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Spectral tuning of a broadband optical pulse via stimulated
Raman scattering of a prealigned molecule
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The nonlinear spectral broadening of a near-infrared laser pulse propagating through pre-aligned molecules
is investigated experimentally in a pump-probe scheme. The spectral shift of over 100 nm as well as spectral
shaping is achieved via tuning the experimental conditions such as pump-probe delay, gas pressure, and pulse
energy. Numerical simulation based on the nonlinear Schrödinger equation shows that the experimentally
observed spectral tuning is due to the competition between different nonlinear effects, i.e., stimulated Raman
scattering, the Kerr effect, and molecular alignment. Adjusting the pump-probe delay properly can decouple
different nonlinear processes and allows for spectral tuning in a controlled way. This scheme is demonstrated
to be attractive for the generation of few-cycle laser pulses with a frequency-tunable spectrum, broadband pulse
shaping, and many strong field applications in the visible range.
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I. INTRODUCTION

Nowadays, the exploration of light-matter interactions un-
der shorter and shorter timescales and high-intensities has
promoted the development of ultra-short laser sources, espe-
cially few-cycle laser pulses with frequency tunability over
a broad spectral range, which have a wide range of ap-
plications in attosecond physics [1–3], chemical reaction
dynamics [4–6], and high time-resolution measurements in
atomic and molecular physics [7], as well as molecular align-
ment [8].

Optical parametric amplification (OPA) and optical para-
metric chirped pulse amplification (OPCPA) are well-
established technologies for producing frequency-tunable
laser pulses [9–11]. The efficiency of the entire nonlinear
process is limited due to the rigorous condition of the precise
phase matching over a broad spectrum. Filamentation in rare
gases and hollow core fiber (HCF) filled with rare gases could
also achieve spectral shift by self-phase modulation (SPM)
and self-steepening [12–15]. Supercontinuum generation is
also realized by four-wave mixing process with cascaded Ra-
man scattering in microstructured fibers [16–22]. Recently,
owing to the enhanced spectral broadening caused by the de-
layed rotational nonlinearity, molecular gas was proposed as
an alternative to rare gas to obtain a larger frequency shift and
larger compression factors with long input pulse duration in
HCF. Safaei et al. [23] reported the observation of the forma-
tion of highly stable multidimensional solitary states (MDSS)
in HCF filled with molecular gases and found the gener-
ation of a broadband red-shifted spectrum and an unusual
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negative second-order spectral phase due to the enhanced
Raman processes caused by the intermodal interactions. Bee-
tar et al. [24], Fan et al. [25], and Carpeggiani et al. [26]
also demonstrated the generation of supercontinuum infrared
spectrum in the long-distance HCFs filled with molecular
gases with high conversion efficiency and high beam quality.
In all these methods a few hundred femtosecond single pulse
is used to simultaneously launch the rotation wave packet in
the leading edge, and accumulate a time-dependent nonlinear
phase in the falling edge causing the spectral broadening.
Such spectral tuning scheme will have extended applications
if the molecular alignment and spectral broadening are con-
trollable separately with a pump-probe manner.

