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1)Laboratoire Interdisciplinaire CARNOT de Bourgogne, UMR 6303 CNRS-Université Bourgogne Franche-Comté,
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A simple and compact single-shot autocorrelator is presented and analyzed in details. The autocorrelator is
composed of two elements only: a Fresnel biprism used to create two temporally-delayed replicas of the pulse
to characterize and a camera in which two-photon absorption takes place. The two-photon absorption signal
obtained in the camera can be used to retrieve the pulse duration, the frequency chirp, and the pulse spectrum
provided that a gaussian temporal shape is assumed. Thanks to its extreme simplicity, the autocorrelator is
robust and easy to align. As it does not use any nonlinear crystal, its spectral working range is very broad
(1200-2400 nm). The presented design can characterize pulse duration from 25 fs to 1.5 ps. Nevertheless, it
is shown that using a NaCl biprism instead should allow to measure pulse duration down to 12 fs. Finally,
a proof-of-principle demonstration is also performed in a wavelength range located further in the infrared
(1800-3400 nm) by using a InGaAs camera.

I. INTRODUCTION

The apparition of mode-locked lasers in the mid-60s
raised the problem of ultrashort laser pulse characteriza-
tion. Since the characteristic time scale of electronic was
overwhelmed, optical techniques had to be developed.
Ultrafast lasers kept evolving and the need for charac-
terization increased with the performances of the lasers.
A breakthrough was made when the Chirp Pulse Ampli-
fication lasers appeared and over the past three decades,
ultrashort laser pulse characterization has been a major
concern for laser physicists. Substantial effort are still
made to develop and improve multitudinous techniques
of characterization1–3. Indeed, the optical pulses char-
acterization is a rather complex problem that is highly
dependent on the lasers characteristics. There are many
different approaches and each of them having advantages
and drawbacks. The choice of a techniques has to be
made in consideration of the laser experimental condi-
tions. As the research in the field has been very active,
there is numerous different techniques of characteriza-
tion and some of them are very atypical4–21. We present
here, a new technique for ultrashort pulses characteriza-
tion based on single shot interferometric autocorrelation
and two photon absorption. The devices and technique
are so called, Biprism based Optical Autocorrelation with
Retrieval (BOAR). It is a simple and compact single shot
autocorrelator composed by only two elements: a Fres-
nel biprism and a camera. The latter is used to detect
incident photon with energy lower than its absorption
band gap, the only way to produce a signal is therefore
to absorb two photons. This two-photon signal is a spa-
tial interferogram that can be used to retrieve the pulse
duration, the frequency chirp and the pulse spectrum.
There is no non-linear crystal and no phase matching is-
sues, the spectral working range is therefore very broad
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(1200-2400 nm with a silicon based camera and 1800-3400
nm with an InGaAs camera). For the sake of brevity,
we compare here our technique with the most common
ones (Autocorrelation13,22–24, FROGs12,25–34 and Spec-
tral Interferometry35–44), and more atypical ones that
are related to our technique18,21,31,45–52. Although auto-
correlation needs an assumption on the temporal profile
and it does not provide the exact pulse duration, it is the
most simple and most robust technique, and therefore it
is still widely used. Our technique is even more simple
and more robust than an usual autocorrelator, although
it allows to estimate the spectral phase and amplitude
just like a FROG or a SPIDER. Spectrographic tech-
niques like FROGs have a large working range and are
suitable for complex and very chirped pulses2,29,30. They
also have the advantage to be intuitive since an experi-
enced user is able to estimate the chirp and its order
just by looking at the frog trace. The disadvantage of
FROGs is the heavy iterative algorithm that is needed
to retrieve the phase. However it is still possible to re-
trieve the phase in real time53 and some more powerful
retrieval methods have recently appeared2,54,55. Spectral
phase interferometry based technique like SPIDER35 or
SRSI56 have the advantage to retrieve the phase by di-
rect Fourier Transform calculation. However, the work-
ing range is very narrow and measurements are possible
only when the pulse duration are not too far from the
Fourier limit. The BOAR is actually combining all ad-
vantages: as an autocorrelator, it is therefore extremely
robust, it is suitable for rather chirped pulses and the re-
trieval is done directly by Fourier transformation of the
interferogram in the time domain (i.e., an interferogram
with encoded time). However the retrieval is direct and
rapid if a Gaussian spectral profile is assumed, otherwise
the calculations becomes heavier. Also BOAR relies on
a single shot device and therefore it makes an important
difference on the accessible information compared to mul-
tishot devices. The latter gives only an average measure-
ment in time (on all the pulses required to obtain a mea-
surement) and an average measurement in space57 (the
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beam is focused in multishot devices). On the contrary,
single shot devices allow to access to pulse to pulse fluctu-
ations and in this case the measurement is also spatially
resolved58–60. It is therefore a pertinent information to
evaluate the quality and stability of a laser system. Fur-
thermore, it is known that the proper way to characterize
stability performances is on a single shot basis61–64. In
the following, we present the conception of the BOAR
and the associated theory, experimental measurements,
and numerical simulations. The latter are compared with
the experimental data and then are used to determine the
working range of the BOAR, the validity and accuracy
of the results according to the experimental conditions.

