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Abstract We have post-compressed 25 fs (Fourier limit)

amplified pulses in an argon-filled hollow-core fiber. The

output pulses were compressed using a pair of wedges and

chirped mirrors down to 4.5 fs (Fourier limit of 4.1 fs),

which corresponds to less than two optical cycles. We then

performed the characterization of the pulses by combining

the d-scan and the STARFISH techniques. The temporal

(and spectral) measurement of the pulses is done with

d-scan, which is used as the reference to extend the char-

acterization to the spatiotemporal (and spatiospectral)

amplitude and phase of the pulses by means of STARFISH.

The post-compressed pulses at the output of the hollow-

fiber had an energy of 150 lJ. The analysis of the pulses

revealed larger spectral broadening and blue-shift, and

shorter duration at the center of the beam. For the first time,

we demonstrate the complete characterization of intense

ultra-broadband pulses in the sub-two-cycle regime, which

provides an improved insight into the properties (space–-

time and space–frequency) of the pulses and is highly

relevant for their applications.

1 Introduction

The advent of sources capable of delivering ultrashort and

ultra-intense light pulses has led to numerous applications

in atomic, molecular and nuclear physics [1–3]. In partic-

ular, intense few-cycle pulses have opened the way for

attosecond physics [4] and metrology [5] via the extreme

ultraviolet (XUV) attosecond pulse trains that can be

obtained by high-harmonic generation (HHG) [6]. Intense

near-infrared pulses close to the single-cycle regime have

made possible the generation of isolated attosecond pulses

[5, 7, 8].

The technique of chirped pulse amplification (CPA)

combined with Ti:sapphire laser technology has provided

many laboratories with intense ultrashort pulses in the

20–100 fs range (the lower limit essentially imposed by

gain narrowing effects). Although sub-10-fs pulses can be

directly obtained from CPA [9] and optical parametric

CPA systems [10], they have proven challenging and are

still the subject of much research and development. For this

reason, two post-compression techniques are usually

employed for the generation of intense few-cycle pulses,

based on the spectral broadening of light either during

propagation in a gas-filled hollow-core fiber (HCF) [11, 12]

or during the self-guiding due to the filamentation of light

[13]. The nonlinear nature of the spectral broadening pro-

cess, originating mainly from self-phase modulation

(SPM), provides a broader spectrum in the center of the

beam where the intensity of the pulse is higher. As a
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consequence, the post-compressed pulses are inhomoge-

neous and present spatial chirp. The temporal profile of

filament-compressed pulses has been shown to depend on

the radial coordinate [14]. Also, many efforts are being

devoted to the characterization of the filament propagation

in terms of temporal [15], spatiotemporal [16, 17] and peak

intensity dynamics [18]. The spatial chirp after filamenta-

tion and HCF post-compression has been compared

experimentally through analysis of the corresponding

spectral contents, with more even and less chirped spectra

being reported for the HCF case [19]. Recently, a spatially

resolved measurement of the spectral and temporal profile

of the output mode of an HCF has been performed [20].

Over the last decades, different optical techniques have

been introduced for the temporal characterization of

ultrashort laser pulses [21]. Most of these now ‘‘standard’’

techniques have been adapted for the temporal measure-

ment of ultra-broadband few-cycle pulses [20, 22–24].

The waveform of sub-4-fs pulses has also been extracted

from attosecond streaking [20, 25]. Very recently, the

new technique of d-scan (dispersion scan) was introduced,

enabling the simultaneous compression and temporal

characterization of few-cycle pulses [26, 27]. However,

solely temporal characterization of the pulse in a small

section of the beam, without accounting for possible

variations across the whole pulse-front, is generally

insufficient, due to the spatiotemporal coupling effects

typical of the nonlinear phenomena employed in the post-

compression process. For this purpose, the technique of

STARFISH (SpatioTemporal Amplitude-and-phase

Reconstruction by Fourier-transform of Interference

Spectra of Highly-complex-beams) was proposed [28].

