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Abstract We report experimental and numerical results

on the post-compression of 40 fs duration pulses down to

10 fs at high energy level (multi-mJ). The spectral broad-

ening is achieved through the self-phase modulation

resulting from optical-field-ionization of different noble

gases (He, Ne, Ar) by the 40-fs laser pulse propagating in a

low-pressure gas-filled hollow capillary. We discuss the

influence of the multi-ionization dynamics, through the gas

dependence, on the laser energy carried by the capillary, as

well as on the duration and temporal shape of the post-

compressed pulses. In all the different experimental con-

ditions investigated in this article (pressures and gases

used), the experimental data is in good agreement with the

numerical results from a three-dimension propagation

code. Through this study, we demonstrate the robustness of

the proposed post-compression technique with regard to

multi-ionization, indicating that it can be used on a large

intensity range by judiciously choosing the gas.

1 Introduction

Nowadays, further progress in strong-field physics often

requires multi-terawatt laser systems with pulse durations

of 1–2 optical cycles. Among other applications of current

interest, attosecond physics (1 as = 10-18 s) using high-

order harmonic generation (HHG) in gases or on solid

targets are domains requiring such lasers [1, 2]. Indeed,

both high power and short pulses are necessary for gen-

erating bright extreme ultraviolet (EUV) single attosecond

bursts [3–9] in order to probe intra-atomic and intra-

molecular electron dynamics [10–13]. Several sub-terawatt

laser systems with few optical cycle pulse duration already

exist and are now routinely used worldwide. These systems

are mainly based on the recompression of longer pulses of

few tens of femtosecond duration. They use the spectral

broadening due to Kerr induced self-phase modulation

(SPM) in a gas, either in a self-guided filament [14] or in a

high-pressure gas-filled hollow capillary [15–18] in order

to obtain the bandwidth required to achieve such short

pulses. In both configurations, the input power is limited by

the critical power for self-focusing [19], above which the

laser beam breaks up into several filaments [20]. So far, the

best performance using Kerr-induced SPM in a gas is 1

terawatt peak power (5 mJ–5 fs) and is obtained by

focusing chirped input femtosecond pulses in a helium-

filled hollow capillary with a pressure gradient [17].

Another approach to produce few optical cycle pulse

duration at high peak power level is to use optical para-

metric chirped-pulse amplifiers (OPCPA) in non-collinear

geometry [21, 22]. Through a mixed laser architecture

based on high-pressure neon-filled hollow capillary as a

front end for non-collinear OPCPA, Herrmann et al. [23]

have demonstrated the generation of 7.9 fs–130 mJ laser

pulses. However, this is a very sophisticated and expensive

approach, which requires completely new designs and

high-energy picosecond pump laser. As an alternative to

these costly systems, we recently proposed and experi-

mentally demonstrated the post-compression of a standard

70 mJ, 40 fs Ti: Sapphire laser system down to 11.4 fs,
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with a total output energy per pulse of 13.7 mJ, using an

efficient and robust spectral broadening technique [24]. To

obtain the required spectral bandwidth, we used the SPM

resulting from the optical-field-ionization (OFI) of helium

gas by the 40-fs laser pulse while propagating in a low-

pressure gas-filled hollow capillary. We further carried out

a detailed numerical study, which reproduces very well the

experimental measurements. Three-dimension (3D) simu-

lations unambiguously show that it is necessary to carefully

filter the fundamental mode of the capillary, in order to

obtain a spatially homogeneous smooth post-compressed

pulse [25].

The key idea of the method is that the refraction index of

a medium subject to OFI varies rapidly during the ionizing

pulse, generating new frequencies mainly in the blue wing

of the spectrum. In a one-dimensional (1D) approach and in

the case of a low-density plasma (Ne(t) � Nc), the pulse

instantaneous frequency after propagation through a hom-

ogenously ionized gas of length L is given by [26]:

xðtÞ ¼ du
dt
¼ x0 þ

x0L

2cNc

dNeðtÞ
dt

: ð1Þ

where t denotes the time, x0 the input pulse carrier-fre-

quency, Ne the free-electron density, and Nc ¼ me0x2
0

e2 the

critical density (Nc = 1.7 9 1021 cm-3 at 808 nm).

Since OFI is very fast and highly nonlinear, large

spectral broadenings can be achieved, even with low gas

pressures and moderate interaction lengths. For example, if

one considers a singly ionized gas, a 1 mbar pressure, an

interaction length of 20 cm and an OFI-time of 20 fs, one

obtains a relative spectral broadening Dx=x0� 0:2.

