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We numerically study the pulse compression approaches based on atomic or molecular gases in a hollow-core fiber.
From the perspective of self-phase modulation (SPM), we give the extensive study of the SPM influence on a probe pulse
with molecular phase modulation (MPM) effect. By comparing the two compression methods, we summarize their advan-
tages and drawbacks to obtain the few-cycle pulses with micro- or millijoule energies. It is also shown that the double
pump-probe approach can be used as a tunable dual-color source by adjusting the time delay between pump and probe
pulses to proper values.
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1. Introduction

Ultrashort laser pulses with duration of only a few op-
tical cycles possess extensive applications in various fields
such as light-matter interactions, high-order harmonic gener-
ation (HHG),[1] attosecond physics,[2,3] atomic and molecu-
lar physics.[4–6] A popular pulse compression scheme is al-
lowing the pulses to propagate through a hollow-core fiber
(HCF) filled with atomic gases.[7,8] The temporal self-phase
modulation (SPM) created by the electronic Kerr nonlinearity
gives rise to spectral broadening and imparts a positive chirp
on pulses that can then be compensated by using the chirped
mirrors, which generates the few-cycle pulses with micro- or
millijoule energies.[9–13] However, since SPM is a third-order
nonlinear process and the induced time-dependent phase is
proportional to the pulse intensity, when this pulse compres-
sion technique is applied to the high intensity region, the phase
behavior becomes much more complicated, and its complete
compensation is impractical. Moreover, the spectral profile of
generated few-cycle pulses exhibits a multipeak structure, and
its central wavelength is limited to a narrow range around the
fundamental wavelength of 800 nm.

An alternative method to obtain the few-cycle pulses
termed molecular phase modulation (MPM) has been
presented.[14–17] In comparison with atomic gases, when
molecular gases interact with an intense pump pulse, the
molecular alignment revivals are created. Then the molecu-

lar alignment produces a strong phase modulation on the time-

delay probe pulse, which achieves the frequency tuning and

spectral broadening.[18–23] In the process of spectral broaden-

ing, the MPM effect imparts a near-linear positive or nega-

tive chirp on the probe pulse by tuning the time delay between

pump and probe pulses, it means that the probe pulse can be

compensated by the common glasses instead of chirped mir-

rors. With this pump-probe configuration, we can obtain the

frequency-tunable few-cycle pulses, which is very promising

as a tunable source. However, this approach is restricted by

the intensity of the probe pulse; the intense pulse will enhance

the nonlinear effects such as SPM effect which induces a dis-

ruptive spectral modulation.

In our previous work,[24,25] we first achieved several hun-

dred nanometers wavelength tuning by using the double pump

pulses and then particularly studied the process of frequency

tuning and spectral broadening based on MPM effect. In this

work, seen from the SPM perspective, we review the process

and specifically investigate the extensive influence of SPM ef-

fect on the probe pulse with MPM effect. In addition, we make

a comparison between atomic and molecular gases for gener-

ating the few-cycle pulses and discuss the advantages and lim-

itations of these two methods. Furthermore, using the double

pump-probe approach, we can simultaneously obtain the two

few-cycle pulses with different spectral ranges.
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2. SPM effect based on atomic gases
The pulse propagation equation based on the atomic-

gases-filled HCF can be expressed as[26–28]

(∂z− iL̂)E = iT̂
[

ω0

c
n2h |E|2 E

]
− σ

2
dE

− 1
2

f
I

E− iq2
e

2cω0meε0
T̂−1 [dE] , (1)

where the pulse envelope E is normalized to the intensity
I; the constants c, σ , qe, me, ε0, and n2 are light speed in
vacuum, impact ionization cross section, electron charge and
mass, vacuum permittivity, and instantaneous Kerr nonlin-
ear refractive index, respectively. The linear operator L̂ =

iα(0) − α(1)∂τ + ∑
∞
m=2 (i∂τ)

m
[
β (m)+ iα(m)

