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Influence of group-velocity-dispersion effects on the propagation of femtosecond laser pulses in air

at different pressures
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The influence of group-velocity-dispersion (GVD) effects on the propagation of femtosecond laser pulses in
air at different pressures is investigated by numerically solving the extended nonlinear Schrodinger equation. It
is observed that GVD has a great influence on the collapse distance L. of the self-focusing short laser pulses
when the pressure is relatively high (e.g., 10 atm), in which case the semiempirical formula describing the
collapse distance of self-focusing laser pulse [Dawes and Marburger, Phys. Rev. 179, 862 (1969)] is no longer
applicable, while GVD has little influence on the self-focusing process of longer laser pulses. Through the results
of numerical simulations as well as analytical analysis, we find that the initial duration of the laser pulse is
the main factor that determines the GVD effect on the propagation and the increase of the pressure and pulse
compression during the propagation enhance this effect. The spectral data show that GVD also influences the

spectrum broadening in high-pressure cases.
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I. INTRODUCTION

Since the first experimental observations of filament propa-
gation in air in 1995 [1], femtosecond laser pulse propagation
has attracted a great deal of interest in recent years due to its po-
tential and promising applications including the generation of
few-cycle optical pulses and high-order-harmonic generation
[2-4], terahertz radiation [5,6], light detection and ranging
(LIDAR) [7,8], rainmaking [9,10], and lightning protection
[11-13]. In parallel with experimental progress, the theory and
simulation of laser filamentation have gained great success.

Whether in the classical model (i.e., filamentation is
described as a dynamic balance between Kerr self-focusing
and plasma defocusing) [1,14,15] or in the higher-order Kerr
model (i.e., filamentation is described as a dynamic balance
between Kerr self-focusing and defocusing by the higher-order
Kerr effect), which has drawn much attention in recent years
[16,17], the laser filamentation is attributed to the nonlinear
interaction. In this case, little attention has been paid to
the linear effects, the group-velocity-dispersion (GVD) effect
included, and in a review by Couairon and Mysyrowicz,
they pointed out that “in gases, GVD is too small to play
a significant role in the arrest of collapse” [15], which has
been widely accepted. Indeed, most of the research on the
influence of GVD on the laser propagation mainly focuses on
condensed matter, such as fused-silica [18], BK7 glass [19],
and optical fiber [20]; only a few works are devoted to the
high-pressure gases (p > 100 atm, the density of the gas is
close to that of condensed matter) [21] and a few of them
concentrate on the case in which the pressure is relatively high
(1 atm < p < 10 atm).

In several previous work, it was found that GVD can cause
the pulse splitting in time, which is able to arrest the pulse
collapse [19,22-27]. However, this mechanism is relevant
for pulses having enough power, as the critical power for
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collapse in dispersive media increases with dispersion [24].
For pulses with powers largely exceeding the critical power
for self-focusing, the asymmetric pulse splitting promoted by
plasma formation is an even more efficient mechanism than
GVD in arresting the collapse and it leads to multiple splitting
beyond the nonlinear focus [28-30]. For this reason, pulse
splitting is not systematically induced by GVD [18]. In this
paper, we focus on air at different pressures, making dispersion
potentially relevant, and the powers of incident laser pulses
chosen are several times larger than the critical one. The pulse
splitting scenario in that case will be studied, thus investigating
the GVD effect on propagation more thoroughly.

As the pressure of the gas increases, all the nonlinear indices
in the nonlinear terms, say, the Kerr effect, plasma defocusing,
and multiphoton ionization, scale with the pressure and the
corresponding balance between them should be unaffected by
pressure changes; however, the indices in the linear effects,
especially GVD, also increase with the pressure at the same
time, which may bring about changes during self-focusing as
well as the subsequent propagation. Therefore, the influence of
pressure should be taken into consideration in the theoretical
research so as to describe the propagation process more accu-
rately. In fact, in theoretical and experimental investigations
as well as practical applications, the pressure we often deal
with is not a standard atmospheric pressure. For instance, for
lightning protection, LIDAR, and rainmaking, the pressure
evolves from 1 to 0.2 atm at an attitude of 11 km [31,32]; in
regard to the high-order-harmonic generation, the pressure is
often chosen as 0.1 atm [33,34]; Kartashov et al. generated
white light over three octaves by a femtosecond filament at
3.9 um in argon by changing the pressure [35]; Popmintchev
et al. increase the pressure to 80 atm, theoretically generating
a pulse as short as 2.5 as [36].

