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The field-free alignment of molecule CICN is investigated by using a terahertz few-cycle pulse (THz FCP) based
on the time-dependent density matrix theory. It is shown that a high degree of molecular alignment can be obtained by
changing the matching number of the THz FCPs in the adiabatic regime and the non-adiabatic regime. The matching
number can affect both the maximum value of the alignment and the time at which it is achieved. It is also found that a
higher degree of alignment can be achieved by using the THz FCP at lower intensity and there exists an optimal threshold
of molecular alignment with the increase of the field amplitude. Also found is the frequency sensitive region in which the
degree of maximum alignment can be enhanced greatly by modulating the center frequencies of different THz FCPs. The
investigation demonstrates that comparing with a THz single-cycle pulse, a better result of the field-free alignment can be
created by a THz FCP at a constant rotational temperature of molecule.

Keywords: molecular alignment, few-cycle terahertz pulse, density matrix theory

PACS: 33.80.-b, 33.15.Vb, 33.80.Wz, 33.15.Kr

1. Introduction

Molecular alignment manipulated by laser pulses has
been an important research topic in molecular reaction stereo-
scopic dynamics in recent decades.!'™#! Generally, the align-
ment refers to the principal axis of a molecule arranged along
a laboratory-fixed axis. When a molecule is perfectly aligned,
the rotational eigenstate of the molecular wave function is
transformed into a pendular state after the interaction between
the molecule and the laser field. Molecular alignment has
a wide range of applications in various research fields, such

[5-7] probe of the dissi-

[10-12]

as x-ray absorption and diffraction,
pative properties,'®°! high-order harmonic generation,

s.[13-15] For a laser pulse in

and photo-association dynamic
the terahertz (THz) region, its resonant interaction with the
molecule can greatly promote the spatial effect of molecular
rotation, but exert little influence on the electronic and vibra-
tional modes of the molecule.

For decades, several intense picosecond laser pulses
based on their polarization characteristics have been employed
to generate the alignment through the interaction between
the laser field and the molecule via permanent dipole mo-
ment and anisotropic polarizability. Normand ez al.[' first
observed the alignment result of a thermal ensemble of CO
molecules by using two linearly polarized YAG laser pulses
Then, Friedrich

and Herschbach!!7! theoretically proposed a mechanism to

with crossed polarizations in experiment.
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account for the alignment obtained by Normand et al. and
showed that the molecular alignment involves hybridization
strong enough to bring the eigenproperties close to the har-
monic librator limit. Utilizing the non-resonant excitation,
Rosca—Pruna and Vrakking!'3! observed an experimental re-
sult of revival structures in the alignment of molecules by an
intense laser pulse. While their schemes provided a concrete
method and pointed the way of further improving the molecu-
lar alignment in the later period, the degree of molecular align-
ment at that time was relatively low and the adiabatic molec-
ular alignment yielded by a relatively long pulse disappeared
easily after the pulses.'”]

With the development of laser technology, many novel
pulses, such as the ultrashort pulse and the shaped pulse, have
been designed to improve the molecular field-free alignment
under different conditions. Loriot ef al.?"! investigated the
dynamical alignment of jet-cooled OCS molecules induced
nonresonantly by a short pump pulse of duration about 70
femtosecond and observed the maximum alignment under the
conditions close to the saturation of ionization. Xu et al.[*!]
reported that the femtosecond laser pulse shaped with a V-
style spectral phase modulation can provide a well-established
scheme to control the maximum degree and temporal struc-
ture of the molecular alignment. Based on the interactions
of the laser field with molecular permanent dipole, polariz-
ability and hyperpolarizability, the field-free alignment of tri-
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atomic molecules were theoretically steered by shaped laser
pulse with the slow turn-on and rapid turn-off (STRT) in a non-
adiabatic regime.!??! However, the non-resonant short pulse
laser field mainly interacts with molecules through the polariz-
ability and hyperpolarizability, and the interaction through the
permanent dipole moment is relatively weak. The molecules
are exposed to intense optical irradiation prior to their inter-
rogation, potentially producing the ionization and dissociation
of molecules, which would be a severe obstacle to enhancing
the molecular alignment.[?3-231

