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Mixed-field orientation of a thermal ensemble of
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Abstract. We present a theoretical study of the impact of an electrostatic field combined
with nonresonant linearly polarized laser pulses on the rotational dynamics of a thermal
ensemble of linear molecules. We solve the time-dependent Schrédinger equation within the
rigid rotor approximation for several rotational states. Using the carbonyl sulfide (OCS)
molecule as a prototype, the mixed-field orientation of a thermal sample is analyzed in detail
for experimentally accessible static field strengths and laser pulses. We demonstrate that
for a characteristic field configuration used in current mixed-field orientation experiments, a
significant orientation is obtained for rotational temperatures below 0.7 K as well as using
stronger dc fields.

1. Introduction

The availability of samples of oriented molecules plays a crucial role in the control of chemical
reaction dynamics [I}, 2, B, 4] [5], in molecular frame investigations such as photoelectron angular
distributions [6, 7, [§], in high-order harmonic generation [9] [10] [11], or in the measurements of
molecular properties such as the permanent dipole moment [12]. The mixed-field orientation
of polar molecules via the interaction with an electric field and a nonresonant laser field is a
widespread technique to produce such samples of oriented molecules. This method was proposed
by Friedrich and Herschbach [13| 14], and is based on the dc-field induced coupling between
the nearly degenerate pair of states with opposite parity forming the tunneling doublets in
the strong laser field regime. A recent experimental and theoretical study has proven that
under ns laser pulses the weak dc field orientation is not, in general, adiabatic, and that a
time-dependent description of the mixed-field orientation process is required to explain the
experimental results [15] [16]. Thus, depending on the field configuration, the orientation of a
rotational state could be significantly smaller than the adiabatic prediction. In addition, not all
the states present a right-way orientation, and some of them are antioriented.

In a thermal ensemble of molecules, the combination of these right- and wrong-way oriented
states gives rise to a weakly oriented molecular beam [I7],[18]. An enhancement of the orientation
could be achieved by employing either lower rotational temperatures or quantum-state selected
molecular beams. By using inhomogeneous electric fields, the amount of populated states is
significantly reduced creating a quantum-state selected molecular beam, and achieving with this
beam an unprecedented degree of orientation [19, 20, 2I]. Cold molecular beams, with typical
temperatures of the order of 1 K, are created in supersonic expansions of molecules seeded in
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an inert atomic carrier gas [22]. Depending on the rotational constant, the molecules could
still be distributed over a large number of rotational states in these thermal ensembles. In the
present work, we investigate the mixed-field orientation of a thermal sample of polar molecules
as the rotational temperature is varied. Our aim is to find the temperature at which the thermal
ensemble shows a similar orientation as the quantum-state selected molecular beam.

Herein, we consider a polar linear molecule exposed to an electric field combined with a
nonresonant laser pulse, and provide a detailed theoretical analysis of the mixed-field orientation
of a thermal sample of this molecule. To do so, we solve the time-dependent Schrédinger equation
within the rigid rotor approximation for a large set of rotational states. Taking as prototype
example the OCS molecule, we explore the mixed-field orientation as a function of the rotational
temperature of the thermal sample for several experimental field configurations. We show that
to achieve a significant orientation, rotational temperatures around 0.6 K and 1 K are required
if either a weak or strong dc fields are applied, respectively. We also present the orientation
of individual states and, for some of them, analyze the projections of the time-dependent wave
functions on the corresponding adiabatic basis.

The paper is organized as follows: In we describe the Hamiltonian of the system and
the orientation of a molecular thermal ensemble. The mixed-field orientation of the thermal
ensemble as a function of the rotational temperature is analyzed in The conclusions are

given in

2. The Hamiltonian and the orientation of a thermal ensemble

We consider a polar linear molecule exposed to a homogeneous static electric field and a
nonresonant linearly polarized laser pulse. In the framework of the rigid rotor approximation,
the Hamiltonian of this system reads

H(t) :Hr+Hs(t)+HL(t)7 (1)
where H, is the field-free Hamiltonian
H, = BJ?, (2)

with J being the total angular momentum operator and B the rotational constant. The
interactions with the electric and laser fields are Hg(t) and Hy,(t), respectively.