]
/m! describes

the waveguide mode attenuation α and the dispersion β ,
where α(m) = dmα/dωm|ω=ω0 and β (m) = dmβ/dωm|ω=ω0 ;
ω0 is the central angular frequency of the pulse. The de-
lay frame moving at the group velocity of the fundamen-
tal mode τ = t − β (1)z is introduced. The operator T̂ =

1+(i/ω0)∂τ describes the self-steepening effects. The coeffi-
cients h =

∫ a
0 V 4rdr/

∫ a
0 V 2rdr, d =

∫ a
0 ρV 2rdr/

∫ a
0 V 2rdr, and

f =
∫ a

0 W (ρnt−ρ)Iprdr/
∫ a

0 V 2rdr represent the Kerr, plasma
and ionization effects encoded in the pulse transverse mode
V = J0(ur/a), where r is transverse coordinate; a is fiber in-
ner radius; W is the ionization rate; ρnt is the neutral density
of gas; Ip is the ionization potential; J0(x) is the 0th order
Bessel function of the first kind; u is the first zero point of
J0(x). Assuming electrons are born at rest, the electron den-
sity ρ evolves as

∂ρ

∂ t
=W (ρnt−ρ)+

σ

Ip
ρI, (2)

where the ionization rate W is calculated according to
Perelomov–Popov–Terentiev (PPT) theory.[29] The pulse en-
velope E at the input of the HCF is written as E(t,z = 0) =
fcoup

√
P0/S mod exp

[
−(2ln2)t2/τ2

]
, where P0 = 0.94E0/τ is

initial peak power, E0 is the input pulse energy, τ is the pulse
full width at half maximum (FWHM); S mod = 0.5πw2

0 is the
fundamental mode area, w0 is the 1/e2 radius of the beam
intensity Gaussian profile at the focus just before the input
of HCF; fcoup is the fraction of the pulse that is coupled to
the fundamental mode. When w0 = 0.65a, about 98% of the
pulse energy is coupled to the fundamental mode, which cor-
responds to fcoup ∼= 0.88.[30]

In this work, we employ 1-m HCF with 250-µm inner
diameter. The initial Gaussian pulse is 40-fs FWHM with
central wavelength 800 nm. The HCF compressor filled with
noble gas is a widely used technique to obtain the few-cycle
pulses with micro- or millijoule energies. Usually, considering
the conditions of input pulse energy and gas pressure, we will
choose the different gases to broaden spectrum. Table 1 shows
the ionization potential and nonlinear refractive index for Kr,
Ar, and Ne gases with pressure 1 bar at 800 nm. Since Kr gas
possesses the high nonlinear refractive index, even though the

pulse energy and gas pressure are low, the pulse spectrum can
be broadened effectively. But for intense pulse energy, we usu-
ally use Ne gas to compress the pulse due to its high ionization
potential. Ar gas is a suitable choice between these two cases.

Table 1. The ionization potential and nonlinear refractive index of no-
ble gases at 800 nm for the pressure of 1 bar.

Gas type
Ionization Nonlinear refractive

potential/eV index n2 /cm2·W−1

Kr 13.99961 2.78×10−19

Ar 15.75962 1.00×10−19

Ne 21.56460 7.50×10−21

Here, we use the root-mean-square (RMS) method to ex-
press the spectral broadening, and the broadening factor is
defied.[25,31,32] As shown in Fig. 1(a), the spectral width for
input pulse energy 0.05 mJ increases with respect to Kr gas
pressures from 0.1 bar to 1.0 bar, and exhibits a linear relation.
Figure 1(b) shows the temporal intensities of the output (blue
solid curves) and compressed pulses with group delay disper-
sion (GDD, red solid curves) or GDD, third-order dispersion
(TOD, black-dotted curves) compensation at gas pressure 0.5
bar. The compressed pulse FWHM is 10.0 fs after −70 fs2

and 81 fs3 compensation. We can observe that the TOD com-
pensation improves the pulse leading edge, but it has little in-
fluence on pulse duration (∆FWHM < 0.2 fs) in Fig. 1(d). In
Fig. 1(f), when the gas pressure is increased to 0.8 bar, the
output pulse spectrum (green solid curves) is extended to a
three-peak structure and possesses the greater frequency chirp
compared to Fig. 1(c). Thus the pulse duration is compressed
to 7.2 fs with−64 fs2 and 49 fs3 compensation, which is close
to the Fourier transform limit (FTL) 7.0 fs.