To compensate for the shortage of intense fields, it is
suggested to use the terahertz (THz) pulses to control the
direction of the molecular principal axis due to the strong
interaction with the permanent dipole moment of molecules
and small damage to the electronic and vibrational modes
of molecule.”?®?”1 By utilizing the THz single-cycle pulses
(SCPs) resonantly interacting with molecular rotations, Fleis-
cher et al.?®! observed the field-free alignment of polar gas-
phase molecules in a gas sample under ambient conditions.
Cheng et al.®! theoretically investigated the alignment of
FCN molecule induced by a THz half-cycle pulse (HCP) and
found a saturation threshold for molecular alignment by ana-
lyzing the 1st, 2nd, and 3rd order interactions. The orientation
dynamics of several diatomic molecules under available THz
few-cycle pulses (THz FCPs) was investigated through solving
the time-dependent Schrédinger equation and a higher degree
of orientation has been achieved at lower intensity of the laser
field. %! To further improve the molecular orientation degree,
the shaped pulse followed by a THz laser pulse was designed
to achieve a multi-step rotational excitation, and the result ob-
tained became much better than that by the shaped pulse or
THz laser pulse alone. 31733

Compared with SCP and HCP, a THz FCP has more op-
tical cycles included in a pulse duration at the same center
frequency, and it is relatively easy to generate resonance ex-
citation and create a higher result of molecular alignment. 3]
However, most of the studies using various THz pulses to steer
the direction of the molecule have still concentrated on the
molecular orientation over the years, and the scheme of molec-
ular alignment induced by a THz FCP has seldom been pro-
posed in detail by this time.[>**!] Therefore, there is a need
to effectively take advantage of the THz FCP under different
parameter conditions for further exploring the molecular align-
ment. To this end, we calculate the alignment of the molecule
by using a THz FCP through solving the density matrix equa-
tion in this paper, and study the degree of molecular alignment
changing with the matching number, field amplitude, central
frequency and rotational temperature. The rest of this paper is
arranged as follows. In Section 2, the calculation method and
the model system are described. In Section 3, the simulated re-
sults and the alignment dynamics are discussed. Finally, some
conclusions and perspectives are given in Section 4.

2. Description of method

Consider a linear molecule CICN exposed to a THz FCP

given by
E(t) = E;(t)cos(ot + @) (1)
with
12
E(t) = Eyexp (21n212) , 2)

where Ey, T, @, and ¢ denote the field amplitude, the full
width at half maximum (FWHM), the central frequency, and
the carrier envelope phase of the THz laser pulse, respectively.
The turning of 7 can match the optical period 7, = 27/ ®. De-
fine N as the matching number, i.e., the number of optical
cycles contained in a pulse duration. For an SCP, T = Nt,
(N =1), and for an FCP, T = N1, (N =2, 3,4, ...). Based on
the rigid rotor approximation, the Hamiltonian of the molecule

CICN exposed to the laser field E(¢) can be expressed as[4?!

A~

A(t) = Bof? — WE(t)cos 6 — %[(au a1 )cos? 0+ a, JE2(1)
(B 3B )c0s?0 435, cosBEND), @)

where B, is the rotational constant of the molecule, J the an-
gular momentum operator, t the permanent dipole moment,
0 the angle between the molecular axis and the direction of
the laser polarization, o and &, are the polarizability’s com-
ponents parallel and perpendicular to the molecular axis, re-
spectively, B and B, denote the hyperpolarizabilities parallel
and orthogonal to the molecular axis, respectively. In Eq. (3),
the first term on the right-hand side is the molecular rotation
energy and the second, third, and last terms are the poten-
tials of interaction of the THz laser pulse with the permanent
dipole moment, polarization, and hyperpolarization, respec-
tively. The alignment degree of the molecule is given by the
expectation value

