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Abstract High-order harmonic emission can be confined

to the leading edge of an 800 nm driver laser pulse under

moderately intense focusing conditions (7×1014 W/cm2)

(Pfeifer et al. in Opt. Express 15:17120, 2007). Here, the ex-

perimentally observed curtailment of harmonic production

on the leading edge of the driver pulse is shown to be con-

trolled by an ionization-induced phase-matching condition.

The transient plasma density inherent to the process of high-

harmonic generation terminates the harmonic emission by

an ultrafast loss of phase matching on the leading edge of the

laser pulse. The analysis is supported by a reconstruction of

the in situ intensity envelope of the driver pulse with attosec-

ond temporal resolution, performed by measurements of the

carrier-envelope phase dependence of individual half-cycle

harmonic cutoffs. The method opens the way to wavelength-

tunable isolated attosecond pulse generation.
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1 Introduction

In extreme nonlinear optics, the interaction of a strong laser

field with atoms or molecules provides a convenient coher-

ent soft-X-ray source through the generation of high-order

harmonics of the incident laser pulse (high-order harmonic

generation [HHG]). This highly nonlinear process is well

understood through a three-step quasiclassical model [2].

An electron wavepacket first tunnels out of the atomic po-

tential, is accelerated in the laser field and is then finally

driven back to the ion. In the last step, recombination to the

ground state leads to the emission of an ultrashort coherent

burst of light. The characteristics of the emitted radiation

depend on the properties of the recolliding electron wave

packet. The entire process is repeated every half optical cy-

cle of the driver pulse and gives a harmonic comb in the

spectral domain whose energy extends up to the so-called

cutoff energy. One of the most attractive characteristics of

these soft-X-ray sources is the ability to produce light pulses

with durations of a few hundred attoseconds. It has been

demonstrated that one can generate either a train of attosec-

ond pulses in the temporal domain [3, 4] or, using a few-

cycle driver pulse, isolated attosecond pulses synchronized

with the driving laser field [5, 6], opening the way to atomic

and molecular spectroscopy with unprecedented temporal

resolution [7, 8]. In the regime of few-cycle driver pulses,

the stabilization and determination of the carrier-envelope

phase (CEP, commonly defined as the offset between the

maximum of the electric field and the peak of the pulse en-

velope) of these ultrashort pulses are required. Indeed, the

production of isolated attosecond pulses is typically enabled

if the shortest-wavelength harmonic radiation is temporally

confined to one half-cycle and thus emitted only once per

pulse. So far, this condition has been achieved by intensity

discrimination between successive half-cycles in ultrashort
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pulses with a CEP fixed to 0 (cosine waveform) [5, 9], by a

polarization gating technique [6, 10], or multicolor driving

pulses [11–14].

Furthermore, in the few-cycle regime, the extreme sen-

sitivity of the HHG process to the strength of the electric

field for each half-cycle and to its position within the pulse

envelope provides access to new measurements of various

characteristics of the electric field. In particular, individual

observable half-cycle cutoffs (HCOs) have been theoreti-

cally predicted [15], recently experimentally demonstrated

and used to retrieve the absolute value of the CEP of the

driver laser pulse [16].

Previously, we have used the characterization method

provided by HCO measurements as a function of CEP to

demonstrate the confinement of harmonic emission to the

leading edge of the driver pulse, attributed to some form of

an ionization gating mechanism [1]. The consequence of this

particular regime is the ability to restrict the harmonic emis-

sion to only one or two half-cycles on the leading edge of the

driver pulse, enabling the production of isolated attosecond

pulses.

In this paper, we present detailed measurements and cal-

culations aimed at a deeper understanding of the leading-

edge gating mechanism in these experiments. With suit-

able calculations we show that this mechanism is due to

ionization-induced phase mismatching between the funda-

mental and harmonic beams and that the method can be used

to control the production of wavelength-tunable isolated at-

tosecond pulses. The results are compared to previous stud-

ies of laser-induced ionization gating techniques that rely

either on microscopic [17, 18] or macroscopic [19] effects.

The analysis is supported by the attosecond time-resolved

reconstruction of the experimental time-dependent intensity

of the driver pulse during the interaction, based on HCO

CEP dependence measurements.

