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Localized-plasma-assisted rotational transitions in the terahertz region
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Molecular spectroscopy is a powerful tool for accelerating advances in materials science, chemistry, biology,
and astronomy. Typically, molecular spectroscopy uses nanotips or nanoparticles to locally detect the molecule
properties in a sample resulting from absorption of infrared and terahertz radiations. Here, we present an
alternative that transient localized plasma can be applied to enhance the molecular spectroscopy. Our experiments
show a significant enhancement of rotational transitions in carbon monoxide plasma under the illumination of
terahertz waves. We proposed a semiclassical model for this enhancement, dominated by the energy exchange
from electrons to molecules or ions via a collision process in the localized plasma. Our findings gain more insight
into the nonequilibrium dynamics in laser-generated localized plasma. We also propose that the localized plasma
can be used to improve the sensitivity of molecular spectroscopy.
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I. INTRODUCTION

Molecular spectroscopy at the terahertz and microwave
scale is widely applied in molecular composition identifi-
cation [1,2], chemical reaction analysis [3,4], environmental
monitoring [5,6], and astrophysics [7,8]. Large-scale mapping
of microwave emissions from carbon monoxide (CO) in the
molecular clouds of the Milky Way provides detailed infor-
mation on the pressure, position, components, and formation
of remote galaxies [8–10]. These waves can also be applied
directly to reveal the activities of hydrogen bonds that are
prominent in life science [11]. Nowadays, the continuous
progress of terahertz sources and detectors makes it possible
to quickly and accurately characterize the fingerprint spectral
content of molecules [4,12–17]. The renewed efforts, such
as hydrogen bond networks [18], solution dynamics [19,20],
two-dimensional Raman spectroscopy [3,21,22], and remote
sensing of gas [23], have combined the fields of terahertz and
chemical technologies and shed light on the fields of terahertz
chemistry and terahertz astronomy.

When using terahertz or infrared waves to detect the spec-
trum and dynamics of matter, the local-field enhancement
is a popular method to improve the sensitivity and the spa-
tial resolution by coupling the light with the nanotips and
nanoparticles [24–29]. Besides these nanostructures, plasma
can be an alternative. Laser-generated plasma is in a nonequi-
librium state that confines a large quantity of hot electrons and
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ions. Under the external field, these hot electrons are easily
polarized and collide with the neighboring particles, pro-
ducing stimulated emissions [30,31], enhanced fluorescence
[32–34], and terahertz echoes [35]. The collective motions
of these electrons can work like resonators [36–38] as the
electrons in nanotips do, and then realize a local-field en-
hancement at the boundary and the plasma inside. Moreover,
the plasma oscillation frequency of the laser-generated local-
ized plasma coincidentally falls within the terahertz frequency
range [37,39]. Therefore, it offers a unique possibility of re-
placing the nanotips or nanoparticles with the cold plasma for
the local-field assisted terahertz detection.

In this work, we took advantage of the localized plasma and
performed transient terahertz absorption spectroscopy (TTAS)
to study the rotational transition of a CO-formed plasma.
Compared with the absorption from pure neutral CO gases, we
found that the absorption profile of the formed plasma showed
two distinct features: first, a broad resonance absorption back-
ground due to the localized plasma, and second, an enhanced
rotational absorption by the neutral CO molecules assisted by
the plasma. Our semiclassical model reproduced the enhance-
ment feature qualitatively and identified the nonequilibrium
dynamics that were based on collisional energy transfer from
the terahertz-driven electrons to the polar molecules in the
localized plasma.

II. EXPERIMENTAL METHODS

The experimental setup consisted of a titanium sapphire
femtosecond laser system and a gas cell for generating
plasma, as shown in Fig. 1. The laser system provided 800-nm
pulses of 100 fs duration. The laser beam was split into three
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FIG. 1. Schematic of the experimental setup. CH, chopper; Si,
silicon window plate; PM1–PM4, parabolic mirrors; FL, focusing
lens. The blue arrows indicate the positions in which to place the
chopper for different measurements. The top right inset shows the
sequential illumination of CO molecules under the infrared laser and
the terahertz wave, which generates plasma and drives the electrons
to form the modulation fields, respectively.

parts: for terahertz wave generation (pulse 1), the formation of
plasma (pulse 2), and the electro-optic sampling of the trans-
mitted terahertz waveform (pulse 3). In pulse 1, the terahertz
wave was generated by the collinearly propagating dual-color
laser fields, whose relative phase could be adjusted to maxi-
mize the terahertz output. The intensities of the fundamental
pulse and the second harmonic pulse in pulse 1 were esti-
mated to be 2.5 × 1014 and 2.6 × 1013 W/cm2, respectively.
The plasma was prepared by using the focusing laser, pulse
2, to provide the freed electrons. The peak intensity of this
pulse was estimated to be 1.7 × 1014 W/cm2. The chopper
could be placed on the arm of pulse 1 or pulse 2 to detect
the transmitted terahertz waveform or the differential signals
(DSs) [40,41].