The dc field E4(t) forms an angle 8 with the Z-axis and is contained in the X Z-plane of the
laboratory fixed frame (LFF) (X,Y, Z). The dipole coupling with this field reads as

Hy(t) = —p - Eg(t) = —uEg(t) cos b (3)

with Eg(t) = Eq(t)(sin X + cos 8Z), and Eq(t) being the electric field strength. The angle
between the dipole moment p and Eg(t) is 65, and cosfs = cos/3cosf + sin 5 sin 6 cos ¢.
The angles Q = (0, ¢) are the Euler angles, which relate the laboratory and molecular fixed
frames. The molecule fixed frame (MFF) (Xas, Yar, Zar) is defined so that the molecular
permanent dipole moment g is parallel to the Zjs-axis. Based on the mixed-field orientation
experiments [20, 21, [I5], the dc field is switched on first increasing its strength linearly with
time. We ensure that this turning-on process is adiabatic, and once the maximum strength Eg
is achieved, it is kept constant.

The polarization of the nonresonant laser field is taken parallel to the Z-axis. Thus, the
interaction of the nonresonant laser field with the molecule is written as [23]

Hy(t) = —&Aa cos? 6, (4)

C€Q
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where A« is the polarizability anisotropy, I(¢) is the intensity of the laser, ¢ is the speed of
light and ¢ is the dielectric constant. Note that in the term —a 1(t)/2cep has been
neglected because it represents only a shift in the energy. The laser is a Gaussian pulse with
intensity I(¢) = Ipexp (—tQ / 202), Iy is the peak intensity, and o is related with the full width
half maximum (FWHM) 7 = 2v2In20. When the nonresonant laser field is turned on the
interaction due to this field is much weaker than the coupling with the dc field.

The time-dependent Schrodinger equation associated to the Hamiltonian is solved by
means of a second-order split-operator technique [24], combined with the discrete-variable
and finite-basis representation methods for the angular coordinates [25, 26, 27, 28]. The
basis is formed by the spherical harmonics Y;3/(€2), which are the eigenstates of the field-free
Hamiltonian J and M are the rotational and magnetic quantum numbers, respectively. At
time ¢, the time-dependent states will be labelled as |J, M, l>’8 + with [ = e and o indicating even
or odd parity with respect to the X Z-plane, respectively. The labels J, M and [ refer to the
field-free quantum numbers to which they are adiabatically connected and they depend on the
way the fields are turned on [29].

We consider a thermal sample of molecules and investigate its mixed-field orientation at ¢t = 0
once the peak intensity Iy has been achieved. For a rotational temperature 7', the orientation
of a thermal distribution is given by

((cos b)) T—Z Z W7 {cos),
J=0M=

where the orientation of the field-dressed state |.J, M, )7 is (cos 8) jan = o° (J, M, 1|cos 8]J, M, 1)P
The thermal weight of the field-free state |J, M, 1) is

s o —sut1E
Wy=-—7— W'= D (27 +1)e FeT )
J=0

with kp being the Boltzman constant.

In many mixed-field orientation experiments, the degree of orientation is measured by the
ion imaging method [20, 21]. The up/down symmetry of the 2D-images of the ionic fragments is
experimentally quantified by the ratio Ny, /Nyot, with Ny, being the amount of ions in the upper
part of the screen plane, and Ny the total number of detected ions. In order to compare with
the experimental results [I5], we also compute the orientation ratio Ny,/Nieg, of this thermal
sample on a 2D screen perpendicular to the electric field axis. This is defined as

NJM

Ntot Z Z WJ NJM

tot

where
2422<1 J2>0

and
NEIOJ‘\L/[ - PJM(?J? Z) dde
y2+z2§1
with Pjar(y, z) being the projection on a 2D screen perpendicular to the electric field axis of
the probability density associated to the state |J, M, l>ﬁ o [30], which includes the alignment
selectivity of the probe laser. y and z are the abscissa and ordinate of a 2D coordinate system
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Figure 1. For OCS, thermal
weights as a function of the temper-
N == — | ature for several J-manifolds: J =
ol // ks —"] 0 (thick solid line), J = 1 (thin solid
; o line), J = 2 (thick dashed line),
Y J = 3 (thin dashed line), J = 4
Ll . (thick dot-dashed line), J = 5 (thin
oo il e dot-dashed line), J = 6 (thick dot-
0 05 1 15 2 25 3 35 4 ted line) and J = 7 (thin dotted
line).