Specifically, molecules can be prealigned as a substitute
for noble gas media in nonlinear interaction, which opens
up many important applications in ultrafast optics, particu-
larly the structure and length of the filament [27,28], shock
x waves [29–31], terahertz (THz) waves [32–36], and high
harmonic generation (HHG) [37,38]. Most of the previous
works were performed in free-space rather than in the HCF.
Similarly, the frequency shift by molecular phase modula-
tion (MPM) in filaments and HCFs was shown theoretically
in pump-probe schemes [39–42]. Zhavoronkov et al. [43],
Bartels et al. [44], and Noack et al. [45] experimentally
demonstrated the modulation and compression of pulses in
the ultraviolet (UV) region by using a Raman active media
based on waveguide, where an 800-nm pump pulse is used
to excite molecules and change the refractive index of the
gas, then a time-delayed 400-nm UV probe pulse is used
to sense the molecular alignment revivals. Further, increas-
ing the bandwidth of the probe pulse indicates an enhanced
Raman scattering, which is challenging due to the group ve-
locity mismatch between the near-infrared range (NIR) pump
and UV probe propagating in the long waveguide [46,47].
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Cai et al. [48,49] experimentally showed that a super-
continuum pulse can be generated through femtosecond
filamentation in prealigned diatomic molecules in the visible
region, this configuration avoids the group velocity mismatch-
ing problem by using similar wavelength for both the pump
pulse and probe pulse, yet the spectral tuning range is lim-
ited by the relatively short filament length. Combining the
pump-probe configuration with similar wavelength and a HCF
holds the promise to overcome the mentioned issues thanks
to the longer nonlinear action length, reduced group velocity
mismatch, and higher transmission efficiency as compared
with filamentation.

In this study, we experimentally demonstrated the spec-
tral broadening of a laser pulse in the NIR in a HCF filled
with prealigned nitrogen and nitrous oxide. We find that not
only the central frequency, but also the spectral shape of the
probe pulse can be tuned to a large extend by optimizing
different experimental parameters based on molecular phase
modulation in our pump-probe scheme. A theoretical model
incorporating different nonlinear effects including the Kerr
effect, molecular alignment, and SRS is utilized to analyze
the nonlinear interactions, and the experimental observations
are well explained by our theoretical simulation. This scheme
has great potential for ultra-wide range spectral tuning from
UV to midinfrared.

II. EXPERIMENTAL RESULTS

The experimental apparatus is shown in Fig. 1(a) in our
studies. An 800-nm 30-fs femtosecond pulse provided by a
1 kHz Ti:sapphire amplified laser system is first split by a
beam splitter (BS1) into a pump pulse for molecular pre-
alignment and a probe pulse for investigating its propagation
dynamics. The pulses are then recombined and collinearly
focused with a concave mirror (M8, focal length of 2 m) into a
1-m HCF filled with molecular gas. The polarization direction
of the pump pulse is perpendicular to that of the probe pulse
by rotating the half-wave plate (HWP) in the pump arm before
the recombination mirror (BS2). The relative delay between
the pump pulse and the probe pulse is adjusted by using a
motorized translation stage with a delay step of 1.5 μm. At
the exit of the HCF, the spectrum of the probe pulse, which
is collimated by the other concave mirror (M9, focal length
of 2 m), is measured by the spectrometer after a polarizer
which reflected the s-polarized pump pulse and transmitted
the p-polarized probe pulse. All experiments are performed at
room temperature.

Figure 1(b) shows the delay-dependent spectrum of a 0.12-
mJ probe pulse propagating through a 1-m HCF filled with
1.8 bar nitrogen aligned by 0.41-mJ pump pulse. The pe-
riodic modulation on the spectrum of the probe pulse is a
clear indication of molecular rotational wave packet launched
by the pump pulse. The four special revivals of nitrogen
molecular alignment are marked with 1/4Trev_N2, 1/2Trev_N2,
3/4Trev_N2, and Trev_N2 in Fig. 1(b), respectively, where Trev_N2

represents the revival period of nitrogen molecular alignment.
In addition, the corresponding revival time is 8.4 ps, which
is consistent with previous works [44,50,51]. At the same
time, the spectrum of the probe pulse is broadened or nar-
rowed at certain delays, corresponding to the polarization

FIG. 1. (a) Experimental layout: BS1, BS2, beam splitter; HWP,
half-wave plate; M1-M7, M10, M11, high reflectivity mirror with
broadband; M8, M9, concave mirror with focal length of 2 m; Polar-
izer, reflect the s-polarized pump and transmit the p-polarized probe;
motorized translation stage, control the relative delay between pump
pulse and probe pulse with a delay step of 1.5 μm. Panel (b) depicts
the spectrum of 0.12 mJ probe pulse propagating in a 1m HCF filled
with 1.8 bar nitrogen excited by 0.41 mJ pump pulse at different
delays. The dashed lines with arrows indicate the polarization direc-
tions of the pulses.