2 Reconstruction of the temporal intensity and

instantaneous phase of driver pulses with sub-cycle

resolution

When the electric field of the HHG driver pulse is composed

of several half-cycles whose extrema vary significantly from

one to another (i.e., when there is a large change in the pulse

envelope intensity over one optical cycle) specific features

appear in the harmonic spectra. In particular, it is already

established that the specific cutoff of the harmonic emission

of each individual half-cycle is detectable in the overall har-

monic spectrum [16]. These half-cycle cutoffs (HCOs) are

visible as spectral local maxima: HCO photon energies are

determined by measuring the positions of successive max-

ima of the slow modulation in the high-harmonic spectrum.

HCOs are thus easily localized by filtering out the harmonic

modulating component (at 2ωlaser) by Fourier analysis [1].

The energies of successive HCOs in a given harmonic spec-

trum strongly depend on the electric field strength extremum

of the corresponding half-cycles, and therefore the HCO val-

ues carry information about the pulse intensity envelope and

CEP. In this section, we explain the principle of the temporal

intensity reconstruction of the harmonic-generating portion

of the driver pulse with sub-cycle temporal resolution, en-

abled by the observation of HCO energies as a function of

CEP. We demonstrate that the analysis can give access to the

electric field characteristics (amplitude and phase). For illus-

tration purposes, we discuss the general methodology using

a Gaussian-shaped driver pulse.

The evolving energies of the HCOs with CEP can be pre-

dicted by a classical model [2, 20]. For this calculation, the

full transient electric field on the leading and trailing edges

of a short (sub-10 fs) Gaussian pulse is taken into account.

For each half-cycle, the HCO is determined by the maxi-

mum kinetic energy accumulated by the returning electron.

The model calculates the HCO energy of one half-optical

cycle for a given CEP value. When the CEP is changing, the

half-cycle is moving relative to the pulse envelope and the

corresponding HCO energy can be plotted as a function of

CEP. In a general way, because several half-optical cycles

of the laser electric field are interacting simultaneously, this

dependence is repeated with a shift of π radians (1/2 opti-

cal cycle). This is illustrated in Fig. 1a where HCO energies

of an 8 fs Gaussian driver pulse are plotted as a function

of CEP and optical cycle (gray lines). The Gaussian tem-

poral dependence of the intensity envelope, or more pre-

cisely the ponderomotive potential envelope, of the pulse

employed for the calculation is also represented (red line).

The envelope shape is perfectly superimposed on the calcu-

lated lines for the HCO-energy dependence on CEP. There-

fore, the HCO energies can be estimated by the following

simple formula, an extension of the well-known cut-off law:

EHCO = Ip +3.17Up (where Up is the time-dependent pon-

deromotive potential of the laser field linked to the electric

field extremum and Ip is the ionization potential of the target

gas).

Scanning successive HCO energies as a function of CEP

is equivalent to directly scanning the experimental pondero-

motive potential envelope and allows the reconstruction of

the ponderomotive potential time dependence on an optical-

cycle time scale. This method provides an in situ character-

ization of the HHG driver pulse. Indeed, knowing the laser

frequency will allow the time-dependent experimental inten-

sity to be deduced from the ponderomotive potential value.

As will be shown in the experimental sections, a picture of

the evolution of the ponderomotive potential, or equivalently

the laser intensity, on a sub-cycle time-scale (resolution lim-

ited by CEP increment and stability) during the interaction

with the harmonic gas is then accessible, providing a tool to
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Fig. 1 (a) HCO energies as a function of CEP (gray lines) calculated

with a classical model (see text) for an 8 fs driver pulse. The HCO

lines perfectly match the corresponding Gaussian laser pulse intensity

envelope (8 fs full width at half maximum (FWHM)). (b) To illustrate

that HCO measurements can enable the reconstruction of the electric

field of the driving pulse, the Gaussian envelope (black dashed line)

and the electric field (orange line) of a 2.5-cycle FWHM pulse with

an arbitrary CEP value are plotted on this graph. �ϕ = 0.26 rad is the

phase between the electric field extremum of the half-cycle and the

effective electric field strength whose squared value gives the pondero-

motive potential linked to the HCO (black points). As a consequence,

the electric field (amplitude and phase) can be deduced on an optical

cycle time scale by a simple measurement of the HCO energy for an ar-

bitrary and unknown CEP value. The knowledge of the instantaneous

frequency allows to convert the optical cycle scale to a femtosecond

scale and gives access to the complete reconstruction of the electric

field. Each HCO energy (Ip + 3.17Up , with Up related to the electric

field strength of the black points) also provides the temporal evolution

of the ponderomotive potential and intensity of the driver pulse

study the influence of various experimental parameters on

the infrared pulse and consequently on the HHG process.