Very recently, STARFISH has been demonstrated with

sub-8-fs pulses delivered by an ultrafast oscillator, and its

capabilities for the study of ultra-broadband pulses have

been analyzed [29].

In this work, we generated and characterized sub-two-

cycle 4.5 fs pulses (4.1 fs Fourier-limited) from post-

compression of 25 fs (Fourier limit) amplified pulses in an

argon-filled HCF. The d-scan technique was used to mea-

sure the reference pulse required by STARFISH and the

latter was applied for the spatiotemporal characterization of

the mode compressed at the output of the fiber, where the

pulse structure and spatial chirp were studied. These pulses

were also focused using an off-axis parabolic mirror and

measured around the focal spot in the spatiotemporal

domain. The characterization of intense ultra-broadband

post-compressed pulses presents additional difficulties due

to the higher energy, larger spectral bandwidth, stronger

phase modulations, and higher instability compared to

pulses delivered by an oscillator.

The full spatiotemporal characterization of intense few-

cycle lasers provides useful information for the study of the

dynamics and characteristics of filamentation [17, 30] and

HCF post-compressed pulses. In future experiments, it may

be used to tackle the comparison between both post-

compression techniques. This information is relevant for

the optimization of the process itself and for applications

(e.g., HHG) of the generated pulses.

2 Experimental setup for post-compression

and spatiotemporal characterization

We post-compressed pulses delivered by a 1-kHz Ti:sap-

phire CPA amplifier (Femtolasers FemtoPower Compact

PRO CEP) in a gas-filled HCF and chirped mirror com-

pressor. The complete experimental setup is depicted in

Fig. 1. The amplified pulses, with a Fourier-transform limit

(FTL) of 25 fs, were coupled in the hollow fiber with a

1.5-m focal length lens. The HCF had an inner diameter of

250 lm, a length of 1 m, and was filled with argon at a

pressure of 960 mbar. The pulse energy before the HCF

was 375 lJ and at the output of the fiber was 150 lJ

(transmission of 40 %). The chirp of the input pulse on the

HCF was adjusted in the amplifier compressor to optimize

the spectral broadening (Fig. 3c) and the transverse mode

profile (Fig. 2b) at the fiber output. Additionally, we also

optimized the fiber output with an iris (7 mm diameter)

placed just before the lens for the fine control of the input

energy and the input mode being coupled in the HCF

(Fig. 2a). Moreover, the post-compression was optimized

for a very stable output mode, as required both for sub-

sequent applications and for (multi-shot) pulse character-

ization. The quality of the d-scan and STARFISH traces is

an indication of this stability, since shot-to-shot variations

would strongly affect them. In parallel, the raw d-scan

traces already provided a fast diagnosis to ensure that the

temporal profile corresponded to clean compressed pulses

without satellites that could occur in the HCF, given that it

only takes a few seconds to acquire them and the shape of

the trace gives direct, interpretable information about the

structure of the pulse [26]. Owing to the nonlinearity of the

argon gas inside the HCF, the input spectrum was broad-

ened to a 4.1-fs FTL spectrum extending from 540 to

990 nm (Fig. 3c). A spherical silver mirror at near-normal

incidence (ROC = 3,000 mm) was placed after the HCF to

collimate the spectrally broadened pulses. To complete the

post-compression of the pulses, a compressor made of a

glass wedge pair and a set of ultra-broadband chirped

mirrors (CMs) was used. The wedges (Femtolasers GmbH)

were made of BK7 with an antireflection coating and an

angle of 8�. The CMs (UltraFast Innovations GmbH) are

designed in such a way that when two bounces are com-

bined, with incidence angles of 5� and 19�, respectively,

the residual group delay oscillations are minimized [31].
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We used five pairs of mirrors for a total number of five

bounces at each angle, as illustrated in Fig. 1 (we have

identified the CMs with different colors, orange and purple,

for 5� and 19� incidence, respectively). The nominal group

delay dispersion (GDD) of the CMs was around -50 fs2

per bounce at 800 nm. The variable insertion of one of the

wedges allowed us to fine-tune the ultimate post-

compressed duration of the pulses, and was also used as

part of the d-scan technique as described below.