II. BASIC PRINCIPLES OF THE BOAR

The Biprism based Optical Autocorrelator with Re-
trieval (BOAR) relies on two basic principles: the cre-
ation of two identical temporally delayed sub-pulses from
the pulse to be measured and a nonlinear optical effect.
These two steps are respectively performed with a Fres-
nel biprism and a camera in which two-photon absorption
occurs. The combination of these two elements makes the
BOAR extremely compact, calibration-free and robust in
alignment.

A. Geometrical considerations

Figure 1(a) illustrates the basic principle of the auto-
correlator. The creation of the two replica is performed
by means of a Fresnel biprism having an Apex angle
A, a refractive index n, a thickness e0, and a height
H (it will be supposed hereafter that the laser beam
is larger than the biprism, i.e., that the biprism is the
pupil of the optical system). The propagation of the laser
pulse in the biprism leads to the creation of two identical
beams crossing with an angle 2α in a plane parallel to
the biprism input face, where α = asin [nsinβ] − β and
β = π/2 − A/2. The optical path difference of the two
beams imposes a temporal delay given in first approxima-
tion by ∆τ = 2xsinα

c , where x is the distance relative to
the propagation axis z. The temporal information is then
directly transposed in the spatial domain, then allow-
ing single-shot pulse duration measurements, provided
that the integration times of the camera is shorter than
the repetition period of the laser to be measured. The
optimal distance dopt at which the two beams perfectly

spatially overlap is given by: dopt = H
4

(
1

tanα − tanβ
)
.

At this optimal distance, the temporal window ∆τmax is
given by: ∆τmax = H

c sinα (1− tanα tanβ). Note that
these formula are obtained assuming that the laser pulse
propagates at phase velocity in both the biprism and air,
which leads to slightly underestimate the pulse duration.
This can be corrected by applying a proportionality fac-
tor κ = 1 + ω0cosα

ncosα−1
∂n
∂ω to the retrieved pulse duration

β

A

α

x

z

τ=2xsin(α)/c
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H z
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Figure 1. (a) Principle of the autocorrelator BOAR device.
The black line is a typical experimental two-photon absorp-
tion signal recorded by the camera. (b) Experimental setup.
The two cylindrical mirrors M1 and M2 (f = −25mm and
f = 125mm, respectively) are used for increasing the beam
size in the horizontal direction by a factor of 5 and FB is the
Fresnel biprism.

that takes into account the fact that the pulse envelope
propagates at the group velocity.

B. Two-photon absorption

1. General formulas

The optical autocorrelation is performed by two-
photon absorption in a camera having a pixel size dx
and a number of pixels N along x placed at the dis-
tance d from the biprism output. The bandgap Ug of
the semiconductor material composing the camera pix-
els is chosen in the interval hc

λ < Ug < 2hc
λ , where h is

the Planck constant, c is the light celerity, and λ is the
central wavelength to be measured. For instance, a sili-
con (resp. InGaAs) camera (Ug = 1.11 eV) can be used
for measuring pulse duration in the [1200-2400 nm] (resp.
[1800-3400 nm]) spectral range.
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Considering the total complex electric field ε(t, τ) =
ε1(t) + ε2(t − τ) hitting a pixel of the camera, where
ε1(t) = A1(t)e

iω0t (resp. ε2(t) = A2(t)e
iω0t) is the field

at frequency ω0 = 2πc/λ coming from the upward (resp.
downward) face of the biprism, the photocurrent Iphot
induced by two-photon absorption in one pixel of the
camera will is:

Iphot(τ) ∝
∫

|ε2(t, τ)|2dt. (1)

Assuming a perfect balance between the two replicas am-
plitudes (A1 = A2 = A), the photocurrent is given by:

Iphot(τ) ∝ G2(τ)+F1(τ)cos(ω0τ)+F2(τ)cos(2ω0τ), (2)

where

G2 = 2

∫
I2(t)dt+ 4

∫
I(t)I(t− τ)dt,

F1 = 4

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

F2 = 2

∫
Re

(
A2(t)A∗2(t− τ)