Moreover, information related to the electric field and not

only to the pulse envelope can be extracted. It is well known

that the CEP (ϕ0), or absolute phase, is the phase of the elec-

tric field for t = 0 (ϕ0 = ϕ(t = 0)), where t = 0 corresponds

to the peak of the pulse envelope. However, for some appli-

cations, it can be necessary to have access to the phase of the

electric field on the rising edge of the pulse, if the process

under study occurs mainly on the rise and not at the peak.

In particular, for a given harmonic spectrum, HCO positions

can give access to the instantaneous phase ϕ(t). If tHCO is

the time at which the emission of one particular HCO oc-

curs, the classical model enables the related instantaneous

phase (ϕ(t = tHCO)) of the electric field to be calculated. To

do so, we note that there is a phase offset (�ϕ) between the

electric field extremum and the envelope point whose pon-

deromotive potential value corresponds to an HCO, as illus-

trated in Fig. 1b. The origin of �ϕ �= 0 relies on the fact that

the highest kinetic energy of the returning electron (HCO)

is not proportional to an instantaneous field strength but is

related to the field evolution between time of ionization and

recombination. In the specific case of an 8 fs driver pulse,

the classical model estimates �ϕ to be 0.26 rad. This value

is close to the one obtained by quantum mechanical calcula-

tion for a 5 fs pulse in reference [15] (0.35 rad) and depends

only slightly on the pulse duration. We emphasize that the

fact that this value (0.26 rad ≈ 15◦) is close to the ionization

time resulting in the highest kinetic energy upon recombina-

tion (ωt = 17◦ [2]) is just a coincidence as it has a different

physical origin.

Figure 1b summarizes these notions and illustrates that,

as a consequence, the electric field can be deduced on an

optical-cycle time scale from the HCO energies. The phase

of the electric field is defined relatively to ϕ(t = tHCO,max),

with tHCO,max being the time the most energetic detected

HCO is visible. Measurement (or assumption) of the con-

ventionally defined CEP value with respect to the peak of

the pulse envelope and an accurate value of the pulse dura-

tion are not necessary. Furthermore, a precise knowledge of

the instantaneous frequency of the field, which could for in-

stance be extracted from the spacing of the harmonics in the

cutoff region for various CEP values, would allow a com-

plete reconstruction of the electric field on a femtosecond

time scale. The method is valid assuming that the driving

electric field is not distorted on a sub-cycle timescale. The

experimental reconstruction of the electric field following

HHG in neon with sub-10 fs pulses as performed in refer-

ence [21] did not indicate such strong distortion.

In the next sections, HCO analysis is performed on ex-

perimental HHG spectra. A non-leading-edge-gated regime

is presented first, which illustrates the proposed concepts,

followed by leading-edge gating results.

3 High-harmonic generation without leading-edge

gating

Experiments are performed with a commercial Ti:sapphire

femtosecond laser (Femtolasers Compact Pro) delivering

800 µJ, 25 fs pulses at 3 kHz repetition rate. A hollow-

core fiber filled with neon (1.7 bar) and a chirped-mirror
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compressor provide external pulse compression to the few-

cycle regime (about 6 fs according to second-order inter-

ferometric autocorrelation) [22]. A pair of glass wedges al-

low fine adjustment of the pulse dispersion. Laser pulses are

CEP stabilized with a root-mean-square stability of about

200 mrad [23, 24]. The driver pulse is focused by a 400-mm-

focal-length mirror, reaching an intensity in the focus, esti-

mated by means of Gaussian beam propagation, of approx-

imately 4 × 1015 W/cm2. For high-order harmonic genera-

tion, a 2-mm-long gas cell with ∼100 µm diameter holes on

each side filled with neon is employed. The measured back-

ing pressure (measured in the gas supply line) is 150 mbar.

