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Spectral phase reconstruction of femtosecond laser pulse from
interferometric autocorrelation and evolutionary algorithm
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UMR CNRS 6303 - Université Bourgogne Franche-Comté, 21078 Dijon Cedex, France

Abstract

We report on the complete temporal characterization of femtosecond laser pulses from second-order interferometric autocorrelation and laser
spectrum measurements. The method exploits a newly developed autocorrelator based on a two photon-absorption signal produced directly within
a camera sensor so as to provide a single-shot interferometric autocorrelation of great reliability and robustness. Interferometric autocorrelation
trace and laser spectrum are exploited for a spectral phase retrieval via an evolutionary algorithm. The quality of the reconstruction for highly
modulated spectral phases imprinted by a pulse shaper confirms the reliability of the method. The autocorrelator is compact, robust and easy to
use. Possible improvements are discussed.

Keywords: Ultrafast laser pulse characterization; Pulse shaping; Evolutionary algorithm

1. Introduction

The development of ultrashort lasers has opened up a vast
field of unexplored applications from THz to XUV spectral re-
gion. Many of these applications relies on the production of
non-linear effects for which the matter response is extremely
sensitive to the properties of the laser pulse and in particular
to its temporal structure. The need of reliable and versatile di-
agnostic tools has therefore become extremely important [1–
3]. There exists many characterization techniques for ultrashort
laser pulses with varying experimental complexity, accuracy
and limitation. Among them, the two most widely used com-
prehensive characterization techniques are frequency-resolved
optical gating [3, 4] (FROG) and spectral phase interferometry
for direct electric field reconstruction [3, 5] (SPIDER). These
two methods provide a complete knowledge of the ultrashort
laser pulse by reconstructing both the spectral (or temporal) am-
plitude and phase of the electric field. Several FROG [3, 4, 6–8]
or SPIDER [3, 5, 9–11] variants have been developed to ex-
tend the scope of measurements. From an experimental point
of view, the most popular and simple family of characteriza-
tion methods remains the second-order autocorrelation where
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one can distinguish the intensity autocorrelation from the in-
terferometric autocorrelation (IAC). IAC is a fringes resolved
autocorrelation which contains more information than intensity
autocorrelation but which can be less convenient to produce
and analyze. Autocorrelation methods are commonly used in
worldwide laboratories for a daily checking of laser systems. In
their standard approach, these methods do not provide a com-
plete characterization of the pulse but rather a rough measure-
ment of its duration provided that a particular temporal pulse
shape is assumed. Despite this limitation, autocorrelation tech-
niques feature great advantages such as a low cost, an easy im-
plementation and compactness of the device, and a low energy
requirement (much lower than FROG or SPIDER). IAC also
offers a self-calibration from fringes or a checking of the align-
ment from the contrast ratio. Furthermore, it has been shown
that a better knowledge or even a complete characterization of
the pulse can also be obtained from autocorrelation measure-
ment when combined with additional information [12], over-
coming the primary limitation of optical autocorrelators. Diels
et al [13] have for instance used an unbalanced correlation,
namely a cross correlation between the original pulse and one
of its replica having experienced a known transformation as for
instance a calibrated chirp. This method provides, under cer-
tain conditions, a complete characterization of the pulse. An-
other general class of methods is the so-called phase and inten-
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sity from correlation and spectrum only [14, 15] (PICASO). PI-
CASO requires the measurement of the pulse spectrum together
with one (or more) nonlinear correlation, as for instance unbal-
anced intensity autocorrelation or IAC. On can notice that Na-
ganuma et al [16] had already demonstrated about one decade
before the advent of PICASO that IAC and pulse spectrum
enables to uniquely retrieve the pulse through an assumption-
free pulse reconstruction. While the convergence in the case
of arbitrarily complex phase modulations was questioned at
this time, Naganuma and co-workers paved the way for differ-
ent experimental demonstration and several groups have suc-
cessfully reported pulse reconstruction from multishot IAC and
pulse spectrum by using different types of algorithms [17–19].
This method has nevertheless been gradually disregarded, prob-
ably because of the difficulty in obtaining both reliable IAC
and spectrum measurements at the same time. We revisit in
this work the strategy of Naganuma et al with a recently de-
veloped autocorrelator [20] called biprism based optical auto-
correlation with retrieval (BOAR). This last provides a single-
shot IAC trace of great reliability and robustness well-suited for
a complete reconstruction of ultrashort pulses. By combining
BOAR IAC and spectrum measurements with an evolutionary
algorithm, we demonstrate the reconstruction of complex pulse
shapes with a very good accuracy. To this end, laser pulses
(70 fs duration and central wavelength λ0=1450 nm) are spec-
trally phase-shaped via a standard pulse shaper device based on
a liquid crystal display. Various complex phase modulations
have been applied and retrieved with a great fidelity by means
of this very compact and easy use device. Possible improve-
ments of the method are discussed.