The gas cell was used to avoid leakage of toxic CO
molecules. Most gas cell areas were vacuumed by a dry pump,
allowing a supersonic expansion of the gas molecules from
a laser-cut glass capillary. The CO molecules were therefore
concentrated mainly around the nozzle of the gas capillary.
To ensure that terahertz waves penetrate the entire plasma re-
gions, collinear pulse 2 and terahertz waves were sequentially
focused downstream of the nozzle. The scheme is sketched
in the top right inset of Fig. 1. The laser output remained
unchanged to ensure a stable terahertz radiation during the
whole measurement. The backing pressure in the nozzle could
be varied to offer different electron densities of the plasma.
The amplitude of the transmitted terahertz waveform (or the
DS) was traced by a 1-mm-thick (110)-cut electro-optic zinc
telluride (ZnTe) crystal. Figure 2(a) shows one typical tera-
hertz time-domain spectrum measured by placing the chopper
on the arm of pulse 1. Its peak intensity was calibrated to
be 0.9 kV/cm and its dynamic range was about 500:1. The
Fourier-transformed terahertz amplitude can be seen in the
upper right corner of Fig. 2(a). In Fig. 2(b), we show the DS

FIG. 2. (a) A typical terahertz time-domain spectrum was mea-
sured by placing the chopper on the arm of pulse 1. The inset shows
the Fourier-transformed terahertz amplitude. (b) The differential sig-
nal (DS) amplitude was measured as a function of the time delay τ

between pulse 1 and pulse 2. The DS was obtained by placing the
chopper on the arm of pulse 2.

of the peak amplitude of the terahertz wave, i.e., t = 2.3 ps,
dependent on the time delay τ between pulse 1 and pulse 2.
This helped to pinpoint the moment of temporal overlapping
of the terahertz wave and the plasma [37].

To remove the Fabry-Pérot effect caused by the reflection
of the chamber windows or the mirrors, we compared the
Fourier-transformed terahertz spectra from three cases: one
passing through the neutral nitrogen (N2) gas, one passing
through the neutral CO gas (labeled as case I), and the other
one passing through CO-formed plasma (labeled as case II).
The Fourier-transformed terahertz amplitude of neutral N2

served as a reference, i.e., Eref (ω), because neutral N2 gas
does not exhibit significant absorption on the detecting fre-
quency range. Meanwhile, the rotational constant of a CO
molecule is only 1.93 cm−1 (∼0.24 meV), far less than the
lowest vibration energy (∼0.26 eV); thus, we ignored the
vibrational transition in the following analysis.

We used a focusing terahertz light path differently from
the typical absorption measurements using a plane terahertz
wave [42,43]. To avoid possible deviation of the estimated
effective thickness of the interaction volume, we compared the
absorbances (i.e., nearly raw spectra) instead of the commonly
applied absorption coefficients. CO molecules, diffusing from
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FIG. 3. The absorbance of a terahertz waveform through the CO-
formed plasma (red lines) and through the neutral CO gas (black
lines) under (a) 0.2 bar and (b) 0.3 bar backpressure. The pink regions
indicate the screening dynamics’ absorbance of rotational transitions.
The black arrows with numbers indicate the rotational transition from
state J to state J ′ (=J + 1).

the nozzle to the vacuumed gas cell, were mainly concen-
trated around the output nozzle; thus, we assumed the same
interaction volume for both the neutral CO molecules and
the plasma. We followed the method reported in Ref. [39],
which treated the plasma volume as a cylinder with uniform
electron density Ne. The external terahertz wave was regarded
as uniform for the entire plasma volume. More analysis can
be found in Appendix B.

III. RESULTS

The obtained absorbances of the terahertz wave α(ω) =
− ln (ICO(ω)/Iref (ω)) are shown in Fig. 3 as two cases of
backpressure. The black lines in Fig. 3 indicate the absorbance
of the terahertz wave for the neutral CO gas, and the red
lines for the CO-formed plasma. Both exhibit sharp absorption
peaks, which originate from the transitions between the neigh-
boring rotational states. The difference between them can be
ascribed to the plasma effect on the absorption property as
highlighted by the pink regions in Fig. 3. Clearly, a broadband
resonance absorption is significant in these regions, which lifts
the baseline. This resonance absorption was caused by the
dynamic spatial separation of electrons and ions within the

plasma under the exposure of an external terahertz field [37].
As the backpressure increased, the central frequency of the
resonance slightly shifted to a high frequency. Notably, the
rotational absorption lines were enhanced in the pink region
on top of the broadband resonance absorption.

At 0.2 bar of backpressure, as shown in Fig. 3(a), the en-
hanced line of rotational absorption centers around 0.69 THz,
corresponding to the rotational transition from state 5 to state
6. For the 0.3 bar of backpressure in Fig. 3(b), the enhanced
terahertz absorption line centers at 0.80 THz, corresponding
to the rotational transition from state 6 to state 7. The shift
of the central frequency with pressure is in accordance with
that of the plasma absorption, suggesting that there is related
physics behind it.

To understand the enhancement of rotational transition, the
transition line strengths and line shapes of the spectra were
compared between the neutral CO gas and the CO-formed
plasmas. We will start with neutral gases. In our experiment,
the field strength of the incidental terahertz wave was so
weak that we ignored the nonlinear effects. The rotational
absorbance of the terahertz wave by neutral molecules at
frequency ω can be written as [44]

αrot (ω) �
∑

J

N0� f (J )LJJ ′Im

[
ω

�2
JJ′ − ω2 − i�ω

]
, (1)

where N0 is the number of molecules, �
JJ′ is the frequency

of rotational transition between the state J and the state
J ′ (=J + 1), and � f (J ) is the difference of population be-
tween these two rotational states. The linewidth � is related to
the relaxation time of the coherence � � 2π/τcoh, which is es-
timated at about several hundred picoseconds [45]. By fitting
our experiment, we found that the linewidth of about 0.01 THz
was consistent with previous work. LJJ ′ is the absorption
strength between the two rotational states, which could be
expressed as

LJJ ′ = 4πμ2
xS(x)

JJ ′�JJ ′ 〈cos2 θ〉
hc

, (2)

where μx is the projection of the dipole matrix element on the
molecular axis and S(x)

JJ ′ are the quantities to calculate the tran-
sition strength [44]. θ is the angle between the molecular axis
and the polarization of the laser field, h is the Planck constant,
and c is the velocity of light. Note that the term (�2 − ω2) is
in the denominator of the last term of Eq. (1), which means
that only when the frequency ω of incident terahertz light
coincides with the rotational transition frequency �JJ ′ does
the rotational transition absorption become significant.