For the characterization of the post-compressed pulses, we

used the STARFISH technique [28] assisted by the d-scan

technique [26] to measure the reference pulse, in a configu-

ration recently introduced for few-cycle pulses [29]. A replica

of the pulse to be characterized was created with a dispersion-

Fig. 1 Experimental setup for the generation and spatiotemporal

characterization of post-compressed pulses. The amplified pulses are

spectrally broadened in a hollow-fiber and the output mode is

collimated with a spherical mirror. The pulses are divided with a

dispersion-balanced broadband 50/50 beam splitter (BS) to perform

the spectral interferometry of STARFISH. Using a flip mirror, the

reflected pulses can be simultaneously compressed and characterized

by dispersion scan (d-scan) where a compressor made of a pair of

glass wedges and 5 pairs of chirped mirrors (CM) is used to track the

SHG signal generated in a nonlinear crystal (BBO) as a function of

wedge insertion. The test and reference pulses are then combined in a

fiber optic coupler and sent to the spectrometer. The position of the

test fiber is scanned over the spatial coordinate (x-axis). The hollow-

fiber output (test pulse) is measured unfocused (flat mirror) and

focused (off-axis parabola, OAP, 5 cm focal length)

Fig. 2 a Input mode coupled at

the entrance of the HCF with an

inner diameter of 250 lm.

b Spatial profile of the output

mode of the HCF after

collimation with the spherical

mirror
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balanced (same dispersion in the reflected and transmitted

beams) broadband beam splitter (600–1,500 nm), BS

(Venteon GmbH). One pulse was measured with d-scan (after

the flip mirror) and subsequently used as the reference pulse

in STARFISH.

The experimental implementation of d-scan consists in

measuring the second harmonic generation (SHG) spec-

trum of the pulse while the dispersion is varied via the

translation of one of the wedges around the point of

maximum compression (minimum pulse duration). As a

result, a spectrally resolved SHG trace as a function of

wedge insertion (dispersion) is obtained. In the present

setup, we focus the pulses with an off-axis parabolic (OAP)

mirror (focal length of 5 cm) in a nonlinear crystal (BBO,

20 lm thick, cut for type I SHG at 800 nm). The SHG

signal is collimated with a lens and a blue filter is used to

remove the remaining fundamental frequency signal before

detection with the spectrometer (HR4000, Ocean Optics

Inc.).

In STARFISH, a single-mode, 4 lm core diameter,

broadband fiber optic coupler [28, 29] is used to combine

the reference pulse (already characterized by d-scan) and

the (unknown) test pulse. A spectral interferogram (SI) of

the pulses with a relative delay s is measured in a standard

fiber-coupled spectrometer (S2000, Ocean Optics Inc.).

This information will allow us to obtain the temporal

reconstruction of the pulses. The test pulse fiber input is

scanned over the spatial profile of the pulse in one axis

(x-scan), where cylindrical symmetry is assumed. This

allows for the spatiotemporal characterization of the pulses.

The spatiotemporal STARFISH characterization of the

few-cycle pulses is first performed directly after the CM

setup, so a flat mirror is used to direct the pulses to the test

fiber. This mirror was then replaced with a 5-cm focal

length OAP to study the focusability of the pulses, and to

characterize them around the focal region.

Before the wedges and CM compressor, an iris of

10-mm diameter is used to select the spatial mode after

collimation of the fiber output (see Fig. 2b). On account

of the 10-mm iris before the wedges and the losses

inside the compressor itself, the pulse energy decreased

from 150 to 90 lJ before the BS. The beam was not

perfectly collimated after the spherical mirror, since it

diverged more than would have been expected for a

collimated beam with the same waist. In fact, the beam

size of the pulses increased up to 13 mm just before

the last mirror prior to the test fiber (the optical path in

the CM setup was 169 cm). At this position, we selected

the spatial mode with a diaphragm to eliminate the

residual (mostly conical) emission around the main

portion of the beam.