The pressure is optimized for maximum conversion effi-

ciency for the particular cell position, which is placed af-

ter the focus to reduce the intensity in the interaction region

and select short electron trajectories [25, 26]. Two Zr filters

(0.2 µm thickness each) then remove the near-infrared light

and low-order harmonics. The remaining radiation is sent to

a soft-X-ray spectrometer composed of a transmission grat-

ing (on a Si3N4 substrate) and a soft-X-ray sensitive CCD.

Two characteristic soft-X-ray spectra measured for dif-

ferent relative CEP values are shown in Fig. 2. To observe

the Al absorption L-edge, the high-harmonic spectrum is

also measured with two 0.3 µm Al foils instead of Zr (dashed

gray line). The positions of the silicon (grating material) and

aluminum edges are then used for spectral calibration, al-

lowing us to extract from the harmonic spacing the value of

ωlaser which is estimated to be 1.7 eV (730 nm). This value

agrees with the center wavelength of the driver pulse after

spectral broadening in the hollow fiber. The harmonic spec-

tra are very similar to previously published results acquired

with similar experimental setups [27]. One spectrum (CEP

value labeled ϕ0) exhibits a clear continuum in the cutoff

region. This continuum is centered at 96 eV, with a band-

width of 6 eV. This part of the spectrum could be spectrally

filtered out in order to isolate an attosecond burst, which is

not done here. In contrast, in this same spectral range, indi-

vidual harmonics are resolved for a CEP value of ϕ0 + π/2,

in agreement with former observations [28].

Local maxima in the spectrum envelope, observed at dif-

ferent photon energies depending on the CEP value, indi-

cate the individual HCO positions [16]. To further inves-

tigate the interaction, HCO analysis has been performed

by measuring harmonic spectra for a relative CEP varying

from 0 to 3π in π/10 steps. The CEP-dependence of the

HCO energy was then extracted by filtering out the har-

monic modulation (at 2ωlaser) by means of Fourier analy-

sis. Resulting spectra and HCO positions are plotted in

Fig. 3a. HCO positions extracted from this figure are fitted

with good agreement by the theoretical HCO energies cal-

culated with a Gaussian laser pulse of 6 fs in Fig. 3b. As

shown in Sect. 2, the measured HCO energies are propor-

tional to the ponderomotive potential of the pulse. Unfold-

Fig. 2 High-harmonic spectra obtained with Zr filters (solid lines) for

different CEP values. The transmission of the Si3N4 grating material is

shown by the dotted black line. The spectrum recorded with Al filters

(dashed gray line) enables the spectral calibration with the Al absorp-

tion L-edge

ing the CEP values using the π -periodicity provides the re-

lated experimental ponderomotive potential reconstruction

on an optical-cycle timescale (Fig. 3c). For simplicity, we

then assume in this study that the instantaneous frequency

is constant over the explored time range. A time-dependent

intensity reconstruction of the rising edge of the pulse can

thus be deduced from the ponderomotive potential depen-

dence (Fig. 3c). Furthermore, HCO energies are linked to

the electric field strength extremum and the reconstruction

of a part of the electric field envelope is shown in Fig. 3d. In

the same figure, the electric field generating the most ener-

getic HCO at t = tHCO,max is represented. This is enabled by

the calculation of ϕ(t = tHCO,max), as explained in Sect. 2. In

this experimental regime, tHCO,max coincides with the peak

of the pulse envelope.

In all graphs of Fig. 3, the data are fitted by a Gaussian

6 fs pulse (FWHM). The choice of a Gaussian shape for

the overall pulse is arbitrary and the fit is only intended as

a guide to the eye, because the measurement does not give

access to the global pulse shape. However, the interacting

portion of pulse that produces the harmonics is experimen-

tally accessible and precisely temporally reconstructed, al-

lowing one to assess, in this regime, that the rising edge

of the pulse up to the maximum intensity of the envelope

is interacting and contributing to the harmonic emission.