Next, we looked at the TTAS of CO-formed plasma. Be-
cause the density of ions created by the laser in the plasma
was much less than that of the neutral molecules (as shown
later), we ignored the absorption from the rotational transition
of ions. Free electrons in plasmas are driven by the incidental
terahertz wave to depart from ions, creating a localized field
with an opposite polarization [37,41]. This could be viewed
as a combination of the terahertz-electron interaction and
the resulting screening effect of the free electrons discussed
above. The local field amplitude Eloc is obtained by using
the external field E minus the polarization P induced by the
spatial separation of the free electrons and residual ions, i.e.,
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Eloc = E − Pe/2ε0, with ε0 the vacuum permittivity. Here, the
external terahertz field was linearly polarized and parallel with
the polarization of electrons in our experiment. The explicit
expression of Pe can be directly obtained from the electron
current density, dPe/dt = −eNedx/dt , with x representing the
displacement of electrons. The displacement x of electrons
can be solved using the displacement equation [37]. We define
the factor ξ to characterize the field modulation

ξ = Eloc

E
= − ω2 + iγω

ω2
p/2 − ω2 − iγω

, (3)

where ωp ≡
√

(Nee2)/(ε0me) is the plasma frequency and γ

is the damping rate.
With the knowledge of rotational transition absorption in

Eq. (1) and the field modulation factor in Eq. (3), the total
absorbance in plasma can be expressed as a summation of the
resonance absorption term and the rotational transition term,

α′(ω) = αres + α′
rot

� ω

c
Im

[
ω2

p

ω2
p/2 − ω2 − iγω

]

+
∑

J

N0� f ′(J )LJJ ′ |ξ |Im
[

ω

�2
JJ′ − ω2 − i�′ω

]
, (4)

where the first term is for the broadband resonance absorp-
tion of plasma introduced by the screening dynamics of the
electrons in the localized plasma, and the second term in-
dicates the rotational absorption in plasma. The parameter
�′ indicates the relaxation of rotation in CO-formed plasma,
which can be obtained by fitting the experimental results. In
principle, the molecular and electron motions in the terahertz
field should be solved jointly, while here we separated them.
The collective motion of free electrons was simplified as a
field modulation factor, and we used a localized field instead
of the electron current in analyzing the molecular rotational
transition. It should be noted that the unprimed and primed
notations are for pure CO gas and CO in plasma, respectively,
except for the rotational quantum number J ′.

The resonance absorption of electrons and the rotational
transition absorption can be fitted by the two parts of Eq. (4),
respectively. To compare the rotational absorbance in Eqs. (1)
and (4), we defined an enhancement factor β to calibrate the
enhancement of the rotational transitions from state J to J ′
between the neutral gas and the plasma,

β ≡ α′
rot (ω = �JJ ′ )

αrot (ω = �JJ ′ )
� |ξ |�� f ′(J )〈cos2 θ ′〉

�′� f (J )〈cos2 θ〉 . (5)

Here, the enhancement factor β was a function of the rota-
tional excitation energy and was obtained by taking the ratio
of the height of the peak in the line shape for each J .

The rotational distributions could be rearranged because
of the interaction between the strong laser field and the
laser-induced polarization, known as “molecule alignment”
[46]. We calculated the angular momentum redistribution of
CO molecules at 100 K rotational temperature to show the
alignment’s effect on molecular rotational absorption. The
calculation method is presented in Appendix G. The blue
line with circles in Fig. 4(a) exhibited the initial J-state

FIG. 4. (a) Calculated redistribution of the rotational states of the
CO molecules stimulated by the femtosecond laser. The blue line
with circles denotes the Boltzmann distribution of different rotational
states J under 100 K rotational temperature. The coherent J-state
distribution of the initially unaligned thermal CO molecules is redis-
tributed by rotational Raman transitions that occur in the presence
of the laser pulse, whose intensity is 1.0 × 1014 W/cm2 (dashed red
line with diamonds). (b) The calculated 〈cos2 θ〉 for the laser-excited
CO ensembles (red solid lines) and the neutral CO molecules (blue
dashed lines) are compared.

distribution of the thermal CO molecules, which followed
the Boltzmann distribution. The population of the rotational
states, excited by the intense femtosecond lasers, is modulated
by rotational Raman transitions. The average value of J is
shifted to a higher value as we increase the laser intensity. The
laser-excited coherent rotational wave packet [red dashed line
in Fig. 4(a)] cannot be directly applied in Eq. (5), because this
equation works for the thermal molecules. In the classical ro-
tational absorption model, the alignment-correlated term only
appears in 〈cos2 θ〉 [Eq. (C8) in Appendix C). Then, we focus
on the alignment contribution 〈cos2 θ〉 in Eq. (5). Coherence
between rotational states can induce a quantum beating of the
alignment contribution 〈cos2 θ〉, whose value exhibits a sud-
den oscillation every 4.3-ps interval. As shown in Fig. 4(b),
the baseline of 〈cos2 θ〉 took about 0.36, which was nearly the
same as the value of 1/3 for randomly aligned molecules. The
incoherent alignment of molecules caused this minor rise [47].
Typically, the oscillation of the value of 〈cos2 θ〉 lasts for only
a few hundred femtoseconds, whose timescale is extremely
shorter than the picosecond terahertz waves. Therefore, the
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difference between 〈cos2 θ ′〉 and 〈cos2 θ〉 can be neglected in
considering the alignment contribution of enhancement factor
β, i.e., 〈cos2 θ ′〉/〈cos2 θ〉 � 1.

