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Multiorder rotational Raman transitions in molecular alignment and orientation
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Nonresonant two-photon Raman transitions with AJ = %2 selection rules induce molecular alignment by al-
tering the rotational quantum number J, whereas three-photon Raman transitions with AJ = %1 cause molecular
orientation. Here, we perform a combined numerical and theoretical investigation to explore how these Raman
transitions depend on laser intensity and to discern multiorder Raman transitions in laser-induced alignment and
orientation going beyond two- and three-photon processes. Our results demonstrate the presence of higher-order
transitions in molecular alignment and shed light on how alignment affects subsequent three-photon rotational
Raman transitions as revealed by the alignment and orientation spectra and the Dyson series expansion of the
unitary operator. As the laser pulse strength increases, multiorder transitions become directly observable, which
can be utilized to enhance the alignment and orientation of molecules through the excitation of multiple rotational

states.
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I. INTRODUCTION

With advancements in ultrafast laser technology, the
creation of molecular alignment and orientation through
ultrashort laser pulses has gained significant prominence,
showcasing promising applications in physics, chemistry, and
quantum information techniques [1-3]. These applications
include enhancing high-order harmonic generation [4-6],
studying the dependence of ionization rates in molecules
[7-10], investigating rotational echoes [6,11-13], controlling
molecular rotation [14—18], and imaging molecular orbitals
[19,20], among others [21-24]. Molecular alignment involves
ordering the molecular axis relative to a fixed spatial axis,
while orientation specifies a preferred direction. Intense laser
pulses have proven highly effective for achieving molecu-
lar alignment [25-29]. Two commonly used approaches to
induce molecular orientation are using intense nonresonant
interactions of optical pulses with the polarizability and hy-
perpolarizability [30-35] or using resonant interactions of
terahertz pulses with the permanent dipole moment [36—44],
leading to field-free molecular alignment and orientation.

The advantage of nonresonant excitation schemes, where
laser frequencies are set far from vibrational and electronic
transition frequencies, lies in their ability to achieve field-
free molecular alignment and orientation without relying on
permanent dipole interaction. The torque exerted by the laser
field on molecular polarizability induces changes in rota-
tional states of AJ = =2 resulting in alignment, while further
changes in hyperpolarizability with AJ = =1 lead to orienta-
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tion. In terms of the underlying physical mechanics, one-order
nonresonant two-photon Raman transitions occur for gen-
erating alignment, whereas three-photon Raman transitions
are induced for generating molecular orientation [31,34,45—
50]. Recently, we conducted an experimental study, supported
by theoretical analysis and numerical simulations, to eluci-
date the underlying process behind the alignment revivals
induced by a pair of nonresonant femtosecond laser pulses
on air molecules at room temperature [51]. Our time-resolved
two-dimensional alignment measurements revealed that one-
order two-photon nonresonant Raman transitions from initial
states of mixed molecules play a dominant role, exhibit-
ing a signature of weak-field-induced alignment phenomena.
When molecules are exposed to intense ultrashort pulses,
understanding the underlying transition mechanism becomes
complex, yet it is essential for developing quantum control
strategies to manipulate alignment and orientation. In this
paper, we show how multiorder Raman transitions occur
in nonresonant laser-induced molecular alignment and ori-
entation. This effect is particularly significant in molecular
orientation under relatively high intensities. We explain how
these Raman transitions depend on laser intensity and ini-
tial states by using Fourier transforms of the time-dependent
molecular alignment and orientation factors and the Dyson
series expansion of the unitary operator. This paper will en-
hance our understanding of nonresonant Raman transitions in
laser-induced molecular alignment and orientation.

The paper is organized as follows: Sec. II outlines the
theoretical methods for describing nonresonant laser-induced
alignment and orientation of molecules at room tempera-
ture. In Sec. III, numerical simulations and discussions are
conducted to analyze multiorder Raman transitions in align-
ment and orientation. Finally, our findings are summarized in
Sec. IV.

