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Abstract. We experimentally investigate the impact of pulse shape on the dynamics
of laser-generated plasma in rare gases. Fast-rising triangular pulses with a slower
decay lead to early ionization of the air and depose energy more efficiently than their
temporally reversed counterparts. As a result, in both argon and krypton, the induced
shockwave as well as the plasma luminescence are stronger. This is due to an earlier
availability of free electrons to undergo inverse Bremsstrahlung on the pulse trailing
edge. Our results illustrate the ability of adequately tailored pulse shapes to optimize
the energy deposition in gas plasmas.

PACS numbers: 52.38.-r Laser-plasma interactions – 52.25.Dg Plasma kinetic equations
– 42.65.Jx Beam trapping, self-focusing, and thermal blooming

1. Introduction

Filamentation is a nonlinear propagation regime of high-power, ultrashort lasers [1–
3]. It conveys a typical intensity of 5× 1013W/cm2 at 800nm [4] over distances largely
exceeding the Rayleigh length, sustained by a dynamic balance between self-focusing due
to the Kerr effect, and defocusing by higher-order nonlinear effects, including ionization.
Due to this ionization as well as absorption by the plasma and photodissociation of
molecules from the air [5–7], thermal energy is deposited in the wake of the laser beam.
It induces a shockwave [8] and generates a depleted channel (or "density hole") [9]
with a duration in the millisecond-range [10–12]. This channel can be used for various
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atmospheric applications [13], to guide optical beams [11], drill a transmitting channel
through fog [14], or trigger high-voltage discharges [15–18] and lightning [19].

Developing these applications however requires optimizing ionization and thermal
effects in the filament. In this paper, we investigate the role of the pulse waveform
in that regard. In the context of filamentation, pulse shaping [20] was shown to allow
controling the filamentation onset position [21], white-light and ionization yield [22],
or the deposition of molecular rotational energy [23]. Furthermore, temporal Airy
pulses were used to optimize high-aspect ratio nanomachining [24], or the poration
of cell membranes [25]. Based on the shaping of extremely broadband (≥ 200nm) few-
cycle pulses, we investigate the influence of the pulse shape on the contributions of
ionization and heating to energy deposition by ultrashort laser pulses. In particular,
using asymmetric triangular shapes, we show that pulses with a sharp (few-cycle)
intensity rise at their front lead to early ionization and depose energy more efficiently
than slower-rising ones. Therefore, the energy deposition can be optimized by the choice
of an adequate pulse shape.

2. Material and Methods

2.1. Experimental setup

The experimental setup (Figure 1) uses a chirped-pulse amplification Ti:Sa laser chain
delivering sub-40 fs pulses, of 0.4 to 1.4mJ, centered at 807nm, with a bandwidth of
46 nm, at a repetition rate of 1 kHz. The laser pumps two successive filamentation stages
at atmospheric pressure in air, each one followed by a recompression stage based on a
pair of chirped mirrors. This setup, described in detail by Hagemann et al. [26], delivers
pulses with a spectrum spanning from 450 to 1000nm. It can be recompressed to 5 fs
pulse duration (two optical cycles) with a 4-f zero-dispersion compressor with a dual-
mask liquid crystal modulator (640 pixels), that allows simultaneous and independent
shaping of the phase and the amplitude of the laser field [26, 27]. We use this waveform
synthetiser to produce asymmetric triangular pulses, with either a fast-rising (Figure 2)
or a fast-falling edge as short as 1–2 optical cycles (5 fs). The same waveform synthetizer
is used to pre-compensate the dispersion of the pulse on its way to the target. The output
pulses are characterized by a transient grating FROG [28–30]. At the shaper output,
the pulse spectral width is reduced to 200nm, covering the range from 700 to 900nm.

The pulse is then launched into a gas cell (Figure 1) filled with 9bar of argon or
krypton, where it is focused from its initial beam diameter of 0.9 cm at 1/e2, using an
f = 300mm off-axis gold parabolic mirror.