)
dt,

(3)

and where I = |A|2 is the field intensity. The contribu-
tions G2, F1, and F2 oscillate at very different frequen-
cies (ω=0, ω0, and 2ω0, respectively). Therefore, their
relative contributions to the two-photon signal Iphot can
be easily distinguished by an appropriate frequency fil-
tering. One has to emphasize that the two-photon ab-
sorption signal then can be used to determine the central
frequency of the laser to be measured provided that the
optical characteristics of the biprism (Apex angle and
refractive index) are well determined. Note that, since
a part of the autocorrelation evolves with a frequency
around 2ω0, this imposes an upper limit on the spatial
resolution of the optical system. Indeed, for resolving
F2, the camera pixel size has, at least, to be smaller than
four times the interference period, i.e.,

dx ≤ λ0/(8sinα). (4)

2. Autocorrelation measurement assuming chirped
gaussian pulses

As every autocorrelator, an assumption about the tem-
poral shape of the pulse has to be done so as to re-
trieve the pulse duration from the measurement. One
of the widely used assumption is to consider a gaussian
profile, possibly with a quadratic spectral phase. More
particularly, if one imposes a quadratic spectral phase
Φ(ω) = Kω2 on a Gaussian electric field with an enve-

lope A(t) = e
−t2

σ2
t (and its associated spectral amplitude

Ã(ω) ∝ e
−σ2

t w2

4 ), the electric field complex envelope be-
comes:

A(t) = e
−t2

σ2
tc e−iat2 , (5)

with σtc =

√
σ4
t+16K2

σt
and a = −4 K

σ4
t+16K2 . According to

these definitions, σt (resp. σtc corresponds to the Fourier-
Transformed limited (resp. effective) pulse duration, and
a is the temporal phase. In this case, G2, F1, and F2

reads respectively:

G2(τ) = 1 + 2e
− τ2

σ2
tc ,

F1(τ) = 4 cos
aτ2

2
e
− τ2

2

(
1

σ2
tc

+ 1

2σ2
t

)
,

F2(τ) = e
− τ2

σ2
t .

(6)

A few remarks can then be done regarding the above
expressions. First, the low-frequency part of the auto-
correlation (G2) gives access to the chirped pulse dura-
tion. However, a chirped pulse and a Fourier-Transform
limited pulse with same duration produce the same sig-
nal for G2. Note that G2 embeds an offset induced by
the two-photon absorption signal produced by the two
replicas taken individually. As discussed below, the pres-
ence of this offset can be detrimental for an accurate fit
of the pulse duration. Secondly, the contribution oscil-
lating around 2ω0 (F2) is insensitive to the chirp and
gives access to the unchirped pulse duration. More par-
ticularly, the amplitude of the Fourier Transform of F2

corresponds to the field spectrum amplitude. Finally, the
contribution F1 oscillating around ω0 is sensitive to both
the pulse duration and the chirp. This function, however,
is ill-suited in the case of highly chirped pulses. Indeed,
this function tends to a distribution that is independent
on the chirp applied to the field:

F1(τ) ∼
K→∞

e
− τ2

4σ2
t . (7)

As a consequence, particular care must be taken if one
uses this function for retrieving the effective pulse du-
ration, in particular if the spatial profile of the beam is
noisy.
To conclude, the pulse duration can be retrieved in two
different ways. The first method consists to fit G2. The
drawback of this measurement lies in the fact that this
contribution is very sensitive to the quality of the beam
profile. Indeed, since this contribution is a low-frequency
oscillating function, almost all the noise coming from the
beam shape imperfections is transferred on it. Moreover,
the knowledge of G2 does not provide any information
on the frequency chirp. The second method is to use the
combination of F1 and F2. First, the Fourier-Transform
limited pulse duration is retrieved by fitting F2, which
also gives the pulse spectrum as described above. Then,
the absolute value of the chirp parameter K, and conse-
quently, the chirped pulse duration, can be determined by
fitting F1. As mentioned above, the determination of K
is limited to moderate chirps most currently encountered
in real experiments. Note that the two methods can be
performed simultaneously and independently, improving
then the accuracy of the measurement.
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III. EXPERIMENTAL SETUP AND RESULTS