Based on the above considerations, the propagation of
a femtosecond laser pulse in air at different pressures is
numerically simulated in this paper. At relatively high input
power [Pin(p) = 8P,(p)], the influence of GVD on the
process of propagation, particularly the pulse collapse, is
investigated with different pressure (1 atm < p < 10 atm) and
pulse duration.
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The paper is organized as follows. In Sec. II, we recall
the nonlinear Schrodinger equation (NLSE) describing the
femtosecond pulse propagation in air at different pressures. In
Sec. I11, by freezing the ratio of input pulse power to the critical
one of self-focusing, we investigate the influence of GVD on
a femtosecond laser pulse in air with the pressure varying
between 1 and 10 atm and explore the factors that determine
this influence. Finally, the main conclusion is summarized in
Sec. IV.

II. THEORETICAL METHOD

The propagation of a laser pulse in air can be informed
from the evolution of the scalar electric field envelope E(r,z,t)
(where I = |E|? is the pulse intensity given in units of W/m?)
along the propagation direction z, which is governed by the
NLSE in the reference frame moving at the group velocity:
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where T =1t — z/v, refers to the retarded time for a pulse
traveling at the group velocity v, = dw/0k|w,; ko = 27 /Ao
and wg = 2mwc/Ao are the wave number and the angular
frequency of the carrier wave, respectively. Here the first
term accounts for the transverse diffraction and the remain-
ing terms refer to the normal GVD with the coefficient
k" = 3%k/dw?|,,, plasma absorption (real part) and plasma
defocusing (imaginary part) with the inverse bremsstrahlung
cross section o and electron collision time 7., and the Kerr
effect of air with the nonlinear index of refraction n, (i.e., Kerr
index). The last term describes multiphoton absorption with
the coefficient Bx = K hwon,i;0x, where o accounts for the
multiphoton ionization coefficient and n,; is number density
of air. Here K = mod(U /hwy + 1) is the minimum number
of photons needed in the multiphoton ionization process and
with U = 11eV is the characteristic ionization energy of air.

The evolution of electron density n, can be calculated as
[37]
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The first term on the right-hand side of Eq. (2) accounts
for the avalanche ionization, the second term refers to the
multiphoton ionization, and the last term describes the electron
recombination with coefficient a = 5.0 x 10713 m3/s.

Most of the parameters in Eqs. (1) and (2) are related
to the pressure: ny(p) = n2(po) P, 7e(p) = we(po)/ P, o(p) =
o (po) Bt K(p) = K"(po)ps nair(p) = nair(po)p, and

0% (Po
Bk (p) = Bx(po)p. Here we set p = p/po, where py denotes
a standard atmospheric pressure and p stands for the practical
pressure of gas.

Self-focusing is one of the most fundamental and important
phenomena in the process of the propagation of intense laser
pulse and for the Gaussian pulse, the propagation length of the
self-focusing beam until collapse L. (here we call it collapse
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distance) can be well described by a semiempirical formula
[38,39]

12
L. = 0.367kowg /{[(Pw/P)"* — 0.852]° — 0.0219) ", (3)

where P, = 3.77A%/8nn0n2 is the critical power of self-
focusing [39], P, denotes the power of incident laser pulse, and
wyp accounts for the initial beam radius. In the paper, we select
a Gaussian pulse whose envelope can be written as E(r,t) =
Ey exp(—rz/w(z)) exp(—t2/roz) and the initial beam radius and
wavelength are selected as wyp = 1.2 mm and Ag = 775 nm,
respectively. In a standard atmospheric pressure, the values
of the nonlinear refraction index, GVD coefficient, critical
power of self-focusing, multiphoton absorption coefficient,
electron collision time, and inverse bremsstrahlung cross sec-
tion are n, = 3.2 x 1072 m?/W, k” =2 x 10? s>/m, P, =
2.815GW, B7=6.5x 107" m?/W?, 1. =3.5x 10735,
and o = 5.1 x 107%* m?, respectively (the values of param-
eters B7, 7., and U are from Ref. [40]). In view of the fact
that ny(p) = na(po)p and P = 3.77A%/8nn0n2, the critical
power of self-focusing is inversely proportional to the pressure,
i.e., Po:(p) = Pe(po)/ p- It can be clearly seen from Eq. (3) that
in the case that P,(p)/P.(p) and w, are fixed, the collapse
distance L. is independent of pressure and pulse duration.
Therefore, for the purpose of facilitating the research, the
power of the incident laser pulses is set as Pi,(p) = 8P(p)
throughout this paper.