(cos?8) = Tr{cos> 0p(1)}, 4

where Tr denotes the trace and p () is the time-dependent den-
sity operator. The time evolution of the density operator is
determined by Liouville equation

dp(r) i

P 1,50 ®)

The density operator can be expanded in the eigenstates of the
rigid rotor Hamiltonian as

p)="Y Py () IM) (M, (6)
IMIM’

where pjyp (t) are obtained by solving the coupling differ-

ential equations!*’]
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dojyymr(t) i
dr h

@
4

JiM,

8 JiM,

1
+ —AaE} (1) Z [VJ]A),IIJ/M/pJMJIMl

(& —&p)Pymymr (1) + UE(2) Z [VJ(]IAL] Py (1) — VJ<11W>JIM1 Py (1))
LM,

2
(1) — VJ(M>11M1 Pnmm (t)]

1
+ 2B 0) Y (B =3BV sagePantinan, () = Vi an Pty e (1)

+3BL (Vj(ll]g/[] s Pama iy () — Vj(nlxz)Jl wy Py (7)) } (N

with VO = (JM|cosi® |/'M') (i =1, 2, 3), and & =
Be.J(J+1). The initial density operator obeys the temperature-

dependent Boltzmann distribution

1o & —BeJ(J+1
Pl =3 T X il (PS5 )

where s ( )
o e B.J(J+1
Z J;)M;Jexp ( ksT >
is the partition function with the Boltzmann constant kg at
temperature 7.

Equation (7) is solved by using the fourth-order Runge—
Kutta method, and treating CICN as a target molecule. The
CICN is a polar molecule with a moderate permanent dipole
moment of u = 2.836 D and a polarizability anisotropy of
Aa = oy — oy = 3.256 A3.1445] The parallel and orthogonal
hyperpolarizabilities § = 4.086 x 10° A% and , = —4.146 x
108 A3, respectively. The rotational constant B, = 0.199 cm ™!
corresponding to the rotational period Tof = h/2B. = 83.75 ps.

3. Results and discussion

Figure 1 shows the time evolution of the molecular align-
ment (cos® @) steered by THz pulses at the matching number
N =1, 2, 3 and 4, corresponding to Figs. 1(a)-1(d), respec-
tively. Here, the field amplitude Ey = 1.0 x 107 V/cm, central
frequency @ = 36 cm™!, CEP ¢ = 0, and rotational tempera-
ture T = 5 K. The molecular alignment by the THz SCP with
matching number N = 1 serves more as a proof-of-concept
comparison. As can be seen, the molecular alignments by the
four pulses all produce peaks during the pulse and revive regu-
larly att =nT,o (n =0, 1, 2, ...) after the pulse, and there is a
relatively strong oscillating process with an oscillation period
twice as long as the rotational period of the molecule. Because
the time of interaction between the laser and the molecule is
much shorter than the rotational period of molecule, the pro-
cess is a non-adiabatic regime. Moreover, with the matching
number N increasing from 1 to 4, the duration of THz FCP be-
comes longer under the same center frequency, and there are
two variation tendencies of the alignment: the maximum de-
gree of in-field alignment is enhanced, and the number of os-
cillating peaks in post-field alignment is increased. Obviously,

the number of peaks in the field-free alignment is positively
correlated with the matching number of the THz pulse. The
oscillation of the molecular alignment with time is possibly
caused by the dispersion of the relative phases within the wave
packets.[*3! It is found that within a rotational period, the max-
imum degree of field-free alignment appears at r = 40.35 ps in
the former oscillation under N = 1 and 2 pulses (Figs. 1(a) and
1(b)) and at t = 85.41 ps in the latter oscillation under N = 3
and 4 pulses (Figs. 1(c) and 1(d)). Therefore, the matching
number of the THz TCP can not only suppress or enhance the
maximum value of molecular alignment but also exert an im-
portant influence on the moment when the maximum value
occurs.