The spectral phase of the reference pulse is retrieved by

the d-scan technique by optimizing the simulated SHG

trace compared with the experimental trace using an iter-

ative algorithm [26]. The spatiotemporal amplitude and

phase characterization is obtained by an algorithm based on

Fig. 3 a Experimental and

b retrieved d-scan traces of the

reference pulse. c Spectral

intensity (black) and phase

(dashed red) of the retrieved

pulse. d Temporal intensity

(black) and phase (dashed red)

of the reference pulse. The gray

curves in c and d represent the

standard deviation of the

spectral phase, and of the

temporal intensity and phase,

respectively. The intensity

profile (d) is color-filled by the

instantaneous wavelength

following the same color scale

than in c
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the Fourier-transform of the spectral interferences given by

the STARFISH technique [28].

3 Spatiotemporal analysis of sub-5-fs pulses

after hollow-fiber post-compression

3.1 Characterization of the reference pulse using

d-scan

As said before, the spectrally broadened amplified pulses

are compressed with five pairs of broadband chirped mir-

rors and a pair of BK7 glass wedges. This compressor is

also a part of the d-scan technique setup for the charac-

terization of the reference pulse, which is required for the

spectral interferometry. The d-scan trace was taken by

measuring the SHG signal while varying the glass inser-

tion. The total range of insertion (in the propagation

direction) was d = 4.34 mm using a lateral insertion step

of 0.215 mm, which corresponds to 146 sampling points.

The resulting experimental d-scan trace is shown in

Fig. 3a.

The d-scan algorithm was executed five times with

different input conditions (five different starting guesses) in

order to ensure the convergence of the retrieved phase. The

retrieved trace is given in Fig. 3b, and is in very good

agreement with the experimental trace. The experimental

spectrum and the retrieved phase of the pulse for maximum

compression are shown in Fig. 3c. The full width at 1=e2 of

the maximum (in intensity) of the hollow-fiber spectrum is

402 nm. The standard deviation (SD) of the phase (gray

curves) for the different runs of the algorithm provides

information on the precision error. The spectral phase

retrieved is precise except for the shorter wavelengths

owing to the experimental d-scan trace being cropped in

the bluer part of the spectrum, as will be explained below.

In Fig. 3d, the retrieved temporal intensity and phase of the

corresponding pulse are represented. The optimum spectral

phase has a small contribution of negative third-order

dispersion that produces the pre-pulses. The corresponding

SDs (gray curves) are very small, which means that the

spectral phase deviation for shorter wavelengths hardly

affects the temporal retrieval. The duration of the pulse is

4.5 ± 0.1 fs (intensity FWHM), close to its FTL of 4.1 fs.

The carrier wavelength calculated from the center of

gravity of the spectral power density (in frequency) is

kg = 739 nm. The temporal intensity in Fig. 3d has been

color-filled with the instantaneous wavelength of the pulse

kt. From the tilt of the phase in the pre-pulses, we see that

they are slightly redder than the main pulse (centered at

kt = 739 nm), as illustrated by the color fill. The small

deviation of the instantaneous wavelength from the carrier

wavelength is an evidence of the good compression

achieved. The main reason why the final pulse duration

deviates from the FTL is the divergence in the spectral

phase introduced by the broadband beamsplitter for

wavelengths below 600 nm, since this element is designed

to work above this wavelength.

The lack of signal below 320 nm in the experimental

trace may be partly due to the cut-off of the blue filter and

by UV absorption in the collimating lens. This justifies the

difference between measured and retrieved traces in that

spectral region. To minimize this effect, a spatial mask can

be used instead of the filter or lens [27]. The phase distortion

introduced by the beamsplitter for wavelengths below

600 nm may also contribute to the smaller SHG signal

observed at shorter wavelengths. In spite of this, thanks to

the trace redundancy in the d-scan technique, it is possible

to recover phase information for regions where no SHG

signal has been measured at all, as was shown in [26, 29].