The optical design of the autocorrelator is depicted
in Fig. 1(b). Before the Fresnel biprism, a cylindrical
reflective telescope, composed by two cylindrical mir-
rors (f = −25mm and f = 125mm, respectively) in-
creases the beam size by a factor of 5 in the horizon-
tal direction, direction on which the pulse duration mea-
surement is performed. The telescope ensures that the
beam size does not limit the range of pulse durations
that can be measured by the autocorrelator. Then, a
A=160◦ 1.7mm thick fused silica biprism (Newlight Pho-
tonics) is mounted in a manual rotation stage. Using this
biprism and after correction coming from the difference
between phase and group velocities, the total delay range
∆τmax is then ∆τmax ≃ 5.5 ps and the optimal distance is
dopt = 6.3 cm. The camera used in the autocorrelator is
a 12 bits silicon CMOS camera (Basler acA3800-14um).
The minimal integration time is 35µs, which makes the
autocorrelator single-shot for lasers with a repetition rate
lower than 28 kHz. The camera can be externally trig-
gered with a 14Hz maximal frame rate. The pixel size
of the camera is dx=1.67µm, which fulfills the condition
given in Eq. 4 in the whole spectral range of interest.
In the horizontal direction, the camera has 3840 pixels,
which gives a 6.4mm sensor size. Accordingly, the total
delay range accessible with the present camera is only
3.5 ps, while the upper limit imposed by the biprism is
5.5 ps. As a consequence, since the camera field of view
actually limits the delay range, the biprism was placed
at a distance d = 4.7 cm, i.e. before dopt. The rotation
of the biprism is adjusted by aligning the interference
fringes along the vertical dimension of the camera. The
signal is transferred by USB 3.0 to a computer for fur-
ther processing. While the refractive index of the ma-
terial composing the biprism (in the present case, fused
silica) is well known, the calibration of the Apex angle
has been accurately performed prior to any autocorre-
lation measurements by illuminating the optical system
with a HeNe laser and by measuring the interferences
fringes spacing on the camera. The calibration procedure
finally led to A = 160.220◦±0.005◦. The laser character-
ized during the experiment is a commercial non-collinear
optical parametric amplifier pumped by a 100 fs 800 nm
chirped pulse amplified laser and delivers femtosecond
laser pulses in the [1200-2400 nm] wavelength region. Fig-
ure 2(a) shows a typical signal recorded with the auto-
correlator for a laser wavelength set at λ0=2020 nm. A
fast Fourier transform along the horizontal dimension al-
lows to easily separate the three oscillating functions G2,
F1 and F2 that are shown in Figs. 2 (b-d). At the same
time, knowing that F1 and F2 oscillates around ω0 and
2ω0 respectively, the central wavelength of the laser is
estimated to be λe = 2022 nm, in very good agreement
with the expectations. The retrieval procedure applied to
G2 gives a pulse duration (FWHM) ∆t ≃76 fs. Using F1

and F2, one obtains ∆t ≃77 fs (in very good agreement
with the result obtained with G2), a Fourier-Transform
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Figure 2. Autocorrelation obtained for a pulse at 2020 nm
(a) and the associated oscillating function G2 (b), F1 (c), and
F2. The measurement of the pulse duration performed at the
output of the NOPA is shown in blue while those done after
propagation in a 1.4 cm BK7 plate is depicted in dashed red.

limited pulse duration ∆tFTL ≃57 fs and a group delay
dispersion (GDD) of ±1050 fs2. Then, the same proce-
dure has been performed after having inserted a 1.4 cm
thick BK7 plate in the laser path [Figs. 2(b-d)]. As ex-
pected, the contribution oscillating around 2ω0 remains
unchanged while both G2 and F1 gets broader than in the
case without the plate. The fit of G2 leads to ∆t ≃137 fs
while those of F1 and F2 leads to ∆t ≃145 fs, a Fourier-
Transform limited pulse duration ∆tFTL ≃56.7 fs and a
group delay dispersion (GDD) of ±2720 fs2. Accordingly,
one can estimate that the GDD introduced by the BK7
plate is about 1670 fs2, in good agreement with the theo-
retical expectation (1450 fs2) calculated from a Sellmeier
formula.
As discussed in the above section, F2 can be used for
estimating the laser spectrum. In order to confirm this,
the spectrum retrieved with the autocorrelator has been
compared with those actually measured with a commer-
cial spectrometer (NIRQUEST from Ocean Optics) in
the case of a laser pulse centered around λ0=1820 nm.
As shown in Fig.3, the spectrum estimated by the auto-
correlator agrees well with the spectrum measured with
the commercial spectrometer.
Usually, autocorrelators are sensitive to the input po-

larization. This is because almost autocorrelators are
based on second-harmonic generation, which is a strongly
polarization-dependent process. Accordingly, in such ap-
paratus, the input pulse has to be linearly polarized in a
particular direction. Since the presented autocorrelator
is based on a different process (two-photon absorption),
one can wonder which polarization has to be used during
the measurement. The two-photon absorption process
is a priori a polarization dependent process due to the
tensor nature of the two-photon absorption cross-section.



5

Wavelength (nm)
1700 1800 1900 2000

S
p

e
ct

ru
m

 (
a

rb
. u

n
it

s)

0

0.2

0.4

0.6

0.8

1

Spectrometer

BOAR

Gaussian fit

Figure 3. Laser spectrum measured with a commercial spec-
trometer (blue solid line) and evaluated with the BOAR (red
dotted-dashed line). The black dashed line is a gaussian fit of
the spectrum measured with the spectrometer. The central
wavelength of the NOPA is set to 1820 nm.