direction of the probe pulse perpendicular or parallel to the
prealigned molecular axis [48]. It also can be seen that the
delay-dependent spectrum of the probe pulse has an over-
all redshift compared with [52,53], and the main energy is
concentrated around 830 nm. The more complicated spectral
profile close-to-zero delay is caused by direct cross-phase
modulation of the pump and probe pulses. Meanwhile, it is
measured that the spatial profile of the probe pulse remains
constant and the beam has good stability.

To inspect the spectral tuning capability of the current
scheme in more details we choose three specific delays near
1/2, 3/4, and full revival time to study the spectrum of the
probe pulse at different pressures as shown in Fig. 2. The
positions of the three delays are marked by the numbers in
Fig. 1(b). As can be seen from Fig. 2(a), compared with the
spectrum of the input probe pulse (gray shades), the spectrum
of the output probe pulse exhibits obvious red shift (4.28
ps), blue shift (8.41 ps), and symmetrical broadening even
spectrum shaping (6.21 ps) at different delays under fixed
pressure. These phenomena indicate that the spectral tuning
of the probe pulse can be preliminarily achieved by simply
adjusting the relative delay between the probe pulse and the
pump pulse. It can be seen that the spectrum of the probe pulse
at different gas pressures experiences a different amount of
shift and broadening from Figs. 2(b) to 2(d). As the pressure
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FIG. 2. Panel (a) represents the spectrum of the probe pulse at
three different delays (4.28 ps, 6.21 ps, 8.41 ps) in Fig. 1(b) and the
spectrum of the input probe pulse (gray shades). The spectrum of
the probe pulse at various pressures (0.6 bar, 1.4 bar, 2.2 bar) for the
delay of (b) 4.28 ps (solid line), (c) 6.21 ps (dashed line), (d) 8.41 ps
(dotted line) based on Fig. 1(b). The blue lines represent the spectrum
of the probe pulse without the pump pulse at 0.6 bar.

increases, the amount of spectral shift and broadening is also
increasing monotonically for all three delays. The spectra of
the probe pulse at more pressures are shown in Appendix B.
This is different from the spectral broadening from SPM in
atomic gases, where the generation of new frequencies below
and above the fundamental frequency occurs at the leading
and trailing edges of the pulse resulting in a symmetrical
spectrum [24,54].

It is worth mentioning that we can control not only the
shift and broadening, but also the spectral shape of the probe
pulse, which is very attractive for the shaping of the broadband
spectrum. It is shown that the shape of the spectrum will
gradually change as the gas pressure increases in Figs. 2(b)
to 2(d). In particular, with the increase of gas pressure, the
spectral modulation depth accompanied by spectral blueshift
becomes shallower in Fig. 2(d), but the spectral modulation
depth of the probe pulse without obvious spectral broadening
becomes larger in Fig. 2(c). These observations hint at a po-
tential scheme for spectral broadening and shaping with great
tunability.

The spectrum of 0.12-mJ probe pulse propagating in a
1-m HCF filled with 1.8 bar nitrogen excited by a higher-
energy pump pulse (0.50 mJ) is also investigated and shown in
Fig. 3(a). Figure 3(b) depicts the spectrum of the probe pulse
at delays near the half revival of the rotational wave packet.
Among them, the spectral intensities of the probe pulse of 3.45
ps, 4.17 ps, and 4.26 ps are relatively normalized with respect
to that of 4.35 ps, respectively. The energy exchange between
the electromagnetic field and the molecules during the non-
linear interaction depends on the polarization direction of the