Experimentally, broad spectra have been obtained [24]

with a few millibars of helium gas pressure, 40-fs laser

pulse durations and several tens of millijoules of laser

energy (P * 2 TW). Since critical power for self-focusing

reaches 300 TW at 1 mbar helium pressure, higher pulse

energy could be post-compressed, in principle, by using

ions with higher ionization potential (Ip). The study of such

multi-ionized targets in OFI post-compression technique is

the aim of this article. To test this possibility, we consider

the case where post-compression can be achieved either

with single ionization (helium) or with multi-ionization

(neon and argon).

In this article, we present both experimental and

numerical results on post-compression obtained with dif-

ferent noble gases: helium, neon and argon. By comparison

with our previous works [24, 25], we use neon and argon

gases instead of helium gas in order to get a higher ioni-

zation charge state with the same input laser intensity, and

then to increase the spectral broadening, or alternatively, to

achieve the same broadening (as with helium gas) with a

lower intensity. In the latter case, the aim is to study the

possibility of extrapolating the post-compression tech-

nique, demonstrated in [24], to moderate-energy (*10 mJ)

high-repetition rate (*1 kHz) laser systems. By using Ne

or Ar as filling gas, important questions thus arise about the

changes of spectral features (amplitude and phase) induced

by the complicated ionization dynamics involved in the

production of multiply charged ions, and also about ioni-

zation-induced refraction, which could cause some changes

in the energy transmitted in the fundamental mode of the

capillary, but also in the spatial, spectral and temporal

properties of the recompressed output pulse. Using a sim-

ple one-dimension (1D) model, we discuss qualitatively, in

Sect. 2, the influence of the ionization dynamics on the

spectrum shape (bandwidth and amplitude modulations) for

the different gases, and on the resulting recompressed

pulses. The influence of the gas used on the laser energy

transmitted by the capillary, as well as on the duration and

temporal shape of the post-compressed pulse is then

quantified using a recently developed 3D numerical model,

which solves the equation of propagation of the laser field

in the paraxial ( o2

oz2 � k0
o
oz) and slowly ( o2

ot2 � x0
o
ot) varying

envelope approximations, assuming cylindrical symmetry,

coupled to the ionization rate equations [25]. After a brief

description of the experimental setup in Sect. 3 and of the

3D code in Sect. 4, we compare, in Sect. 5, the experi-

mental data with the numerical results. We show how the

ionization dynamics impacts on the spectral amplitude and

phase of the pulse at the output of the hollow gas-filled

capillary, and on the subsequent post-compressed pulse

profile. The conclusion is given in Sect. 6.

2 Multiple ionization dynamics

In order to get an insight into the influence of the multiple

ionization dynamics on the spectral broadening, we

developed a simple 1D model based on the temporal phase

modification of the ionizing pulse (Eq. 1) in a case of a

40 cm long homogeneous medium, a 1 mbar gas pressure

and a 40-fs (FWHM) duration Gaussian pulse. The electron

density is obtained by solving the coupled rate equations on

the ion populations. The laser electric field-dependent

ionization rates are calculated with Perelomov, Popov and

Terent’ev (PPT) formula [27–29], adapted to complex

atoms following Ammosov, Delone and Kraı̈nov (ADK)

modifications [30]. We have reported in Fig. 1, the results

for the two extreme cases, i.e., He (left column) and Ar

(right column) gases at 2.0 9 1015 W/cm2 intensity. Fig-

ure 1a, b give the instantaneous wavelength (solid line) and

the temporal phase (dashed line). For a laser intensity of

2.0 9 1015 W/cm2, ionization of both gases occurs on the

leading front of the pulse. In helium case, the ionization
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state peaks to Zion = 1 (Zion = Ne/Na, with Ne the electron

density and Na the initial density of atoms), near the

maximum of the pulse envelope (depicted by a light grey

line in Fig. 1a). The corresponding instantaneous wave-

length (a dNe

dt ) reaches 450 nm, and the same wavelength is

produced at most twice in the pulse, thus limiting inter-

ferences in the spectral domain responsible for strong

amplitude modulations. The temporal phase (a Ne) increa-

ses monotonously up to the peak intensity and is constant

beyond. In contrast, with Ar gas, multi-ionization leads to

modulations of the phase, corresponding to the production

of successive ionization charge states up to Zion = 3, and to

an instantaneous wavelength up to 300 nm (Fig. 1b). In the

case of argon gas, the same wavelength is generated several

times during the rising front of the pulse. Surprisingly, the

spectra (Fig. 1c, d) obtained by Fourier transforming

the pulse envelope of the electric field corrected from the

ad-hoc temporal phase, exhibits in both cases (helium or

argon gas) a large quadratic phase component, as shown by

the second degree polynomial fits of spectral phases in

Fig. 1c, d (light grey lines), while spectral amplitudes are

quite similar with a prominent feature around the initial
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Fig. 1 a, b Instantaneous