As mentioned above, the optimal pulse compression

with this system is close to the FTL. To further analyze this

compression, we calculated the chronocyclic or time–fre-

quency Wigner distribution function [32] of the pulse and

the FTL of the spectrum. For a certain function defined in

the time domain (in our case the electric field of the pulses,

E(t)), the Wigner distribution can be interpreted as the

probability (despite it taking positive and negative values)

to find a certain wavelength (or frequency x) at a given

time t, i.e., it gives us the spectral distribution within the

pulse. The definition of the time–frequency Wigner dis-

tribution function WT is [32, 33]

WT t;xð Þ ¼
Z1

�1

E t þ t0

2

� �
E � t � t0

2

� �
e�ixt0dt0: ð1Þ

The calculations for the pulse retrieved by the d-scan

and for the FTL of the spectrum are shown in Fig. 4a, b,

respectively. The information given by WT is related to the

instantaneous frequency (see Fig. 3d), although WT

provides the whole information of the temporal

distribution of wavelengths, in contrast to the single

value of the effective instantaneous wavelength. This

gives further insight into the pulse structure and

compression, and can give a visual and intuitive idea of

how far we are from the FTL by comparing the Wigner

distributions of the retrieved pulse and of its FTL (Fig. 4a,

b). In our case, since most of the spectrum is contained in

the main peak of the pulse (like in the FTL pulse, except

for the tails of the spectrum), this means that almost the

whole spectrum is well compressed (i.e., its spectral phase

is well compensated for). Moreover, when comparing the

scales of the plots, a small loss of signal occurs in the

measured pulse with respect to its FTL. This is in
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agreement with the fact that the peak intensity of the pulse

for the d-scan retrieval is 0.8 times the FTL peak intensity.

The marginals of WT are also given in the plots, where

integration of the Wigner function of the pulse over the

frequency and time axes provides the temporal intensity

(left) and power spectral density (bottom), respectively.

3.2 Spatiospectral and spatiotemporal characterization

of the output mode using STARFISH

The output mode of the post-compression of the pulses in the

HCF was characterized in the spatiotemporal domain. The

spatial profile was scanned with the fiber across the 13-mm

diameter of the pulse with steps of 50 lm (261 sampling

points). The spatially resolved spectrum (Fig. 5a) shows that

the spectral distribution is fairly constant across the x-

coordinate, only presenting less broadening in the bluer part

of the spectrum for the outermost part of the spatial profile.

The frequency-resolved wavefront (Fig. 5b) presents a cur-

vature responsible for the beam divergence (already

observed during beam propagation), which will be taken into

account to simulate the focus of the pulse in Sect. 3.3.

The pulse-front curvature in the spatiotemporal intensity

(Fig. 5d) corresponds to the expected curvature of a

diverging beam. It exhibits a relatively small variation of

&30 fs from the center to the periphery of the beam

(&13 mm diameter), although it is large compared to the

pulse duration. Nevertheless, we will see that the presence

of wavefront and pulse-front curvature do not compromise

the focusability of the beam and a tight focus is achieved.

The spatiotemporal intensity is shown in Fig. 5e, color-

filled with the instantaneous wavelength to better illustrate

Fig. 4 Wigner distribution

functions and corresponding

marginals for the electric field

of the a experimental pulse and

b Fourier-transform limit of the

spectrum. The two functions are

represented in the same

(arbitrary) units in order to

compare the respective signal

strength

Fig. 5 Pulse post-compressed

in an HCF experiment:

a normalized spatiospectral

intensity and b frequency-

resolved wavefront, the latter

represented in different colored

curves for each wavelength (see

the color bar). c Fourier limit

(blue) and retrieved pulse

duration (red). d Normalized

spatiotemporal intensity and

e same as d, but color-filled

with the instantaneous

wavelength (see the color bar).

f Instantaneous wavelength at

the pulse-front (blue) and center

wavelength (red)
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the spatial dependence of the temporal chirp. The main

peak color shifts from bluer to redder values as we move

away from the center of the pulse (x = 0), as expected

from the spatially resolved spectrum in Fig. 5a.