To further explore how the matching number N affects
the in-pulse and post-pulse alignment of molecule, we calcu-
late the maximum degree of molecular alignment <cos2 0) max
by varying the matching number N from 1 to 20, and the re-
sult is depicted in Fig. 2. It is found that the maximum de-
gree of molecular alignment (cos? 8) ., of the in-pulse and
the post-pulse first increase and then decrease, and the maxi-
mum values obtained at N =4 and N = 3 are 0.642 and 0.613,
respectively. A little higher degree of (cos? 6)max can be ob-
tained after the pulse than during the pulse when the matching
number N = 1 and 2. The maximum alignment in the field
starts to be greater than after the field when N > 3, and as
N continues to increase, the difference between the maximum
degree of the alignment in the field and after the field also en-
larges. Finally, the (cos?@)max of the in-pulse converges to
a saturation value of 0.611 and the post-pulse alignment be-
comes weak, or even almost disappears. This may be due to
the fact that with the increase of N, the duration of the pulse
becomes longer and the process of molecular alignment gradu-
ally transitions from non-adiabatic to adiabatic regime, which
provides a higher degree of alignment during the pulse and rel-
atively weaker alignment after the pulse.!'”) From N = 1 to 20,
the change of maximum alignment A(cos? 8)yay is 0.136 for
the in- pulse and 0.252 for post-pulse, showing that it is easier
to influence the post-pulse alignment of molecule by adjust-
ing the matching number than by implementing the in-pulse

alignment.
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Fig. 1. Time evolution of molecular alignment by THz pulses separatel
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y for matching number N = 1, 2, 3 and 4, at field amplitude Ey =

1.0 x 107 V/cm, central frequency @ = 36 cm~ !, CEP ¢ = 0, and rotational temperature 7 = 5 K.
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Matching number N

0.35

Fig. 2. Maximum degree of molecular alignment (cos? @) at rotational
temperature 7 = 5 K versus matching number N of THz FCP for field am-
plitude Ey = 1.0 x 107 V/cm, central frequency @ = 36 cm™!, and CEP

¢ =0.

N=1 ]

016t 10 _ CIN=2]
0.12} 1t B 1
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0.04} H |—| ]
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Rotational quantum number J Rotational quantum number J

Rotational population Rotational population

Fig. 3. Rotational population at matching number N = 1, 2, 3, and 4 of THz
pulses. The other parameters are same as in Fig. 2.

To elucidate the physical mechanism of molecular align-

ment influenced by different THz FCPs, we further study the
population of field-free molecular alignment in each rotational

quantum state. Figure 3 shows the rotational population for the
matching number N = 1 (orange column), 2 (red column), 3
(magenta column), and 4 (olive column) of the THz pulses in
sequence with the field amplitude Eg = 1.0 x 107 V/cm, the
central frequency @ = 36 cm™!, and the CEP ¢ = 0. It can be
found that the rotational population remains in quantum states
J <12 with N changing from 1 to 4 and the maximal values of
rotational population appear at J = 3, 5, 6, and 6 respectively.
Comparing with the THz SCP (N = 1), the population induced
by the THz FCPs obviously decreases in low rotational states
(J < 4), but greatly increases in high rotational states (J > 4).
The phenomenon reflects that the THz FCP is easier to pro-
mote the population in the higher rotational state.

