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The spectral attenuation of a 400-nm probe laser propagating through a femtosecond plasma in air is studied. De-
focusing effect of the low-density plasma is an obvious effect by examining the far-field patterns of the 400-nm pulse.
Besides, the energy of 400-nm pulse drops after interaction with the plasma, which is found to be another effect leading to
the attenuation. To reveal the physical origin behind the energy loss, we measure fluorescence emissions of the interaction
area. The fluorescence is hardly detected with the weak 400-nm laser pulse, and the line spectra from the plasma filament
induced by the 800-nm pump pulse are clearly shown. However, when the 400-nm pulse propagates through the plasma
filament, the fluorescence at 391 nm from the first negative band system of N;' is enhanced, while that from the second
positive band of neutral N, at 337 nm remains constant. Efficient near-resonant absorption of the 400-nm pulse by the
first negative band system occurs inside the plasma, which results in the enhanced fluorescence. Furthermore, the spectral
attenuation of the 400-nm probe laser is measured as a function of the pump—probe time delay as well as the pump-pulse

energy.

Keywords: defocusing effect, energy loss, enhanced fluorescence

PACS: 33.50.Dq, 42.65.-k, 42.68.Ca

1. Introduction

An intense femtosecond laser pulse experiences a fila-
mentation process when propagating in air. When the power
exceeds a critical value P.; (3 GW in air for the 800-nm Gaus-
sian beam with pulse duration longer than 100 fs), the self-
focusing induced by Kerr effect occurs and the laser inten-
sity becomes higher and higher. The high intensity ionizes
air molecules, resulting in the generation of a weak plasma.
The plasma defocusing effect balances Kerr self-focusing and
the intensity is clamped inside the plasma, creating a filament
with a diameter around 100 pum.["?) Remarkably, it makes the
laser filamentation fascinating that there are a lot of poten-
tial applications. It has been proposed to be used in many

331 the trigger-

respects ranging from the remote sensing,!
ing of lightning,[®! the detection of similar biological mate-
rials by filament-induced breakdown spectroscopy,!’! to the
stand-off THz illumination,®! and the generation of attosec-
ond pulses. !

Many techniques were exploited to understand the laser
filamentation process, which is pretty important for the further
development of its potential applications. Among all these
techniques, the measurement of the plasma fluorescence is
an effective effort, which is employed to characterize the fil-
ament size and extract the electron density as well as elec-
tron temperature inside the filament.[!%!!] Besides, electric

DOI: 10.1088/1674-1056/ab5a39

cross-conductivity technique, the measurement of energy ex-
change between two femtosecond laser filaments and high
harmonic generation were also proposed to acknowledge the

[12-14] Recently, unexpected lasing actions

laser filamentation.
at 391 nm inside the plasma filament have been reported, ap-
pealing new techniques to further understand the dynamical
process in both experiment and theory.!'>-2!1 It is noticed that
except amplification at 391 nm, other frequency components
of the seeded pulses are weaker than its original spectra in
the harmonic-seeded radiation-amplification experiment,>?!
which is attributed to the defocusing effect induced by the
plasma.

In this paper, we investigate the spectral attenuation of
a 400-nm pulse with a high energy and a narrow spectral
width induced by an 800-nm pump laser. The amplification
at 391 nm is excluded as the spectra do not cover this re-
gion. Beside the plasma defocusing effect, the energy loss of
the 400 nm pulse through near resonant absorption process is
demonstrated as another effect that leads to the spectral atten-
uation by measuring the energy of 400-nm pulse and fluores-
cence emissions of the interaction area.