-800 -400 0 400 800
Time (fs)

0

2

4

6

8

S
ig

n
a

l (
a

rb
. u

n
it

s)

-800 -400 0 400 800
Time (fs)

0.6

0.8

1

S
ig

n
a

l (
a

rb
. u

n
it

s)

-800 -400 0 400 800
Time (fs)

0

0.2

0.4

0.6

0.8

1

S
ig

n
a

l (
a

rb
. u

n
it

s)

-800 -400 0 400 800
Time (fs)

0

0.2

0.4

0.6

0.8

1

S
ig

n
a

l (
a

rb
. u

n
it

s)

Linear Circular

(a) (b)

(c) (d)

G
2

F
2

F
1

Figure 4. Comparison between experimental autocorrelations
obtained for a linearly (dashed red) and circularly (solid blue)
polarized pulse (a) and the associated oscillating functions G2

(b), F1 (c), and F2 (d) in the case of a 1400 nm laser pulse.

In order to check the polarization dependence, a Berek
compensator has been inserted before the autocorrelator.
This compensator allows to impose any polarization to
the pulse to be measured. The comparison between lin-
ear and circular polarizations is depicted in Fig. 4. Apart
a slightly less intense signal obtained in the circular case,
the two measured autocorrelations are almost identical
and the fitting procedure gives the same results in both
case. Note that the autocorrelator has been also tested
in the cases of elliptical polarizations and gives the same
result.

IV. FULL-SPATIO TEMPORAL DYNAMICS

Since the temporal characteristics of the pulse is trans-
posed in the spatial domain, the spatial beam shape
can affect the autocorrelation measurement. It is then
of prime importance to characterize the spatio-temporal
shape of the laser pulse in particular at the plane at
which the camera is placed. To this end, full spatio-
temporal propagation simulations have been performed
so as, first, to validate the experimental protocol and,
second, in order to quantify potential limitations of the
autocorrelator. In order to mimic as close as possible
the experimental configuration, a H = 2 cm fused sil-
ica biprism with an 160◦ Apex angle has been consid-
ered. Accordingly, the expected delay range accessible
with this biprism is about ∆τmax =5ps and the optimal
distance is dopt ≃6.3 cm. The central wavelength of the

laser has been set to λ0=2µm. The spectrum Ẽ(x, ω) of
the electric field E(x, t), chosen to be as close as possible
to the experimental conditions presented here, reads in
good approximation after the biprism:

Ẽ(x, ω, d = 0) = E0e
− x6

σ6
p e

− x2

σ2
x e−

σ2
t ω2

4 eiKω2

eiΦ(x,ω)cos (ω0t) .
(8)

The super-gaussian function (σp=0.98 cm) additionally
superimposed to the spatial profile mimics the geomet-
rical truncation induced by the biprism, the latter being
smaller than the beam size (σx=3.4 cm) after its magni-
fication by the cylindrical telescope. Finally, Φ(x, ω) is
the frequency-dependent phase introduced by propaga-
tion through the biprism. The latter reads:

Φ(x, ω) = n(ω)ωe(x)/c+ ωl(x)/c, (9)

where e(x) [resp. l(x)] is the thickness of the fused silica
(resp. air) crossed by the ray arriving at a given height
x at the output of the biprism:

e(x) =

(
H

2
− |x|

1− tan [α(ω)] tanβ

)
tanβ,

l(x) = |x| sinβ

cos [α(ω) + β]
.

(10)

The introduced phase then takes into account the fact
that the central part of the laser pulse experiences a
stronger dispersion than the outer region because of a
longer propagation path through the biprism. It also
takes into account, through the frequency dependence of
α, that the frequencies within the pulse spectrum are
not deviated exactly with the same angle because of the
refractive index dispersion. These two parameters are
those limiting the measurement of very short laser pulses
as it will be described below. In the case of small angle,
after a propagation distance d in the air, the electric field
becomes in the Fourier space:

Ẽ(kx, ω, d) = Ẽ(kx, ω, 0)e
i[kair(ω)−k2

x/(2kair(ω))]d, (11)
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Figure 5. Spatio-temporal distribution of the pulse intensity
at d = dopt.