Thermal weight

centered on the screen, due to their relation with the Euler angles (0, ¢) their values are restricted
to y? + 22 <1 [30].

To rationalize the mixed-field orientation results and illustrate the adiabaticity of this process,
the time-dependent wave function is projected on the field-dressed adiabatic states

T, M, 1)) :Z Z i (£) }],mj,l>’8 (6)

J=0m;=—j

with Cjp,0 (t) = B (Gymy, U JMl>tB. This adiabatic basis is formed by the eigenstates |j, m;, l)g
of the adiabatic Hamiltonian, i. e., the Hamiltonian with constant electrostatic field Eg and
constant laser intensity I = I(¢). For each time ¢, the time-independent Schrodinger equation
is solved by expanding the wave function in a basis formed by linear combinations of spherical
harmonics that respects the symmetries of the system. Note that for |J, M, Z>B 0, the closer
|Cy Ml’2 to one the more adiabatic is the mixed-field orientation process.

3. Results

In this work, we use the OCS molecule as prototype. The rotational constant of OCS is
B = 0.20286 cm ™!, the permanent dipole moment ;2 = 0.71 D and the polarizability anisotropy
Aa = 4.04 A3 Tn we present the thermal weights of several rotational manifolds
(2J + 1)Wy, see [Eq. (5)} Due to the large rotational constant of OCS, the field-free energy
splittings are large, and then, the thermal samples with 7' < 1 K are dominated by the J = 0
and J = 1 manifolds. Indeed, the relative weights of the states with J = 0 and J = 1 are
Wo =47.8% and W1 = 44.7% at T = 0.5 K, and Wy = 99.1% and W; = 0.9% at T = 0.1 K. In
our calculations, the thermal sample includes rotational states with J < 9, and we have ensured
that the contribution of higher excitations can be neglected.

We first consider the OCS molecules exposed to an electric field and linearly polarized laser
pulse, with both fields parallel to the LFF Z-axis. For several field configurations, we present
in the orientation cosine of the thermal ensemble as a function of the temperature for
Es =300V /cm. Note the different scales used in each panel.

For this weak dc field, a significant orientation is only achieved if the rotational temperature is
below 0.5 K, and the Gaussian pulse has 7 = 10 ns, e. g., for the peak intensities Iy = 102 W /cm?
and 5 x 10! W/cm? we obtain {{cos6))r > 0.5. Using 1 ns Gaussian pulse, the orientation of
the thermal sample is very small because the rotational states are weakly oriented, for instance,
they satisfy [(cos8)jan| < 0.13 for Iy = 102 W/cm? and Iy = 5 x 10! W/cm?; whereas for
Ip = 10" W/cm?, we obtain (cos 0)gg. = 0.24 for the ground state. For these three FWHM, we
encounter that a pulse with peak intensity Iy = 5 x 10" W /cm? gives rise to a larger orientation
than one with Iy = 102 W /cm?, this is counterintuitive to what is expected in the adiabatic
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Figure 2. Orientation of a OCS thermal sample ((cos 6))r as a function of the temperature for
Gaussian pulses with 7 = 10 ns, 7 = 5 ns, and 7 = 1 ns and peak intensities Iy = 10'2 W /cm?
(thick solid line), Iy = 5 x 10! W/cm? (dashed line) and Iy = 10" W/cm? (dotted line). The
field configuration is Es = 300V /cm and g = 0°.

limit. This phenomenon can be explain by the non-adiabaticity of the mixed-field orientation
process 15 [16], and can be rationalized in terms of the orientation of the individual levels.
In we present the orientation cosine of the field-dressed states |J,| M|, e)’ at ¢ = 0 for
two 10 ns Gaussian pulses with Iy = 102 W/cm? and Iy = 5 x 10! W/cm?. In these plots,
we observe that the levels |.J, M, e>00 and [J +1, M, e>00, which form a pendular doublet, are
oriented and antioriented, respectively. The 5 x 1011 W/ecm? pulse is not strong enough to
affect the rotational dynamics in the excited rotational states with J > 5. The pulse with the
strongest intensity Ip = 102 W/cm? provokes a large orientation on highly excited states with
J < 7. However, for the levels with J < 3, i.e., those that are important on the cold regime,
the 5 x 101 W/cm? pulse gives rise to a larger orientation compared to the 10'2 W/cm? one.
In the parallel field configuration, the population transfer between the two levels forming the
doublets in the pendular regime is the only source of nonadiabatic effects in the field-dressed
dynamics [I5, [16]. For these levels, the population transfer to the neighboring state as the
pendular pair is formed is the largest for the strongest laser. For the ground state, at ¢ = 0
we obtain that the population of the adiabatic state |0,0, e)g is |Cooe|?> = 0.87 and 0.91 with
Ip = 102 W/cm? and Iy = 5 x 10" W/cm?, respectively. As a consequence, the orientation
is smallest for Iy = 10'2W/cm?, and, therefore, the thermal ensemble is less oriented. By
increasing the temperature, the contribution of excited rotational states becomes important,
and the thermal ensemble in a Iy = 102 W /cm? pulse shows the largest orientation.