©2024 American Physical Society
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II. THEORETICAL METHODS

A. Numerical model

We begin by considering polar molecules initially in the
ground vibrational and electronic state. In the absence of
vibrational excitation, the field-free Hamiltonian I-?o of the
molecule within the rigid-rotor approximation can be ex-
pressed as

Hy = BJ?, (D

where B represents the rotational constant of the molecular
ground state, and J denotes its angular momentum operator.
For the case of laser-induced alignment, we employ a linearly
polarized single-color pulse

&(r) = Eof (1) cos(wot ), 2

while for laser-induced orientation, a pair of two-color pulses
is utilized:

&E(t) = E f(t)[cos(wpt) + cos(Rwot )], 3)

where f(¢) represents the pulse envelope with a Gaussian
profile given by f(t) = exp[(—2In2)r*/t]. & denotes the
electric-field strength, w, stands for the central frequency, and
7y represents the duration of the pulse.

For nonresonant excitation, where the laser field’s cen-
ter frequency is significantly different from the rotational
frequencies of the molecule, resonant excitation via the per-
manent dipole moment can be neglected. The interaction
Hamiltonian is given by

H(t) = — & O —a1)cos? 6 + a.]
— 183 OB —3BL)cos’ O + 3B cosB],  (4)

where 6 represents the angle between the field’s polarization
direction and the molecular axis. Here, oj and o« denote
the polarizability components, while g and B, correspond
to the hyperpolarizability components, aligned parallel and
perpendicular to the molecular axis, respectively.

For excitation processes that are linearly polarized, the
quantum number M, which denotes the projection of angular
momentum along the polarization axis, remains constant. The
time-dependent wave packet of the molecules initially in the
state JoM{ can be written as

Vo 0, ¢, 1) = Y conay(t) exp(—iyt /)Y s, (6, $),

J'21M|
®)

where the initial state is given by Y 4, (6, @) = (6, ¢|JoMo),
and cy,(t) denotes the expansion coefficient of the state
|J/'My). Since the quantum number |[M| < J, only states
with J' > |M,| contribute to the summation. The functions
Y, m,(0, ¢) represent spherical harmonics that comply with
the relation ﬁon/MO(Q, ¢)=E;pYym, (0, ¢), where w; de-
notes the eigenfrequency defined by w; = BJ'(J' + 1). We

J

can numerically solve the corresponding time-dependent
Schrodinger equation with Hamiltonian H(@t)=Hy + H.(t) to
obtain the wave packet ¥, (6, ¢, ).

In the context of molecular alignment and orientation,
the degrees to which these phenomena occur are quantified
by the expectation values (cos?6) and (cos@), respectively.
When considering a molecular ensemble at thermal equilib-
rium, these degrees need to be averaged over a Boltzmann
distribution. The degree of alignment can be represented
mathematically as

29y = § 8% exp[—BJo(Jo + 1)/kpT]
(cos” 0) Z 0

Jo

Jo
X Z (Waomto | cOS” 0| Wrsmsy ), (6)

My=—Jy
while the degree of orientation can be given by
- Z 8, expl—BJo(Jo + 1)/kpT]

(cos 8

Jo Q
Jo
X Z (Voo | €08 0 [Wsomo). (7N
Mo=—Jo
where g; is the spin degeneracy factor, kp is the
Boltzmann constant, 7 is the temperature, and Q =

> _o(2Jo + 1)e Bt /AT s the rotational partition func-
tion. These expressions allow us to understand how thermal
motion affects the molecular alignment and orientation
induced by applied pulses, integrating statistical thermody-
namics with quantum mechanics to describe these phenomena
comprehensively.