2. Description of the autocorrelator

As with any autocorrelator, the BOAR device relies on the
production of two time-delayed replica of the pulse to be mea-
sured combined with a nonlinear optical effect. The heart of
the device is composed of only two optical elements: a Fresnel
biprism (FB) and a camera. The FB encodes the time delay into
the transverse spatial dimension of the two crossing sub-beams
recorded by the camera sensor for a single-shot operation. The
camera is used as detector and nonlinear medium at the same
time through the production of a two-photon absorption pho-
tocurrent.

The scheme of the device is depicted in Fig. 1. A cylindrical
reflective telescope first increases the beam size by a factor of
5 in the horizontal direction on which the IAC measurement is
encoded so as to ensure that the beam size will not limit the
time window. After the telescope, the beam propagates through
a 1.7 mm thick fused silica FB producing two identical beams
crossing with an angle 2α:

α = asin
[
n × sin(

π − A
2

)
]
, (1)

where A = 160.22◦ is the apex angle [20] and n the refractive
index. In our case, α = 14.37◦. With such a beam geometry,
the time delay is encoded into the spatial profile of the beam
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Figure 1. (a) Schematic description of the autocorrelator with FB the Fresnel
biprism. The blue line in the plane of the camera corresponds to a typical two-
photon absorption signal recorded by the camera. (b) BOAR set-up. M1 et
M2: cylindrical mirror of -25 mm and +125 mm focal length respectively, FB:
Fresnel biprism.

with a space-time conversion factor τ = 2x sinα
c with x the

distance with respect to the propagation axis z and c the
celerity. The second-order autocorrelation is realized via a two
photon-absorption signal produced directly within the CMOS
sensor. If the bandgap of the sensor based semiconductor
material is Ug, the signal recorded by the camera will rely on a
two-photon absorption process for laser wavelength λ verifying
hc
Ug

< λ < 2 hc
Ug

. In the present case, the semiconductor material
is Silicon with Ug ≈1.11 eV so that the wavelength range
of operation lies between 1200-2400 nm. This range is of
particular interest for applications spanning from strong-field
physics to optical telecommunications. The camera is located
in the overlapping region of the two crossing beams. The
1.67 µm pixel size of the sensor allows to resolve the optical
fringes in the whole spectral range while the 6.4 mm sensor
size of the camera provides a temporal window of 3.5 ps. As
explained in [20], special care has been taken to insure that
the size of the biprism or the beam extension does not limit
the latter in order to benefit from the full temporal window
allowed by sensor size. The use of only two elements for
this autocorrelator makes the BOAR extremely compact,
calibration-free, robust in alignment and almost insensitive
to the input polarization [20] since the nonlinear process is
not limited by any phase matching consideration. The set-up
is also very sensitive, typical input energy for a single-shot
operation is 100 nJ.
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3. Method

The spectral phase reconstruction of femtosecond laser pulse
make use of two quantities: an IAC trace from the BOAR de-
vice and the pulse spectrum measured with an additional spec-
trometer. Suppose the electric field is written as E(t) = A(t)eiω0t

with ω0 = 2πc/λ0 the angular frequency and A(t) the complex
field envelope, the total complex electric field hitting a pixel of
the camera is E(t, τ) = E1(t) + E2(t − τ) with E1(t) (resp. E2(t))
the field coming from the two faces of the biprism. The pho-
tocurrent Iphot induced by two-photon absorption on one pixel
is therefore given by:

Iphot(τ) ∝
∫
|E2(t, τ)|2dt. (2)

The IAC signal is known to contain oscillating terms at ω ≈
0, ω0 and 2ω0 [16, 20] which (assuming a perfect balance be-
tween the two replicas amplitudes A1 = A2 = A) can write as:

Iphot(τ) ∝ 1+2G2(τ)+2Re
[
F1(τ)e−iω0t

]
+Re

[
F2(τ)e−2iω0t

]
(3)

with

G2(τ) =

∫
I(t)I(t − τ)dt, (4)