FIG. 3. Panel (a) represents the spectrum of the probe pulse
propagating in a 1 m HCF filled with 1.8 bar nitrogen excited by
0.5 mJ pump pulse at different delays. The spectrum of the probe
pulse at delays (3.45 ps, 4.17 ps, 4.26 ps, 4.35 ps) near the half
revival of the rotational wave packet show in (b). The spectrum of
the probe pulse at various pressures (0.6 bar, 1.4 bar, 2.2 bar) for the
delay of (c) 4.28 ps (solid line), (d) 8.41 ps (dotted line) based on (a).
The blue lines represent the spectrum of the probe pulse without the
pump pulse at 0.6 bar.

electric field. When the polarization is parallel (perpendicular)
to the molecular axis, the molecules lose (gain) energy to
(from) the electric field [55,56]. At the same time, the energy
increase and decrease of the probe pulse correspond to the
blue-shift and red-shift of the spectrum of the probe pulse,
respectively. Therefore, it can be seen from Fig. 3(b) that the
frequency shift and broadening of the spectrum of the probe
pulse are accompanied by energy changes. The spectrum of
the probe pulse for higher-energy pump pulse under various
pressures is shown in Figs. 3(c) and 3(d). It can be found
that in the case of high-energy pump pulse, the spectrum of
the probe pulse achieves a larger redshift (blueshift) of about
100 nm at 4.28 ps (8.41 ps). Similarly, the variation trend
of spectral modulation depth with gas pressure is consistent
for different pump energies. Therefore, the spectral tuning of
the broadband optical pulse can be optimized by controlling
pump-probe delay, the energy of the pulse, and gas pressure
in HCF.

Under similar experimental conditions, nitrous oxide is
also investigated to further study, to a greater extent, the spec-
tral shift and modulation of the probe pulse. The nonlinear
refractive index and instantaneous frequency shift of nitrous
oxide are much larger than those of nitrogen, as demonstrated
in [24,53], so the use of nitrous oxide in HCFs holds promise
for a wider range of spectral tuning. The delay-dependent
spectrum of a 0.07-mJ probe pulse propagating in the HCF
filled with 1 bar nitrous oxide aligned by a 0.15-mJ pump
pulse is also shown in Fig. 4(a). Obviously, compared with the
results of nitrogen, the spectrum of the probe pulse has weaker
blueshift but more obvious redshift in the prealigned nitrous
oxide [24], and the 1/4 and 3/4 revivals are not present owing
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FIG. 4. Panel (a) represents the spectrum of 0.07-mJ probe pulse
propagating in a 1-m HCF filled with 1 bar nitrous oxide excited by
the pump pulse with 0.15 mJ at different delays. The spectrum of
the probe pulse at various pressures (1 bar, 2.5 bar) for the delay
of (b) 19.75 ps (dashed line), (c) 19.99 ps (solid line), (d) 39.87 ps
(dotted line) based on (a). The blue lines represent the spectrum of
the probe pulse without the pump pulse at 1 bar.

to the axial asymmetry of the linear N2O molecule, in which
the atoms are ordered N-N-O [53]. In Fig. 4(a), the spectrum
of the probe pulse also demonstrates the energy loss, energy
gain, and different amount of spectral modulation of the probe
pulse in pr-aligned nitrous oxide near the half and full revival
times. The effect of different gas pressures on the spectrum of
the probe pulse is further studied under three special delays
(19.75 ps, 19.99 ps, 39.87 ps), depicted in Figs. 4(b) to 4(d).
The results show that, as the pressure increases, the spectrum
of the probe pulse will be further redshifted, blueshifted,
and symmetrically broadened, respectively, and the redshift
amount has been extended to 150 nm. It can be seen that the
systematic variation of the spectral shape of the probe pulse,
i.e., the change of the spectral modulation depth with the gas
pressure is consistent with the results of nitrogen.