The gas ionization in the filaments, close to the focal point, is simultaneously
characterized by two approaches. First, a fiber spectrometer (OceanOptics HR4000)
collects the light emission on the side of the filaments with a resolution of 0.4 nm.
Simultaneously, an electret microphone records the acoustic shockwave generated by
the plasma. Indeed, the energy Ep deposited by the laser pulse locally heats the
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Figure 1. Experimental setup.
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Figure 2. Fast-rising asymmetric triangular pulse (5 fs rise time, 30 fs fall time),
reconstructed from the phase applied by the waveform synthetizer

gas, producing an acoustic shockwave [10, 11] that has been demonstrated to be
representative of the free carrier density in the case of Fourier-limited pulses [8, 31]. The
relative energy of the shockwave was estimated by calculating the standard deviation of
the microphone signal over a time interval of 2 ms.
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2.2. Numerical simulations

Numerical simulations of the plasma dynamics were performed by adapting an air plasma
model [32] to rare gases. The free electron density Ne evolves as:

dNe

dt
= RPPT +Rcoll +Raval −Rrecomb (1)

where

RPPT = NAtW (IL) (2)

Rcoll = αNe (3)

Raval =
1

ω2
0τ

2 + 1

q2eτ

cε0meUp
ILNe (4)

Rrecomb = 1.138× 10−11T−0.7
e N2

e , (5)

IL being the incident laser intensity, NAt the density of neutral atoms, and Up

the ionization potential. W (IL) describes the multiphoton / tunnel ionization
probability calculated with the Perelomov, Popov, Terentev (PPT) formula [33]. The
terms explicited in Equations (3) to (5) account for collision [34] and avalanche
ionization [35, 36], and electron-ion recombination [15], respectively. τ = 1/νen =

1/
(
10−13NMol

√
Te,[eV ]

)
is the inverse of the electron-neutral atom collision frequency.

The evolution of the free electron temperature Te [35, 37] is governed by
inverse Bremsstrahlung, Joule heating, energy exchanges with the atoms and ions (at
temperature Tg), the excess energy Ue in the ionization, losses of kinetic energy due to
collision and avalanche ionization as well as impact excitation as measured by Petrov et
al. [38]:

dTe

dt
=

2JL

3NekB
+

2qeµeE
2

3kB
− 2(Te − Tg)

meνc

Mgas

+ [RPPTUe − (Rcoll +Raval)Up] ·
2

3kBNe
− 2NTot

3kB
Rimpact (6)

Here, µe is the electron mobility [15]:

µe(m2/V · s) = − N0

3NTot

(
5× 105 + E0

1.9× 104 + 26.7× E0

)0.6

(7)

NTot being the initial density of atoms, N0 the atom density at 1 atm and
E0 = EN0/NTot. The Bremsstrahlung rate is

JL =
4πq2eNeνei

mecε0 (ω2
0 + ν2ei)

IL. (8)

The kinetic temperature of the heavy species evolves as [35]
dTg

dt
= 2(Te − Tg)

meνcNe

MgasNTot
, (9)

where the collision rate of electrons on heavy species is the sum of their collisions with
atoms and positive ions [35]:

νc = 10−13NAt

√
Te,[eV ] + 10−11NeT

−1.5
e,[eV ] (10)
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Figure 3. (a,b) Experimental shockwave pressure and (c,d) simulated energy
deposition in 9 bar (a,c) argon and (b,d) krypton by asymmetric triangular pulses
with 5 fs rise and 30 fs fall time, or vice-versa. Simulations of a Gaussian input pulse
with the same energy and peak intensity (corresponding to 16.4 fs FWHM) is provided
for reference in Panels (c) and (d)

In the model, the laser pulses are described by their envelope intensity, so that
coherent effects related to chirp and resonant intermediate levels in multiphoton
ionization are not taken into account [39–42]. Similarly, the nonlinear propagation
of the ultrashort pulses is not considered, nor the spatial aspects, including transport as
well as intensity and electron density gradients. In comparison between triangular and
Gaussian pulses, the latter are dimensioned to feature the same pulse energy and peak
intensity as the former. This leads to a duration of 16.4 fs FWHM for triangular pulses
with 5 fs rise time and 30 fs fall time or vice-versa.

3. Results and discussion

Figure 3(a,b) compares the shockwave amplitudes induced by triangular pulses
with the same duration, but fast- and slower-rising fronts, respectively. The shockwave
transient overpressure induced by the laser is proportional to the deposited energy [10,
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Figure 4. (a) Pulse energy dependence of the 810 nm argon plasma line in 9 bar argon,
excited by asymmetric triangular pulses with 5 fs rise and 30 fs fall time, or vice-versa.
(b) Typical measured spectrum.

11]. As expected, it increases with increasing incident pulse energy. However it does
not follow a power law as a multiphoton ionization process would predict. It even
tends to start saturating above ∼ 30 µJ in Ar. This beginning saturation can mainly be
attributed to the depletion of neutral atoms at high energy.

The shockwave amplitude is 2–3 times higher for a triangular pulse with 5 fs rise
time and 30 fs (dashed line), than its counterpart of the same duration but opposite
fronts (30 fs rise, 5 fs fall, solid line). This asymmetric behavior is more marked in argon
(Fig. 3a) than in krypton (Fig. 3b). It is also observed for triangular pulses with a fast
front of 5 fs and a slow front of 10 or 20 fs, in both argon and Krypton.