F1(τ) =

∫
[I(t) + I(t − τ)] A(t)A∗(t − τ)dt, (5)

F2(τ) =

∫
A2(t)A∗2(t − τ)dt, (6)

where the normalization
∫

I2(t)dt = 1 has been used in the pre-
vious equations and where I(t) = |A(t)|2 is the field intensity.
The three oscillating contributions to the two-photon signal Iphot
can be easily isolated by an appropriate spectral filtering. In the
frequency domain, G2, F1 and F2 are given by:

G2(ω) = |u(ω)|2, (7)
F1(ω) = 2Re [u(ω) ⊗ A(ω)] A∗(ω), (8)
F2(ω) = |A2(ω)|2. (9)

where u(ω) = F [I(t)], A(ω) = F [A(t)] and A2(ω) = F
[
A2(t)

]
with F the Fourier transform.

We call ϕ(ω) the spectral phase of the pulse to be charac-
terized so that A(ω) = |A(ω)|eiϕ(ω). The spectral amplitude
|A(ω)| is obtained from the measurement of the pulse spectrum
I(ω) = |A(ω)|2. From the knowledge of |A(ω)|, an evolutionary
algorithm is used to retrieve the spectral phase ϕ(ω) which best
fits the experimental contributions G2(ω), F1(ω) and F2(ω).
The key ingredients of our algorithm have been already detailed
elsewhere [21, 22]. Briefly, the spectrum and the spectral phase
are sampled on a grid of 128 points. A spectral phase ϕ(ω) cor-
responds to one individual for the algorithm while the phase at a
given frequency corresponds to the gene of the individual. The
algorithm starts with a population of 900 individuals randomly
selected to explore the whole search space but the population is
reduced to 60 individuals from the second generation. Starting

with the initial population, we calculate for each individual the
differences:

∆G2(ω) = |G2(ω)| −
∣∣∣Gexp

2 (ω)
∣∣∣ , (10)

∆F1(ω) = |F1(ω)| −
∣∣∣Fexp

1 (ω)
∣∣∣ , (11)

∆F2(ω) = |F2(ω)| −
∣∣∣Fexp

2 (ω)
∣∣∣ , (12)

where Xi(ω) and Xexp
i (ω) are the optimized and the experimen-

tal contributions respectively. The fitness of each individual is
then assessed by

S = −

∫
|∆G2(ω)| + R1 |∆F1(ω)| + R2 |∆F2(ω)| dω (13)

where R1 and R2 are factors to confer the same weight to the
three contributions in the fitness function. They are defined as:

R1 =

∫ ∣∣∣Gexp
2 (ω)

∣∣∣ dω∫ ∣∣∣Fexp
1 (ω)

∣∣∣ dω
, (14)

R2 =

∫ ∣∣∣Gexp
2 (ω)

∣∣∣ dω∫ ∣∣∣Fexp
2 (ω)

∣∣∣ dω
. (15)

(16)

For each new generation, the 10 best individuals (i.e. those
maximizing S in Eq. 13) are cloned and the algorithm generates
from these “parents” 50 new individuals or “children” with
crossover and mutation. The mutation procedure is twofold.
For a part of the children, the phase of very few genes (between
2 and 4%) is changed totally randomly while for the others, the
phase of about 10% of the genes is muted by adding a random
value within a range that is reduced along the optimization
procedure. The algorithm thus produces a new population
based on the success of the previous one and iteratively adjust
the spectral phase to fit with the experimental measurements.
Typical convergence is obtained within 200 generations taking
less than 10 s on a standard laptop.