The energy of the measured HCOs provides a picture of

the in situ intensity profile, without the need for pulse du-

ration or beam size measurements. Assuming a constant fre-

quency, the precision on the peak intensity measurement

((4.3 ± 0.1) × 1014 W/cm2) is limited by the CEP instabil-

ity and the error bars when reading the HCO positions. The

truncation of the HHG process on the trailing edge is due

to a sudden decrease in the efficiency of the HHG process
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Fig. 3 HHG without leading-edge gating. (a) Harmonic spectra as a

function of the relative CEP. The harmonic modulation is removed by a

mathematical Fourier filtering. The HCO positions (local maxima) for

each spectrum are marked with white points. The backing gas pressure

is 150 mbar. (b) Experimentally recorded HCO energies as a function

of CEP (black points, extracted from (a)) are fitted by theoretical HCO

energies calculated with a Gaussian driver pulse of 6 fs, with a peak in-

tensity of 4.3×1014 W/cm2. In this regime the most energetic HCO

is emitted at the maximum pulse intensity. (c) Unfolding the HCO

data from (a) leads to the reconstruction of the ponderomotive poten-

tial of the laser pulse during the experiment. Assuming a constant fre-

quency, the time-dependent intensity of the harmonic generating part

of the pulse can be deduced from the ponderomotive potential and re-

constructed with attosecond time resolution. (d) HCO measurements

give access to a part of the electric field envelope. The represented

electric field (red solid line for the experimentally accessible tempo-

ral window) that generates the most energetic detected HCO (visible at

t = tHCO,max, dotted line). ϕ(t = tHCO,max) can be calculated and the

phase of the electric field is displayed relatively to this value. In this

particular regime, tHCO,max = 0, and ϕ(t = tHCO,max) is the CEP

caused by ionization of the target gas [1]. The ability to re-

construct the temporal characteristics of the driver pulse is

used in the next section to investigate the mechanism of the

sub-cycle ionization gating process.

4 Phase-match gating on the leading edge of the driving

pulse

The regime where the high-harmonic emission is gated on

the leading edge of the driver pulse is reached by increasing

the laser intensity in the interaction region. This is experi-

mentally realized by moving the cell towards the focus of

the driver pulse. The peak intensity in this case cannot be

experimentally determined, as explained below, but it will

become clear that the exact value of the driver pulse peak

intensity is no longer of prime importance for isolated at-

tosecond pulse generation in the gated regime.

Figure 4 shows typical spectra obtained for different CEP

values and a backing pressure of 200 mbar. We observed that

the on-axis brightness of the harmonic beam is higher than

in the non-gated regime. The generated radiation extends

up to 115 eV and exhibits, for specific CEP values with a

π -periodicity, a continuous feature with a bandwidth of ap-

proximately 10 eV. The overall minimum transmission oc-

curring beyond 100 eV corresponds to the absorption edge

of Si in the spectrometer grating material. To remove this

transmission artifact for the HCO energy measurements, the

harmonic spectra plotted in Fig. 5a as a function of the phase

are normalized by dividing by the CEP average after re-

moval of the 2ωlaser modulation. The CEP dependence of

the HCO energies is dramatically different from the one ob-

served in Sect. 3. The HCO energies evolve linearly with the

CEP following a constant slope and do not exhibit the satu-

ration expected when the most energetic part of the spec-

trum is generated near the peak of the pulse. In Fig. 5b,
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Fig. 4 High-harmonic spectra measured in the gated regime for vari-

ous CEP values. A continuum is observable for some CEP values. The

gas pressure is 200 mbar

the HCO positions are fitted by the leading edge of a 7 fs,

6.7×1014 W/cm2 pulse with a good agreement. The recon-

structed temporal dependence of the experimental pondero-

motive potential is shown in Fig. 5c. In Fig. 5d, the electric

field envelope deduced from Figs. 5a and 5b and the electric

field generating the most energetic HCO are represented.

It becomes clear that in this particular regime, when the

process mainly occurs on the leading edge, ϕ(t = tHCO,max)

is more appropriate to characterize the phase of the electric

field than the knowledge of the CEP, which is meaningless

in this specific case.

The gating of the harmonic emission on the leading edge

clearly appears in the temporal intensity reconstruction of

the interacting part of the pulse (Figs. 5c and 5d). The har-

monic radiation is curtailed at some point on the rising edge

of the pulse, at a laser intensity of (5.6 ± 0.1)×1014 W/cm2.

The generation of continuous spectra is an indication that

no harmonic light is emitted after the closure of the gate

and that we do not “miss” another HCO. Closure of the

gate is measured with a precision dependent on the exper-

imental CEP increment (π/10), to better than 300 as. Some

fits of the experimental data with different pulse durations

and peak intensities also provide convincing results. As was

pointed out, neither the infrared pulse duration, maximum

laser intensity, or CEP as conventionally defined are acces-

sible in this leading-edge-gated regime [1]. However, be-

cause the maximum of the pulse envelope is not generat-

ing harmonic light, the knowledge of these values is not of

prime importance. In the gated regime the pertinent quantity

is the slope of the rising edge of the ponderomotive potential

(or intensity) envelope which is experimentally accessible.