Similarly, the optical plasma emission measured sideways in argon, which also
depends on the plasma temperature, is more efficient in the case of a fast-rising pulse as
compared to a slower-rising pulse of the same duration and energy (Fig. 4a). Note that
the plasma emission (Fig. 4b) is independent from the pulse shape, as the excitation is
non-resonant.

In order to distinguish between the role of the pulse intensity profile and resonant
effects related to the carrier-phase chirp, we investigated the effect of chirp on the
energy deposition efficiency. More specifically, we used the waveform synthetizer to
apply various chirps to a Gaussian pulse with 200nm bandwidth, and measured the
resulting energy deposition, in both argon and krypton. The curves are close to
symmetric (Figure 5), showing that pulses of same shape, similar durations and opposite
chirps depose energy with a similar efficiency. This behaviour contrasts with the chirp-
asymmetry of ionization observed in the context of higher-harmonic generation [39–42].

The effect of the pulse shape on the energy deposition can be understood by
considering that the laser pulses depose energy in the gas by two processes. The first one,
ionization, is highly nonlinear and mostly occurs at the intensity maximum, i.e. at the
beginning of fast-rising pulses and at the end of slower-rising ones. The second energy
deposition process, inverse Bremsstrahlung, is linear in intensity, and proportional to
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Figure 5. Energy deposited by a 47 µJ chirped Gaussian pulse as a function of the
negative and positive quadratic phase, i.e chirp in krypton and argon. The pulse
durations are FWHM estimated from the pulse shape on the wave synthetizer.

the free electron density. It therefore occurs only after the ionization, i.e., on the trailing
edge of the pulse. It will therefore be more efficient on slower-decaying pulses, i.e., on
fast-rising ones.

This two-step energy deposition also explains why the difference between the energy
deposited by the fast-rising and slower-rising pulses is less pronounced in krypton
(Figure 3b) than in argon (Figure 3a). Krypton has a lower ionization potential
(14.00 eV, i.e. 9 photons at 780nm) as compared to argon (15.76 eV, 10 photons). As
a consequence, the ionization is slightly less nonlinear, so that the ionization efficiency
depends less critically on the intensity. Ionization therefore occurs over a slightly longer
time interval around the peak of the pulse, limiting the effect of the asymmetric pulse
shape. This effect also explains the fact that the energy deposed in krypton depends less
on the incident pulse duration than that in argon (see the broader curve in Figure 5).

This interpretation is supported by our numerical simulations. As examplified in
Figure 6, multiphoton / tunnel ionization (Panel b) starts close to the intensity peak of
the pulse (Panel a). The rise in electron density (panel (c) is followed shortly by inverse
Bremsstrahlung heating (Panel d) of the electrons. The higher electron temperature
(Panel e) allows avalanche ionization to switch on (Panel e) for the remaining duration of
the pulse, further contributing the free electron density (Panel c). As a result, the sharp
rising pulse releases more, hotter, free electrons, hence deposes substantially more energy
(Panel g). The simulations reproduce well the asymmetry of the measured deposited
energy as characterized via the shockwave overpressure, as well as its dependence on the
input energy (Figure 3(c,d)). Simultaneously, the simulated electron densities approach
the initial density of the neutral gas atoms (NAt = 2.5× 1025m−3), confirming that the
saturation of the signal in argon is mainly due to the depletion of the latter.
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Figure 6. Numerical simulation of the evolution of the plasma in argon, ionized by
asymmetric triangular pulses of opposite directions and carrying 20 µJ energy each. (a)
Incident laser pulse intensity; (b) Multiphoton / tunnel ionization; (c) Free electron
density; (d) Inverse Bremsstrahlung; (e) Free electron temperature; (f) Avalanche
ionization; (g) Density of deposited energy

It is remarkable that this fairly good agreement is obtained with simulations based
on the pulse intensity shape only, without the need to consider the temporal phase
within the pulse, nor the resonant processes in the atom ionization. This confirms that
in our experiment, the energy deposition is indeed governed by the pulse shape rather
than resonant processes. The observed effects are quite robust with regard to the pulse
shape, and could be effective in perturbed conditions like the open atmosphere.

Its benefit is further demonstrated by comparing the energy deposition by a fast-
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rising triangular pulse with a Gaussian one featuring the same peak intensity and pulse
energy (16.4 fs FWHM). As shown in Figure 3(c,d), the early ionization in the fast-rising
triangular pulses maximizes the energy deposition. The dynamics detailed in Figure 6
confirms this description, showing in particular the later occurrence of Bremsstrahlung
and avalanche ionization.