III. THEORETICAL ANALYSIS

To illustrate how the dynamics of the different nonlinearity
affect the generated tunable broadband spectrum, we calculate
the spectrum generated from propagation of the probe pulse in
HCF filled with prealigned molecular gas. The pulse propaga-
tion equation can be written as [52,57]

∂ε

∂z
= i

2k

(
∂2

∂x2
+ ∂2

∂y2

)
ε − ik′′

2

∂2ε

∂t2
+ N (|ε|2, ρ)ε − α

2
ε,

(1)
where

N (|ε|2, ρ) = NKerr (|ε|2) + NSRS(|ε|2) + NPlasma(ρ)

+ NMPA(|ε|2) + NAlign(� cos2 θ �), (2)

where ε represents the probe-pulse field envelope and N is
the nonlinear effect that the probe pulse experienced in HCF,

FIG. 5. Panel (a) represents the delay-dependent spectrum of the
probe pulse E1 propagating in a 1-m HCF filled with 1 bar nitrogen
excited by the pump pulse E2 at 25◦ C. Panel (b) is the part of
(a), which is shown in the dotted box in (a) The frequency shift
�ω = −∂ψ/∂t caused by different nonlinear effects for the delay
of (c) 2.03 ps, (d) 2.09 ps, and (e) 2.25 ps based on (a). Shaded
area shows the average value of frequency shift of the probe pulse.
The spectrum of the probe pulse with only SRS, only molecular
alignment and all nonlinear effects for the delay of (f) 2.03 ps, (g)
2.09 ps, and (h) 2.25 ps based on (a).

including the Kerr effect (NKerr), SRS (NSRS), plasma term
(NPlasma), multiphoton absorption (NMPA), and nonlinearity
induced by molecular alignment (NAlign). The details of the
theoretical model are given in the Appendix.

In our simulation, the spatial profile of the beam re-
mains constant due to the low input energy. The electric
field form of the input probe pulse is E1(t ) = ε1 exp(iω0t ),
ε1 = √

I1 exp(−2 ln 2t2/τ 2
1 ), the pump pulse is E2(t ) =

ε2 exp(iω0t ), ε2 = √
I2 exp(−2 ln 2t2/τ 2

2 ), with the same po-
larization direction as E1. I1 = 5.90 × 1012 W/cm2 and I2 =
1.18 × 1013 W/cm2 represent the intensity of the probe pulse
and the pump pulse, respectively, τ1 = τ2 = 30 fs is the pulse
full width at half maximum (FWHM). ω0 = 2πc/λ is the
central frequency with λ = 800 nm and c = 3 × 108 m/s.

Before the interaction, the gas ensemble is assumed to be
in a thermal equilibrium state with a Boltzmann distribution at
temperature 25◦ C. First, we calculated the transmitted spec-
trum of the probe pulse in a 1-m HCF filled with 1 bar nitrogen
under different delays between the pump and probe, and the
results are shown in Figs. 5(a) and 5(b). It can be clearly seen
that the spectrum of the probe pulse has different degrees of
frequency shift at different delays and the overall character-
istics of the spectrogram are consistent with the experiment
shown in Figs. 1(b) and 3(a). It should be noted that, in the
one-dimensional simulation, the polarization of the probe is
parallel to that of the pump pulse, thus the calculated revival
dynamics is opposite to that of the measurement in Fig. 1(b).
However, the polarization of the probe pulse does not influ-
ence the characteristic feature of the broadened spectrum. It
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is crucial for us to be able to distinguish different nonlinear
effects to achieve more reliable control for pulses bearing
broad bandwidth in our pump-probe scheme. So we select
three specific delays 2.03 ps, 2.09 ps, and 2.25 ps for further
analysis. The phase ψ accumulated by different nonlinear
effects in HCF can be calculated ψ = Nnonlinear effect L, where
L is the length of the HCF. The frequency shift �ω can be
obtained by taking the time derivative of the accumulated
phase ψ for different nonlinear effects, as shown in Figs. 5(c)
to 5(e). The blue dotted line, orange dot-and-dash line, and
yellow solid line represent the frequency shift caused by the
Kerr effect, molecular alignment, and SRS in the HCF, respec-
tively. In addition, the purple solid line is the sum of all the
nonlinear effects. Meanwhile, the average values of the overall
frequency shift are shown in the shaded areas in Figs. 5(c) to
5(e) at different delays.