wavelength (solid lines) and

temporal phase (dashed lines)

calculated for a He and b Ar

gases, and for 2.0 9 1015

W/cm2 laser intensity. The light
grey line gives the intensity

temporal shape. The initial

pulse duration is 40 fs, the

medium length is 40 cm and the

gas pressure is 1 mbar. c,

d Normalized spectral profiles

(solid lines) and spectral phases

(dashed lines). Light grey lines
are second degree polynomial

fits of spectral phases. e,

f Temporal profile of the ‘post-

compressed’ pulses. Intensities

are normalized to the initial

peak intensities
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wavelength. The time profiles of the ‘post-compressed’

pulses, deduced from data of Fig. 1c, d, obtained by can-

celling the quadratic spectral phase component, are also

very similar, as shown in Fig. 1e, f. The maximum intensity

of the ‘post-compressed’ pulses is enhanced by a factor of

*6–7, near time t = 0, where the intensity of the initial

40 fs pulse is maximum (light grey line), with pulse dura-

tion around one optical cycle (1 cycle = 2.7 fs at 808 nm

wavelength). In this 1D approach, the trailing edge of the

initial pulse is not affected by OFI since electron density

remains almost constant after the peak intensity. On the

leading front of the pulse, the contrast is rather constant in

the case of He gas, by comparison with Ar in which a multi-

peak structure appears. This difference comes from the

multi-ionization dynamics.

The above results thus suggest that even though the

ionization dynamics is complicated by the production of

multiply charged ions (spectral amplitude modulations and

phase jump associated with a change of the ionization

charge state), the use of elements heavier than He, with low

ionization potential, allows us to achieve large spectral

bandwidths, while keeping a nearly quadratic spectral

phase. However, it must be stressed that this simple 1D

model is not sufficient as it does not take into account

propagation effects. In particular, it does not describe

ionization-induced refraction, which is responsible for

optical losses through capillary walls. For given intensity

and pressure, it is much stronger in multi-ionized gases

[31], because of sharp radial electron density gradients

close to the central part of the laser beam. Moreover, in the

special case of a hollow-core capillary, multiple ionization

couples the laser energy in high (spatial) eigenmodes of the

capillary, propagating with different group velocities and with

different damping lengths, as will be discussed in Sect. 5.

3 Experimental setup

The experiments are performed with a 2 TW chirped-

pulse-amplification (CPA) based on Ti:Sapphire laser

delivering 70 mJ, 40 fs pulses at 10-Hz repetition rate. The

beam has a 20 mm diameter and a quasi-flat-radial inten-

sity profile. The CPA compressor and the post-compression

setup (Fig. 2) are maintained under vacuum with typical

pressure around 10-6 mbar. The linearly polarized beam is

focused by a spherical mirror M1 (f = 3 m) to a waist

w0 = 140 lm (measured at 1/e2 of the intensity maximum)

and coupled into a capillary with a 420 lm inner diameter

(chosen to match the input beam to the EH11 mode [32]).