B. Analytical description
To explain the underlying excitation mechanism, we cal-
culate the expansion coefficient ¢y, in Eq. (5) by cyum, () =
(J'My|U (¢, t9)|JoMy), where the unitary evolution operator in
the interaction picture reads

t
U(t,10)=Ulto, to) —i/ dt'ViU (', 1), Ulto, to) =1,

®)

with V;(r) = exp(iHot)[H.(t)] exp(—iHyt) by defining the
field-free Hamiltonian Hy,

Hy= ) BJU + DIIMo) (Mo, ©)
J=IMy|
and
He(t) = —518(1) — §upE (1) (10)

The off-diagonal matrix elements of u, in Eq. (10) with
the two-photon selection rules AJ = =2 can be defined by

o (TMo, J £ 2Mg) = (IM|[(ery — 1) cos® 0 + | ||V £ 2, M)

\/(Jj: 12 —Mg\/(Ji 1+ 12— M2

= (o —ay

Y

)J(ZJ T DT E3)JVRUED) +1R2J ED + 3T
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whereas the diagonal matrix elements are

Lo (TMo, IMo) = (JMo|[(ot) — 1) cos® 0 + oy 1J M)

473 +6J% — (47 +2)MZ — 1

= (o) — o)

o). 12)

27 = 1)(2J + 1)(2J +3)

The off-diagonal matrix elements of 114 in Eq. (10) with the three-photon selection rule AJ = %1 can be given by

s (IMy, J + 1Mg) = (IMo|[(B) — 3B.) cos’ 6 + 3B cos 0117 + 1, Mo)

= (B —38L)

4+ 1> — M2

(J +2)* — M2

VJQRI+1)(2J+3)

JU+12 =M

NESYOTES))

(J + 12 —M; {

+381

and

2J + DH(2J +3)

(2] +3)(2] +5)

J?— M
27— 1)(2J + 1)

13)

wp(IMo, J — 1My) = (JMo|[(B) — 3BL)cos® 8 + 3B, cosH1|J — 1, My)

J2— M (J+ 1) — M;

= (B —3BL)

JI DI+ D

JI? =M

JCI=DRIF1)

+381

27 — DI+ 1)

(J — 12 — M2 }

QI+ DQ2J+3) (2] =3)2] - 1)

(14)

To gain insights into the underlying transitions between states, the Dyson series expansion of the unitary operator can be given

by [52,53]

ff(z,zo)zi—i/

fo

We can analyze that the first-order expansion term via the
polarizability interaction results in transitions of AJ = £2,
while the corresponding hyperpolarizability interaction yields
AJ = =1 transitions, which can describe the Raman transi-
tions induced by relatively weak lasers, as illustrated in Fig. 1.
For higher laser intensities, higher-order Raman transitions
occur from Jy to states Jy = £4, either directly or indirectly
via intermediate states Jy = 2 [see Fig. 1(a)], influenced by
interactions with polarizability. In addition to direct orien-
tation transitions from Jy to Jy =& 1, there are also indirect
orientation transitions from Jy &£ 2, induced by the interaction
of two pulses with the polarizability, as shown in Fig. 1(b). By
comparing the transition probabilities using the Dyson expan-
sion of the unitary operator in Eq. (15) to different orders n
with exact simulations using Eq. (8), we can identify various
orders of Raman transitions.

III. RESULTS AND DISCUSSION

To illustrate, we use the carbon monoxide (CO) molecule
as an example, with corresponding molecular parameters
[33,54] listed in Table I. The fundamental frequency of the
laser pulse is set to wy = 12500 cm™!, corresponding to a
wavelength of 800 nm. Unless specified otherwise, the dura-
tion for both single- and two-color laser pulses is 7p = 100 fs,
and the molecular rotational temperature is 7 = 300 K.