The pulse duration (intensity FWHM) as a function of

x is presented in Fig. 5c for the retrieved pulse and for the

FTL of the spectrum. The pulse duration varies approxi-

mately from 4.5 fs on-axis to 5.0 fs in the wings, whereas

the FTL varies from 4.0 to 4.5 fs. In Fig. 5f, we show the

carrier wavelength dependence on x, both for the center of

gravity of the spectrum (kg) and the instantaneous wave-

length (kt) evaluated at the maximum of the pulse (i.e., at

the pulse-front). We see that kg varies from 740 nm (on-

axis) to 820 nm (wings), whereas kt varies from 735 nm

(on-axis) to 790 nm (wings). These results are in agree-

ment with previous works, where blue-shift and larger

spectral broadening and pulse shortening were observed

on-axis in comparison with the outer part of the spatial

profile [19]. Redder pre-pulses with the same curvature

than the main pulse (the pulse-front) are observed, simi-

larly to the reference pulse. There is almost no chromatic

aberration in the wavefront (Fig. 5b) since all wavelengths

have practically the same curvature, except for the intrinsic

wavenumber dependence /ðx0; kÞ / k / k�1 (similar to

the results given in [34] for a focusing refractive lens), as

we will calculate in the next section.

3.3 Spatiospectral and spatiotemporal characterization

of the focus using STARFISH

The pulses were focused with an OAP (f = 5 cm). The

focus was spatially resolved with the test fiber, which

scanned the transverse profile across 30 lm in steps of

1 lm (x-axis). Despite the 4 lm fiber core diameter, we

have demonstrated in a previous work that using a smaller

step allows us to recover the structure and size of focused

pulses [34]. In this experiment, a neutral-density filter was

placed before the BS (note that the dispersion before the

interferometer is compensated in the SI) to avoid damage

or nonlinear effects in the collecting fiber, so the linear

focus could be characterized. The spectrum as a function of

the x-coordinate (Fig. 6a) presents a spatial chirp, with

increasing red-shift for increasing values of x. The spa-

tiotemporal distribution corresponds to a well-defined

focus in space and time (Fig. 6d), with a spatial width of

10 lm (FWHM) and a temporal duration on-axis of 4.5 fs

(FWHM). The instantaneous wavelength combined with

the intensity (Fig. 6e) inherits the spatial chirp from the

frequency domain (shown in Fig. 6a). Since the input pulse

is symmetric in x (Fig. 5), the spatial chirp may be origi-

nated by a slight misalignment in the OAP. The frequency-

resolved wavefronts (Fig. 6b) show a slight divergence,

meaning that the measurement was not taken exactly at the

focus, but just before it. Also, the wavefronts for the dif-

ferent wavelengths have a gradual relative tilt, which is an

Fig. 6 Post-compressed pulses

focused with an OAP;

experiment: a normalized

spatiospectral intensity and

b frequency-resolved

wavefront, the latter represented

in different colored curves for

each wavelength (see the color

bar). c Fourier limit (blue) and

pulse duration (red).

d Normalized spatiotemporal

intensity and e same as d, color-

filled by the instantaneous

wavelength (see the color bar).

f Instantaneous wavelength at

the pulse-front (blue) and center

wavelength (red)
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evidence of the spatial chirp originated by the asymmetric

focusing phase introduced by the misalignment.

The FWHM intensity of the Fourier-transform limited

(FTL) pulse increases along the x-axis from 4.5 to 4.9 fs

and the retrieved pulse duration from 4.8 to 5.3 fs

(Fig. 6c). Similar behavior is observed for the carrier

(central) wavelength kg that varies from 760 to 810 nm

(Fig. 6f). Again, the instantaneous wavelength at the pulse-

front, kt, is blue-shifted with respect to kg.

We studied the effect of the spatiospectral phase (or

wavefront) of the mode before focusing (Fig. 5b). This phase

is mainly quadratic and can be written as /ðx; kÞ ¼
ðp=kÞðx2=finÞ, corresponding to a diverging beam with a

focal length fin. From the fit to the phase /ðx; kÞ for each

wavelength, we extracted the focal length fin =

-4,724 ± 26 mm (regression coefficient R = 0.9989).