where kair(ω) = nair(ω)ω/c, kx is the conjugate variable
of x in the reciprocal space and nair is the frequency-
dependent refractive index of the air. The spatio-
temporal distribution of the electric field E(x, t, d) is then
easily retrieved by an inverse Fourier-Transform in both
space and time. Figure 5 shows the spatio-temporal dis-
tribution of the pulse intensity at d = dopt. The two parts
of the beam coming from the two faces of the biprism
intersect and interfere at the center because they tem-
porally overlap. Note that the part of the energy lo-
cated at positive times comes from the central edge of
the biprism. Because of the discontinuity, it experiences
diffraction so that oscillations can be noticed in the spa-
tial profile. The photocurrent induced by two-photon
absorption is then calculated by using Eq. 1 as exempli-
fied in Fig. 6(a) for d = dopt = 6.3 cm in the case of a
λ0 = 2µm 100 fs Fourier transform limited laser pulse.
Then, the three oscillating functions F2, F1, and G2 are
isolated by a spectral filtering [Fig. 6(c)] and fitted using
Eqs. 6. As explained earlier, working at d = dopt pro-
vides the largest temporal window. However, because of
the gaussian spatial profile, the offset is not uniform at
this distance, which can be detrimental to correctly fit G2

using Eq. 6. For solving this issue and since the camera
size actually limits the duration range that can be mea-
sured, a slightly shorter distance (d = 4.7 cm) was chosen
experimentally so as to obtained a flat offset over the full
temporal window. The numerical two-photon absorption
signal obtained in this case and the associated oscillating
functions are shown in Figs. 6(b) and (d), respectively.
Finally, the output of the propagation code has been
compared to the experiments (see Fig. 7). The pulse pa-
rameter chosen in the simulation are those retrieved by
the fit procedure during the experiment (∆tFTL =57 fs
and ∆t=77 fs). As shown, the simulation is in excellent
agreement with the experiment, which then validates the
propagation code.
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Figure 6. Typical theorical autocorrelation signal obtained
by two-photon absorption with a 160◦ fused silica biprism
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where the biprism is placed experimentally (d = 4.7 cm) for
a λ = 2µm, 100 fs pulse. The associated oscillating functions
obtained after a spectral filtering are shown in (c) and (d)
respectively.
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Figure 7. Comparison between the propagation code (red)
and the experiment (blue). The Fourier-Transform limited
(resp. chirped) pulse duration of the pulse is 57 (resp. 77) fs.
The central wavelength is 2020 nm.

A. Limitations of the autocorrelator

1. Pulse durations working range

Two distinct factors limit the pulse duration range that
can be measured by means of the presented autocorrela-
tor. The minimal FTL pulse duration that can be mea-
sured is limited by the group velocity dispersion occur-
ring during the propagation through the biprism. In the
case of a Fourier transform limited pulse, the propaga-
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tion within the biprism will make the pulse longer. More
particularly, it can be shown that the quadratic phase
introduced by the biprism Φp is in good approximation

Φp =
k(2)(ω0)

2
ω2eeff, (12)

where k(2)(ω0) = ∂2k/∂ω2(ω0) is the group velocity dis-

persion of the biprism material, eeff = e0

(
1− d

2dopt

)
is

the effective thickness of the biprism and e0 = H
2 tanβ is

the thickness of the biprism at the center. The propaga-
tion code described above was used to quantify the min-
imal and maximal pulse durations that can be measured
with our autocorrelator. For a given and known initial set
of parameters (FTL pulse duration and frequency chirp),
the autocorrelation signal was numerically evaluated, giv-
ing in turn the three contributions G2, F1 and F2 after an
appropriate spectral filtering. Then, these extracted con-
tributions were fitted as it is done in experiments. The
resulting fits then give access to the evaluated FTL pulse
duration and frequency chirp, which can be compared
to the initial set of parameters. The difference between
the initial conditions and the fit of the parameters then
gives the error introduced by the measurement appara-
tus itself. Figure 9(a) shows the relative error made by
the pulse duration measurement as a function of the in-
put pulse duration (full width at half maximum) in the
conditions used during our experiment. The measure-
ment of F2 (FTL pulse duration) is almost not affected
by the propagation through the biprism. This is because
F2 is insensitive to the chirp, and consequently, to the
group velocity dispersion induced in the biprism. In fact,
the only thing that introduces an error is the frequency-
dependence of the refraction angle at the biprism out-
put leading to an angular chirp. However, this effect
remains marginal for pulses longer than 15 fs if a fused
silica biprism is used. On the contrary, the retrieved
chirped pulse duration (using either G2 or F1) is longer
than expected, in particular, for very short pulses and
well fits the duration expected if one considers the dis-
persion induced by the propagation within the biprism.
This means that the main effect introducing an error in
the pulse measurement comes from the dispersion intro-
duced by the propagation within the biprism and can be
easily compensated during the fit algorithm. If the tol-
erance is set to 10%, the minimal pulse duration that
can be measured in this condition (i.e., with a fused sil-
ica biprism) is about 25 fs. More particularly, setting a
10% tolerance in the pulse duration measurement and
considering the biprism-induced groupe velocity disper-
sion only, one can show that the minimal pulse duration
(FWHM) measurable with the present setup is given by:

∆tmin(ω0) = 2
√
log(2)k(2)(ω0)eeff

(
1.12 − 1

)1/4
. (13)

Since the group-velocity dispersion of the biprism is not
constant over the full spectral window, the minimal pulse
duration depends on the pulse central wavelength to be
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Figure 8. Theoretical minimal pulse duration measurable
with the present autocorrelator as a function of the pulse
central wavelength if one only considers the group velocity
dispersion of the biprism (solid green line) and according to
the full simulations (green squares).

measured (Fig. 8). Note that, this limit can be pushed
below by the use of a NaCl biprism instead of a fused
silica biprism because the former has a smaller group ve-
locity dispersion beyond 1.6 µm. Note also that these
calculations do not take into account the finite spectral
extension of the two-photon absorption band. In par-
ticular, close to the upper and lower limit of the band,
the minimal pulse duration measurable with our auto-
correlator will be limited by the fact that a part of the
pulse spectrum goes beyond the spectral region of two-
photon absorption. Figure 9(b) shows the error made
when such a biprism is used (the apex angle of the latter
has been chosen so as to keep the same deviation angle).
In this case, the minimal pulse duration measurable is
about 11 fs. As far as the maximal measurable FTL pulse
duration is concerned, it is limited by the finite spatial
expansion of the laser beam and does not depend on the
biprism material as it can be noticed by comparing Fig.
9(a) and Fig. 9(b) in the long pulse region. In the cho-
sen configuration, the maximal pulse duration that can
be measured is about 1 ps (FWHM) when using G2 and
slightly more (≃ 1.5 ps) when using the combination of
F1 and F2. This difference is due to the fact that the
quality of the fit of G2 does depend on the offset flat-
ness while these of F1 and F2 do not. In the case of a
chirped laser pulse to be measured, the group delay dis-
persion induced by the propagation through the biprism
impacts the retrieval of the real pulse duration while the
FTL pulse duration retrieval by means of F2 remains ac-
curate. Indeed, the quadratic phase after propagation
within the biprism Φp is:

Φp =

(
K +

k(2)(ω0)

2
eeff

)
ω2, (14)
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Figure 9. Relative error made by the fit as a function of the
FTL pulse duration in the case of a fused silica (a) and NaCl
(b) prism. Relative error made by the fit as a function of
the initial chirp in the case of a fused silica (c) and NaCl (d)
prism for a 60 fs laser pulse. The central wavelength of the
pulse is 2µm.

where K is the quadratic phase parameter of the pulse to
be measured. Depending on the relative sign of K and
the group delay dispersion introduced by the biprism,
the chirped pulse duration effectively measured by the
autocorrelator will be either longer or shorter than the
pulse duration of the input pulse. Figures 9(c,d) show
the relative error of the estimation as a function of K
for a 60 fs (FWHM) 2µm laser pulse when using a fused
silica or a NaCl biprism. For small K, the error is well
fitted by the error introduced by the biprism dispersion.
In the highly chirped case, however, the limiting factor
is not the group velocity dispersion of the biprism but
the finite spatial extension of the laser beam. As it is
the case for FTL laser pulse, the use of G2 for estimating
the laser pulse duration leads to underestimate the pulse
duration in this case. Note also that the use of a NaCl
biprism leads to a smaller error on the pulse estimation
also in this case. It then seems that NaCl should be
preferred for the design of the autocorrelator. However,
apart from the case of very short pulses (<20 fs), fused
silica biprism remains a good choice, in particular if one
takes into account that the fact that NaCl biprisms are
much more costly than silica one.

2. Impact of the spatial quality of the beam

Another experimental parameter affecting the accu-
racy of a single-shot autocorrelator is the spatial beam
quality. Indeed, since the temporal information is trans-
posed in the spatial domain, the presence of noise in the
spatial domain in turn degrades the quality of the pulse

duration retrieval. In order to estimate the error made
when dealing with a noisy laser beam, simulations have
been performed with spatial transverse profiles on which
different noise amplitudes have been superimposed. The
noise used in the simulation has not been chosen as a
completely random function but behaves as 1/kx (where
kx is the spatial frequency), i.e., a low frequency spatial
noise. This choice reproduces somehow the behavior of
the noise effectively affecting amplified laser pulses as it
has also been verified with our own laser system. Fig-
ure 10 shows the relative error made by the fitting proce-
dure for different noise amplitudes (keeping constant the
noise spatial shape) as a function of the chirp amplitude
for a 60 fs 2µm laser pulse. The spatial profile of the
electric field used in the three cases are depicted in the
insets. As expected, the presence of noise is detrimental
for the pulse duration retrieval. At low noise amplitude
[Fig. 10(a)], the error remains limited by the dispersion
and finite spatial extend of the laser pulse. This is not
the case anymore for intermediate and strong noise am-
plitudes. It can be noticed that F2 is almost unaffected
by the presence of noise unlike F1 and G2. There are
two different reasons explaining the different impact of
the noise on the fit accuracy. First, one has to remember
that G2, F1 and F2 evolve around ω = 0, ω = ω0 and
ω = 2ω0, respectively. This difference on the temporal
domain is transposed in the spatial domain by the use of
the biprism. Since the noise mostly affects the low spa-
tial frequency, it impacts more G2 than F1 and leaves F2