t t 123
Vi(t)dty + (—i)? / Vi(t2)dt / Vit)dt, + -+ . (15)
4]

fo

(
A. Multiorder rotational Raman transitions in alignment

Figure 2 depicts the time-dependent degrees of align-
ment induced by a single-color pulse described by Eq. (2)
at two different laser intensities of Iy = 0.3 x 103 and
3.0 x 103 W/cm?. Tt clearly shows the periodic revival of
alignment, with a revival period of approximately 8.64 ps,
consistent with the theoretical value of m /B, whereas the
maximum alignment value revival at the half period is 4.32 ps.
Furthermore, the higher intensity laser pulse results in en-
hanced alignment compared to the lower intensity pulse,
although their behaviors in Figs. 2(a) and 2(b) appear similar.
Figure 3 shows the Fourier-transform spectra of the revival
alignment signals depicted in Fig. 2. The peaks in these
spectra correlate with the coherence between adjacent states
with AJ = +£2, revealing the presence of Raman transitions at
frequency (4J + 6)B. To examine how different initial states
contribute to the laser-induced alignment, we calculate the
Fourier-transform spectra of the time-dependent alignment
signal originating from different initial states as well.

At low intensity of Iy = 0.3 x 10'* W/cm? in Fig. 3(a), an
overall spectrum ranging to approximately J = 25 is shown
at the top. The spectrum for each initial state reveals that
only the adjacent transitions with AJ = =£2 happen under the
current pulse intensity. Specifically, for the initial state Jo = 0
depicted, only the transition to the state J = 2 occurs, peaking
at 6B. For initial states of J, = 3, 4, 15, and 16, the excitation
from Jy to Jo + 2 is more prominent than the deexcitation to
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(a)

Single-color Alignment

J0 +4
J*2
JO
Jy-2
.. . Jo -4
indirect direct
AJ==2 AJ =14

Two-color Orientation

J,+5

AJ=+1 AJ==3 AJ =45

FIG. 1. Schematic illustration of Raman transitions in (a) single-color pulse induced molecular alignment and (b) two-color pulse induced
molecular orientation. Different areas from left to right depict the transitions that may happen from initial state J, as the laser intensity increases.
The adjacent states Jy & 2 are excited via a two-photon process involving virtual states, indicated by a dashed line.

Jo — 2, which is reversed for the initial state of Jy = 10. This
behavior can be explained by comparing the transition dipole
moments using Eq. (11) and considering the degeneracy of the
initial states Jy that can be deexcited into Jy — 2 and excited
into Jy + 2 due to the constraint of AM = 0. Furthermore, an-
alytic formulas for the expansion coefficients of the rotational
wave packet, based on Egs. (11)-(14) and a first- or second-
order propagator expansion, are more useful, because they are
directly related to the peaks in Fig. 3. However, in multiorder
Raman excitations, these calculations are challenging due to
the involvement of multiple rotational states.

At high laser intensity of [y = 3 x 10'3> W /cm?, transitions
become more complex, leading to transitions to higher rota-
tional states. As shown in Fig. 3(b), more peaks are observed
in the spectra originating from different initial states. This
highlights the emergence of the multiorder Raman transition
as well as its high sensitivity to the initial states, resulting
in different excitations and deexcitations. This sensitivity is
due to the transition dipole moment and the influence of the
excitation pulse bandwidth. Specifically, when the initial state
is Jo = 0, further Raman transitions to high rotational states
are less likely due to the weak transition dipole moment.
However, the prevalence of this phenomenon from higher

TABLE 1. Molecular parameters of CO.

Bem™) a A) ar (A) B (x10°AT) AL (x10°A")

CO 1928 2.294 1.77 2.748 4.994

rotational states, e.g., Jo = 15 and 16, can be attributed to
scenarios where the energy spacing between adjacent states
is larger than the excitation pulse bandwidth.

To further understand the rotational Raman transitions
under different laser intensities, we use the Dyson series ex-
pansions of the unitary operator in Eq. (15) up to the second
order to calculate rotational state populations, which are then
compared with the exact calculations by Eq. (8). Figures 4(a)
and 4(b) show the final populations of rotational states for the

0.340f (@)
(I

0.328}F

I, = 0.3x10"™ W/cm?7
0.336

0.332

—t

[

I,=3x10"W/cm? A
0.28F .