Figures 5(f) to 5(h) show the calculated spectrum of the
probe pulse when only SRS, only molecular alignment, or
all nonlinear effects are considered, and the black solid line
represents the spectrum of the probe pulse at the entrance of
the HCF. It can be found that the total frequency shift of the
probe pulse is close to zero at 2.03 ps [Fig. 5(c)], where the
Kerr effect plays a major role, and the frequency shift caused
by the SRS effect and the molecular alignment cancel each
other out, therefore the spectrum of the probe pulse is symmet-
rically broadened along both sides of the center wavelength
[Fig. 5(f)]. Also the total frequency shift of the probe pulse at
2.09 ps is greater than zero [Fig. 5(d)], where the frequency
shift caused by molecular alignment is larger than that caused
by other nonlinearities, so the spectral blueshift of the probe
pulse will occur [(Fig. 5(g)]. The total frequency shift of the
probe pulse is less than zero at a delay of 2.25 ps [Fig. 5(e)],
where the frequency shift caused by molecular alignment and
SRS is dominant, and the spectrum of the probe pulse will be
redshifted [Fig. 5(h)]. This explains why the redshift amount
of the probe pulse is greater than the blueshift amount of the
probe pulse in our experimental results. However, the probe
pulse appears redshifted at delays away from the molecular
alignment revivals’ structure due to the dominance of the SRS
effect. It can be clearly shown from these simulations that
the influence of different nonlinear effects on the probe pulse
can be explicitly understood and controlled and it provides a
valid means for desirable spectral tuning of broadband optical
pulses.

To further analyze the situation of different experimental
parameters, we also investigate the influence of different in-
tensities [Figs. 6(a) to 6(c)] of the probe pulse and different
gas pressures [Figs. 6(d) to 6(f)] on the spectrum of the probe
pulse. The spectrum of the probe pulse still exhibits symmet-
ric broadening with the increase of the intensity of the probe
pulse and gas pressure due to the dominant Kerr effect at
2.03 ps, and the modulation of spectral shape at high intensity
and pressure is also caused by the Kerr effect. For the delay
of 2.09 ps, the influence of molecular alignment remains un-
changed while the SRS effect is enhanced with the increase of
the probe pulse intensity, resulting in an insignificant blueshift
of the probe pulse. However, the effect of molecular alignment
is more obvious than other nonlinearities with the increase of
gas pressure, resulting in an obvious blueshift of the spectrum
of the probe pulse. For the delay of 2.25ps, the SRS effect and

FIG. 6. The influence of the different intensities (I1 = 5.90 ×
1012 W/cm2, I1 = 1.18 × 1013 W/cm2) of the probe pulse and dif-
ferent gas pressures (1 bar, 2 bar) on the spectral shift for the delay
of (a,d) 2.03 ps, (b,e) 2.09 ps, and (c,f) 2.25 ps based on Fig. 5(a).

molecular alignment will be enhanced with the laser intensity
and gas pressure because of the dominant role of both the
SRS and molecular alignment, resulting in a more obvious
redshift of the spectrum of the probe pulse. It is found that the
spectrum of the probe pulse not only will be further shifted or
broadened, but also has a slight change in spectral shape with
the increase of gas pressure and intensity, which is consistent
with the experimental observation. The main feature of the
spectral modulation in Fig. 2 can be well reproduced in the
simulation by assuming an input probe pulse with Gaussian
envelope, the other effect such as the spectral splitting in Fig. 2
could be attributed to the more complex temporal structure
of the input probe pulse. The theoretical analysis shows that
different nonlinear effects can play a dominant role in the
interaction with the appropriate parameters, so as to realize the
control of the broadband spectrum. In addition, the variation
trend of the spectrum of the probe pulse is in good agreement
with experimental results.