3.1. Conclusion

In conclusion, we highlight the impact of the pulse shape on the energy deposition by
laser filaments in rare gases. Due to an earlier ionization within the pulse duration, fast-
rising pulses heats the plasma more efficiently, allowing avalanche ionization. This result
demonstrates the relevance of pulse shaping with sharp profiles for optimizing remote
ionization and energy deposition in filaments. It therefore provides an opportunity to
control the plasma dynamics by adequate pulse shaping.

Acknowledgments. This work was supported by the ERC advanced grant
"Filatmo" and the SNF NCCR MUST grant. M.M. acknowledges funding from MHV
fellowship grant number: PMPDP2-145444 and NCCR MUST Womens Postdoc Award.
S.H. acknowledges cofunding under FP7-Marie Skłodowska-Curie – NCCR MUST
program (200021-117810). A. L. acknowledges the Klaus Tschira Foundation (KTS) for
financial support (project 00.314.2017). We gratefully acknowledge fruitful discussions
with L. Wöste, theoretical support from N. Berti and E. Schubert, as well as technical
support by M. Moret.

References

[1] Chin S L, Hosseini S A, Liu W, Luo Q, Théberge F, Aközbek N, Becker A, Kandidov
V P, Kosareva O G and Schröder H 2005 Canadian Journal of Physics 83 863–905

[2] Bergé L, Skupin S, Nuter R, Kasparian J and Wolf J P 2007 Reports on progress
in physics 70 1633

[3] Couairon A and Mysyrowicz A 2007 Physics Reports 441 47–189 ISSN 03701573
URL http://linkinghub.elsevier.com/retrieve/pii/S037015730700021X

[4] Kasparian J, Sauerbrey R and Chin S L 2000 Applied Physics B 71 877–879

[5] Schwarz J, Rambo P, Diels J C, Kolesik M, Wright E M and Moloney J V 2000
Optics Communications 180 383–390

[6] Petit Y, Henin S, Kasparian J and Wolf J P 2010 Applied Physics Letters 97
021108–021108

[7] Saathoff H, Henin S, Stelmaszczyk K, Petrarca M, Delagrange R, Hao Z, Lüder J,
Möhler O, Petit Y, Rohwetter P et al. 2013 Atmospheric Chemistry and Physics
13 4593–4604

[8] Yu J, Mondelain D, Kasparian J, Salmon E, Geffroy S, Favre C, Boutou V and
Wolf J P 2003 Applied optics 42 7117–7120



REFERENCES 10

[9] Vidal F, Comtois D, Chien C Y, Desparois A, La Fontaine B, Johnston TW, Kieffer
J C, Mercure H P, Pépin H and Rizk F A 2000 Plasma Science, IEEE Transactions
on 28 418–433

[10] Lahav O, Levi L, Orr I, Nemirovsky R A, Nemirovsky J, Kaminer
I, Segev M and Cohen O 2014 Physical Review A 90 021801 URL
http://link.aps.org/doi/10.1103/PhysRevA.90.021801

[11] Jhajj N, Rosenthal E, Birnbaum R, Wahlstrand J and Milchberg H 2014 Physical
Review X 4 011027

[12] Cheng Y H, Wahlstrand J K, Jhajj N and Milchberg H 2013 Optics express 21
4740–4751

[13] Wolf J P 2018 Reports on Progress in Physics 81 026001 ISSN 0034-4885, 1361-6633
URL http://stacks.iop.org/0034-4885/81/i=2/a=026001?key=crossref.4b380aff89a6b914c190fb1a14aec0fe

[14] de la Cruz L, Schubert E, Mongin D, Klingebiel S, Schultze M, Metzger T, Michel
K, Kasparian J and Wolf J P 2016 Applied Physics Letters 109 251105 URL
http://aip.scitation.org/doi/abs/10.1063/1.4972954

[15] Zhao X M, Diels J C, Wang C Y and Elizondo J M 1995 IEEE Journal of Quantum
Electronics 31 599–612

[16] Comtois D, Pepin H, Vidal F, Rizk F A, Chien C Y, Johnston T W, Kieffer J C,
La Fontaine B, Martin F, Potvin C et al. 2003 Plasma Science, IEEE Transactions
on 31 377–386

[17] Rodríguez M, Sauerbrey R, Wille H, Woeste L, Fujii T, André Y B, Mysyrowicz
A, Klingbeil L, Rethmeier K, Kalkner W et al. 2002 Optics letters 27 772–774