III. RESULTS AND DISCUSSION

Figure 1 shows the change of the on-axis intensity
[Figs. 1(a) and 1(a")], electron density [Figs. 1(b) and 1(b')],
and beam radius [Figs. 1(c) and 1(c¢’)] of the 50-fs laser
pulse with the propagation distance z at 1 atm (solid black

%) 1 (TW/em®)
3o

n_(10%m

e

oRNONRD O=_NWAOIOOOM

R (mm)
bbboooo

Propagation distance (m)

FIG. 1. (Color online) Variation of the (a) and (a") on-axis inten-
sity, (b) and (b’) electron density, and (c) and (c’) beam radius of
the laser pulse with the propagation distance z at 1 atm (solid black
curves), 2 atm (dashed red curves), 5 atm (dotted green curves), and
10 atm (dash-dotted blue curves) in the cases that GVD is (a)—(c)
considered and (a’)—(c’) neglected. The duration of the incident laser
pulse is 50 fs.
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curves), 2 atm (dashed red curves), 5 atm (dotted green
curves), and 10 atm (dash-dotted blue curves) in the cases
in which GVD is considered [Figs. 1(a)-1(c)] and neglected
[Figs. 1(a")-1(c")], respectively. It can be seen from the figure
that, as the pressure increases, the clamping intensity at the
beginning of the filament nearly remains unchanged, staying
around 2.5 x 10'7 W/m?, the on-axis electron density is pro-
portional to the pressure, and the beam radius becomes smaller;
these observations are in agreement with the phenomena
observed in low-pressure cases [31,41] and exist whether the
GVD is considered or neglected. As for the cause of these
phenomena, in Ref. [31] Champeaux and Bergé discussed
them on the basis of simple analytical arguments. It should
be noted that there is a difference between this work and that
in Ref. [31]: The input power P, at ground level is a fixed
value [31], while the input power P;, used here changes with
the pressure accordingly, but its ratio to P (p) is fixed. This
accounts for the difference: The intensity at the beginning of
the filament exhibits a tendency to decrease with an increase
of the pressure, which we will analyze later.

In addition, a more obvious difference is that, in the case
in which GVD is considered, the collapse distance of the self-
focusing pulse L. [in our work, the collapse distance is defined
as the distance between the light source and the position where
the laser beam has the smallest radius; L. in Fig. 1(c) represents
the collapse distance of a 50-fs laser pulse in air at 1 atm]
increases with an increase in pressure, as shown in Fig. 1(c).
In contrast, in the case in which GVD is neglected, L. does
not change with pressure, as shown in Fig. 1(c’). However,
we can see from Eq. (3) that once Pj,(p)/P.(p) and wy are
fixed, L. is independent of the pressure. This semiempirical
formula cannot thus be used to describe pulse self-focusing
with dispersion at high pressures, while it is still suitable for
cases in which GVD is neglected.

Starting with the propagation equation (1), we can analyze
the above phenomena. At normal and low pressures, the indices
in the linear terms (e.g., GVD coefficient k") are small; during
the propagation of the laser pulse in gas, the nonlinear effects
are much stronger than the linear ones due to the high intensity
adopted. For this reason, much attention has been paid to the
action of the nonlinear effects and the role of linear effects
is not considered. However, as regards the relatively high
pressure, although all the indices in nonlinear terms scale with
the pressure resulting in the corresponding balance between
the nonlinear effects, the indices in the linear effects increase
at the same time, thus affecting the self-focusing process of the
laser beam, in particular, the process before the collapse. It is

just the case for GVD and at the initial position (i.e., zo = O m)
. . n g2 i

the polarization Pgyp(r,zo,t) = %% induced by GVD

in the frequency domain is given as

"
Pavp(r,20,®) = F[Pgyp(r,z0.t)] = ngE(nzO,w)
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where F denotes the Fourier transformation and the frequency
w refers to the difference between the spectrum and central
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frequency of the incident laser pulse. It should be noted
here that Eq. (1) is often solved in the frequency domain;
more details about the numerical methods can be found
in Ref. [42]. Here we set Pgvp(7,z0,w) = k" EoH(w)G(r)
with H(w) = ;ng exp(—w?72/4) and G(r) = exp(—r2/w?).
In the case shown in Fig. 1, the pulses adopted are
50 fs, the expressions of H(w) are the same, and thus
the amplitude of Pgyp(r,z0,w) is determined by the
product of k” and E,, where k"(p) = k"(po)p, Eo(p) =