Furthermore, the transition rate �′ approximates to � be-
cause the rotational transition lines between neutral gas and
plasma (shown in Fig. 3) are similar in width. By fitting
the experimental result, it was found that the full width at
half maximum (FWHM) of coherent rotational transition was
about 1010 Hz, corresponding to the 600-ps decay time for
coherent rotations of the CO molecules. This was at the same
magnitude as the result of the free induction decay experi-
ment on other small molecules [45]. Finally, we obtained a
reduced form of Eq. (5), which is β � |ξ |�′ f (J )/� f (J ). The
factor |ξ | implies the origin of enhanced rotational transitions
and why they are located within the broadband resonance
absorption.

To further clarify the analysis, we used the rotational tran-
sition of CO under the 0.3 bar to demonstrate. As shown in
Fig. 5(a), the plasma frequency ωp was estimated to be 2π ×
0.85 THz and the collision rate γ was about 3 × 1012 s−1

by fitting the Lorentz-like broadband resonance absorption.
It should be noted that, in order to improve the quality of
the fitting of the broadband resonance absorption, a small
baseline offset is applied here. The electron density Ne can
be calibrated as 8.6 × 1015 cm−3. The majority of the ions
were assumed to be single charged due to the plasma being
prepared by tunnel ionization; thus, we obtained Ni � Ne. The
concentration of the neutral gas molecules N0 at the 0.3 bar
was estimated to be 8.1 × 1018 cm−3. The enhancement fac-
tors β of rotational transition between J = 4 and 12 are shown
in Fig. 5(c), as well as the calculated |ξ |, by using the fitting
parameters of plasma. The experimentally deduced β and
the calculated |ξ | exhibit a similar trend, indicating that our
interpretation, based on the dynamic screening of the electrons
in the external terahertz field, was correct, though there is a
divergence in the absolute value. This divergence could be
attributed to the redistribution of rotational population.

IV. DISCUSSIONS

We can justify our argument based on energy exchange.
A single electron cannot directly absorb or lose energy under
an external field, but the energy of an electromagnetic wave
can be transferred from electron to molecule or hole be-
cause of collision [40,48]. Under the external terahertz wave
field, it has been suggested that collision between electrons
and molecules enables the enhancement of fluorescence [32],
which is the energy transfer between the applied terahertz
field and the molecules via a collision process [49], as shown
in Fig. 6(a). Here, the rotational redistribution of molecules
may come from a similar process. In Fig. 6(b), we com-
pared the differences of rotational population � f ′(J ) deduced
from experiments by using Eq. (5) (red line with circles) and
calculated from the coherent rotational wave packet excited
by the laser (blue line with squares). However, neither the
thermal distribution nor the coherent rotational wave packet
is consistent with the experimentally deduced J-states distri-
bution, implying the existence of other dynamics in plasma.
The free electrons are driven by the external terahertz field,
resulting in field modulation (localized polarization) caused

FIG. 5. (a) The experimentally deduced absorbance of CO-
formed plasma (red lines) and the fitted resonance absorption (blue
lines) appear under the 0.3 bar. A small baseline offset is applied for
a better fit. (b) The enhanced rotational absorbance in the plasma,
which was obtained by subtracting the two curves in (a). The black
arrows show the corresponding rotational transitions. (c) The experi-
mentally deduced enhancement factors β (red solid dots) for different
rotational transitions were compared with the calculated values of |ξ |
(blue dotted lines).

by the separation of the free electrons and the remaining ions.
These electrons then collide with the molecules and ions in
the plasma. The energy exchange between free electrons and
ions introduces broadband resonance absorption [37], indi-
cating that laser-generated plasma is a good energy storage
medium in the terahertz band. This might also be the reason
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FIG. 6. (a) Electron acceleration in the terahertz field and col-
lision with molecules and ions. The electron-molecule collision
induces an enhancement of rotational transition, e + CO (J ) → e +
CO (J ′). (b) The red circle lines are the � f (J ) of CO molecules in
plasma deduced from 0.3 bar experimental results. The blue line
with squares shows the calculating results of the coherent rota-
tional wave packet excited by a 100-fs laser pulse at an intensity of
1.0 × 1014 W/cm2. For comparison, we also show the thermal
distribution of different rotational states J under 100 K rotational
temperature (green dashed line).

for the spatial confinement of terahertz waves when using air
plasma to generate and propagate terahertz emission [50]. In
short, localized-plasma-assisted rotational transitions could be
viewed as an energy exchange between the molecules and the
free electrons via collisions, i.e., e + CO (J ) → e + CO (J ′)
[51]. For a higher backpressure, the general shape of the tera-
hertz absorbance of CO plasma is the same as those shown in
Fig. 3, including a significant broadband resonance absorption
and an enhancement of rotational transitions. However, the en-
hancements of the rotational absorptions appeared at a broader
frequency range than the resonance absorption area, which
calls for more complex interpretation, such as the multibody
collisions in dense circumstances.

Furthermore, localized plasma is especially suitable for
promoting the plasma-based terahertz detection and genera-
tion technology. On the one hand, the collective motion of
electrons in plasma can form a localized field that can greatly
improve the absorption of terahertz waves. Typically, the spa-
tial scale of air plasma is on the order of about 100 μm.
Even though its scale is much larger than the nanometer-level

nanotips, it still has certain advantages because the oscillat-
ing frequency of laser-generated plasma is at the terahertz
band. The focus size can be further reduced by using high-
numerical-aperture (NA) focusing of light [52]. With the help
of localized-field-assisted plasma, our method can be im-
planted into plasma-based medical treatment [53], saving the
high cost of atomic force microscopy apparatus [54]. It should
also be noted that the present article only gives a quite general
and preliminary estimation of plasma, as well as the dynamics
inside. Before application, more studies are required on the
plasma properties, and on how the enhancements vary with
parameters such as the gas pressure, pulse separation times,
and intensities of the incident laser and terahertz radiation. For
instance, the synchronous measurement of the fluorescence of
stimulated emissions can help to characterize plasma at the
same time [55]. On the other hand, if the population inversion
of the rotational states occurs in plasma, i.e., �′ f (J ) < 0,
absorption of the terahertz wave could turn into an emission
based on Eq. (5). State-of-the-art tunable terahertz output is
obtained by the rotational population inversion in dilute polar
molecules [56]. If we can take advantage of the electron
collisions (|ξ |) and realize a rotational population inversion
(� f ′(J ) < 0), it might be possible to generate more intense
terahertz wave output in high-density environments.