We use a 40-cm-long capillary (4.5 times the Rayleigh

range of the input beam), thus providing sufficient guiding

to ensure a spectral broadening that is homogeneous across

the transverse beam section while keeping the setup rather

compact. The gas injection in the capillary is achieved

through a hole drilled in the capillary wall. In these con-

ditions, the maximum energy transmitted through the

capillary without gas, in the EH11 mode, is 27.3 mJ, cor-

responding to a *40 % capillary transmission whatever

the input pulse intensity over the explored range. The

capillary transmission results from the roughness of the

capillary inner wall, the gas injection hole and the spatial

quality of the input beam. Concerning this last point, we

have measured the beam wavefront (HASO system from

Imagine Optic) at the output of the compressor, and esti-

mated a Strehl ratio of 0.6, leading to a maximum intensity

of 3.2 9 1015 W/cm2 at the entrance of the capillary. Two

meters behind the capillary, a wedged window splits the

beam in two parts. The transmitted beam, which carries out

92.2 % of the output energy, is used to measure the energy

in the EH11 mode. The latter is spatially selected by means

of a 15-mm-diameter iris P. The 4 %-energy beam reflec-

ted by the front side of the wedge (1� apex angle) is col-

limated by a spherical silver mirror M2 (f = 2 m) and

exits the vacuum chamber through a 3-mm-thick BK7

AR-coated window. This beam is then used for spectral,

spatial and temporal characterizations. It must be stressed that

its intensity is weak enough to avoid additional non-linear

effects. The far-field beam spatial profile is imaged onto a

charged-coupled-device (CCD) camera in order to opti-

mize the coupling into the capillary. Without gas, a well-

defined circular and collimated beam with a diameter of

5.6 mm (measured at 1/e2 of the intensity maximum) is

observed. When the capillary is filled with a gas (He, Ne or

Ar), the beam size is slightly smaller, and a weak light

background appears over the whole CCD area. These

observations indicate that plasma refraction induces some

coupling to higher-order modes of the capillary. As

expected, they also confirm the absence of filament what-

ever the gas used since critical powers for self-focusing are

much higher than the one used in this experiment (for

1 mbar pressure, the critical power is 120 TW with Ne gas

Fig. 2 Post-compression setup. M1, focusing dielectric mirror with

f = 3 m; W, wedged window; M2, spherical silver mirror f = 2 m; P,

iris. The hollow capillary radius is 210 lm and the length is 40 cm
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and 10 TW with Ar gas). Finally, the output pulse com-

pression is achieved through six pairs of negatively

chirped-mirrors, with group velocity dispersion (GVD) of

-40 fs2 per bounce in the 650–1,000 nm wavelength range

in order to overcompensate the output pulse chirp, and with

silica plates of variable thickness to finely adjust the dis-

persion compensation. The overall transmission of the

dispersion line is 80 %. The pulse duration is measured

with a single-shot autocorrelator designed for sub-10 fs

measurements and the residual spectral phase of the

shortest post-compressed pulses is further characterized

with a single-shot second-harmonic-generation frequency

resolved optical gating (SHG-FROG) [33].

4 Description of the 3D numerical model

The 3D numerical model used in the present article has

been described in a previous article [25]. Briefly, the non-

linear envelope equation governing the evolution of the

laser field propagating in the forward direction is solved in

the frame moving at the group velocity of the pulse [34].

The model takes into account the diffraction of the beam,

the GVD, the Kerr effect (leading to self-focusing in the

spatial domain and to SPM in the spectral domain), the

spatio-temporal evolution of the plasma (leading to beam

refraction and SPM) and their associated self-steepening,

and the laser energy absorption due to the gas ionization. In

the particular case of low pressure gas considered in the

present work, we can actually neglect both GVD of the gas

and Kerr induced SPM since they are pressure dependent.

This has been confirmed by simulations performed by

alternatively neglecting one or the other effect. The equa-

tion of the laser field propagation is solved self-consistently

with the coupled rate equations giving the local electron

density. The ionization rates are calculated using PPT

formula. The number of charge states, taken into account in

the electron density calculation, depends on the gas used:

Zmax = 2 for He and Ne, and Zmax = 4 for Ar atoms.

To take full advantage of the properties of electromag-

netic waves propagating in dielectric cylindrical wave-

guides, we write the linearly polarized electric field inside

the capillary as the superposition of eigenmodes [19, 35]:

Êðr; n;xÞ ¼ Emax

P

‘;j

bj‘ðn;xÞJ‘
qjr

a0

� �
; where Emax is the

maximum field amplitude, Jl = 0, 1, … is the Bessel function

of order l, qj is the jth root of Jl, and a0 is the radius of the

capillary. We assume that the laser pulse is initially cou-

pled in the fundamental mode, proportional to J0. The

integration of the non-linear part of the propagation equa-

tion is performed using a fifth-order Runge–Kutta formula

with Cash–Karp coefficients [36].

In the simulation results reported below, the laser elec-

tric field is expanded on 20 eigenmodes (EH1j, j = 1–20),

but we observed that the energy is mainly distributed

between the fundamental and the four lowest excited

modes. The laser electric field E(r,n,s) is computed on a

(r,n) grid, with step sizes Dr = 0.5 lm in the transverse

direction, and Dn = 100 lm along the propagation direc-

tion, respectively. The time integration is performed using

a Ds = 0.15 fs step size.

We consider a 40-cm-long capillary with 420 lm inner

diameter (2a0), uniformly filled with gas. At the input of

the capillary, we assume a laser pulse with a Gaussian

temporal shape of 40 fs full-width at half-maximum

(FWHM) duration and a J2
0

q0r
a0

� �
(q0 = 2.4048…) intensity

profile, i.e., we suppose that all the energy is initially in the

EH11 mode (the fundamental mode of the capillary). In

order to take into account the energy losses due to the

imperfect coupling of the laser in the capillary, as input

energy at the capillary entrance we take the experimental

value of the energy transmitted without gas. We then

neglect the losses due to the damping of the fundamental

mode, which are estimated to be 1.2 % of the input energy.