0.8
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Figure 3. Orientation cosines (cos @) sy at t = 0 of the states |.J, | M], )% versus the field-free
rotational quantum number J. The Gaussian pulses have 7 = 10 ns, and peak intensities (a)
Ip = 5 x 101! W/ecm? and (b) Iy = 10'2 W/cm?. The field configuration is Eg = 300 V/cm and
B =0°.

Now, we consider that the electric field is tilted an angle 8 = 30° with respect to the
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Figure 4. Same as but for 3 = 30°.

polarization axis of the laser pulse, that is the LFF Z-axis. For several field configurations, we
present in the orientation cosine of the thermal ensemble as a function of the temperature
for Es = 300 V/cm. Compared to the parallel field case, the orientation is reduced. For tilted
fields, there are two main sources of nonadiabatic effects in the field-dressed dynamics: i) the
transfer of population taking place when the quasidegenerate pendular doublets are formed as
the laser intensity is increased; ii) at weak laser intensities, there is also population transfer due
to the splitting of the states within a J-manifold now having the same symmetry. In addition,
avoided crossings might be encountered as I(t) is enhanced. The diabatic or adiabatic character
of these avoided crossings depends on the field configuration and on the state. Hence, for a
certain field configuration, the orientation of the individual states is smaller for g = 30° than
for 8 = 0°. This reduction of the orientation is illustrated for the rotational states |.J, M, e)oo
in for two 10 ns Gaussian pulses. For Iy = 5 x 10" W/cm?, only the states |0,0, e)oo
and [3,1,¢e)’ present a strong orientation with |(cos 8) sar| > 0.6, whereas for Iy = 10'2 W /cm?
only the ground state is strongly oriented. The other levels present a moderate or even small
orientation. Due to the population redistribution within a J-manifold at weak intensities, the
two levels forming a pendular doublet do not possess the same orientation |{cos#) ;| but in
opposite directions as occurs in the parallel field configuration.

0.8

¢ T@h-sxiolwem?| & ()= 102 Wiem? ® 7.0,.¢)3

04| % ] | ] [7,1,€)3°

s * b 30
= X * o X ,2,¢)
{3\ ot ® ; v & = @ @ ° X * ° % S o X |J43.e>30
3 [ ] - 30
S 9 N §§ [7,4,e)§
04p @ 1 I 1 O [71.5,¢)3
08 ‘ ‘ : ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ + 17,6,¢)3°
001 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8§ AL

J J A 7,86

Figure 5. For the states |.J, | M|, e)*°, orientation cosines (cos ) sp at ¢ = 0 versus the field-
free rotational quantum number J. The Gaussian pulses have 7 = 10 ns and peak intensities
(a) Ip = 5 x 10" W/em? and (b) Iy = 102 W/cm?. The field configuration is Eg = 300 V/cm
and 8 = 30°.