V2Pa(p) /7wl = \[2Pu(po)/mwip = Eo(po)/V/P,  and
kK"(p)Eo(p) = k" (po)Eo(po)/P. Therefore, along with the
increase in pressure, the amplitude of Pgyp(r,zo,®) increases
and the defocusing by GVD increases, thus counteracting
the Kerr self-focusing to a certain degree and increasing L.
Furthermore, after the collapse, GVD will act in combination
with the plasma effect to enhance the defocusing effect and
thereby arrest the increase of the intensity. As a result, we see
in Fig. 1(a) that the clamping intensity shows a tendency to
decrease as the pressure increases.

It can be seen from the expression of Pgyp(r,zp,w) that the
influence of GVD on the propagation process is also related
to H(w), which depends on the duration of the laser pulse 1.
Therefore, we calculate the propagation of four laser pulses
whose respective durations are 50, 70, 110, and 330 fs in air at
10 atm so as to investigate the relation between pulse durations
and the influence of GVD on the propagation, as shown in
Fig. 2. We can see from the figure that the collapse distances
L. of the four pulses are identical to each other in the case in
which GVD is neglected [see Fig. 2(c’)], while L. decreases
as the pulse duration increases in the case in which GVD is
considered [see Fig. 2(c)]. As a result, in the case of 330 fs,
L. is almost identical to the collapse distance when GVD is
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FIG. 2. (Color online) Variation of the (a) and (a’) on-axis inten-
sity, (b) and (b') electron density, and (c) and (c’) beam radius of the
laser pulses with the propagation distance z at 10 atm in the cases that
GVD is (a)—(c) considered and (a’)—(c’) neglected. The durations of
the incident laser pulses are 50 fs (solid black curves), 70 fs (dashed
red curves), 110 fs (dotted green curves), and 330 fs (dash-dotted
blue curves), respectively.
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FIG. 3. (Color online) (a) Evolution of the function H(w) =
(0?70/2+/2)exp(—w?t} /4) with frequency as the initial pulse du-
rations are 50 fs (solid black curve), 70 fs (dashed red curve),
110 fs (dotted green curve), and 330 fs (dash-dotted blue curve),
respectively. (b) Evolution of Hy [Hiom = f_+;° H(w)dw] with the
initial duration of the laser pulse.

neglected [see the dash-dotted blue curves in Figs. 2(c) and
2(chH].

As for the phenomena described above, they can still be
explained by analyzing the GVD term. We present in Fig. 3(a)
the change of the function H(w) = ‘z"z—jg exp(—w?t; /4) with
frequency for initial pulse durations of 50, 70, 110, and 330 fs,
respectively. As stated previously, % exp(—w? 102 /4) in H(w)
is actually the Fourier transformation of E(t) = exp(—t2/ 1:02),
which shows the frequency characteristic of the laser pulse, and
we can see from the figure that the spectral range is inversely
associated with the duration of the laser pulse. In practice,
the strength of the GVD effect is determined by the total
polarization, which is obtained by integrating Pgyp(r,z0,®) in
the frequency domain (we borrow the definition of polarization
in the field of electromagnetism, which is here integrated
in space). It is obvious that the total polarization is in
proportion to Hiy,, which is the integral of H(w) in the
whole frequency domain [i.e., Hyy = fj;o H(w)dw]. From
the closed red circles in Fig. 3(b), we see that the values of
Hyoa are 1002.65, 511.56, 207.16, and 23.02 THz? for the
50-, 70-, 110-, and 330-fs pulses and the value of Hiy, in
the case of 330 fs is about 43 times smaller than that in the
case of 50 fs. As a result, even at high pressure (p = 10 atm),
the total polarization is very small and the influence of GVD
on the self-focusing process is tiny for the longer pulse [see the
dash-dotted blue curves in Figs. 2(c) and 2(c’)]. As for the case
in Fig. 2, the pressure p is set as 10 atm, the values of k”(p)
and E(p) are fixed, shorter pulse duration leads to larger value
of Hiqtal, and thereby the defocusing by GVD for shorter laser
pulses becomes stronger than that for longer laser pulses at
high pressures, making L. of shorter pulses longer. Thus, we
can infer that even if the pressure is low, GVD plays a great role
in the pulse collapse for shorter pulses. Furthermore, the value
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FIG. 4. (Color online) (a) Time evolution of the laser pulse with
GVD considered at z = 0, 2.0, 2.34 (collapse distance), and 2.5 m,
respectively. (b) Time evolution of the laser pulse with GVD neglected
atz =0, 1.65, 1.79 (collapse distance), and 1.95 m, respectively. The
initial pulse duration and pressure are chosen as 50 fs and 10 atm,
respectively, corresponding to the 50-fs cases shown in Fig. 2.