In this condition, the input energy used in the code for He,

Ne and Ar is then 27.3, 25.2 and 14.5 mJ, respectively,

corresponding to maximum intensities of 1.7 9 1015,

1.6 9 1015 and 7.3 9 1014 W/cm2. Since an argon atom is

easier to ionize than helium and neon, the experiments with

argon gas have been achieved with lower input intensity in

order to work in a measurable pressure range. Finally, to

compare the numerical results with the experimental data,

we compute the far-field spatial, spectral and temporal

laser profiles, 2 m behind the capillary, by means of a

Hankel transform.

5 Results and discussion

5.1 Transmitted energy versus gas

Figure 3a–c show the dependence with gas pressure of the

transmission in the EH11 mode of the capillary, for,

respectively, He (Fig. 3a), Ne (Fig. 3b) and Ar (Fig. 3c)

gases. Experimental points are depicted by full triangles

and solid lines while simulations results are represented by

means of full squares and dashed lines. We first discuss the

experimental data. For He and Ne gases, the transmitted

energy at the output capillary without gas is roughly the

same, i.e., around 25 mJ. Then, we can directly compare

the data obtained with these two gases. Between 0 and

8 mbar He gas pressure, the output energy in the EH11

mode is divided by a factor of 2, while with Ne gas, a 50 %

transmission is obtained for a lower backing pressure,
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between 2.5 and 3 mbar. When increasing neon pressure up

to 5 mbar, the output transmission drops to 36 % (corre-

sponding to an output energy of 9 mJ). As expected, at a

given gas pressure, the ionization-induced-refraction is

stronger in neon than in helium gas, due to the difference

on ionization potentials (IP
1 = 24.59 eV, IP

2 = 54.4 eV for

He and IP
1 = 21.56 eV, IP

2 = 41.1 eV for Ne). This

behaviour is even more pronounced with argon gas where a

50 % energy transmission is measured for a backing

pressure of only 1.2 mbar. Note that in this case, experi-

ments have been performed with a transmitted energy at

the capillary output of 14.5 mJ without gas in order to

reduce plasma refraction on one hand, and to observe gas

pressure dependence of the capillary transmission for

measurable values of pressure on the other.

These results clearly indicate a strong dependence of the

gas-filled capillary transmission on the ionization potential

of the gas used, suggesting that a compromise between the

maximum spectral bandwidth achievable (depending on

qNe/qt) on the one hand, and the energy losses due to

ionization (depending on qNe/qr) on the other must be

found. The simulations describe very well the above gen-

eral trends. However, we note a systematic underestimate

of the output energy of about 20 % for He, up to 33 % for

Ne and 35 % for Ar. This could be due to an uncertainty on

the input energy coupled in capillary modes. As we men-

tioned in Sect. 4, we take as input energy in the simulations

the experimental transmitted energy in EH11 mode

obtained without gas. The latter does not depend a priori on

the gas used, except that in the case of Ne and Ar gases, the

ionization dynamics is complicated by the production of

multiple-charged ions, making the ionization process more

sensitive to the input energy. Experimentally, because of

the roughness of the inner capillary walls and the spatial

quality of the input beam, the energy transmitted by the

capillary is not necessarily the energy coupled in the fun-

damental mode at the capillary entrance. Indeed, the laser

pulse while propagating could couple in modes higher than

the EH11 one. These modes are more damped than the

fundamental one, even with large diameter capillaries as

used here, the damping factor a scaling as 1/a0
3

(a11 = 0.0147 m-1, a12 = 0.0774 m-1, a13 = 0.19 m-1

for a 420 lm inner diameter capillary). Moreover, the

divergence of the high-modes increases with order and the

energy is measured in the far-field, 2 m behind the capil-

lary, with a 15-mm-diameter iris selecting the fundamental

mode (Fig. 2). The coupling of the laser pulse in high-

modes due to the roughness of the inner walls of the cap-

illary, and to the spatial quality of the input beam, could

then cause extra losses in the experiment [37], and hence

could lead to an underestimation of the input energy used

in the simulations. Finally, as mentioned in Sect. 3, we

consider in the simulations a uniformly filled capillary, i.e.,

we do not take into account tip leaks, which generate

longitudinal pressure gradients modifying the transmitted

laser energy.

5.2 Dependence of spectral broadening with gas

We have reported in Figs. 4, 5, 6 the evolution with pres-

sure of the spectrum measured (a) and calculated (b) 2 m

away from the output of the capillary, for each of the three

gases used. As expected, for a given gas the spectral

bandwidth increases with pressure. A prominent blue-fea-

ture, characteristic of OFI-induced spectral broadening,
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Fig. 3 Capillary transmission in EH11 mode as a function of gas

pressure for a He, EL = 27.3 mJ, sL = 40 fs, b Ne, EL = 25.2 mJ

sL = 40 fs and c Ar, EL = 14.5 mJ, sL = 40 fs. The hollow capillary

radius is 210 lm and the length is 40 cm. Full triangles experiment.