4. Results

Experiments are carried out with an optical laser source
based on a Ti:sapphire chirped pulse amplifier delivering pulses
of 100 fs duration, centered around 796 nm, at 1 kHz repe-
tition rate. A NOPA (noncollinear optical parametric ampli-
fier) generates the pulse of wavelength λ0=1450 nm and du-
ration 70 fs. The beam then pass through a standard pulse
shaper device based on a programmable 1D dual mask LC-SLM
array (SLM-320d from Jenoptik) within a 4 f zero-dispersion
line [23, 24] composed of a pair of diffraction gratings (600
grooves/mm) and a pair of cylindrical mirrors (400 mm focal
length). The spectral sampling of the shaper has been mea-
sured to 55.9 GHz/pix leading to a temporal window [24] for
the shaping ∆τ = ±17.8 ps. The device provides a full con-
trol over the spectral phase and amplitude of the field but phase
shaping only was applied in this work. Various phase modula-
tions have been applied with the pulse shaper and measured by
the BOAR autocorrelator. IAC traces and measurement of the
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Figure 2. Characterization of spectral phases ϕ(ω) applied with the pulse
shaper: (a) unshaped, (b) ϕ(ω) = ±φ(2)/2(ω − ω0)2 with φ(2) = 6000 fs2, (c)
ϕ(ω) = ±φ(3)/6(ω − ω0)3 with φ(3) = 1 106 fs3, (d) triangular phase function
of ±300 fs slope, (e) ϕ(ω) = π/2 ([1+cos(ωτ)] with τ = 200 fs, (f) same as (e)
but with sinus function, (g) same as (e) but with τ = 400 fs, (h) π-phase jump.
The red dashed lines depicts the phase encoded with the pulse shaper and the
blue straight lines the phase retrieved by our device. The dotted black in (a)
corresponds to the spectral amplitude.

pulse spectrum (with a resolution 1.2 THz) are used as input for
the evolutionary algorithm to characterize the laser pulse as ex-
plained in the previous section. Main results, depicted in Fig. 2,
demonstrate the relevance of our device to reconstruct very dif-
ferent spectral phases with a great fidelity. As shown, standard
quadratic or cubic spectral phases have been characterized as
well as with more exotic modulations such as sinusoidal or tri-
angular phase functions. Even a phase step (Fig. 2(h)), which
is notoriously difficult to characterize, has been relatively well
reconstructed. It should be mentioned that the method features
the same ambiguities as those of SHG FROG [4] and particu-
larly the ambiguity of the direction of time (i.e. an ambiguity
between A(ω) and A(−ω) in the frequency domain).

Fig. 3 shows the |F1|, |F2| and |G2| contributions measured
and optimized by the algorithm for some of the spectral phases
presented in Fig. 2. As shown in Fig.3, these contributions

present a very specific signature with the spectral phase en-
abling a good reconstruction of the latter. In addition to the
shape, the relative amplitude is also an important parameter.
Since the theoretical and experimental curves does not have
necessarily the same amplitude, all the theoretical (resp. ex-
perimental) curves have been divided by max[|G2(ω)|] (resp.
max

[∣∣∣Gexp
2 (ω)

∣∣∣]) for evaluating the difference used in the fitness
function in Eq. 13. This global normalization factor (instead
of an independent normalization of all the contributions) pre-
serves the relative amplitude between G2, F1 and F2 as depicted
in Fig. 3. It turns out to be an additional useful criterion for the
reconstruction of the spectral phase by the algorithm.

Figure 3. Left, middle and right columns: |F1 |, |F2 | and |G2 | contributions ob-
tained from the measurements (red dashed line) and from the optimization by
the algorithm (blue straight line) with different spectral phases. Upper line:
quadratic spectral phase of Fig. 2(b), second line: cubic spectral phase of
Fig. 2(c), third line: cosinus spectral phase of Fig. 2(g) and lower line: tri-
angular phase of Fig. 2(d).

5. Conclusion

We have reported the complete characterization of fem-
tosecond laser pulse from the combined measurement of single
shot interferometric autocorrelation and laser spectrum. The
autocorrelator is extremely compact, robust in alignment and
the performance of the overall set-up for the spectral phase
reconstruction is of high quality. The technique could be
further improved in several ways. First of all, the wavelength
range of operation between 1200-2400 nm with a Silicon
camera could be extended in the SWIR region with an InGaAs
camera (from 1800 to 3400 nm). The use of three-photon
instead of two photon-absorption signal can also be envisioned
for a low cost applicability in the deep-infrared. The present
device is already extremely sensitive but it could be even
improved by focusing the beam in the axis perpendicular to
the direction on which the IAC measurement is encoded. This
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could allow the measurement of pulses from fiber lasers. The
present “unfocused” arrangement also offer the possibility of
measuring the radial group delay dispersion, a spatio-temporal
coupling occurring from a misalignment of grating compressor
or affecting a laser beam propagating through prisms or lenses.
Finally, the measurement of the pulse spectrum is performed
in the present work via an additional spectrometer but this
measurement could be integrated to the device. For instance, a
dual one and two-photon detection could be used since a linear
interferometric autocorrelation give access to the spectrum.
Another possibility could be to spread spatially the different
frequencies (via a grating for instance) and to measure it
directly with the two-photon absorption mechanism in the
camera so as to provide the squared spectral intensity.
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