of k” increases sharply with the decrease of the wavelength of
the laser pulse. As a result, GVD also plays a significant role
in the propagation of a laser pulse whose wavelength ranges
from extreme ultraviolet to soft x ray. For this reason, in the
research of high-order-harmonic generation that considers the
propagation effect, GVD should not be neglected.

It is obvious that the expression of Pgyp(r,z,w) will be
changed during the propagation. The pulse duration can indeed
be compressed, as shown in Fig. 4(a), and at the same time
the corresponding spectrum will be broadened due to the
self-phase modulation [43]. We learn from Fig. 3 that as
the spectrum becomes wider, the integral of H (w) will become
larger, thus enhancing the strength of the GVD effect. For this
reason, we can say that what mainly determines the GVD effect
on the laser propagation is the initial duration of the laser
pulse and the spectrum broadening during the propagation
only enhances the effect. In addition, it can be seen from
Figs. 4(a) and 4(b) that the pulses are compressed during the
propagation process whether the GVD is considered or not
and at the collapse distance the laser pulses do not experience
splitting in time in both cases (dotted green curves), while
after the collapse distance, the pulses split in time (dash-dotted
blue curves). Moreover, the on-axis electron density increases
tremendously around the collapse distance [see the solid black
curves in Figs. 2(b) and 2(b’)], which means that plasma
generation plays a key role in arresting the pulse collapse.
This is in agreement with the conclusion in Refs. [28-30], i.e.,
for pulses with powers largely exceeding the critical power
for self-focusing, the asymmetric pulse splitting promoted by
plasma formation is an even more efficient mechanism than
GVD in arresting the collapse beyond the nonlinear focus and
the conclusion that pulse splitting is not systematically induced
by GVD [18] is confirmed.
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As shown in Figs. 2(b) and 2(b’), the on-axis electron
density increases with an increase of pulse duration. This
phenomenon is attributed to the fact that as the pulse duration
increases, the interaction time with air becomes longer and
more air is ionized. As for the case in which GVD is
considered, as the pulse duration is longer, the corresponding
on-axis electron density becomes larger [see Fig. 2(b)], the
plasma defocusing becomes stronger, and GVD becomes
weaker. As a result, the overall defocusing effect changes
a little and the dynamic balance between it and Kerr self-
focusing does not change, thus leading to the fact that the
clamping intensity does not vary with the pulse duration, as
shown in Fig. 2(a). However, only the plasma effect plays the
role of defocusing in the case in which GVD is neglected. The
plasma density increases with an increase of pulse duration
[see Fig. 2(b)] and its defocusing effect becomes stronger,
resulting in a tendency to decrease the clamping intensity, as
shown in Fig. 2(a’).

It should be noted that in the case in which GVD is
neglected, the plasma range does not change much when
the pressure and pulse duration are changed and is much
longer compared with the case in which GVD is considered,
as shown in Figs. 1(b), 1(b), 2(b), and 2(b’). Skupin et al.
reported that omitting GVD prevents the different time slices
of the pulse from exchanging power (energy) and thereby
from shortening the plasma range [44]. Here, combining the
behaviors of collapse distance L., on-axis intensity, electron
density, and beam radius shown in Fig. 1 with those shown in
Fig. 2, the conclusion in Ref. [45] that GVD may have some
importance not only during the self-channeling regime, but
also after plasma generation over meter-range distances can
be verified and extended to the high-pressure cases.

As is known, the introduction of temporal chirp can not only
increase the spectral range of the laser pulse but also change
the pulse duration. Consequently, after introducing the chirp,
even if the incident laser pulse is a longer one, the collapse
distance will be affected. The electric field can be expressed
as Eq. (4) with the chirp being introduced [41,46]:

E(r,t)=Eqexp (—rz/wg) exp (—tz/rg) exp (—iCtz/r(f),
®)

where C denotes the chirp of the incident pulse that is linked
to the minimum pulse duration t]’]“i“ =1,/+/1+4 C? and the
second order derivative ¢ = Ct;/2(1 4 C?) [41].