Full squares simulations. The lines are B-spline fits of the data
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develops and shifts toward shorter wavelengths as the

pressure is increased. In the case of He gas (Fig. 4), the

spectral broadening by OFI is rather smooth and extends up

to 670 nm wavelength when pressure of 8 mbar is used.

One can mention that a higher helium pressure does not

increase the spectral broadening while it lowers the trans-

mitted energy. For the two other gases used (Figs. 5, 6),

broader spectra are observed with lower gas pressures (the

wavelengths extending up to 590 nm with 5 mbar Ne and

650 nm with 1.2 mbar Ar), but with strong amplitude

modulations, especially in the case of Ar gas (Fig. 6). This

can be explained by He ionization potential which is high

enough (Ip
1 = 24.58 eV), as compared to those of Ne

(Ip
1 = 21.56 eV) and Ar (Ip

1 = 15.76 eV), for producing

singly charged ions only. Because of the large ionization

potential of the second charge state of He (Ip
2 = 54.42 eV),

the time-derivative of the electron density oNe

ot , responsible

for the creation of new frequencies, is cancelled once the

laser intensity reaches the saturation intensity of the first

charge state (evaluated with the barrier-suppression-ioni-

zation (BSI) model [38], we obtain IS = 1.5 9 1015

W/cm2 for He atom), making the ionization dynamics

much simpler than with Ne and Ar. In the two latter cases,

multiply charged ions are produced up to the maximum

laser intensity, and thus the electron density could always

increase with time on the leading front of the pulse.

Moreover, the value of the time-derivative oNe

ot changes

between two consecutive ionization charge states, the slope

depending on the ionization potential, the pulse rise time,

and the peak intensity: the shorter the plasma density rise

time, the more the wavelength is blue-shifted. Experi-

mentally, we observed that a reduction of the input energy

leads to a decrease of the spectral bandwidth and the

amplitude modulations.

When fully taking into account spatio-temporal cou-

plings, a very good agreement between the computed and

the experimental spectra is obtained for the three different

gases used. The 3D model could reproduce the number and

the position of peaks in the blue-wing of the spectra in the

full range of pressure (Figs. 4b, 5b, 6b), even though the

energy transmitted by the capillary is underestimated in the

calculations. It has also to be noted that the spectral

broadening given by the 3D code is less than that predicted

by 1D Eq. 1. This is actually due to three-dimension

effects. Indeed, the 3D simulations show that the ionizing

laser beam, when propagating inside the gas-filled
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capillary, is alternatively focused and refracted, and gen-

erates strongly inhomogeneous plasma, in the propagation

direction (as discussed in Sect. 5.3). Ionization, as a highly

non-linear process, couples the beam into high-order

modes producing strong modulations of the intensity with

an alternation of peaks and zeros. The number of coupled

modes increases with pressure, and also with the degree of

ionization of the plasma. On the other hand, the ionization,

which occurs on the leading front of the pulse, modifies

dramatically the trailing edge. The latter divides into sev-

eral pulses, which propagate with different group veloci-

ties. The peak laser intensity then decreases with the

propagation distance inside the capillary. All these effects

are strongly dependent on the gas used: at given intensity,

the lower the ionization potential, the earlier the first

electrons are released and the higher the ionization state.

Then, depending on the gas and/or the input pulse intensity,

the energy transmission of the capillary and the spectral

broadening achieved are coupled, but for quite different

pressures. For example, a spectral broadening with a blue

wing extending up to 670 nm requires gas pressures of

8 mbar He, 2.5 mbar Ne and 1.2 mbar Ar, for roughly the

same value of energy transmission, i.e., 50 %.

5.3 Plasma homogeneity in the capillary and spatial

uniformity of the spectral broadening

Since the high energy post-compression technique has

been developed to provide driving laser sources for HHG,

the spatial uniformity of the output beam characteristics

is a crucial point. Therefore, by using the 3D code, we

have investigated the plasma homogeneity as well as the

spatially resolved spectrum of the output pulse in the far

field. Spatially resolved ionization charge state and far-

field spectra are given in Fig. 7 for the three gases. In

each case, the spectral intensity is normalized to the

maximum. The maps in Fig. 7a, d have been calculated

for 8 mbar helium gas pressure, whereas data in Fig. 7b,

e, and c, f have been obtained for 5 mbar neon gas

pressure, and 1.2 mbar argon gas pressure, respectively.