R

Time (in units of T)

0.40

<cos?20>

0.36

0.32

FIG. 2. Time-dependent molecular alignment of CO molecules
for laser intensities of (a) Iy = 0.3 x 10> W/cm? and (b) Iy = 3 x
10" W/cm?.

023116-4



MULTIORDER ROTATIONAL RAMAN TRANSITIONS IN ...

PHYSICAL REVIEW A 110, 023116 (2024)

1+ (@) 1,=0.3x10"W/em? | 1 | (D) I, = 3x10" W/cm?
0 .JlJ llLlllAL. 0
0 T T T T T T T T T T T T T T T T
s |°7 072504
> Il Jo=0 J =0
£ 3375 ' ' ' 35
S |7 J=3 13 | 557 J=3
5 4-6 w76
ER e st
a
8101012 81010712
g J,=10 68 || 121 J,=10
13151517 13151917
J0=15 1113 LJ 1719 JO=15
o " 1618 ' 1618
14116L J=16 12T | gy Jo=16
0 20 40 60 80 100 0 20 40 60 80 100

Frequency (in units of B)

Frequency (in units of B)

FIG. 3. Fourier transform of the CO molecular alignment signals for (upper row) overall rotational states and (lower row) some of the
initial rotational states with the excitation laser intensity of (a) I, = 0.3 x 10> W/cm? and (b) I, = 3 x 10> W/cm?.

initial state Jy = 0. In Fig. 4(a), we notice that the populations
of rotational state J = 2 calculated using both the first- and
second-order approximations coincide with the exact results
very well at the low intensity region. The divergence between
the first-order approximation and the exact results appears
when the laser intensity approaches 1.0 x 10'* W /cm? while
the second-order approximation still applies. This indicates
the emergence of multiorder transition that leads to higher
rotational states J = 4, which can be clearly demonstrated
in Fig. 4(b). For the case of the initial state Jy = 16 de-
picted in Fig. 4(c), both the adjacent states J = 14 and 18
are presented. The divergence of the results calculated using
first-order Dyson expansion from the exact calculation also
appears around 1.0 x 10'®> W /cm?, leading to the generation
of higher states J = 12 and 20 shown in Fig. 4(d). The dif-
ference between populations originated from the upper and
lower transition can also be explained by the transition dipole
moments using Eq. (11).

B. Multiorder rotational Raman transitions in orientation

Figure 5 illustrates the simulations depicting the degrees
of orientation induced by two-color pulses as described in
Eq. (3) at two different laser intensities of [ = 0.3 x 10'% and
3.0 x 10" W/cm?. The orientations display periodic revival
of 8.64 ps, and an increase in intensity results in enhanced
orientation. As two types of transition depicted in Fig. 1 exist
at the same time, the excitation process in orientation becomes
much more complex than that of the alignment. To have a clear
vision on how the different types of transition contribute to the
signal, we also calculate the degrees of orientation with hyper-
polarizability alone, i.e., without considering the first term in
Eq. (4). As can be seen, when Iy = 0.3 x 10'> W/cm?, the
degrees of orientation obtained from two methods overlap
almost without evident difference. This is due to the fact

that the coupling between the rotational states with AJ =
41 is induced by the hyperpolarizability at lower intensities.
The influence of the polarizability to the signal via changing
the population of higher states is very limited. However, when
the intensity increases, the difference becomes evident as
shown in Fig. 5(b). This reveals that the transition AJ = £2
induced via polarizability starts to cause notable change in the
signal (cos ). The alteration is mainly due to the fact that the
transition of AJ = %1 induced by hyperpolarizability begins
to couple with the transitions induced by the polarizability
with AJ = £2 as the intensity increases, i.e., multiorder Ra-
man transition as depicted in Fig. 1(b) occurs.