This value is related to the difference in intensity between

successive half-cycles and consequently to the maximum

width of the HHG continuum that can be generated. Gat-

ing the harmonic emission on the leading edge of the driver

pulse therefore significantly increases the available contin-

uum bandwidth. This is demonstrated here by a comparison

between the results obtained in this section and those shown

in Sect. 3. In the leading-edge-gated regime, the continu-

ous region of the harmonic spectrum is 50% broader than in

the non-leading-edge-gated case (10 eV compared to 6 eV),

without the need for further driver pulse shortening or addi-

tional schemes such as a polarization gate.

We now consider the mechanism for gate closure in

more detail. Some microscopic laser-induced ionization ef-

fects that rely on complete depletion of the ground state,

which could create this ionization gate, have already been

reported [18, 29]. More recently, Cao et al. have pro-

posed a theoretical high intensity pulse scheme (21 fs,

2.5×1015 W/cm2) to deplete the ground state completely

on the leading edge of the pulse, enabling single attosecond

pulse generation in the multicycle regime [17]. To calculate

the ionization rate and extent of ionization in our experimen-

tal regime, we used two different models: the well-accepted

ADK (Amnesov, Delone, and Krainov) formula in the tun-

nelling regime [30] and a CEP-dependent analytical model

demonstrated for various values of the Keldysh parameter

(γ , γ 2 =
Ip

2Up
) [31]. For the laser intensity employed (above

1014 W/cm2, in neon γ < 1), the two models provide con-

sistent results. Experimentally determined absolute intensity

values from Fig. 5c indicate that at the closure of the gate,

only ≃1.5% of the medium is ionized. Variation of this value

with the laser CEP is negligible. Consequently, the single-

atom response cannot satisfactorily explain the experimen-

tal behavior: closure of the gate does not coincide with the

complete depletion of the ground state.

However, the degree of ionization of the target gas has a

crucial influence on the phase mismatch between the funda-

mental infrared and harmonic beams that results from differ-

ent phase velocities. This phase mismatch is one of the main

limitations for HHG conversion efficiency. Related issues

have often been discussed [26, 32–34] and several solutions

have been proposed to control and enhance phase-matching

conditions [35–38]. For instance, a scheme of time-gated

phase matching by pulse shaping in a hollow waveguide al-

lows the creation of a short phase-matched window between

the leading edge and trailing edge of the pulse, enabling effi-

cient selection and enhancement of one given harmonic [19].

Furthermore, reference [34] estimates that, without any

specific geometrical configuration to improve phase match-

ing, the critical extent of ionization for neon is 1.1%: once

the fraction of free electrons becomes higher, perfect phase

matching is no longer possible and the conversion efficiency

starts to drop. To estimate the influence of these macro-

scopic factors, we performed a simple calculation of phase

matching including the plasma-induced dispersion linked to

the free-electron density, the linear dispersion in neon be-

tween the harmonic light and the infrared pulse, and a prop-
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Fig. 5 HHG in the leading-edge gating regime. (a) Harmonic spectra