The current study shows the tuning of a broadband pulse
mainly in the VIS-NIR regime spanning from 600 to 1000 nm.
A tunable midinfrared or ultraviolet spectrum can be achieved
potentially by using a longer fiber (∼6 m) with large inner
diameter (∼550 μm) and high-pressure (∼6 bar) at lower
temperature using the current scheme. To further increase the
intensity of the pulse, a HCF with pressure gradient will be
needed to effectively avoid the ionization that degrades the
transmission efficiency and beam quality [58].

The spatial-temporal coupling effect must be considered
in the theoretical analysis of the transmission process of
high-energy probe pulses in a longer HCF with larger inner
diameter and higher gas pressure. The coupling between dif-
ferent spatial modes will affect the contribution of different
nonlinear effects and make the pulse propagation process
more complicated [23,26]. The spectral tuning mechanism
under such conditions deserves further study in the future.

IV. CONCLUSION

In conclusion, we experimentally investigated the spectral
tuning of broadband optical pulses in the NIR range in a
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HCF filled with prealigned nitrogen and nitrous oxide. Under
a pump-probe scheme, the nonlinear interaction between the
laser and the aligned molecules leads to large spectral shift of
over 100 nm for proper pump-probe delays. At the same time,
the spectral shape of the broadband optical pulse can be mod-
ulated by changing the experimental conditions such as the
pump energies and gas pressure. The frequency shift, caused
by different nonlinear effects, of the probe pulse are calcu-
lated, and the dominant roles of different nonlinear effects are
identified under different conditions. There is good agreement
between our theoretical simulations and experimental obser-
vations. It is demonstrated to be an effective approach for the
generation of few-cycle laser pulses with frequency-tunable
spectrum, which are significant for many strong-field appli-
cations. The current approach can be potentially extended
for high-energy few-cycle laser pulse generation with desired
spectrum using a HCF with larger inner diameter, longer dis-
tance, higher pressure, and lower temperature in the future.
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APPENDIX A: THEORETICAL MODEL

When molecules with anisotropic polarizability are excited
by a pump pulse in a nonadiabatic alignment regime, the
refractive index changes in time. The nonadiabatic molecular
alignment induces periodic modulation of the refractive index
of the gas. When the polarization direction of the probe pulse
is the same as that of the pump pulse, the change of the
refractive index of the molecular gas is expressed as [44,59]

�n‖(t ) = 2πρat

n0
�α

(
� cos2 θ � (t) − 1

3

)
, (A1)

where (� cos2 θ �) is the expectation value of the thermally
averaged alignment given by [60], ρat is the molecular density,
and n0 is the linear refractive index. �α is the difference
between the parallel α‖ and perpendicular α⊥ polarizability
components with respect to the molecular axis and θ is the
angle between the molecular axis and the polarization direc-
tion of the pump laser field. When the polarization direction
of the probe pulse and the pump pulse is perpendicular to each
other, the change of the refractive index of the molecular gas
is

�n⊥(t ) = −1

2
�n‖(t ) = −πρat

n0
�α

(
� cos2 θ � (t) − 1

3

)
.

(A2)

The pulse propagation equation in HCF filled with prealigned
molecular gas can be written as Eqs. (1) and (2), where

NKerr (|ε|2) = ik0n2T̂ (1 − fR)|ε|2, (A3)

NSRS(|ε|2) = ik0n2 fR

∫ t

−∞
R(t − τ )|ε|2dτ, (A4)

NPlasma (ρ) = −σ

2
(1 + iω0τc)ρ, (A5)

NMPA(|ε|2) = −βK

2
|ε|2K−2

[
1 − ρ

ρat

]
, (A6)

NAlign (� cos2 θ �) = ik0T̂ �n, (A7)

and

∂ρ

∂t
= ησK |ε|2K(ρat − ρ) + σ

Ui
ρ|ε|2, (A8)

σ = k0

n0ρc

ω0τc

1 + ω2
0τ

2
c

. (A9)