Figure 6 depicts the Fourier spectra obtained from the
orientation signal calculated with and without considering the
polarizability at two different laser intensities. In contrast to
the alignment spectra depicted in Fig. 3, both the positions
and intervals of each spectral peak are reduced, indicating a
coupling between rotational states with AJ = =1 caused by
the nonresonant three-photon Raman transition. The spectra
of various initial states have also been considered. In Fig. 6(a),
we notice that the overall spectra for both situations display
identical outlines when the intensity is low. For the initial
state with Jo = 0 when considering both the polarizability and
hyperpolarizability, there is a prominent peak at 2B corre-
sponding to the transition from O to 1, and another peak at
the 4B position indicating coherence between J = 1 and 2.
The higher excited rotational state J = 2 is induced by polar-
izability in Fig. 1(b) rather than a higher-order transition via
three-photon Raman transition, since it cannot be observed in
the spectrum underneath where the polarizability is excluded.
Similarly, for higher initial states Jy = 10 and 16, the spectra
without considering the polarizability have only two peaks
corresponding to the couplings between Jy and Jy &= 1. The
small peaks relating to the coupling between higher rotational
states come from the simultaneous presence of two types
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FIG. 4. The dependence of the population for different rotational
states on the laser intensity. The population of (a) J/ = 2 and (b) J =
4 from the initial states J, = 0 is calculated using different methods:
exact numerical, and the first- and the second-order Dyson series
expansion of the unitary operator. (¢, d) The population of (c) J = 14
and 18 (d) J = 12 and 20 from the initial states Jy = 16 calculated
with different methods.

of Raman transition. Note that the coherences between the
higher states are too small to affect the overall (cos6) signal
in Fig. 5(a) and the overall Fourier-transform spectrum.

The spectral peaks depicted in Fig. 6(b) demonstrate in-
creased complexity as Iy increases. For the overall spectra
shown at the top, when both polarizability and hyperpolariz-
ability are taken into account, the higher-energy peaks become
more prominent. For a given initial state Jy = 0, eight distinct
peaks are observed, with the fifth peak exhibiting the greatest
intensity. However, considering only the hyperpolarizability
yields a singular peak, much like the result obtained at low
laser intensity on the left. This indicates that hyperpolarizabil-
ity alone still cannot lead to higher J rotational states with the
current laser intensity. The presence of multiple peaks arises
from the process involving transitions to higher rotational
states through polarizability-induced excitations, followed by
transitions between adjacent J & 1 states via hyperpolarizabil-
ity as shown in Fig. 1(b), or vice versa. This suggests the
existence of multiorder Raman transitions between different
types of transitions. Similar results are obtained when the ini-
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ch 0.0 ""ll" —————————— "‘:l‘,“ —————————— ||:l‘l\‘

o i !

O 001} | ---witha |
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-0.02~ , : : :

0 1 2
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FIG. 5. Time-dependent molecular orientation of CO molecules
for laser intensities of (a) Iy = 0.3 x 10> W/cm? and (b) Iy = 3 x
10" W/cm?. The dashed and solid lines correspond to the results
obtained by considering both the polarizability and hyperpolariz-
ability and only considering the hyperpolarizability in calculation,
respectively.

tial states Jyp = 10 and 16 are selected. The spectrum of Jy =
10 reveals the coherence between the highest rotational states
J =17 and 16, which corresponds to the combination of a
third-order polarization induced AJ = 2 excitation with a hy-
perpolarizability induced AJ = 1 excitation. For initial state
Jo = 16, the number of the spectrum peaks reduces. This is
primarily due to the increasing energy gaps between higher ro-
tational states, which makes the transition to higher states less
likely to happen. Overall, the spectra shown in Fig. 6 clearly
indicate the enhancements of three-photon Raman transitions
by the polarizability-induced alignment excitations.