For the state |2,0, e>30t, we illustrate its rotational dynamics by presenting the projections
of the time-dependent wave function in terms of the adiabatic states in (a) for a 10 ns
pulse with Iy = 102 W/cm?, Es = 300 V/cm and 8 = 30°. The switching on of the electric
field has been adiabatic and the level |2,0, e)io is the only one populated when the laser
pulse is turned on. At weak laser intensities, the three states with the same symmetry in

the J = 2 manifold, that is |2,0, e)io, ]2,1,6)?)0 and ’2,2,6>§0, are driven apart: |Cage(t)|?
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Figure 6. For the state |2,0,e>30t, we present the squares of the projections of the time
dependent wave function onto the adiabatic pendular states versus the laser intensity I(¢), for
dc field strengths (a) Es = 300 V/cm and (b) Es = 2kV/cm. The Gaussian pulse has 7 = 10 ns
and peak intensity Iy = 102 W /cm?, and the fields are tilted an angle 8 = 30°.

decreases as I(t) is increased, whereas |Ca1(t)|? and |Ca9(t)|? increase. For a wide range of laser
intensities, these three coefficients keep their values constant. Around I(¢) ~ 2.84 x 10 W/cm?,
the states ]2,1,e>§0 and ]2,2,e>§0 suffer an avoided crossings, which is crossed diabatically
and the population of these two adiabatic levels is interchanged. Another diabatic avoided

crossing is encountered around I(¢) ~ 1.09 x 101 W/cm?, and the involved states |2,0, e>§0 and

13,3, e)io interchange their population. Upon further increasing I(¢), the pendular doublets
start to form, the coupling between the two involved states increases, and there is a new
population redistribution. In this figure, it is appreciated how the different pendular doublets

are formed sequentially according to their energy. The first one involves the states |1, 0, e>13;0 and

’27276>20, the next one |2, 1,6>§0 and |2,0, e)f’)o, and the third one in this figure |3,3,e>§_’)0 and

3,2, e)f)o. At ¢t = 0, the contribution of the adiabatic states to the field-dressed wave function
is |Co2e(0)[2 = 0.11, [C296(0)]? = 0.45, |Ca16(0)]* = 0.31, |C20c(0)]? = 0.08, |C33.(0)|* = 0.04
and |C32.(0)|> = 0.01. As a consequence of this population redistribution, at ¢t = 0 the state
12,0, e>300 is weakly antioriented (cos 6)90. = —0.089, whereas in the adiabatic prediction present
a strong anti-orientation (cosf)op. = —0.886. Analogously, other features of the system such
as the energy, alignment, and hybridization of the angular motion are also affected by this
population redistribution and do not resemble the adiabatic results.

For 8 = 30°, the orientation ratio Ny, /Nt is presented in To compute Nyp/Niot we
have used a probe laser linearly polarized along the vertical axis of the screen detector as in the
experiments [I5]. In these results, we have neglected the volume effect [30], we should mention
that by including it the value of Ny, /Niot will be reduced.

In recent experiments [I5], for a state selected molecular beam of OCS, 92% in |0, 0, e)og, 4%
in [1,1, e>00 and 4% in |1, 1, o>00, an orientation ratio of Nyp/Niot = 0.73 was achieved using a
8 ns YAG laser with Iy = 9.1 x 101! W/em?, Eg = 286 V/cm and 8 = 30°. Using a 10 ns pulse,
similar results for the orientation ratio of the thermal ensemble are reached if the rotational
temperature is sufficiently low. For instance, Ny, /Nt 2 0.73 for T < 0.65 K and 0.46 K with
peak intensities Iy = 5 x 10! W/cm? and Iy = 10'2 W/cm?, respectively. At T = 0.65 K, the
field-free thermal ensemble is formed by 38.56% OCS in its ground state, 47.19% in J = 1
and 13% in J = 2; whereas for T = 0.46 K, 51.08% have J = 0, 43.07% J = 1, and 5.7%
J = 2. For 7 = 5 ns, only when more than 95% of OCS molecules are in the ground state and
Ip = 5 x 1011 W/cm? we obtain a similar orientation ratio as in the experiment. By reducing
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(¢) 7=1nmns

Nup /Ntot

Figure 7. For the OCS thermal sample, we present the orientation ratio Ny, /N as a function
of the temperature for Gaussian pulses with FWHM 7 = 10 ns, 7 = 5 ns, and 7 = 1 ns and
peak intensities Iy = 102 W/cm? (thick solid line), Iy = 5 x 101 W/cm? (dashed line) and
Ip = 10" W/cm? (dotted line). The field configuration is Es = 300 V/cm and 8 = 30°.

the FWHM to 1 ns, the orientation ratio is significantly reduced.