V. CONCLUSION

In conclusion, we observed a significant enhancement of
rotational transitions in CO-formed plasma, which was caused
by the collisions between terahertz-wave-driven electrons and
molecules in localized plasma. A semiclassical model, based
on a field modulation of the separation between the free
electrons and the remaining ions, is used to explain the
experimental results. We showed that the collective motion
of electrons colliding with molecules creates an energy ex-
change between electrons and molecules from the external
terahertz wave. Our model disentangles the coupling between
the motions of hot electrons and the molecular rotations and
provides a comprehensive picture of the nonequilibrium dy-
namics in plasma. These findings offer unique possibilities
for enhancing the electromagnetic field with the assistance
of laser-generated plasma instead of the conventionally used
nanotips or nanostructures [57]. Other fields of study, such
as air breakdown coherent detection [58,59], that utilize op-
tically induced plasmas can benefit from our results. The
enhancement of rotational transition also provides an unusual
opportunity to develop an intense frequency-tunable narrow-
linewidth terahertz laser.
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FIG. 7. Experimental setup. BS, beam splitter; CP, compensation plate; DWP, dual-wavelength wave plate; FW, fused silica wedge; WP1–
WP4, 1

2 λ wave plate; TFP, thin-film polarizer; CM, concave mirror; DL1 and DL2, delay lines; FL1 and FL2, focusing lenses; GC, glass
capillary; PM1–PM4, parabolic mirrors; PBS1 and PBS2, polarizer beam splitters; WP5, 1

4 λ wave plate; PD, photodiode detector; CH, chopper.
The top right inset shows the bright fluorescence in CO-formed plasma in the laboratory.

APPENDIX A: DETAILS OF THE EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 7, which consists
of a 1-kHz, 4.4-mJ, 100-fs Ti:sapphire amplifier with central
wavelength of 800 nm and the gas cell for generating CO
plasma. The output laser beam was split into three parts: for
terahertz wave generation (pulse 1), the formation of plasma
(pulse 2), and the electro-optic sampling of the transmitted
terahertz waveform (pulse 3).

The generation pulse (pulse 1) passes through a 100-μm-
thick type-I beta barium borate (β-BBO) crystal to produce
the second harmonic of the fundamental field. A 5-mm-thick
α-BBO provides a negative dispersion to the two-color fields,
which is served as a compensation plate for the group velocity
dispersion introduced by the wedges and dual-wavelength
plate. The polarizations of the two-color fields are rotated
to be parallel by a dual-wavelength wave plate, which is a
full-wave plate for the 400-nm pulse and a half-wave plate
for the 800-nm pulse. A pair of fused silica wedges is placed
to achieve the maximum output of the terahertz wave by
precisely controlling the relative phase between the two col-
ors. Delay line 1 (DL1) is used to control the time delay τ

between pulse 1 and pulse 2. It should be mentioned that
the laser intensities might be overestimated, because we do
not consider the intensity clamping within the filament in
estimating the intensities. A hole-drilled off-axis parabolic
mirror (PM2) reflects the terahertz wave generation and leaks
the plasma-prepared pulse 2 jointly. Pulse 3 is used to track the
terahertz waveform by a 1-mm-thick (110)-cut zinc telluride
(ZnTe) crystal. Delay line 2 (DL2) is used to vary the time
delay t between Pulse 2 and Pulse 3. The output signals from
the balanced detectors (PDs) record the terahertz waveform
when placing the chopper at the arm of pulse 1, or record
the differential signal (DS) by placing the chopper at the arm
of pulse 2. The details of the arrangement of the chopper,

as well as the analysis of the output signal, can be found in
Ref. [37].

APPENDIX B: ANALYSIS OF THE EFFECTIVE
THICKNESS OF THE INTERACTION VOLUME

In the experiment, most gas cell areas remained in vacuum,
so the absorption of terahertz waves occurred mainly near
the downstream of the nozzle. When pulse 2 was blocked,
terahertz waves were absorbed primarily by the neutral CO
molecules around the nozzle.

However, when pulse 2 was turned on, gas molecules in the
interaction volume were ionized to plasma. Plasma filament
was generated through an extremely nonlinear process of the
focusing laser pulses. According to the tunneling-ionization
model [60,61], the ionization probability is exponentially de-
pendent on the field strength. In other words, the electron
density in plasma relies on the spatial intensity distribution
of the incident laser pulse. Before focusing on the gas cell,
the transversal intensity of pulse 2 obeyed a two-dimensional
Gaussian distribution; thus, the focusing pulse was symmet-
rical to the central axis of the filament. However, since the
laser field is clamped down to a maximum value due to the
intensity clamping effect in plasma [62,63], we assumed that
the electron density therein only experiences a little change in
the transverse. It means that plasma filament can be treated
as a relatively simple geometry that was a cylinder with a
uniform electron density [39], as shown in Fig. 8(a). This
treatment allows us to determine plasma properties for the
experiment. For instance, the free electron density of plasma
can be deduced from the central frequency of the resonance
absorption, and the frequency range of the broadband res-
onance absorption associates with the momentum scattering
time of these electrons.
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FIG. 8. (a) The filament is regarded as a cylinder with uniform
electron density Ne. (b) The terahertz field is considered as a uniform
electric field for the cylinder shape filament. The black solid lines
indicate the effective uniform terahertz fields with the field strength
ETHz, while the red dashed lines sketch the screening field formed by
the spatial separation between the electrons and the remaining ions.