Obtaining the post-pulse alignment as high as possible
is critical for practical applications of the aligned molecules.
To find out the optimal value of (cos®@)max after the pulse,
the electric field amplitude Ey changes from 1 MV/cm to
17 MV/cm separately at the matching number N = 1 and 3.
It is shown in Fig. 4 that black squares represent the maximum
alignment under N = 1 pulse and red circles denote the max-
imum alignment under N = 3 pulse. It can be seen that with
the increase of the electric field amplitude Ey, the maximum
alignment (cos? 8)yax first increases from 0.341 to 0.638 for
N =1 pulse and from 0.337 to 0.643 for N = 3 pulse. The
peak values of maximum alignment can be obtained when the
field amplitude Ep = 12 MV/cm and 14.5 MV/cm. Compared
with using the N = 1 pulse, using the N = 3 pulse can achieve
a higher degree of molecular alignment when the field am-
plitude is relatively small. As the electric field amplitude Ey
continues to increase, the maximum alignment <cos2 0) max be-
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gins to decrease, and the nonlinear effect appears obviously.
In this case, the increase of the laser intensity will restrain the
improvement of molecular alignment. Although the central
frequency used in our simulation remains unchanged, the non-
linear effect, such as alternating current (ac) Stark effect in-
duced by an intense THz FCP, can shift the rotational popula-
tion of CICN molecule from high quantum level to low one.
It is found that the alignment degree decreases more obvi-
ously by N = 3 pulse than by N = 1 pulse. It is demonstrated
that the THz FCP has an advantage in improving the degree
of field-free alignment with respect to the THz SCP within a
specific laser intensity range, i.e. the electric field amplitude
Eop <13 MV/cm. Obviously, there exists an optimal threshold
for molecular alignment implemented by the THz FCP, and
the matching number has a certain influence on the position of
alignment peak. At this time, the rotational population of the
molecule is the positively skewed normal distribution, and the
distribution will be destroyed when the laser intensity exceeds
the saturation threshold which leads the maximum alignment
degree to decrease.*”!

0.65 _a By N=1 pulse
0.60F —® By N=3 puls

0.55
0.50
0.45

(cos20) max

0.40

0.35

2 4 6 8 10
Ey (MV/cm)

12 14 16

0.30

Fig. 4. Maximum degree of molecular alignment (cos® 6)yax versus field
amplitude E( of THz FCP at matching number N = 1 and 3, respectively.
For a THz FCP, the change of center frequency must have
a great influence on the alignment dynamics of the molecule.
Figure 5 depicts the maximum degree of molecular alignment
(c0s? @) max induced by the matching number N = 1 (black
squares), 2 (red circles), 3 (blue uptriangles), and 4 (magenta
downtriangles) pulses at the rotational temperature 7 = 5 K
as a function of central frequency @ for the CEP ¢ = 0 and
the field amplitude Ey = 12 MV/cm, respectively. With the
central frequency of a THz FCP increasing from 25 cm™! to
200 cm~!, the maximum degrees of all alignments first in-
crease rapidly and then decrease gradually. The peak values
appear at the central frequency @ = 31, 34, 36, and 42 cm™!
corresponding to 0.626, 0.654, 0.642, and 0.583, respectively.
It can be seen that the alignment peaks shift from lower to
higher frequency when the matching number increases from
N =1 to 4. With the matching number N = 2, an opti-

mal molecular alignment induced by a THz FCP is obtained

! corresponding to

at the central frequency of about 34 cm™
1.02 THz. Next, by defining the frequency width at nine-
tenths of peak value as the bandwidth Aw of the THz FCP,
we can find that the sensitive regions of molecular alignment
under N = 1, 2, 3, and 4 pulses are about 26 em 142 cm™!,
30cm'48cm 1, 31em'-52cm™ !, and 28 cm—'-80 cm !,
corresponding to the bandwidth Aw = 16, 18, 21, and 52 cm™!
respectively. The degree of molecular alignment can be obvi-
ously enhanced within those frequency ranges. This is due to
the fact that the molecule can absorb more energy from those
frequency ranges, and higher rotational energy levels of the
molecule can be populated. This result suggests that an ap-
propriate design of the center frequency specific to different
THz FCPs is required to achieve a superior degree of field-free
molecular alignment.