as a function of the relative CEP. The harmonic modulation is removed

by a mathematical Fourier filtering. The HCO positions (local max-

ima) for each spectrum are marked with white points. The backing gas

pressure is 200 mbar. (b) Experimentally recorded HCO energies as a

function of CEP (black points, extracted from (a)) are fitted by theo-

retical HCO energies calculated with a Gaussian driver pulse of 7 fs,

with a peak intensity of 6.7×1014 W/cm2. (c) Unfolding the HCO data

from (a) leads to the reconstruction of the ponderomotive potential of

the laser during the experiment. Assuming a constant frequency, the

time-dependent intensity of the harmonic generating part of the pulse

can be deduced from the ponderomotive potential and reconstructed

with attosecond time resolution. (d) HCO measurements give access

to a part of the electric field envelope. The represented electric field

(red solid line for the experimentally accessible temporal window) that

generates the most energetic detected HCO (visible at t = tHCO,max,

dotted line). ϕ(t = tHCO,max) can be calculated and the phase of the

electric field is displayed relatively to this value. ϕ(t = 0) is not ac-

cessible in this case. The red solid line used for the electric field curve

illustrates the limits of the experimentally accessible temporal window

agation term (linked to the Gouy phase shift) considering

that the cell is placed in our setup after the Rayleigh dis-

tance [34, 39]. Because only the central part of the beam

is analyzed, the plane wave approximation is assumed. We

assume the interaction length to be 3 mm (the cell length

is 2 mm, but the effective interaction length is greater be-

cause of gas diffusion along the axis). The measured back-

ing gas pressure is typically around 200 mbar. As the gas

pressure in the cell is unknown, we define an effective

pressure, which would correspond to the averaged pressure

along the interaction length and is consequently lower than

the backing pressure. The high-harmonic generation effi-

ciency is then proportional to the phase matching factor de-

fined as sinc2(
πLint

2Lcoh
) (Lint and Lcoh being the interaction

and coherence lengths, respectively, Lcoh = π
�k

with �k

the phase mismatch between the fundamental and harmonic

light waves).

Results of the calculation are shown in Fig. 6 for sev-

eral experimental configurations. In each case, the cell posi-

tion with respect to the focus is estimated by Gaussian beam

propagation to be consistent with the laser pulse peak in-

tensity used to fit experimental data. For the leading-edge-

gated regime (Figs. 6a and 6b), the effective pressure is fixed

to 100 mbar, below the measured backing pressure, and

mainly affects the phase-matching factor for negative time

infinity. Fig. 6a presents the absolute experimental intensity

data extracted from HCO measurements (Fig. 5), fitted by

a Gaussian pulse with a duration of 7 fs and a peak inten-

sity of 6.7×1014 W/cm2, the corresponding extent of ion-

ization and the calculated phase-matching factor. The tran-

sient plasma density truncates the harmonic phase match-

ing on the leading edge of the driver pulse when the ex-

tent of ionization is above the percent level, in a quantita-

tively concordant way with the experimental behavior. We
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Fig. 6 Illustration of the ionization-gate principle. Calculated phase-

matching factor (see text, left y-scale) is plotted for a harmonic wave-

length of 10 nm and an interaction length of 3 mm (solid red and

blue lines) for various driving laser pulse intensity profiles (dashed

lines, right y-scale). The corresponding extent of ionization of the

medium is represented by gray lines (left y-scale). (a) Leading-edge-

gated regime. Experimentally reconstructed intensity envelope (blue

squares) extracted from HCO measurements (Fig. 5) is fitted by a 7 fs,

6.7 × 1014 W/cm2 Gaussian pulse. (b) The same experimental data are

fitted by a 10 fs, 1.1 × 1015 W/cm2 Gaussian pulse. In both cases, the

effective pressure in the HHG cell is taken to be equal to 100 mbar and

the transient plasma density under the envelope of the driver pulse shuts

down the harmonic phase matching on the leading edge. (c) When the

laser peak intensity decreases, the ionization rate is lower and the loss

of phase matching occurs after the peak of the driver pulse. This is il-

lustrated by using the experimental results presented in Sect. 3 (Fig. 3):

the experimental data are fitted by a 6 fs, 4.3 × 1014 W/cm2 Gaussian

pulse. An excellent agreement is obtained between the calculations and

experimental measurements

underline that the same experimental data can also be fitted

by a laser pulse with different characteristics, as shown in

Fig. 6b (Gaussian pulse, 10 fs, 1.1 × 1015 W/cm2). In that

case, the final extent of ionization is higher (90%) but the

phase-matching factor evolution is still concordant with the

experimentally observed shutdown of the harmonic radia-

tion. This observation indicates that the leading-edge-gated

regime for harmonic continuum generation can indeed be

reached with a longer (multicycle) and more intense pulses,

as proposed in reference [1]. To further illustrate the valid-

ity of this simple model, the same calculation is performed

for the non-leading-edge-gated regime presented in Sect. 3

(Fig. 6c). In this case, the cell is more distant from the focus

(laser peak intensity of 4.3×1014 W/cm2) and the effective

pressure is slightly lower (80 mbar) as was the backing pres-

sure before the cell. The extent of ionization remains low

(1.7% maximum) and the phase-matching gate is closed af-

ter the peak of the driver pulse (when the ionization frac-

tion reaches ∼1.5%). The critical parameter is consequently

identified as the ionized fraction of the medium, varying

highly nonlinearly with the laser intensity. By increasing the

laser intensity, the gate resulting from ultrafast loss of phase

matching is moved towards the leading edge of the pulse.