Our simulations and analysis show that high-order Raman
processes are influenced by laser intensity and initial rota-
tional states. Figure 7 demonstrates how a two-color pulse
excitation scheme can simultaneously impact molecular align-
ment and orientation by varying laser intensities and pulse
widths, considering both ultracold and room-temperature sce-
narios. Our simulations indicate that intense short pulses can
achieve alignment exceeding 0.9 at ultracold temperatures
T = 0 K when the initial state is Jy = 0, as shown in Fig. 7(a).
Achieving molecular orientation above 0.5 requires high pulse
intensity and width matching, as depicted in Fig. 7(b). The
overall trends in Figs. 7(a) and 7(b) also unveil an interesting
relationship between the transition process and the maximum
degree of alignment and orientation. In Fig. 7(a), we observe
that the maximum degree of alignment is directly related to
both I and 7 in the lower left region, corresponding to situa-
tions where the pulse area is relatively small and lower-order
transitions dominate. Increased intensity or longer duration
can enhance alignment within this region. However, as inten-
sity and duration increase further, leading to more pronounced
multiorder transitions, the (cos? 6)max begins to decrease due
to the destructive interference with higher rotational states
resulting from higher-order transitions.
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FIG. 6. Fourier transform of the CO molecular orientation signals for (upper row) overall rotational states and (lower row) some of the
initial rotational states with the excitation laser intensities of (a) I, = 0.3 x 10"* W/cm? and (b) I, = 3 x 10'3 W/cm?. The paired spectra
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FIG. 7. The dependence of the maximum degrees of the molecu-

lar alignment and orientation on the laser intensity and pulse duration
at different temperatures. (a) Alignment at O K. (b) Orientation at 0 K.
(c) Alignment at 300 K. (d) Orientation at 300 K.

The results for room temperature 7 = 300 K are shown in
Figs. 7(c) and 7(d). The maximum degrees of alignment and
orientation display similarities and differences compared to
the results obtained at ultracold temperatures. Overall, we ob-
serve that the maximum degrees of alignment and orientation
become smaller. This is due to the combination of signals from
multiple initial states, reducing the proportional area around
the bottom left. In Fig. 7(c), the highest degree of alignment
tends to be located in the area with higher intensity and appro-
priate duration. An alignment degree of 0.5 is achieved for the
alignment with 7o = 130 fs and I, = 10 x 10'> W/cm?. The
maximum degree of alignment decreases significantly due to
the combination of different initial states. Similar results are
observed for the degree of orientation in Fig. 7(d).

It is important to note that in practical experiments, high
laser intensities are typically avoided to prevent molecular
ionization. Our simulations show that a multiorder Raman
transition can enhance molecular alignment and orientation.
However, more complex transitions may reduce the degree of
alignment and orientation. A multistep transition, i.e., using
multiple pulses that induce only a lower-order transition, may
efficiently enhance molecular alignment and orientation.

IV. CONCLUSION

We examined nonresonant Raman transitions in molecular
alignment and orientation, considering different laser inten-
sities. Our findings revealed that under low laser intensity,
primarily one-order transitions occur, whereas under high
laser intensity, multiorder Raman transitions emerge, leading
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to enhanced molecular alignment and orientation. We utilized
the Dyson expansion of the unitary operator to elucidate the
occurrence of multiorder Raman transitions in single-color-
laser-induced alignment. Additionally, we delved into the
transition process induced by two-color pulses, taking into
account the role of polarizability interaction in orientation.
Our results confirmed the presence of multiorder Raman tran-
sitions in laser-induced alignment and orientation. Finally,
we showed how the degrees of alignment and orientation are
affected by multiorder Raman transitions as the laser intensity
is increased and the pulse duration is varied. These insights
significantly contribute to the comprehensive understanding
of pulsed laser-induced molecular alignment and orientation
through multiorder Raman transitions.
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