When combined with the focal length of the OAP,

fOAP = 50 mm, we obtained the effective focal length

feff = 50.53 mm. Assuming that only this quadratic phase is

present, this will simply cause a shift in the focal position

along the propagation axis, but higher order curvature terms

in the wavefront may distort the focal spot.

Finally, we analyzed the effect of the numerical aperture

(NA) of the fiber coupler (the test pulse fiber arm). In a

previous work we measured a coupling efficiency of 50 %

at an angle of incidence of h = 5� [29]. Here, we used the

experimental dependence of the coupling efficiency on the

angle h, denoted by T(h), to study its effect in the mea-

surement of the focus of the OAP. In the ray-tracing

approximation, the angle h is translated to the input spatial

plane as tan h & r/z, where z = f for observation at the

focus (this gives the function T(r) plotted in Fig. 7a). In the

present case, the spatial intensity profile has a Gaussian-

like shape, so the less efficiently coupled part of the profile,

the periphery, is the part with the least contribution.

Figure 7a shows the spatial intensity profile I(r) for the

almost collimated beam, the fiber transmission T(r), and

the modified spatial profile IðrÞ � TðrÞ considering ray-

tracing. The experimental spatially resolved spectrum

before the OAP (collimated beam) is shown in Fig. 7b

(extracted from Fig. 5a), which can be compared with the

same magnitude modified by T(r) in Fig. 7c (this plot

illustrates the spectrum of the focused pulse that would be

collected due to the numerical aperture of the fiber). From

Fig. 7 it can be seen that the most affected part is the

periphery of the spatial profile.

The distribution of the orientation of the wave vectors

inside a monochromatic Gaussian beam using the spatial

Wigner distribution function is discussed in depth in [35].

Far from the Rayleigh zone, it corresponds to a well-defined

angle, which can be simply calculated by ray-tracing, as a

function of the transverse spatial coordinate. Since larger

angles occur in the periphery of the beam, outside the focal

region, the angular filtering of the NA of the fiber results in

a reduction of the spatial width, which can be estimated by

the correction explained in the previous paragraph (see

Fig. 7). Conversely, at the focus position all the wave

vectors (from the ray-tracing) overlap and the wave vector

spreading is independent from the spatial coordinate, so the

ray-tracing approximation is obviously unacceptable there

[35]. For this reason, in the focus (where we measured the

pulse), the effect of the NA coupling will be ideally a

reduction in the collected signal without spatial distortion.

In our case, the NA of the pulse is slightly lower than the

NA of the detection fiber (see the curves I(r) and T(r) in

Fig. 7, respectively), so the effect of the NA of the fiber on

the spatiotemporal measurements will be small (Fig. 7).

The modification (decrease in spatial width) in the spatio-

spectral domain is illustrated by comparing Fig. 7b (actual)

and Fig. 7c (modified), which corresponds in the spatial

domain (after wavelength integration) to the comparison

between the curves I(r) and IðrÞ � TðrÞ, respectively. Note

that this estimation of the profile modification corresponds

to the worst-case scenario, in which ray-tracing can be

Fig. 7 a Spatial profile of the collimated pulse (blue), transmission of

the fiber due to the numerical aperture (red) and corrected spatial

distribution (green). b Experimental spatially resolved spectrum of

the collimated pulse. c Calculated spatially resolved spectrum

[b modified by T(r)], corresponding to the spectrum of the focused

pulse that would collect the fiber owing to the numerical aperture
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applied (out of the Rayleigh zone), so the experimental

measurement of the focus (Fig. 6) is very close to reality.

The present analysis will be more complex in the case of

polychromatic non-Gaussian beams, which may also be

inhomogeneous and present wavefront aberrations. This

will cause a less predictable propagation (if the unfocused

pulse is known, numerical simulations can still be per-

formed). However, ray-tracing can still give a first

approximation of the wave vector distribution and an upper

bound for the maximum angle collected hmax can be esti-

mated by the relation tan hmax ’ rmax=f , where rmax is the

radius of the unfocused pulse and f is the focal length.