An important ingredient to obtain realistic screen images and orientation ratios is the
alignment selectivity of the probe laser, which depends on its polarization [30]. Here, we
consider a thermal sample in a laser pulse with 7 = 10 ns and Iy = 10'2 W/cm?, and electric field
Es =300V /cm and g = 30°. In we present its orientation ratio using the probe pulse with
three possible polarizations. For a probe pulse linearly polarized parallel to the vertical axis of
the screen, Ny, /Ny is the largest because such a pulse favors the measurement of the orientation
on the screen. In contrast, if the probe pulse is linearly polarized perpendicular to the screen
the orientation on the screen is reduced, and, therefore, Ny, /Nyo presents the smallest values.
The circularly polarized probe laser ensures that any molecule is ionized and detected with the
same probability independently of the angle /3, and provides the intermediate values of Nyp/Nyot
for any temperature. For a given state, there is no analytical relation between its orientation
((cos@))7 and the orientation ratio Ny, /Nt of the 2D projection of its wave function, although
the approximation Nyp/Neot = (1 + ((cos#))r)/2 could be used to obtain an estimation. For
instance, a 0.29 K thermal sample presents an orientation of ({cosf))r = 0.506, and orientation
ratios Nyp/Nioy = 0.757 and 0.774 for a probe laser linearly polarized perpendicular and parallel
to the screen detector, respectively, and Ny /Nyt = 0.761 for a circularly polarized one. These
results should be compared with the value 0.753 given by this approach, which provides a lower
bound for the Ny, /Niot of these three polarizations.

Figure 8. For a OCS thermal

085 \ sample, we present the orientation
0-80 T4 ratio Ny, /Nior using a probe pulse
3 0.75 \'-\ linearly polarized along the vertical
€070 =y 1 axis of the screen (thick solid line),
Z% 0.65 “\.,\. 1 along the perpendicular axis to the
0.60 .'F'-.\.,.T' - 1 screen (dotted line) and circularly
o551 B ST polarized in a plane perpendicular
0.5 to the screen (dashed line). The
0105 1 15 2 25 3 35 4 field parameters are 7 = 10 ns,
T (K) Ip = 1012W/em2, Es = 300V /cm

and B = 30°.

For parallel fields, if the electric field strength is increased, the energy splitting in a pendular
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Figure 9. For a OCS thermal sample, we present (a) ((cos#))7 and (b) Nyp/Niot as a function
of the temperature for a 10 ns Gaussian pulse with peak intensities Iy = 102 W/cm? (thick
solid line), Iy = 5 x 101! W/cm? (dashed line) and Iy = 10 W/cm?(dotted line). The field
configuration is Eg = 2kV/cm and = 30°.

doublet is increased, and as a consequence, the degree of adiabaticity in the molecular mixed-
field orientation is also enhanced. However, this statement only holds for the ground state of the
two irreducible representations if the fields are tilted. For an excited rotational state, a strong
dc field does not ensure a large orientation because the coupling between levels with different
field-free M values becomes important, and this affects the molecular dynamics. In contrast,
for a weak dc field, the mixing between these states is so small that M can be considered as
conserved.

In we plot ((cos#))r and Nyp/Nyo for a thermal sample exposed to a 10 ns pulse
combined with a dc field of E; = 2kV/cm tilted an angle 8 = 30°. For cold samples
with T < 0.74 K and T < 0.69 K, we obtain ({cosf))7 > 0.5 with Iy = 102 W/cm?
and 5 x 101 W/ecm?, respectively. For Iy = 5 x 10" W/ecm? and 102 W/cm?, we obtain
Nup/Niot 2 0.73 if the rotational temperature is 7" < 1.1 K. Thus, using this strong dc field the
orientation of a thermal ensemble becomes comparable to the experimental value for a quantum-
state selected molecular beam in a very weak electric field. For this strong electric field, the
orientation of the quantum-state selected beam is Ny /Ny = 0.99 using a probe pulse linearly
polarized along the vertical axis of the detector.