Here ε represents the probe pulse field envelope and k is
the wave vector. x and y describe the spatial coordinates
of the probe pulse, N is the nonlinear effect that the probe
pulse experienced in HCF, including the Kerr effect, plasma
term, multiphoton absorption, and nonlinearity induced by
molecular alignment. α is the absorption coefficient of the
probe pulse in HCF. n2 is the nonlinear refractive index, R
is the Raman response function, fR represents the fraction of
the Raman nonlinearity in the overall nonlinear response of
the fiber filled with molecular gas. k0 and ω0 are the central
wave number and central frequency of the laser pulse. The
operator T̂ represents the self-steepening effect. ρ is the elec-
tron density, σ is the inverse bremsstrahlung cross section, and
σK denotes the coefficient of the multiphoton ionization rate
WMPI = σK IK involving K photons, where K ≡< Ui

h̄ω0
+ 1 >,

and Ui is the ionization potential of the molecular gas. The
coefficient βK = Kh̄ω0ρatσK is related to the multiphoton ion-
ization coefficient. The coefficient η given by [29] describes
the dependence of ionization rate on molecular alignment. τc

and ρc represent the electron collision time and the value of
the critical plasma density above which the plasma becomes
opaque, respectively.

FIG. 7. The spectrum of the probe pulse at various pressures
(0.6 bar, 1 bar, 1.4 bar, 1.8bar, 2.2 bar) for the delay of (a) 4.28 ps
(solid line), (b) 6.21 ps (dashed line), and (c) 8.41 ps (dotted line)
based on Fig. 1(b). The blue lines are the spectrum of the probe pulse
without the pump pulse at 0.6 bar.
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FIG. 8. The spectrum of the probe pulse at various pressures
(0.6 bar, 1 bar, 1.4 bar, 1.8bar, 2.2 bar) for the delay of (a) 4.28 ps
(solid line) and (b) 8.41 ps (dotted line) based on Fig. 3(a). The blue
lines represent the spectrum of the probe pulse without the pump
pulse at 0.6 bar.

APPENDIX B: COMPLETE EXPERIMENTAL DATA

Under the experimental parameters of Fig. 1(b), we studied
the spectral shift degree and spectral shape of the probe pulse
at three different delays (4.28 ps, 6.21 ps, 8.41 ps) under five
pressures (0.6 bar, 1 bar, 1.4 bar, 1.8bar, 2.2 bar). Part of the
results are shown in Fig. 2, and the complete results are shown
in Fig. 7. With the increase of the pressure, both the spectral
shift and the change regulation of the spectral shape of the
probe pulse are consistent with the analysis in Fig. 2.

Similarly, the spectra of the probe pulse at two delays
(4.28 ps, 8.41 ps) under five pressures (0.6 bar, 1 bar, 1.4 bar,
1.8bar, 2.2 bar) for the 0.5-mJ pump pulse are shown in Fig. 8,
and some of the results are shown in Fig. 3. Figure 9 shows
the spectrum of the probe pulse under four pressures (1 bar,
1.5 bar, 2 bar, 2.5 bar) with three different delays (19.75 ps,
19.99 ps, 39.87 ps) and the main conclusions are consistent

FIG. 9. The spectrum of the probe pulse at various pressures
(1 bar, 1.5 bar, 2 bar, 2.5 bar) for the delay of (a) 19.75 ps (dashed
line), (b) 19.99 ps (solid line), and (c) 39.87 ps (dotted line) based
on Fig. 4(a). The blue lines represent the spectrum of the probe pulse
without the pump pulse at 1 bar.

with the analysis results in Fig. 4. At the same time, it can be
found that, as the gas pressure gradually increases, the change
regulation of the spectral shape of the probe pulse is opposite
to that of Fig. 7(b). Therefore, the spectral shape of broadband
optical pulse can be realized by selecting different types of
molecular gases, controlling the gas pressure, and selecting
different pump-probe delays.
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