Since the transverse diameter of plasma was much smaller
than the terahertz beam in the waist, we ignored the terahertz
strength’s spatial characteristics in the plasma volume and
regarded the terahertz field as a uniform electric field. The
scheme is sketched in Fig. 8(b). We used the least-squares
method to evaluate plasma frequency, momentum scattering
time, and the plasma filament’s effective thickness. The ef-
fective thickness of the filament is about 320 microns. The
effective electron density can also be obtained from ωp =√

(Nee2)/(ε0me), with ωp the fitted plasma frequency [37]. In
Ref. [39], the filament volume’s effective thickness was about
180 microns both from a simple geometrical analysis and
from a fitting of experimental results. Their plasma thickness
results are on the same order of magnitude as ours, while
our result is longer. This is because the plasma-generating
pulse and the terahertz wave propagate with a crossing angle
in their experiment but collinearly in the present experiment.
Interestingly, the fluorescence length of the filament was about
2 cm. It is worth noting that our experiment was carried out at
early times after photoionization. The fluorescence length was
much longer than the experimentally deduced plasma thick-
ness, showing evidence of plasma expansion in the following
processes.

APPENDIX C: ABSORPTION OF TERAHERTZ WAVE
IN NEUTRAL GASEOUS CO

We start with a classic model of molecular rotation. As-
sume that the CO molecule is rigid during rotation; that is, the
nuclear distance between the two atoms remains unchanged.
The internuclear distances between the C nucleus and the O
nucleus and the reduced mass of the CO molecule are denoted
as R and μ. The coordinates are established as shown in Fig. 9,
where the molecular rotation plane under no external field
force is defined as the xy plane. The direction of angular mo-
mentum is defined as the z axis. The angle between the electric
field E and the z-axis direction is θ , while the azimuth and
polar angles of the molecular axis are ϑ and ϕ, respectively.

FIG. 9. Coordinates of our formulation.

Under the external field, the Lagrangian of the rotational
molecule can be written as,

L = 1
2 I[ϑ̇2 + sin2 ϑϕ̇2]

− EqR(sin ϑ cos ϕ cos θ + cos ϑ sin θ ). (C1)

The Lagrangian should be satisfied with the Lagrange equa-
tions,

d

dt

(
∂L

∂ϑ̇

)
− ∂L

∂ϑ
= 0,

d

dt

(
∂L

∂ϕ̇

)
− ∂L

∂ϕ
= 0. (C2)

When the external field E equals zero, the molecule is free to
rotate and the rotational angular momentum is conserved. The
steady solutions of Eqs. (C2), noted as � and �, satisfy

� = π/2, I�̇ = L. (C3)

Then, we assume the external field introduces a perturbation
to the field-free rotation, thus ϑ = � + �ϑ and ϕ = � +
�ϕ. It means that sin �ϑ � �ϑ , cos �ϑ � 1. Meanwhile,
we ignore the higher-order terms of �ϑ and can obtain the
classic motion of a polar molecule under the external field.
The equation of �ϑ can therefore be written as

I
d2�ϑ

dt2
+ L2

I
�ϑ = qRE cos θ. (C4)

Then, we introduce a variable X , which is the projection of
the nuclear distance along the z axis, i.e., X = R�ϑ . We also
define the frequency � = L/I and add the damping term �Ẋ
into Eq. (C4),

Ẍ + �Ẋ + �2X = qE cos θ

μ
. (C5)

The solution of the displacement X can be expressed as

X = qE cos θ

μ(�2 − ω2 − i�ω)
. (C6)

The polarization introduced by the rotation of numerous polar
molecules under the action of the external field is

Pmol = N0〈p〉 = N0〈qX cos θ〉 = N0q2E〈cos2 θ〉
μ(�2 − ω2 − i�ω)

.

(C7)

The complex relative dielectric constant caused by the molec-
ular rotational absorption can be written as

εm(ω) = ε1 + iε2

= 1 + N0q2〈cos2 θ〉
μ

(
1

�2 − ω2 − i�ω

)
,

(C8)
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where ε1 and ε2 are the real and the imaginary parts of the
relative dielectric constant, respectively. Based on Eq. (C8),
it exhibits a typical Lorentz line shape of the relative dielec-
tric constant, where 〈cos2 θ〉 indicates the transient alignment
of molecules. Coherence of the laser-excited rotational wave
packet can last for several tens to hundreds of picoseconds,
while the alignment of the rotational wave packet, which is
typically characterized by 〈cos2 θ〉 [shown in Fig. 4(b)], expe-
riences a sudden oscillation (hundreds of femtoseconds) every
4.3-ps interval. Therefore, the alignment contribution to the
rotational absorption is negligible for the picosecond-scaled
terahertz waves.

To give a quantum description of absorption, we can follow
the methods in Ref. [64], by replacing q2/μ by 8π2νi j |μi j |2/h
and replacing � by 2πνi j . Here νi j = (Wi − Wj )/h is the char-
acteristic frequency associated with the rotational transition
between the states i and j. Assuming the refractive index n
caused by molecular polarization satisfies n2 − 1 	 1, and
the rotation absorption parameter α = 2κω/c � ε2ω/c, the
rotational absorption can be roughly written as

α(ω) � [N0]

[
8π2νi j〈cos2 θ〉|μi j |2

hc

]

×
[

Im

(
ω

�2 − ω2 − i�ω

)]
. (C9)

In Eq. (C9), the first term is the number of molecular particles
that rotate and absorb, the second term corresponds to the
intensity of the absorption line, and the third term corresponds
to the rotational absorption line shape.