We believe that the previously observed harmonic cutoffs

at photon energies lower than expected from the three-step

model in the case of long driver pulses (>100 fs) in tight

focusing conditions are another manifestation of the herein

discussed phase-matching gate [40].

5 Perspective: isolated tunable attosecond pulses

Significant advantages of the ionization gating regime are

apparent once one can control the closure of the gate by tun-

ing the necessary parameters (ionization rate dependence on

the laser intensity, gas pressure) and the slope of the pon-

deromotive potential envelope per optical cycle. It is partic-

ularly interesting to optimize the laser compression to pro-

duce a steeper rising edge with a slightly shorter pulse of

∼6 fs. The pressure is 240 mbar. Resulting spectra and HCO

positions as a function of CEP appear in Fig. 7. For each

phase value, only one broad HCO is visible. Sometimes,

no maximum is detected in the spectrum (ϕ0 + 3π/4 and

ϕ0 + 7π/8) as the difference between two successive HCOs

is very large. The rising edge of the pulse is sufficiently steep

to provide significant change in the ponderomotive potential
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Fig. 7 (a) Quasi-continuous

high-harmonic spectra (raw

data, unfiltered),

wavelength-tunable with CEP.

A deeply modulated spectrum

obtained with a long pulse is

shown for comparison (dashed

gray line).The gas backing

pressure is 240 mbar.

(b) Corresponding harmonic

spectra as a function of the

relative CEP. The harmonic

modulation is removed

from one half-cycle to the next and to isolate the harmonic

emission of only one half-cycle before the closure of the

gate.

Surprisingly, the gate is closed earlier for this shorter

pulse, as the most energetic HCO is emitted around 90 eV.

A slightly higher ionization rate due to an ionizing prepulse

might be an explanation. Such satellite pulses often accom-

pany ultrashort laser pulses: short pulse generation is known

to be a trade-off between pulse duration and coherent tem-

poral contrast.

The resulting spectra (Fig. 7a) exhibit a quasi-continuous

shape strongly indicative of an isolated attosecond pulse, re-

gardless of the absolute phase. The remaining weak modula-

tion results from a weaker harmonic burst generated in this

energy range by the previous or the next half-cycle. A re-

markable feature is the width of the quasi-continuous spec-

tra (15 eV FWHM), enabling the generation of attosecond

pulses with a duration of 200 as with an adequate chirp com-

pensation. Shorter pulses have been produced, but require

additional polarization gating or state of the art femtosec-

ond pulses (3.5 fs) [6, 9]. Finally, as previously mentioned,

the concept of CEP defined at the peak of the pulse envelope

becomes meaningless when an ionization gate closes on the

leading edge of the pulse. In the ionization gating regime,

the phase of the interacting half-cycle becomes a free ex-

perimental parameter to tune the central wavelength of the

continuous spectral emission.

6 Conclusion

To conclude, HCO analysis can be used for in situ recon-

struction of the time-dependent ponderomotive potential and

intensity envelope of the laser pulse with attosecond resolu-

tion. The analysis can also give access to the complete char-

acterization of the electric field (amplitude and phase). We

have used this method to experimentally detect gated har-

monic emission on the leading edge of the driver pulse. By

choosing various laser intensities, we can switch from the

non-gated to the gated regime and we have provided evi-

dence that the gating mechanism relies on the ionization-

induced phase mismatching between the fundamental and

harmonic fields. This method allows exploitation of the large

ponderomotive potential difference between successive half-

cycles on the leading edge of the driving pulse. The ion-

ization gating regime enables the generation of broadband

quasi-continuous harmonic spectra, tunable with the phase

of the half-cycle temporal window that generates harmonics

before the ionization gate closure. Finally, the ionization gat-

ing mechanism can be extended to multicycle laser pulses as

long as the intensity is high enough to guarantee a steep ris-

ing edge. In that case, potential prepulses would also reach

relatively high intensity. To keep the extent of ionization in

the percent level during the interaction, the pulse must ex-

hibit a very good temporal contrast on the leading edge,

which can be achieved by a plasma mirror scheme [41] or

nonlinear filtering devices [42].
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