Naturally, the effect of the NA will not be felt by smaller

beams or longer focal lengths. Finally, the rather homo-

geneous mode at the output of the hollow-fiber plays to our

advantage in the sense that distortions (due to the NA) at

the focus of the beam will be reduced.

4 Conclusions

We have produced sub-two-cycle pulses by post-com-

pression of 25-fs pulses in a hollow-core fiber. The post-

compression was optimized to have an ultra-broadband

spectrum corresponding to few-cycle pulses (4.1 fs Fourier

limit) and a homogeneous (near-Gaussian) spatial profile

with a significantly stable mode. The pulse energy at the

output of the hollow-fiber was 150 lJ. Optimum com-

pression was achieved by compensating the spectral phase

with a pair of wedges and ultra-broadband chirped mirrors.

The post-compressed pulses were characterized in the

spatiotemporal domain using STARFISH technique, and

the reference pulse was measured with the d-scan tech-

nique. We first studied the output mode of the hollow-fiber

and found that the spectral broadening and the blue-shift

are significantly larger at the center (x = 0) of the pulse

than in the periphery. This resulted in an increase in pulse

duration from 4.5 fs at the beam center up to 5 fs at the

periphery. A symmetric spatial chirp (relative to x = 0)

was consequently observed in the spatiotemporal recon-

struction. Then, we characterized the pulse focused with an

off-axis parabolic mirror (f = 5 cm), which produced a

measured focal spot size of 10 lm (FWHM).

The conjunction of the techniques d-scan and STAR-

FISH for the measurement of ultra-broadband, intense

4.5 fs pulses (4.1 fs FTL) provides an efficient means for

completely characterizing pulses in the range of the lower

pulse duration measurable by state-of-the-art temporal

characterization techniques in the near-infrared region. The

large bandwidth of the critical elements involved in the

detection of STARFISH—i.e., beam splitter and fiber

coupler—and the relaxed bandwidth requirements of

d-scan are vital to reach this regime. The possibility of

measuring high-energy, low repetition rate pulses in this

range is promising for applications, such as strong-field

experiments or the study and optimization of filament and

hollow-fiber compressed pulses.
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Spielmann, S. Sartania, F. Krausz, Opt. Lett. 22, 522–524 (1997)

12. B. Schenkel, J. Biegert, U. Keller, C. Vozzi, M. Nisoli, G. San-

sone, S. Stagira, S. De Silvestri, O. Svelto, Opt. Lett. 28,

1987–1989 (2003)

13. C.P. Hauri, W. Kornelis, F.W. Helbing, A. Heinrich, A. Mys-

yrowicz, J. Biegert, U. Keller, Appl. Phys. B 79, 673–677 (2004)

14. A. Zaı̈r, A. Guandalini, F. Schapper, M. Holler, J. Biegert, L.

Gallmann, A. Couairon, M. Franco, A. Mysyrowicz, U. Keller,

Opt. Express 15, 5394–5404 (2007)

15. D. Faccio, A. Lotti, A. Matijosius, F. Bragheri, V. Degiorgio, A.

Couairon, P. Di Trapani, Opt. Express 17, 8193–8200 (2009)

16. J. Odhner, R.J. Levis, Opt. Lett. 37, 1775–1777 (2012)

17. B. Alonso, I.J. Sola, J. San Román, O. Varela, L. Roso, J. Opt.

Soc. Am. B 28, 1807–1816 (2011)

Characterization of sub-two-cycle pulses 113

123



18. X. Sun, S. Xu, J. Zhao, W. Liu, Y. Cheng, Z. Xu, S.L. Chin, G.

Mu, Opt. Express 20, 4790–4795 (2012)

19. L. Gallmann, T. Pfeifer, P.M. Nagel, M.J. Abel, D.M. Neumark,

S.R. Leone, Appl. Phys. B 86, 561–566 (2007)

20. T. Witting, F. Frank, W.A. Okell, C.A. Arrell, J.P. Marangos,

J.W.G. Tisch, J. Phys. B 45, 74014 (2012)

21. I.A. Walmsley, C. Dorrer, Adv. Opt. Photon. 1, 308–437 (2009)
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