Figures 2(a) and 2(b) show the temporal and spectral pro-
files of the compressed pulse with input energy 0.2 mJ for Ar
gas pressure 1.0 bar, respectively. In Fig. 2(b), we can no-
tice the pulse spectrum is broadened effectively (green solid
curves) and the phase with positive chirp (blue solid curves) is
compensated obviously (yellow-dotted curves). As shown in
Fig. 2(a), after−41 fs2 and 26 fs3 compensation, a near-single-
cycle pulse with FWHM 3.8 fs equaling to FTL is obtained.
For intense pulse with energy 1.0 mJ, we use Ne gas to achieve
the spectral broadening at gas pressure 1.5 bar, and the com-
pressed pulse duration is 6.6 fs with −55 fs2 and 45 fs3 com-
pensation in Figs. 2(c) and 2(d). With such high energy, the
pulse undergoes the strong nonlinear effects such as plasma
effect. Figures 3(a) and 3(b) show the temporal and spectral
intensities of output pulse with (blue solid curves) or without
(red solid curves) plasma effect. We can observe the pulse
presents an oscillation located in its roof due to the plasma ef-
fect. In Figs. 3(c)–3(e), it is found that the peak intensity of
the pulse decreases more quickly, with the proportion decreas-
ing from 1.0 to 0.8, the temporal profile begins to split around
0.8 m, and a larger spectral modulation is survived in its spec-
trum compared to Figs. 3(f)–3(h) for switching off the plasma
effect.
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Fig. 1. (color online) (a) and (d) The spectral broadening factor (blue circle lines) and the pulse FWHM only using GDD (blue right triangle
lines) or GDD, TOD (red left triangle lines) compensation of the compressed pulses with different gas pressures. (b) and (e) The temporal
profiles of output pulses (blue solid lines), compressed pulses with GDD (red solid lines) or GDD, TOD compensation (black-dotted lines) for
various gas pressures 0.5 bar and 0.8 bar, respectively. (c) and (f) The corresponding spectral intensities (green solid lines) and phase.
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Fig. 2. (color online) (a) and (c) The temporal intensities of compressed pulses. (b) and (d) The spectral intensities (green solid lines),
the phase before (blue and red solid lines) and after (yellow-dotted lines) compensation. Panels (a)–(b) and (c)–(d) correspond to
argon and neon gases, respectively.
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Fig. 3. (color online) (a) and (b) The temporal and spectral profiles of output pulses with (blue solid lines) or without (red solid lines)
considering plasma effect. Panels (c) and (f), (d) and (g), (e) and (h) represent the evolutions of peak intensity, time and frequency
domains of the pulse with different fiber lengths, respectively. Panels (c)–(e) and (f)–(h) with or without plasma effect.
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3. MPM and SPM effects based on molecular
gases
The pulse propagation dynamics in molecular gases can

be described as

(∂z− iL̂)E

= iT̂
[

ω0

c
n2h |E|2 E

]
− σ

2
dE

− 1
2

f
I

E− iq2
e

2cω0meε0
T̂−1 [dE]+ i

ω0

c
T̂ [δnrotE], (3)

where the last term on the right-hand side from Eq. (3) is
the only difference compared with Eq. (1). The δnrot =∫ a

0 ∆nV 2rdr/
∫ a

0 V 2rdr represents the effect of change of re-
fractive index ∆n created by molecular rotation effect, where
∆n(t,r,z) = 2π(ρnt∆α/n0)[〈〈cos2 θ〉〉(t,r,z)− 1/3],[33] ∆α is
the polarizability difference between parallel to and perpen-
dicular to the molecular axis; n0 is the linear refractive index;
the molecular alignment is averaged over the Boltzmann dis-
tribution and expressed as[34]