Other conditions are the same as in Fig. 3. Despite some

strong inhomogeneities in the plasma profile, resulting

from the beating between high excited modes of the

capillary, the most striking feature is that, whatever the

gas used, far-field spectra have a good radial homoge-

neity as shown on the on- and off-axis spectral shapes

given in Fig. 7g, h for He and Ar gases, respectively.

With He gas, the maximum degree of ionization reaches

1 only on a small fraction of the capillary length

(Fig. 7a), leading to a spectrum with two distinct com-

ponents: a red unshifted component (around 808 nm

wavelength) and a blue broadband one, around 750 nm

wavelength. For Ne gas, the size of the plasma is bigger

than with He gas, in both radial and longitudinal direc-

tions (Fig. 7b), with a maximum charge state of 1.2. In

the (initial) spectral range of the ionizing pulse, a third

peak appears near 780 nm wavelength (Fig. 7e) and the

blue feature peaks around 700 nm wavelength. The un-

shifted spectral component gets weaker, indicating that a

larger portion of the pulse (as compared to the case of

He) is involved in the ionization process. This interpre-

tation is supported by the observation of the decrease of

energy transmission between He and Ne gases, due to the

refraction of the beam while ionizing the gas (Fig. 3a, b).

In the case of Ar gas, the effect is even more pronounced

than in the two other cases. The maximum degree of

ionization reaches 2, and is achieved very close to the

output of the capillary (Fig. 7c), leading to a redistribu-

tion of laser energy between five peaks, in the

700–825 nm wavelength range (Fig. 7f). In terms of

mode coupling, the excitation of high modes occurs on

the entire length of the capillary when filled with Ar gas,

whereas this occurs roughly on the first half of the length

when using He gas.
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5.4 Post-compressed pulse duration as a function of gas

The optimal duration of post-compressed pulses as a

function of gas pressure is shown in Fig. 8 for He (Fig. 8a),

Ne (Fig. 8b) and Ar (Fig. 8c). They are measured at full-

width at half-maximum of the temporal profiles. The

curves depicted by a solid line and full triangles correspond

to experimental measurements performed with a single-

shot autocorrelator. The dashed lines and full squares give

the simulation results. The latter are inferred from the

spectra computed in the far-field, 2 m behind the capillary,

on the laser axis. To simulate the post-compression process

by the chirped-mirrors, we proceed as follows. We first

subtract the linear component and add a quadratic term to

the spectral phase in order to cancel the second-order

component resulting from the self-phase-modulation of the

ionizing pulse. Finally, we calculate the temporal profile as

the Fourier transform of the electric field (residual phase

and amplitude) in the spectral domain.

As a general trend, the post-compressed pulse duration

first decreases strongly with gas pressure in the range

0–3 mbar for He, 0–1 mbar for Ne and 0–0.5 mbar for Ar,

where the pulse duration is divided by a factor of 2. When

increasing the pressure, the latter decreases asymptotically

to its minimum value around 10–11 fs. For He gas, the

shortest post-compressed pulse duration experimentally

achieved is 11.4 fs (FWHM). It is obtained with 8 mbar

pressure, leading to a post-compression factor (defined as

the ratio of the final post-compressed pulse duration to the

initial 40 fs duration of the input pulse) of 3.5. The values

Fig. 7 Spatially resolved

ionization charge state and far-

field spectrum of the output

pulse computed for 8 mbar He

(a, d), 5 mbar Ne (b, e) and

1.2 mbar Ar (c, f). g, h Output

far-field spectrum on-axis

(black line) and 2 mm off-axis

(grey line), for, respectively, He

and Ar gases. See the text for

details about the laser energy
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deduced from the simulations are in fairly good agreement

with experimental data, except for the point at 1 mbar. In

this case, the discrepancy is likely due to the experimental

uncertainty on pressure gradients, due to tip losses, toge-

ther with the rapid variation of the post-compressed pulse

duration at low pressures. The shortest duration given by

the simulations is 12 fs and is achieved with 8 mbar

pressure. If we now turn our attention to the results

obtained with Ne gas, we see that, experimentally, the

minimum post-compressed pulse duration is 10.1 fs and is

obtained for 5 mbar pressure. This is shorter than that

achieved with He gas but the transmission is lower

(*36 %). A pulse duration of 11.4 fs with a transmitted

energy close to 50 % (the minimum post-compressed

pulse duration and the maximum transmission, reached

with 8 mbar He pressure) are achieved around 3 mbar Ne

pressure. The computed durations are again in good

agreement with experimental data. Finally, we have car-

ried out a systematic study with Ar gas and measured

pulse duration as short as 10.3 fs for 1.5 mbar pressure.