2. Experiment

The experiments are carried out using a Ti:sapphire laser
system (Legend Elite-Duo, Coherent Inc.) as shown in Fig. 1.
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The femtosecond laser pulse (1 kHz, 800 nm, ~ 120 fs, 5.8 mJ)
from the Ti:sapphire laser with a beam radius of 5 mm is split
into two arms (1 : 1) by a beam splitter. One beam serving as
the pump pulse with energy up to 2.9 m]J is utilized to gener-
ate a plasma filament in air. The pump energy can be tuned
by a continuously variable neutral density attenuator, which
is set into the pump beam path right after the beam splitter.
The other one is frequency doubled by a 0.2-mm thickness
B-BBO crystal to produce the 400-nm pulse; it then serves
as the probe pulse, whose energy is about 0.37 mJ. A high-
resolution delay line with a minimum step of 0.52 fs allows
us to scan the pump—probe time delay 7. The pump and the
probe pulses are combined with a dichroic mirror (DM) and
collinearly focused by a fused silica lens with focusing length
of 150 mm. The spatial overlap of the pump and probe pulses
is checked by a far-field measurement of the optical pattern,
and the rough temporal superposition is examined by the de-
focusing pattern of the 400-nm pulse after passing though the
plasma filament generated by the 800-nm pump pulse. An-
other BBO crystal is used to generate an SHG (sum frequency
generation) for these two pulses to define the zero time be-
tween the pump and probe pulses. The zero time is chosen
as the position where the SHG emission is the strongest by
tuning the pump-pulse optical-path with the delay line. Af-
ter the interaction, the collinear probe and pump pulses are
focused again, and then reflected by several 400-nm high re-
flective mirrors. By this way, the pump and probe pulses are
separated. The 400-nm pulse is coupled into a fiber-pigtailed
spectrometer (Ocean Optics USB 4000) with a spectral reso-
lution of 0.25 nm. A CCD camera is applied to measure the
far-field pattern of the 400-nm pulse. The fluorescence of the
plasma filament is also collected by a spherical mirror (SM)
and then focused into the fiber-pigtailed spectrometer.
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Fig. 1. The schematic diagram of the experimental setup for the measure-
ment. M1, M2, M3: 800-nm high reflective mirrors; M4, M5, M6, M7:
400-nm high reflective mirrors. ND: the continuously variable neutral den-
sity attenuator. DM: the dichroic mirror. SM: the spherical mirror. USB
4000: the fiber-pigtailed spectrometer.

3. Results and discussion

The pump-pulse energy is first set to be 2.7 mJ to gener-
ate a plasma in air. The 400-nm pulse is then collinearly sent
to interact with the plasma filament with a time delay. The

spectra of the 400-nm pulse are attenuated, as illustrated by
the black solid line in Fig. 2(a).
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Fig. 1. (a) The spectra of the 400-nm pulse measured with (black cir-
cle) and without (red square) the plasma generated by the intense pump
pulse with a pulse energy of 2.7 mJ. The spectrum of the pump pulse
(blue triangle) is also shown to check the influence of the super con-
tinuum generation. The far-field pattern of the 400-nm pulse measured
without (b) and with (c) the air plasma. The measurement is done at
3 mm in front of the focus to get a clear diverged pattern, and the pump—
probe time delay is T = 100 fs.

The spectral intensity of the 400-nm pulse is about 70%
of that measured without the presence of the plasma filament.
The spectra of the plasma filament can be broadened to ultra-
violet range due to the self-phase modulation effect, which is
known as the super continuum generation. In order to check
the influence of the continuum generation on the observed
phenomenon, the spectra are measured without the 400-nm
pulse, which is displayed by the blue dot line in Fig. 2(a).
It turns to be zero in the measured range, excluding the ef-
fect on the spectrum measurement of the 400-nm pulse. Fig-
ure 2(c) demonstrates that the 400-nm pulse with a dark spot
in the center of the far-field pattern has a larger area of in-
tensity distribution compared to that without the plasma in
Fig. 2(b). Then, the signal intensity is decreased in our mea-
surement as a result of the divergence of 400-nm pulse. The
pattern shown in Fig. 2(c) is caused by the defocusing effect
of the low-density plasma, which have been explained in the
time-resolved experiments. [>3-2]

From the measurement above, we find that the defocusing
effect of air plasma is a straight reason for the attenuation of
the 400-nm pulse. Besides, the 400-nm pulse energy may drop
with the pump pulse compared to that without the pump pulse,
which can also lead to the reduced 400-nm signal. To verify
this conjecture, we further measure the 400-nm pulse energy
after the interaction with the pump pulse as a function of the
pump—probe time delay. Figure 3(a) shows that the 400-nm
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pulse energy drops rapidly from 0.367 mJ to 0.334 mJ dur-
ing 250 fs. When the pump—probe time delay is at —130 fs,
the head of the pump pulse just catches the tail of the 400-nm
pulse. With time delay increasing, more parts of the 400-nm
pulse overlap with the 800-nm pulse and lose more energy to
the plasma. After 120 fs, these two pulses are separated and
the 800-nm pulse now is in front of the 400-nm pulse. Based
on the analysis above, the 400-nm pulse duration is estimated
to be about 130 fs, as the pump pulse duration is clearly given
(120 fs). We classify it as energy loss rather than energy ex-
change because there is no energy recovery when the pump-
probe time delay is scanned from negative to positive, which is
the most striking feature for energy exchange.!!3! In fact, the
energy loss lasts several picoseconds in our measurement.
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Fig. 3. (a) The dependence of the 400-nm pulse energy on the pump—probe
time delay 7. Negative time delay means the 400-nm pulse is in front of
the pump pulse. (b) Typical fluorescence spectra of the interaction area with
the 400-nm pulse (blue dot line), plasma filament (red dash line), and both
the 400-nm pulse and the plasma filament (black solid line). The energy of
pump pulse is 2.7 mJ and the time delay 7 is 200 fs.