Figure 5 details the propagation of a 330-fs laser pulse with
a temporal chirp of ¢ = —8.25 x 10? fs? (t[‘,“i“: 5 fs) in air
at 10 atm as GVD is considered [Figs. 5(a)-5(c)] and neglected
[Figs. 5(a’)-5(c’)] and compares it with the case without any
chirp. From the figure we can see that as GVD is considered,
compared with the collapse distance L. of the pulse without
any chirp, that of the pulse with a temporal chirp will be
larger, as shown in Fig. 5(c). In contrast, as GVD is neglected,
even if the laser pulse is chirped, the collapse distance of it is
identical to that of the pulse without any chirp. Furthermore,
the evolutions of on-axis intensity, electron density, and beam
radius in the two cases are completely identical to each other,
as shown in Figs. 5(a)-5(c’). This phenomenon can be well
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FIG. 5. (Color online) Variation of the (a) and (a’) on-axis inten-
sity, (b) and (b") electron density, and (c) and (¢’) beam radius of
the laser pulses with the propagation distance z at 10 atm as GVD
is (a)—(c) considered and (a’)—(c") neglected. The solid black curves
denote the case with a chirp of ¢ = —8.25 x 10? fs? (input pulse
duration of 330 fs) and the dashed red curves denote the case without
any chirp.

explained by Eq. (13), i.e.,

2%"Cz\?>  [2k"z\?
o= (1 ) 1 (22
Iy Iy

where T(z) is the evolution of pulse duration along the
propagation direction z, in Ref. [47], and once GVD is
neglected, whether the chirp is introduced or not, the evolution
of the pulse duration shows no difference in the two cases.
This result further confirms the dominant role that GVD
plays in affecting the propagation process, especially the pulse
collapse.

Figure 6(a) shows the change of L. with the pressure for
a pulse duration of 50 fs and Fig. 6(b) shows the change
of L. with the pulse duration for a pressure of 10 atm.
It can be seen from the figure that in the case in which
Pin(p)/ Pe:(p) and wy are fixed, the collapse distance L. is
independent of the pressure and pulse duration when GVD is
neglected [see the closed red circles in Figs. 6(a) and 6(b)].
In contrast, when GVD is considered, along with an increase
in pressure and a decrease in pulse duration, L. will become
larger [see the closed black squares in Figs. 6(a) and 6(b)].
For instance, at 10 atm, the collapse distance for a 330-fs
laser pulse is L, = 1.79 m, while that of the 50-fs pulse
is L. = 2.34 m, which is 30% larger than the former. In
addition, the behavior of the closed black squares in Fig. 6(b)
is somewhat similar to that of the solid black curves in
Fig. 3(b); however, their asymptotic behaviors with respect
to the time axes are different due to the pulse compression
during the propagation before the pulse collapse. The above
facts combined with the former analysis and discussion lead
to the following conclusions: The initial duration of the laser
pulse is the main factor that determines the GVD effect on
the propagation process, especially the pulse collapse, and the
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FIG. 6. (Color online) (a) Change of L. with pressure for a pulse
duration of 50 fs. (b) Change of L. with pulse duration for a pressure
of 10 atm.

increases in gaseous pressure and pulse compression during
the propagation enhance this effect. Only in the case of
shorter pulses can this effect be obvious. Therefore, Eq. (3)
is applicable for laser pulses whose duration is not too short
at normal and low pressures as well as for the longer pulses at
high pressures. However, there still exists a minor difference
between the L. of the cases with GVD being considered and
neglected and the influence of GVD on the L. of longer pulse
can be observed at higher pressures, which is still not apparent
though. In Refs. [48-50], a universal map for wave collapse
depending on the normalized GVD coefficient versus power
ratio was created, which can resoundingly show under what
initial condition the collapse can occur and the boundaries of
dispersion-dominated and self-focusing-dominated regimes.
If we take the pressure-dependent GVD coefficient k” into
consideration, a more universal map can be made. However,
this kind of map fails to predict the exact value of the
collapse distance. For this reason, to make the semiempirical
self-focusing formula universal for more cases, the influence
of pulse duration and pressure as well as pulse compression
during the propagation before the pulse collapse should be
considered to modify it, which needs further research.