〈〈cos2
θ〉〉 = ∑

J

gJ exp[−εJ/kT ]
Q

×
J

∑
M=−J

〈ψJ,M
∣∣cos2

θ
∣∣ψJ,M〉, (4)

where gJ factor reflects the nuclear spin statistics of the
molecule; Q is the rotational partition function; k is the
Boltzmann constant; T is the molecular rotational temper-
ature; ψJ,M is the rotational wave function of the evolved
molecules. The εJ = B0J(J + 1)−D0J2(J + 1)2 where B0 is
the rotational constant; D0 is the centrifugal distortion con-
stant; J is the angular quantum number. The alignment-
induced ionization rate is also introduced in Eq. (2) by a mod-
ulation factor η = 1+ (1.5a2− 3.75a4)(〈〈cos2 θ〉〉 − 1/3) +

4.375a4(〈〈cos4 θ〉〉 − 1/5) on W where a2 = 0.39 and a4 =

−0.21.[35]

Here, we use molecular nitrogen at gas pressure 1.0 bar
and employ the 1800-nm, 1.3-mJ, 90-fs pump pulse and 800-
nm, 0.05-mJ, 40-fs probe pulse. Figures 4(a) and 4(c) show
the blueshifts and redshifts for various time delays with (blue
up triangle curves) or without (red down triangle curves) con-
sidering SPM effect, respectively. With increasing the time de-
lays, we can see the wavelength shifts of probe pulses are first
enhanced and then suppressed whether the SPM effect is con-
sidered or not. In Figs. 4(b) and 4(d), we present the spectral
broadening factor of the output probe pulses with (green cir-
cle curves) or without (yellow square curves) SPM. The sim-
ulation results show the spectral width displays the opposite
behavior compared to the wavelength shift. It is also shown
that the SPM effect plays a significant role in the process of
spectral broadening. For SPM, it imparts a positive chirp on
the probe pulse; while for MPM, it can allow a negative or
positive chirp by tuning the time delay. Therefore, when the
time delay is tuned to the positive interval, the spectral broad-
ening will be enhanced due to SPM effect; but for the negative
interval, it will be suppressed because of the balance between
the positive chirp from SPM and the negative chirp induced by
MPM. Based on this analysis, as shown in Fig. 4(b), we can
conclude that the MPM first imparts a positive chirp and then
a negative chirp on the probe pulse. In Fig. 4(d), we can also
observe the positive and negative chirp induced by MPM, but
the curves reflect the opposite result compared to Fig. 4(b).

Figures 5(a), 5(e) and 5(b), 5(f) show the evolutions of
wavelength shift and broadening factor along 1-m fiber with
(blue solid curves) or without (red solid curves) SPM effect
for different delays 4.14 ps and 4.27 ps with 40 fs, 0.05-mJ
probe pulse, respectively. As shown in Figs. 5(a) and 5(e), we
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Fig. 4. (color online) (a) and (c) The wavelength shift of the probe pulses with (blue up triangle lines) or without (red down triangle lines)
SPM effect. (b) and (d) The spectral broadening factor with (green circle lines) or without (yellow square lines) considering SPM effect.
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can see the wavelength shift increases nearly linearly with re-
spect to fiber length, and the SPM has little influence on it
since the frequency tuning is mainly created by molecular ro-
tational effect. In Figs. 5(b) and 5(f), the spectral broadening
also exhibits a similar trend, increasing along the fiber, but the
SPM produces a positive or negative effect on the probe pulse
at various delays, which results in different spectral broaden-
ing. Figures 5(c), 5(g) and 5(d), 5(h) present the spectral pro-
files of output pulse and the spectral evolutions in the fiber. We
can clearly observe the wavelength tuning and spectral broad-
ening of the probe pulse in HCF. However, for an intense probe
pulse, the enhanced SPM will induce a large spectral modula-
tion. Figures 6(a) and 6(c) show the output spectral intensities
with different input energy 0.1 mJ (green solid curves) and
0.2 mJ (yellow solid curves) at time delays 4.14 ps and 4.27 ps,
respectively. As can be seen, for positive chirp interval, the
probe pulse possesses a disruptive modulation; while for neg-
ative chirp interval, the negative chirp existing in the spectrum
is obviously offset due to the positive chirp from SPM. The
spectral evolutions in the fiber also reflect these behaviors in
Figs. 6(b) and 6(d).