almost unaffected. The second reason explaining why F2

is far less impacted than the two other functions is that
G2 and F1 extend on a longer transverse dimension as
the chirp parameter increases. As a consequence, they
are more sensitive to the low-frequency spatial noise. Fi-
nally, as discussed above, the fit accuracy of F1 decreases
for long chirped laser pulse because this function tends to
a chirp unsensitive function as the chirp increases. This
is particularly true in presence of noise on the spatial
profile. Note, however, that the impact of the noise can
be decreased experimentally by a binning of the pixels
over the vertical dimension, which is not used for pulse
duration retrieval. This averaging can be directly per-
formed in the hardware of the camera and/or a software-
performed averaging over the vertical dimension of the
two-photon absorption signal. As shown in Figs. 10, the
presence of noise in the spatial profile mostly impacts the
accuracy of the fit of G2, mainly because the fitting pro-
cedure of the latter is strongly dependent on the offset
flatness.

V. EXTENSION OF THE PRINCIPLE AT LONGER
WAVELENGTHS

As explained above, using a silicon camera allows
to measure pulse durations for pulses located between
1200 nm and 2400 nm, which is the wavelength range of
two-photons absorption of the silicon. Measuring pulse
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Figure 10. Relative error made by the fit as a function of the initial chirp in presence of a low (a), intermediate (b) and strong
(c) noise in the spatial profile for a fused silica 160◦ biprism. The central wavelength of the pulse is 2µm and the FTL pulse
duration is 60 fs. The associated spatial electric field profile is shown in the subpanels.

duration of pulses located at higher wavelengths needs to
adapt the materials composing the detector. A proof-of-
principle experiment was performed by using a InGaAs
camera (Goldeye G-033 from Allied Vision). The cam-
era sensor is composed by 640x512 15µm pixels. The
NaCl Fresnel biprism used in this experiment has a 175◦

Apex angle. Figure 11(a) shows the two-photons absorp-
tion signal recorded by the camera in the case of a 3.1µm
femtosecond laser. As shown in Fig. 11(b) that displays
the Fourier-Transform of the signal, the three contribu-
tions G2, F1, and F2 clearly appears, which confirms the
two-photons nature of the process. By fitting the oscillat-
ing functions F1 and F2 [see Fig. 11(c)], the pulse is found
to be almost Fourier-Transform limited with a duration
of approximatively 95 fs.

VI. CONCLUSION

As a conclusion, a simple and compact single-shot au-
tocorrelator based on two-photon absorption in a camera
and working in the 1.2-2.4µm spectral region has been
presented and analyzed in details. The use of a Fresnel
biprism for generating the two-replicas makes the auto-
correlator extremely robust in alignment. Moreover, it
has been shown that the autocorrelator is insensitive to
the input pulse polarization contrary to almost all ex-
isting autocorrelators. The interferometric nature of the
autocorrelator allows also to extract more information
than a conventional intensimetric autocorrelator. In par-
ticular, it has been shown that the pulse spectrum, the
frequency chirp and the pulse duration can be retrieved if
ones assumes a particular temporal shape. Using a prop-
agation code, the limitations of the autocorrelator have
been analyzed. In particular, using a fused silica biprism,
it has been shown that the pulse duration range accessi-
ble with the presented configuration extends from 25 fs to
about 1 ps. Note that the lower limit can even be lowered
by using a NaCl biprism instead of a fused silica one or
by using a bimirror instead of a Fresnel biprism (i.e., by
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Figure 11. Pulse measurement performed at λ0=3.1µm with
a InGaAs camera. (a) Two-photons absorption signal cap-
tured with the InGaAs camera. (b) Fourier-Transform of the
two-photons signal showing the three different contributions
oscillating at ω=0, ω0, and 2ω0, respectively. (c) Temporal
distribution of F1 and F2. The retrieved pulse duration is
about 95 fs.

using an all-reflective geometry). Finally, the extension
to higher wavelengths (up to 3.4µm) has been demon-
strated by substituting the silicon camera by a InGaAs
one.
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