First, we analyze the second term in Eq. (C9), which cor-
responds to the intensity of the absorption line. Here, μi j is
the dipole moment for the rotational transition from state i to
state j, and the probability of different rotational states should
be taken into account. Generally, the intensity term can be
expressed as

8π2νi j〈cos2 θ〉[(2J+1)|μJJ ′ |2 f (J )−(2J ′+1)|μJ ′J |2 f (J ′)]
hc� j (2 j + 1) f ( j)

,

with (2 j + 1) and f ( j) the degree of degeneracy and the
population of the rotational state j (for j = J or J ′). The
probability at the rotational state j is the product of the
degree of degeneracy and the population, i.e., (2 j + 1) f ( j).
Typically, the probabilities of the rotational states follow the
Boltzmann distribution, which takes the form of Pj = (2 j +
1)e−E j/kTrot , with Trot the rotational temperature. In Ref. [44],
the dipole moment of rotational transition can be expressed as
(2J + 1)|μJJ ′ |2 = (2J ′ + 1)|μJ ′J |2 = μ2

xS(x)
JJ ′ , where μx is the

projection of the dipole matrix element on the molecular axis
and S(x)

JJ ′ are the tabulated quantities to calculate the transition
strength. Then, we come to a reduced form of Eq. (C9),

αrot (ω) = [N0]

[
8π2νi j〈cos2 θ〉μ2

xS(x)
JJ ′� f (J )

hc

]

×
[

Im

(
ω

�2 − ω2 − i�ω

)]
, (C10)

where � f (J ) is the difference of the rotational population
between the rotational state J and state J ′ (=J + 1). Equation
(C10) is the same to Eq. (1) in the main text.

APPENDIX D: ABSORPTION OF THE TERAHERTZ WAVE
IN CO-FORMED PLASMAS

The resonance absorption caused by the collision between
electrons and ions or molecules can be described by the
Lorentz-like Drude model [37]. Actually, the plasma fre-
quency is close to the terahertz field frequency, resulting in the
broadband resonance absorption. Free electrons cannot absorb
energy in the action of the external terahertz field; however,
through the collision with molecule and ion particles, the
energy exchange can be realized, which is the reason for the
broadband absorption of the terahertz wave.

First, we recall the theory of the broadband resonance
absorption in the plasma. The displacement x of an electron
in plasma can be described by the Drude model [39],

me
d2x

dt2
+ meγ

dx

dt
= −eEloc, (D1)

where me is the mass of an electron, γ is the damping rate,
and e is the electronic charge of the electron. We assume the
motion of electrons is faster than that of molecules; therefore,
free electrons in plasmas are driven by the incidental terahertz
wave to separate from ions, creating a localized field with an
opposite polarization [37,41]. The local-field amplitude Eloc

can be obtained by using the external field E minus the polar-
ization P induced by the spatial separation of the free electrons
and residual ions, i.e., Eloc = E − Pe/2ε0. Pe = −Neex is the
space-charge polarization due to the charge carriers separating
in the field. Here, the external terahertz field was linearly
polarized and parallel with the polarization of electrons in our
experiment. Due to the effect of the external field, the Lorentz-
like line shape appears. That is, the polarization caused by the
motion of the electrons can be written as

Pe = Ne p = −Neex = ε0Eω2
p

ω2
p/2 − ω2 − iγω

, (D2)

where ωp ≡
√

(Nee2)/(ε0me) is the plasma frequency. The
complex refractive index introduced by the motion of elec-
trons can be expressed as εe = (ε0E + Pe)/ε0E .

Therefore, the localized field can be directly obtained from
the displacements of electrons, which is

Eloc = ξE =
∣∣∣∣ − ω2 + iγω

ω2
p/2 − ω2 − iγω

∣∣∣∣E , (D3)

where ξ is the field-modulation factor. By considering the
localized field of electrons in plasma, the field strength E
from Eqs. (C4)–(C7) should be replaced by the modulated
field ξE , with ξ the modulation factor. This also modifies
the complex relative dielectric constant in Eq. (C9). Notably,
the unprimed and primed notations are for pure CO gas and
CO in plasma, respectively, except for the rotational quantum
number J ′. Now, the rotational absorbance in plasma could be
written as a summation of the broadband resonance absorption
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and the molecular rotational transition, which is

α′(ω) � Im

(
ε0E + Pe + P′

mol

ε0E

)
ω

c

= Im

[
(εe + ε′

m)ω

c

]

� ω

c
Im

[
ω2

p

ω2
p/2 − ω2 − iγω

]

+
∑

J

N0� f ′(J )LJJ ′ |ξ |Im
[

ω

�2
JJ′ − ω2 − i�′ω

]
,

(D4)

where LJJ ′ is the absorption strength between the
two rotational states, which takes the form of LJJ ′ =
4πμ2

xS(x)
JJ ′�JJ ′ 〈cos2 θ〉/hc.

APPENDIX E: RELAXATION
OF ELECTRONIC DYNAMICS

The collision rate γ in Eq. (D3) includes the collisions
between electrons (e-e), electron-neutral particles (e-m), and
electron-ion particles (e-i). For this paper, we consider only
binary collisions for simplicity. Typically, e-e collisions con-
serve the total electron momentum and do not relax the
electron current [65]; therefore, we ignore the contribution of
e-e collisions to γ . In Ref. [39], the authors attributed the rate
of resonance absorption to the collision between molecules
and electrons because of the large concentration difference
between the ions and molecules. Nevertheless, other obser-
vations suggest that not only the collision between electrons
and neutral molecules but also that between electrons and ions
should be considered when interpreting the physical meaning
of collision rates γ [66].

If an e-m collision dominates the resonance absorption, the
corresponding frequency range should increase significantly
with increasing air pressure. However, it can be seen from
Fig. 2 in the main text that the FWHM of the absorbance for
the 0.2 bar and 0.3 bar were nearly the same. This means that
the collision rate does not increase linearly with increasing air
pressure. Thus, the possible collision process here should be
attributed to the collision between electrons and ions, which
means γ � σeiNiv̄e.