Based on this pump-probe approach, we can obtain the
frequency-tunable probe pulse with a negative chirp by tun-
ing the time delay, thus the popular optical glasses are used
to compensate the probe pulse. Figures 7(a) and 7(d) show
the compressed pulse FWHM with increasing glass length of
FK51A for different delays 4.27 ps and 8.34 ps with input
probe pulse duration 40 fs, respectively. In this process, we
take into account the complete dispersion compensation in-
cluding GDD and higher-order of the glasses. In Figs. 7(b)
and 7(e), we present the temporal intensities of the compressed
probe pulses with pulse duration 7.8 fs and 9.4 fs, and corre-
spond to the glass length 1.9 mm and 4.2 mm, respectively.
The corresponding spectral profiles (green solid curves), phase
before (blue and red solid curves) and after (black dotted
curves) compensation are give in Figs. 7(c) and 7(f). As shown
in Fig. 8, we obtain the optimal FWHM 7.7 fs and 8.5 fs only
using GDD compensation with 88 fs2 and 118 fs2, respec-
tively. We can notice the FWHM of the compressed pulse for
delay 8.34 ps exhibits a larger difference due to the 4.2-mm
glass including more high-order dispersion.
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the first and second probe pulses with different delays 4.27 ps and 8.40 ps at central wavelength 800 nm and 400 nm, respectively.

Figures 9(a) and 9(b) show the temporal and spectral in-

tensities of the first (blue solid curves) and second (red dotted

curves) probe pulses with initial pulse duration 40 fs for differ-

ent time delays 4.27 ps and 8.40 ps, together with the central

wavelength 800 nm and 400 nm, respectively. As shown in

Fig. 9(a), after using 88 fs2 and 48 fs2 GDD compensation,

the probe pulses are compressed to 7.7 fs and 6.0 fs. With

the double pump-probe method, we can simultaneously obtain

the two pulses with duration below 10 fs, which combines the

ultrashort dual-color laser pulses.

4. Discussion

When a laser pulse interacts with atomic gases, the in-
duced SPM effect achieves the spectral broadening and im-
parts a positive chirp on the pulse. For different requirements
of input pulse energies and gas pressures, we will choose a
suitable gas to compress the pulse based on its ionization po-
tential and nonlinear refractive index. Generally, the Kr gas
is used when the initial pulse energy is low due to the high
nonlinear refractive index, while for intense pulse, we usu-
ally employ the Ne gas to compress the pulse because of its
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high ionization potential. Therefore, a HCF compressor filled
with atomic gases is the common tool to obtain the few-cycle
pulses with micro- or millijoule energies. However, when this
method is applied to the intense pulse, the phase becomes
more complicated and its compensation is difficult, which re-
stricts the pulse quality and even causes the pulse breakup.

For molecular gases, there is a rotational effect when in-
teracting with an optical pulse. Based on the MPM effect
induced by molecular rotations, we can obtain the few-cycle
pulses with frequency tuning. This method has several desir-
able characteristics. First, it allows for some tunability of the
compressed pulse; second it can impart a positive or negative
chirp on the probe pulse, which means we can use the popu-
lar glasses to compensate the pulse instead of chirped mirrors;
then the compressed pulse presents a smooth spectrum with-
out modulation and promises a clean pulse profile. But this ap-
proach is limited by the intensity of probe pulse. The intense
pulse will induce the enhanced SPM effect, which suppresses
the pulse quality.

5. Conclusion

In summary, we have theoretically studied and compared
the two pulse compression methods for generation of the few-
cycle laser pulses in HCF filled with atomic or molecular
gases. Based on SPM effect, the HCF compressor filled with
noble gases is a widely used approach to obtain the few-cycle
pulses with micro- or millijoule energies. With MPM effect,
we focus on the extensive study of the SPM effect influence
on the probe pulse and obtain the frequency-tunable few-cycle
pulses only using the common glasses to compensate. Us-
ing the double pump-probe method, we also obtain the two
few-cycle pulses, which can be used to combine the dual-color
pulses and are promising as a tunable source.
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