As the pressure increases, the spectrum broadening degree
of the laser pulse is bound to be affected due to the
enhancement of the GVD effect. In Fig. 7, we present the
spectra of the 90-fs laser pulses propagating in air at 1, 2, 5,
and 10 atm at z = 2.0 m (after the pulse collapse). It is found
that at 1 atm, the spectrum obtained in the case considering
GVD is identical to that obtained in the case neglecting
GVD, indicating that GVD has little influence on the spectrum
broadening [see Fig. 6(a)] at low pressures, which is somewhat
similar to the phenomenon shown Fig. 3 in Ref. [16], though
different models are adopted. As we increase the pressure
gradually, the spectrum broadening degree becomes greater
both in the case in which GVD is considered and that in which it
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FIG. 7. (Color online) Spectra of the laser pulses whose dura-
tions are 90 fs at the propagation distance z = 2.0 m at (a) 1 atm,
(b) 2 atm (c) 5 atm, and (d) 10 atm with the GVD effect considered
(solid black curves) and neglected (dashed red curves), respectively.

is neglected [see Figs. 7(c) and 7(d)], indicating that increasing
the pressure can enlarge the spectrum broadening degree of
the laser pulse, which has been applied to the preparation of
supercontinua and ultrashort pulses [35,36,51]. As shown in
Figs. 6(b)—6(d), for the case in which GVD is neglected, the
spectrum broadening degree is larger, which is caused by the
difference in the collapse distances in the two cases: When
GVD is neglected, the collapse distances are all located at
L. = 1.79 m [see the red circle in Figs. 6(a) and 6(b)]; when
GVD is considered, the collapse distances get closer and closer
to the propagation distance z = 2.0 m during the increase in
pressure. This indicates that, in the case in which GVD is
considered, the distance between the collapse position and
z = 2.0 m becomes shorter as the pressure increases and the
changes that spectra experience will get smaller. As a result,
the spectrum broadening degree in the case in which GVD is
considered is not as large as that in the case in which GVD is
neglected.

Previous study suggested that in normally dispersive media,
GVD will affect the self-focusing process of a laser pulse
[18-20,24,50]. At ambient and low pressures in gases, the
GVD coefficient is small and compared with the nonlinear
effects, the GVD effect is quite weak, with a small influence
on the self-focusing process, which is thus neglected. For this
reason, Couairon and Mysyrowicz pointed out that, in gases,
GVD is too small to play a significant role in the arrest of
collapse [15]. However, when we increase the pressure of the
gas, the GVD coefficient increases correspondingly, greatly
affecting the collapse of the pulse during the self-focusing.
In practice, for p > 10 atm GVD can become a significant
factor in gases. As a result, we find in this paper that, at high
pressure, GVD not only greatly affects the collapse distance
L., but also influences the clamping intensity, on-axis electron
density, beam radius, and even the spectrum of the laser pulse.
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IV. CONCLUSION

In this paper, in the case of freezing the ratio of input pulse
power to the critical one of self-focusing, we investigated the
influence of GVD on the propagation of the femtosecond
laser pulses in air at different pressures. Previous works
suggested that GVD is too small to play a significant role
in the arrest of collapse in gases, which is true for the cases
at normal or low pressures. However, in the case in which the
pressure is relatively high (say, 10 atm), the GVD coefficient
scales with the pressure and GVD will have a great influence
on the collapse distance of the self-focusing shorter laser
pulses, which cannot be explained by the semiempirical self-
focusing formula apparently. Through the results of numerical
simulations as well as the explanation of the qualitative role
of GVD given in terms of the Fourier transformation of the
GVD term, it was found that the influence of GVD on the
laser propagation mainly depends on the initial duration of
the laser pulses and the increase of the gaseous pressure and
pulse compression during the propagation enhance this effect:
For the shorter pulses, GVD still has a great influence on
their propagation even if the pressure is not that high. For

PHYSICAL REVIEW A 89, 023809 (2014)

the longer pulses, the influence of GVD on their propagation
is not obvious, however, if a temporal chirp is introduced
in them, GVD will also affect the propagation. Making the
semiempirical formula (3) applicable when including GVD
will need further research. In summary, the investigation of
the influence of GVD on the laser spectra after the pulse
collapse revealed that, at normal pressure, GVD influences
the spectrum broadening a little, while at higher pressures, it
affects the spectrum broadening greatly.
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