0.68 T T T T T T T T

0.64 ——By N=1 pulse ]

0.60 ——-By N=2 pulse
—#—By N =3 pulse

0.56 —=—By N =4 pulse

0.52

0.48

0.44
0.40
0.36

(c0s20) max

30 45 60 75 90 105 120 135 150
Frequency w (cm~1)

Fig. 5. Curves of maximum degree of molecular alignment (cos® 6)max
at the rotational temperature 7 = 5 K versus central frequency @ of THz
FCP with CEP ¢ = 0 and field amplitude Ey = 12 MV/cm, respectively, for
N =1-4.

The above simulations are performed by only changing
laser pulse parameters at constant rotational temperature. Ac-
cording to the temperature-dependent Boltzmann distribution,
more rotational states can be populated with the increase of
temperature. We further regulate the molecular rotational
temperature to investigate the alignment features by the THz
FCP, with other conditions unchanged. The time evolution of
molecular alignment and the population of rotational state at
the temperature 7 =5, 10, and 15 K are given in Fig. 6. It is
found from Fig. 6(a) that the rotational temperature can only
affect the peak values of the molecular alignment revivals after
turn-off of the pulse, and the degrees of maximum alignment
are 0.654, 0.556, and 0.489, respectively. The durations of
peaks are 2.90, 2.56, and 2.23 ps, when the alignment degree
(cos® @) > 0.4, corresponding to the temperature T = 5, 10,
and 15 K respectively. During those durations, the electron
dynamic behaviors of these angular distributions can easily
be probed by using femtosecond or picosecond laser pulses in
practical application. 4% Figure 6(b) illustrates the populations
of the rotational quantum states at different temperatures. Ap-

parently, the molecules mainly populate on the quantum states

103301-5
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of J < 16 and the maximum values of population are obtained
when the rotational quantum number J = 8, corresponding
to 0.154, 0.134 and 0.121 respectively. As the temperature
T increases from 5 K to 15 K, the rotational population of
molecules gradually shifts from lower to higher quantum en-
ergy level. This result is a reversal process of the population
transfer induced by changing the laser parameters or adding
another pulse, where the alignment can be improved when the
rotational population is shifted from lower to higher quantum
state. Since the rate of angular dephasing increases with the
number of rotational states increasing, the degree of molecu-

lar alignment decreases with temperature increasing.>*!

0.64}| (a) 0.65 —5K | A

0.60 --10 K
.15 K

0.56

0.48}

(cos?0)

0.40

0.32} i

0.24} i

0.12
0.08

0.04

Rotational population

O 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16
Rotational quantum number J

Fig. 6. Plots of (a) alignment versus time and (b) population of rota-
tional states versus rotational quantum number at molecular temperature
T =5 K (olive line), 10 K (red line), and 15 (blue line), for field ampli-
tude Ey = 120 MV/cm, CEP ¢ = 0, and matching number N = 2.

4. Conclusions

Based on a quantum mechanical calculation, we have in-
vestigated the CICN molecular alignment steered by the THz
FCP. Our results show that the maximum degree of molec-
ular alignment is closely related to the laser parameters in-
cluding the matching number, field amplitude, and central fre-
quency. The matching number can not only enhance the maxi-
mum degree of the alignment but also have a crucial influence
on the moment of the maximum value. The molecular align-
ment in both non-adiabatic regime and the adiabatic regime
can effectively be achieved when the matching number is ad-
justed appropriately. Moreover, the THz FCP has an advan-

tage in improving the degree of field-free alignment with re-
spect to the THz SCP with a given laser intensity. For different
THz FCPs, there are different frequency bandwidths within
which the maximum alignment can be greatly enhanced and
the bandwidth moves towards high frequency with the increase
of the matching number. The rotational temperature can affect
only the peak values of the molecular alignment revivals and
a high molecular alignment can be realized at a low tempera-
ture. Since the duration of field-free alignment peak by the ap-
propriate design of THz FCP can be long enough, we believe
that the technique will have important applications in ultra-
fast optical detection and other related fields. Certainly the
above conclusions need further supporting from experimental

evidence.
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