[18] Point G, Thouin E, Mysyrowicz A and Houard A 2016 Optics express 24 6271–6282

[19] Kasparian J, Ackermann R, André Y B, Méchain G, Méjean G, Prade B, Rohwetter
P, Salmon E, Stelmaszczyk K, Yu J, Mysyrowicz A, Sauerbrey R, Wöste L and Wolf
J P 2008 Optics Express 16 5757–5763

[20] Judson R S and Rabitz H 1992 Physical Review Letters 68 1500

[21] Heck G, Sloss J and Levis R J 2006 Optics Communication 259 216–222

[22] Ackermann R, Salmon E, Lascoux N, Kasparian J, Rohwetter P, Stelmaszczyk K,
Li S, Lindinger A, Wöste L, Béjot P, Bonacina L and Wolf J P 2006 Applied Physics
Letters 89 171117–171117

[23] Zahedpour S, Wahlstrand J K and Milchberg H M 2014 Physical Review Letters 112
143601 URL https://link.aps.org/doi/10.1103/PhysRevLett.112.143601

[24] Götte N, Winkler T, Meinl T, Kusserow T, Zielinski B, Sarpe C, Senftleben
A, Hillmer H and Baumert T 2016 Optica 3 389–395 ISSN 2334-2536 URL
https://www.osapublishing.org/abstract.cfm?uri=optica-3-4-389

[25] Courvoisier S, Götte N, Zielinski B, Winkler T, Sarpe C, Senftleben A,
Bonacina L, Wolf J P and Baumert T 2016 APL Photonics 1 046102 URL
http://aip.scitation.org/doi/10.1063/1.4948367



REFERENCES 11

[26] Hagemann F, Gause O, Wöste L and Siebert T 2013 Optics express 21 5536–5549

[27] Weiner A M 2000 Review of Scientific Instruments 71 1929–1960

[28] Trebino R, DeLong K W, Fittinghoff D N, Sweetser J N, Krumbügel M A, Richman
B A and Kane D J 1997 Review of Scientific Instruments 68 3277–3295 URL
http://scitation.aip.org/content/aip/journal/rsi/68/9/10.1063/1.1148286

[29] Schmidt B E, Unrau W, Mirabal A, Li S, Krenz M, Wöste L and Siebert T 2008
Optics express 16 18910–18921

[30] Schmidt B, Gause O, Hagemann F, Li S, Unrau W, Wöste L and Siebert T 2012
The Journal of Physical Chemistry A 116 11459–11466

[31] Hosseini S, Yu J, Luo Q and Chin S 2004 Applied Physics B: Lasers and Optics 79
519–523

[32] Schubert E, Brisset J G, Matthews M, Courjaud A, Kasparian J and Wolf J P 2016
Physical Review A 94 033824

[33] Perelomov A, Popov V and Terent’ev M 1966 Sov. Phys. JETP 23 924–934

[34] Rapp D and Englander-Golden P 1965 The Journal of
Chemical Physics 43 1464–1479 ISSN 0021-9606 URL
http://aip.scitation.org/doi/abs/10.1063/1.1696957

[35] Papeer J, Botton M, Gordon D, Sprangle P, Zigler A and Henis Z 2014 New Journal
of Physics 16 123046

[36] Papeer J, Botton M, Gordon D, Sprangle P, Zigler A and Henis Z 2015 New Journal
of Physics 17 089501

[37] Fernsler R, Ali A, Greig J and Vitkovitsky I 1979 The nrl chmair code: a disturbed
sea level air chemistry code Tech. rep. DTIC Document

[38] Petrov GM, Giuliani J L and Dasgupta A 2002 Journal of Applied Physics 91 2662–
2677 ISSN 0021-8979 URL http://aip.scitation.org/doi/10.1063/1.1448409

[39] Assion A, Baumert T, Helbing J, Seyfried V and Gerber G 1996 Chemical Physics
Letters 259 488–494 ISSN 0009-2614 wOS:A1996VG76500004

[40] Yakovlev V V, Bardeen C J, Che J W, Cao J S and Wilson K R 1998 Journal of
Chemical Physics 108 2309–2313 ISSN 0021-9606 wOS:000071804500007

[41] Lee D G, Kim J H, Hong K H and Nam C H 2001 Physical Review Letters 87
243902 ISSN 0031-9007 wOS:000172642100019

[42] Itakura R, Yamanouchi K, Tanabe T, Okamoto T and Kannari F 2003 Journal of
Chemical Physics 119 4179–4186 ISSN 0021-9606 wOS:000184675600010