In order to investigate the source of the energy loss, we
measure the fluorescence signal of the interaction area, as dis-
played in Fig. 3(b).
with the 400-nm pulse alone, while that from the plasma fil-

The fluorescence can not be detected

ament induced by the 800-nm pump pulse is clearly shown.
Surprisingly, the line spectrum of the first negative system
of N;r at 391 nm from the plasma filament induced by the
800-nm pump pulse is enhanced with the existence of the
weak 400-nm pulse, whereas that from the excited nitrogen
molecule Np(C>I1,) at 337 nm keeps constant. The unde-
tected fluorescence with the 400-nm pulse and the unchanged

fluorescence of 337 nm indicate that the weak 400-nm pulse

could not ionize nitrogen molecules in air directly. Since
the triplet state N»(C>II,) is a spin forbidden process for
direct high-field photonic excitation, two indirect excitation

26271 One is impact excitation chan-

processes are proposed. |
nels from energetic electrons with the ground state nitrogen
molecules, which is observed only with circularly polarized

27.28] The other is a dissociative recombination

laser pulses.!
through the processes: N + 2Np — Nj + No, N +e —
N, (C3I1,) + N», which is proportional to the population of
N;r . Thus, the unchanged fluorescence signal from excited
neutral molecules implies that the additional 400-nm pulse
cannot change the population of the excited state N, (C>T1,),
i.e., the same ionization yield with or without the 400-nm
pulse in our measurement. It suggests the function of the
weak 400-nm pulse-repopulating the ion states of molecular
nitrogen ions. There should be a strong coupling between
these two states NJ (X*E,v = 0) and Nj (B’Z;,V/ = 0)
in one-photon, near-resonant laser condition. This strong
coupling was verified in the Meinel band system of N,
which was used to explain the population inversion between
N (B2Zf,v' = 0) and N3 (X2Zf, v = 0).') In their review,
near the peak of envelope of the 800-nm driver laser, the
molecules were populated to the ground state of molecular
nitrogen ions N (XzEg) and excited states of molecular ni-
trogen ions NJ (A’I1,) and Nj (B?L{) by tunnel ionization.
After the generation of molecular nitrogen ions, the resid-
ual of strong laser field induced a population transfer from
N (X?Zf,v = 0) to Nj (A1,,v' =2). As the resonant
wavelength between NJ (X?27, v = 0) and NJ (A*T1,, V' =2)
is 787 nm,!*°! the coupling is one-photon, near-resonant co-
herent excitation. Similarly, the 400-nm pulse efficiently ex-
cites the NJ (X?ZJ,v = 0) to Nj (B*L],v' = 0) by a near-
resonant absorption process, leading to the enhanced fluores-
cence of molecular nitrogen ions at 391 nm. The line spec-
trum at 428 nm, originated from the transition N5 (B?L[, v/ =
0) — Nj (X*Z],v = 1), is enhanced as well.

The interaction between the two-level system of
NI (X?Z], v =0) and Nj (B2Z}, v/ =0) and the 400-nm
pulse is given by the optical Bloch equation. The pulse width
of 400-nm laser is around 130 fs, which is much shorter than
the relaxation time of molecular nitrogen ions (nanosecond
scale). Hence, the current case can be described by the equa-

tion without relaxation time

da/dt = —AP, (la)
dB/dt = Aa+ Qy, (1b)
a}//at: _‘Qﬁ7 (1c)

where o and B describe dispersion and absorption of elec-

tric dipole moment; y denotes the population probability dif-
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ference between Ny (BZL},v' = 0) and Nj (XL}, v = 0).
A = wpx — ®; wpx and @ represent the angular frequency
of the transition from NJ (B2Z},v' = 0) to Nj (X*Z;,v = 0)
at 391 nm and the angular frequency of 400-nm pulse, re-
spectively. Q = (u/h)+/(8mey/c)lp(t) is Rabi frequency with
W, h, &, c, and Ip(r) denoting the electronic transition mo-
ment, the reduced Planck constant, the vacuum permittivity,
the light speed, and the envelope of laser intensity, respec-
tively. In this ultrafast process, Ip(¢) can be replaced by the

laser peak intensity, i.e., 9 x 10'> W.cm™2.