Post-compressed pulse duration of 11.4 fs, with 50 %

energy transmission, is then achieved for 1.2 mbar pres-

sure. Therefore, even with different laser intensities, the

performances of the OFI post-compression technique are

very similar if the gas and the operating pressure are

judiciously chosen. One can mention that in all three

gases, the optimized dispersion compensation to obtain the

shortest pulse duration in the experiment is roughly the

same value, which is around -150 fs2. In the simulations,

the optimum value is about -90 fs2 whatever the gas

used.
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curve). b Retrieved intensity profile (solid curve) and temporal phase
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In order to characterize the quality of the post-com-

pressed pulses in terms of residual spectral phase and

shape, we performed single-shot measurements with a

SHG-FROG in the two extreme cases that are helium at

8 mbar (Fig. 9) and argon at 1.5 mbar (Fig. 10). Figures 9a

and 10a show the retrieved spectra with the residual

spectral phase and Figs 9b and 10b give the intensity

profile of the post-compressed pulse. In both cases, we

observe some residual spectral phase, which does not affect

the optimal pulse duration if one compare to the Fourier

transform of the experimental spectrum. However, we can

observe a lower pedestal on the reconstructed temporal

pulse profile in He than in Ar gas. In this latter case, the

temporal contrast is mainly limited by the deep amplitude

modulations in the spectrum (as confirmed by the Fourier

transform of the spectrum). Nevertheless, the timescale

during which the pedestal level is significant (*10-1–10-2

of the peak intensity) is short (*50–100 fs), and the

energy in the main pulse is 79 % in the case of Ar gas. This

trend is confirmed by numerical results where ripples are

observed on both the leading and the trailing edges of the

temporal profiles presented in Fig. 11a–c, for 8 mbar He,

3.5 mbar Ne and 1.2 mbar Ar pressures, respectively. The

solid lines depict the temporal shapes obtained after can-

cellation of the second-order component of the spectral

phase whereas the dashed lines correspond to the profiles

calculated with a constant spectral phase (Fourier trans-

form). Both temporal profiles are very close to each other

in the central part of the pulse whatever the gas used. The

pedestal comes from uncompensated spectral phase
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components and from spectral amplitude modulations.

Finally, the energy contained in the main peak is quite

similar for He and Ne gases, with, respectively, 89 and

92 % of the total energy in the pulse, and is slightly less for

Ar gas with 80 % of the energy. By taking into account the

13.7 mJ energy transmitted by the capillary at 8 mbar

helium gas pressure and the FROG temporal pulse profile,

the peak power of the post-compressed pulse reaches

1.12 TW.

6 Conclusion

In summary, we have reported a thorough experimental and

numerical study on a post-compression technique using

optical-field-ionization of noble gases as a mechanism for

broadening the spectrum of the initial pulse. The influence

of the gas used on the transmitted energies and spectral

shapes, and on the subsequent post-compressed pulse

durations has been investigated. Even in the multi-ioniza-

tion regime, we have demonstrated, both experimentally

and numerically, that OFI post-compression technique

works with a compression factor around 3.5–4 while pre-

serving the laser peak power. Despite some strong modu-

lations of the spectral amplitude, the spectral phase

resulting from optical-field-ionization induced SPM in a

low pressure gas-filled hollow capillary remains mainly

quadratic even in the multi-ionization regime. Therefore,

shorter pulse duration was achieved with Ne and Ar gases,

but to the detriment of the energy transmission in the EH11

capillary mode. Compared to He gas, it was shown that due

to a smaller ionization potential, Ar gas (and to a lesser

extent Ne gas) becomes highly ionized, multi-ionization

enhancing the spectral broadening but giving rise to larger

energy losses due to OFI-induced refraction. However, for

a given spectral broadening or compression factor, the

capillary transmission is the same whatever the gas used,

except that the filling pressure must be adjusted. The slight

difference when multi-ionization dynamics takes place is

the pedestal level and the energy contained in the main

peak. Nevertheless, the robustness of the post-compression

technique demonstrated here, with regard to multi-ioniza-

tion, suggests that it could be extrapolated to a large range

of interaction intensities consistent with high-repetition

rate femtosecond laser systems providing pulse energy

larger than 10 mJ. Since high intensity can propagate in

hollow dielectric capillaries without wall glass breakdown

[39], the most attractive interest of this technique is the up-

scaling in energy to a few hundred millijoules level by

using the double ionization of helium with interaction

intensities of few 1016 W/cm2. This configuration should

offer the opportunity to provide multi-10 TW with few

optical cycle pulse durations from conventional CPA

Ti:Sapphire laser systems.
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