In we present the expectation value (cosf)p; at t = 0 for several rotational states
in 10 ns Gaussian pulses with Iy = 5 x 101 W/em? and 102 W/cm?, E; = 2kV/cm and
B = 30°. For both field configurations, the |0, 0, €>go and 3,1, e>go states are strongly oriented
and antioriented, respectively. The remaining states show a moderate or weak orientation. The
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Figure 10. For the states |J, M, e)*%), we present the orientation cosines (cos®) sy at

t = 0 versus the field-free rotational quantum number. The FWHM of the Gaussian pulses
is 7 = 10 ns and the peak intensities (a) Iy = 5 x 10* W/cm? and (b) Iy = 1012 W/cm?. The
field configuration is E = 2kV/cm and § = 30°.
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effect of doubling the peak intensity is not noticeable for the levels with field-free rotational
quantum number J < 3, and, in addition, for a certain peak intensity, we encounter similar
orientation using a Gaussian pulse of 10 ns or 5 ns. The rotational dynamics of the ground state
is adiabatic for both pulses; whereas for the excited state, this phenomenon can be explained by
the non adiabatic effects taking place at weak laser intensities. When the levels in a certain J
manifold are driven apart by the laser field, the process is nonadiabatic and there is a population
transfer between them, already at weak laser intensities. Thus, the wave function of any excited
level has contributions from adiabatic states which correspond to different pendular doublets.
By further increasing the laser intensity, the molecular dynamics is affected by the avoided
crossings with adjacent levels having different field-free magnetic quantum numbers M and by
the formation of these pendular doublets. The rotational dynamics in most of these crossings
will be nonadiabatic and has to be analyzed for each specific state. When the electric field is
strong, the energy splitting within the states in the pendular pair is sufficiently large, and, as a
consequence, the population transfer when the doublets are formed is not significant.

For completeness, in (b) we present the field-dressed rotational dynamics of the state
12,0, e)SOt in a 10 ns pulse with I = 102W/cm?, a strong dc field of E; = 2kV/cm and
B = 30°. After an adiabatic switching on of the electric field, the states in the J = 2 manifold are
driven apart, |Caoc(t)|? decreases as I(t) is increased, whereas |Ca1(¢)]? and |Ca9(t)|? increase.
Compared to the weak dc field case in (a), this J-manifold splitting takes place at a
stronger laser intensity, because the energy gap between the adiabatic states |2, 2, e>§0, 12,1, e>§0

and |2, 0, e>:;0 is larger for Es = 2kV/cm than for Eg = 300 V/cm. Let us mention that if Eg is
increased, the energy splitting within this J-manifold is increased, and, therefore, the population
redistribution will be reduced [I6]. The avoided crossing between the states |2, 1,e>i0 and

12,2, e)i’)o occurs at I(t) =~ 2.96 x 10'°© W/cm?, whereas the one involving the levels |2, 0, e}io and

13,3, e)go around I(t) &~ 1.09 x 1011 W/ecm?. Again, both of them are crossed diabatically, and
the population of the adiabatic states is interchanged. By further increasing I(¢), the pendular
doublets start to form. In this case, the dc field is stronger and the energy gap is larger but
the coupling due to the ac field is the same, then the population transfer is reduced. Indeed,
the adiabatic states |1, 0, e>§0, 12,0, e)go and 3,2, e)io, the partners in the pendular doublets of

’272,6>20, 12, 1,6>i0 and |3,3,e>f’)0, respectively, show a small population, which is below 0.01
once the peak intensity at ¢ = 0 is achieved. Thus, the population at ¢ = 0 for the field-dressed
state [2,0,e)o” is [Caze(0)[2 = 0.56, [Ca16(0)[> = 0.39, and |C33.(0)[> = 0.05. These results are
similar for the four pulses formed by combining 7 = 5 ns and 10 ns with Iy = 5 x 10! W/cm?

and 102 W /cm?.

4. Conclusions

In this work, we investigate the mixed-field orientation dynamics of a thermal sample of
linear molecules. We solve the time-dependent Schrodinger equation within the rigid rotor
approximation for a large set of rotational states. As prototype example, we use the OCS
molecule. However, we stress that the above results could be used to describe the mixed-field
orientation of a thermal ensemble of other polar linear molecules by rescaling the Hamiltonian
(1)|in terms of the rotational constant.

By considering prototypical field configurations with weak dc fields, as in current mixed-
field orientation experiments, we have proven that the rotational temperature of the molecular
beam should be smaller than 0.7 K to achieve a significant orientation. Using a weak electric
field, if the aim is a strongly oriented molecular ensemble, this should be as pure as possible
in the ground state. Thus, it is required a quantum-state-selected molecular beam, unless the
rotational temperature could be efficiently reduced below 1 K. It is found that a significant
orientation is achieved for 1 K molecular samples when the electric field strength is increased.
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