Before the in-
teraction between the two-level system and 400-nm pulse, the
initial @ and f are zero. We assume that 10% molecular ni-
trogen ions populate in the NJ (B2L, v/ = 0) state and 90%
populate in the Ny (X?Ef, v = 0) state.!'”] With the effective
electronic transition moment of 1.078 Debye, ! the popula-
tion probability difference 7y is shown in Fig. 4. In the 400-nm
laser field, y experiences strong oscillations, demonstrating the
near-resonant, one-photon coupling above. Efficient popula-
tion transfer takes place between the ground and the excited
electronic state. At the end of the laser pulse, the populations
in the NJ (B2Z, Vv’ = 0) increase significantly, while those in
the N5 (Xng, v =0) decrease, explaining the phenomenon of
enhanced fluorescence of molecular nitrogen ions. In the same
time, the unchanged fluorescence signal of nitrogen molecules
manifests that there is no selectivity of N in reactions NJ +
Ny — N s Nj +e — Np(C*I,) + Ny, populating the excited
electronic state of nitrogen molecules.

0.8 T T T T T T
0.4 1
& or 1
—0.4r 1
—-0.8 h A A . . L'
0 20 40 60 80 100 120
Time/fs

Fig. 4. The temporal evolution of the population probability difference
in the 400nm laser field with an intensity of 9 x 10> W.cm~2.

To gain a deeper insight, we define a signal I/l as the
spectral intensity of the 400-nm pulse measured with the pres-
ence of the plasma filament divided by that measured without
the plasma filament. Results in Fig. 5(a) show the signal 1/Ij
as a function of the pump—probe time delay 7 in the range
from —0.5 ps to 5.0 ps. The signal I/Ij first decreases rapidly
to 0.58 on the time scale of 250 fs, and then increases to 0.8
right after the separation of the two pulses. Afterwards, it ex-

periences a slow rise in the following several picoseconds. To

understand the significant drop at time delay of zero, the en-
hanced ratio y which is defined as the intensity of plasma flu-
orescence at 391 nm with the 400-nm pulse divided by that
without the 400-nm pulse is displayed in Fig. 5(a) as a func-
tion of time delay. A remarkable increase can be observed at
the delay time of T = 0, demonstrating an enhancement of the
ionization of N2+ L1261 ; ¢ the increase of the electron density.
The defocusing effect intensifies and a deeper near-resonant
absorption happens, causing the significant drop of the signal
at time delay of zero.

1)1,

Enhanced ratio vy

0 1 2 3 4 5
Delay time/ps

1.0 T T T T

I/I
=)
00

0.7 1

0.6 | . . 1

0.8 1.2 1.6 2.0 24 2.8
Energy/mJ

Fig. 5. (a) The signal /Iy (black square) of the probe pulse and the en-
hanced ratio y (blue circle) as a function of the pump—probe time delay
with a pump-pulse energy of 2.7 mJ. (b) The dependence of 1 /Iy on the
pump-pulse energy with a fixed pump—probe time delay of 50 fs.

Figure 5(b) displays the signal I/Iy with the incident
pump-pulse energy varying from 0.7 mJ to 2.7 mJ. With a
pump-pulse energy of 0.7 mJ, the plasma density is relative
low and the attenuation effect is pretty weak. With the increase
of the pump-pulse energy, the laser intensity in the plasma fil-
ament rises until the clamped intensity, and the plasma den-
sity increases dramatically as the plasma is generated through
the highly nonlinear multiphoton/tunnel ionization process.!?!
In addition, the plasma length also increases slightly with the
pump-pulse energy, despite the application of the short focus

1311 Both of them give rise to the more

lens in the measurement.
intense spectral attenuation of the 400-nm pulse. The laser in-
tensity inside the plasma will be clamped to a certain value,
and it will keep constant with further increase of the incident
pump-pulse energy. The extra energy flows into energy reser-
voir rather than strengthen the plasma density in filament, i.e.,
the plasma density is saturated. With an incident pump-pulse

energy of 2.1 mJ in our case, the laser intensity reaches its
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clamped value. The attenuated signal tends to be constant
when the pump pulse energy exceeds 2.1 mJ. The red fitting
curve in Fig. 5(b) is utilized to describe the trend of the signal

/Iy when the pump energy is tuned in the measurement range.

4. Conclusion

In summary, we investigated the spectral attenuation of
the 400-nm pulse caused by the plasma filament in air. To
unveil the physics behind the observed phenomenon, we ob-
served the far-field pattern of the 400-nm pulse, measured the
energy loss of the 400-nm pulse and recorded the fluorescence
emissions of the interaction area. It is believed that the defo-
cusing effect of the low-density plasma and energy loss jointly
result in the spectral attenuation. The energy loss process is
induced by the near-resonant absorption, and efficient popu-
lation transfer occurs in nitrogen molecular ions between the
ground and excited states. The present study reveals the inter-
play between the 400-nm pulse and the plasma filament, which
will benefit the implications for investigating the excited-state

dynamics of molecular ions in intense laser fields.
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