strength Pm � 5:4 for the first pulse. If
the strength of the second kick is P2 � 50, the minimal
alignment factor reaches Amin � 0:017, which is more
than 4 times better compared to the single-pulse case.

In order to explore the prospects of multipulse align-
ment, we make use of optimal control theory. For the
experimentally interesting case of a small number of
pulses, the optimal control [27] reduces to the optimiza-
tion problem with few parameters. We minimized the
quantum alignment factor with respect to the kick
strengths P1; . . . ; PN , delay times �1; . . . ; �N�1 between
pulses, and the detection time �d after the last pulse. As a
constraint, the total kick strength Pt �

P
N
i�1 Pi was kept

constant, and we studied the dependence of the optimal
solution on this parameter as well. The results of the
optimization are shown in Fig. 2. Here, the minimal
alignment factor for N � 1 (solid line), N � 2 (dashed
line) and N � 3 (dotted line) pulses is plotted as a func-
tion of Pt. Table I shows exemplary excitation parameters.
For Pt & 5; the single-pulse excitation is optimal. The
optimal solution shows a bifurcation (branching) at Pt �
5:0, after which a considerable improvement of the align-
ment can be provided by splitting the available laser
energy into two pulses. For angular squeezing with two
213001-3
pulses, the optimal solution is very similar to the previ-
ously described heuristic double-pulse scheme. With opti-
mized parameters (see Table I), the minimal alignment
factor is Amin � 0:008. Our simulations show that the
double-pulse quantum alignment factor saturates at this
level already for Pt � 50: However, the optimal solution
experiences another branching even before that. At Pt �
11 a three-pulse solution emerges providing better align-
ment for the same total kick strength (see Table I). Again,
the first two pulses create a well prelocalized quantum
state that is further squeezed in angle by the third pulse
acting as a strong ’’classical’’ kick. The three-pulse align-
ment improves with increasing the total kick strength and
saturates at A � 0:005 for Pt � 60.

The above optimized trains of laser pulses not only
provide the best possible alignment, but also offer the
solution that is least sensitive to the fluctuations of the
control parameters (because of the stationary character of
the optimal solution). We show this reduction of noise
sensitivity in Fig. 3. The figure displays the minimal
alignment factor resulting from two short pulses applied
to a rotor in the ground state as a function of the delay
time �1 between them. The optimal solution achievable
213001-3
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with the total kick strength Pt � 55 (see Table I) is
indicated by a dot. We scanned the delay time �1 while
keeping the kick strengths and the detection time fixed.
For every �1, Gaussian jitter with the half-width ��1 �
0:02 was added to the delay time. The variance of the
resulting alignment factor is shown by the gray band in
Fig. 3, while the middle line represents the average align-
ment factor. A considerable reduction of the influence of
the noise can be seen close to the optimal point where the
alignment factor takes its minimal value.

As an example, we consider laser alignment of iodine
monochloride that has polarizability anisotropy 	k �
	? � 9 �A3, and rotational constant B � 0:1142 cm�1

corresponding to the period of �r � 1=�2Bc� � 146 ps.
We assume that the envelope of the laser pulse E2�t� �
4�g�t�Ip=c (where Ip is peak intensity) has a Gaussian
shape g�t� � exp��t2=!2�. For a pulse duration of ! �
100 fs, the double-pulse solution shown in Table I with
Amin � 0:034 can be realized with the intensities Ip1 �
2:88 � 1012 W=cm2 and Ip2 � 3:42 � 1012 W=cm2:

In summary, we have demonstrated that optimal trains
of short nonresonant laser pulses can lead to a sizable
field-free molecular alignment. A sequence of several
properly timed and energy balanced pulses of moderate
intensity may temporarily squeeze the molecular angular
distribution well beyond the limits of a brute-force ex-
citation by a single strong pulse. The simplicity of the
field forms involved allows for efficient optimization for
the best alignment with the least sensitivity to the control
parameter fluctuations. Even in this simple case, the
optimal solution demonstrates a nontrivial character,
with multiple local minima and branching phenomena.
The optimized pulse trains derived here in the impulsive
approximation may also serve as initial guesses for more
sophisticated closed loop learning control approaches
[28,29] to laser molecular alignment. The multiple-pulse
angular squeezing provides a regular way for creating
macroscopic samples of highly aligned molecules needed
for various applications [16–18].
2130
[1] D. Normand, L. A. Lompre, and C. Cornaggia, J. Phys. B
25, L497 (1992).
01-4
[2] P. Dietrich, D. T. Strickland, M. Laberge, and P. B.
Corkum, Phys. Rev. A 47, 2305 (1993).

[3] G. R. Kumar et al., Phys. Rev. A 53, 3098 (1996).
[4] J. J. Larsen et al., J. Chem. Phys. 111, 7774 (1999).
[5] B. A. Zon and B. G. Katsnelson, Sov. Phys. JETP 42, 595

(1976).
[6] B. Friedrich and D. Herschbach, Phys. Rev. Lett. 74,

4623 (1995); J. Phys. Chem. 99, 15 686 (1995).
[7] W. Kim and P. M. Felker, J. Chem. Phys. 104, 1147

(1996).
[8] J. P. Heritage, T. K. Gustafson, and C. H. Lin, Phys. Rev.

Lett. 34, 1299 (1975).
[9] A. D. Bandrauk and L. Claveau, J. Phys. Chem. 93, 107

(1989).
[10] P. M. Felker, J. Phys. Chem. 96, 7844 (1992).
[11] T. Seideman, J. Chem. Phys. 103, 7887 (1995); 106, 2881

(1997); Phys. Rev. Lett. 83, 4971 (1999).
[12] J. Ortigoso et al., J. Chem. Phys. 110, 3870 (1999).
[13] L. Cai, J. Marango, and B. Friedrich, Phys. Rev. Lett. 86,

775 (2001).
[14] M. Machholm and N. E. Henriksen, Phys. Rev. Lett. 87,

193001 (2001); M. Machholm, J. Chem. Phys. 115, 10 724
(2001).

[15] F. Rosca-Pruna and M. J. J. Vrakking, Phys. Rev. Lett. 87,
153902 (2002); J. Chem. Phys. 116, 6567 (2002); 116,
6579 (2002).

[16] R. A. Bartels et al., Phys. Rev. Lett. 88, 013903 (2002).
[17] V. Kalosha et al., Phys. Rev. Lett. 88, 103901 (2002).
[18] R. Velotta et al., Phys. Rev. Lett., 87, 183901 (2001).
[19] R. S. Judson, K. K. Lehmann, H. Rabitz, and W. S.

Warren, J. Mol. Struct. 223, 425 (1990).
[20] C. M. Dion et al., Phys. Rev. A 65, 063408 (2002).
[21] K. Hokia and Y. Fujimura, Chem. Phys. 267, 187 (2001).
[22] I.Sh. Averbukh and R. Arvieu, Phys. Rev. Lett. 87, 163601

(2001).
[23] M. Leibscher and I.Sh. Averbukh, Phys. Rev. A 65,

053816 (2002).
[24] W. H. Oskay, D. A. Steck, and M. G. Raizen, Phys. Rev.

Lett. 89, 283001 (2002).
[25] I.Sh. Averbukh, R. Arvieu, and M. Leibscher, quant-

phys/ 0201051; M. Leibscher et al. (to be published).
[26] I.Sh. Averbukh and N. F. Perelman, Phys. Lett. A 139,

449 (1989); Sov. Phys. JETP 69, 464 (1989).
[27] H. Rabitz and W. Zhu, Accts. Chem. Res. 33, 572

(2000).
[28] R. S. Judson and H. Rabitz, Phys. Rev. Lett. 68, 1500

(1992).
[29] T. C. Weinacht and P. Bucksbaum, J. Opt. B 4, R35 (2002).
213001-4