The momentum-transfer cross section σen between a neu-
tral CO molecule and an electron is about 10−20 m2 [67],
while the cross section between an ion and an electron, σei,
is typically 106 larger than σen [48], which means σei ∼
10−14 m2. Ni is the concentration of the CO ion, which is
assumed to be equal to Ne, and v̄e is the thermal electron
velocity. For 0.3 bar backing pressure, the average electronic
velocity is of the order of v̄e ∼ 106 m/s. The effective electron
temperature can be roughly estimated to be Te ≈ 20 000 K
by using 1

2 mv̄e
2 � 3

2 kBTe, with kB the Boltzmann constant.
Note that momentum-transfer cross sections σei and σen are
functions of the electronic kinetic energy, and thus the distri-
bution function of the electron velocity should be considered
if revealing the rigorous plasma temperature [66].

APPENDIX F: RELAXATION OF MOLECULAR ROTATION

In the dilute gas, the main relaxation of molecular rota-
tion comes from the dipole-dipole induced rotation relaxation,
whose typical timescale is about a few nanoseconds [56].
Thus, the linewidth of the absorption spectrum corresponding
to this kind of relaxation is on the order of gigahertz. Assum-
ing the temperature is 300 K, the rotational relaxation cross
section σDD is about 1.5 × 10−15 cm2 [68] and the average
velocity v̄M is estimated to be 470 m/s. Therefore, the dipole-
dipole collision rate of a CO molecule can be calibrated as
�DD = N0v̄MσDD ∼ 108 s−1. If the molecular rotation tem-
perature increases, the dipole-dipole collision cross section
will also increase, but only by a few times, and the corre-
sponding rotational absorption linewidth is still on the order
of 108–109 Hz. However, in our experiments, the FWHM of
the rotational transition is about 1010 Hz, corresponding to
about 600 ps relaxation time of rotation. This is at the same
magnitude of the result from the free-induction decay (FID)
experiment [45]. In the FID experiment, molecular rotation
is coherently excited by a terahertz wave, whose coherent
relaxation delay τ is about several hundreds of picoseconds.
Similar to the superradiation process [69], the coherent ro-
tational transition may be much faster than the noncoherent
case, which here the relaxation is indeed a relaxation of the
coherent rotational wave packet excited by the terahertz wave.

APPENDIX G: CALCULATION OF THE LASER-INDUCED
ROTATIONAL WAVE PACKET

A femtosecond pulse cannot only generate plasma, but it
can also excite the rotational transitions of molecules [70].
This can make a redistribution of rotational states, which
is essential to the absorption and emission properties of
molecules. In Sec. III, we discuss the effect of molecule
alignment introduced by the intense femtosecond laser. Here,
we presented the calculation method, which was raised by
Ortigoso et al. [71].

Assuming that gas molecules have the same state parame-
ters in the region where the molecules interact with the laser,
the collective behavior of a large number of molecules can
be described by the rotational evolution of a single molecular
wave packet. Assuming the molecular rotation wave function
is �(θ, φ, t ), the interaction between the laser field and the
molecule satisfies the Schrödinger equation

i
∂�(θ, φ, t )

∂t
= [BĴ2 + U (θ, t )]�(θ, φ, t ), (G1)

where BĴ2 = B0J (J + 1) − DeJ2(J + 1)2 is the rotational en-
ergy, B0 is the rotational constant of the CO molecule (with
B0 = 1.93 cm−1), and De = 2.79 × 10−10 a.u. is the centrifu-
gal distortion coefficient for CO [72]. U (θ, t ) is the potential
induced by the electric field on the anisotropic polarizability
[71]. The molecular rotational wave function �(θ, φ, t ) is
expanded by the eigenfunction of the rotational motion |J, M〉,

�(θ, φ, t ) =
∑

J

cJ (t )|J, M〉, (G2)

where cJ is a time-dependent expansion parameters.
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Multiplying Eq. (G1) with 〈�| and making an integral, the
Schrödinger equation can be expressed as the equations of the
expansion coefficients:

i
h̄

B0

∂cJ (t )

∂t
= cJ (t )(〈J, M|Ĵ2|J ′, M ′〉 − ω⊥(t ))

−
∑

J ′
cJ ′ (t )�ω(t )〈J, M| cos2 θ |J ′, M ′〉, (G3)

where ω||,⊥(t ) = α||,⊥E2(t )/(2B0) and �ω = ω|| − ω⊥; α||,⊥
is the polarizability of the molecule parallel and perpen-
dicular to the molecular axis. For the dipole transition
〈J, M| cos2 θ |J ′, M ′〉, the selection rule determines that the
nonzero crossing terms should satisfy J ′ = J , J ± 2, M ′ = M,
so Eq. (G3) can be further reduced into

i
h̄

B0

∂cJ (t )

∂t
= cJ (t )[J (J + 1) − ω⊥(t )]

− cJ−2(t )�ω(t )〈J, M| cos2 θ |J − 2, M〉

− cJ (t )�ω(t )〈J, M| cos2 θ |J, M〉
− cJ+2(t )�ω(t )〈J, M| cos2 θ |J + 2, M〉.

(G4)

Then, the coefficients cJ (t ) of different J can be obtained
by solving Eq. (G4). The initial distribution of the rotational
states follows the Boltzmann distribution law

cJ (t0) = g(2J + 1) exp

[
EJ

kBTrot

]
, (G5)

where Trot is the rotation temperature of the molecule; g is
the weighting factor, which is determined by whether the
rotation angle quantum number J is odd or even, and its
physical origin comes from the nuclear spin in the molecule.
Substituting cJ (t0) as the initial values into Eq. (G4), and
letting it evolve under the laser field, then we can obtain
the expansion parameters at the ending time t ′ of the laser
field. These calculated parameters show the redistribution of
different rotational states.
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