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a  b  s  t  r  a  c  t

In  this  work  the  spatial  measurement  of ultrashort  light pulses  through  two  photon  absorption  (TPA)
is  analyzed.  The  method  is based  on a Michelson  interferometer  configuration  in  a  colliding  geometry
where  the  light  pulses  meet  each  other  in  a  cell with  Rhodamine  B in  ethanol,  which  emits  a fluorescence
eywords:
utocorrelator

nterferometer
PA

that  can  be  detected  with  a  standard  digital  camera.  The  analysis  of  the  experimental  spatial  trace  as
well  as  the  theoretical  derivation  show  that  the  Full  Width  at Half Maximum  (FWHM)  measured  is
FWHMmeasured = FWHMsingle pulse/

√
2 instead  of the  general  value

√
2 FWHM single  pulse of  temporal  or

spatial  collinear  approaches.  The  influence  of  the  pulse  chirp  on  the  measurement  and  the  error  caused
by  the camera  misalignment  are  analyzed.
. Introduction

Through the last decades laser pulses have been decreasing
he temporal width reaching in the actuality up to attosecond
uration [1]. Laser pulses ranging from a few femtoseconds to

 few hundred femtoseconds are reliably produced through dif-
erent mode-locking techniques [2,3], which have been used to
tudy a wide range of ultrafast phenomena [4]. The tempo-
al characterization of these laser pulses is an important aspect
f such investigations to understand the dynamics of the pro-
esses involved. Therefore several techniques such as intensity
utocorrelation [5,6], third order autocorrelation [7], frequency
esolved optical gating (FROG) [8] and many others have been
eveloped.

Nonlinear autocorrelation has been implemented mainly using
wo techniques that are described as follows.

Second order autocorrelation (based on Second Harmonic Gen-
ration, SHG) [9,10] is based on a medium with high second-order
onlinear susceptibility [11]. In order to measure the pulse, this

echnique requires a phase matching and a sensitive detector, typ-
cally a photomultiplier.
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The other method relies on two  photon absorption (TPA) [12],
i.e. the absorption of two coherent photons as a consequence of a
third order nonlinear process [9].

These processes are sensitive to compression of optical power
in time and in space domains because of its nonlinear nature. Espe-
cially the sensitivity of the TPA process to the compression of optical
power in time has widely been used to build systems for auto-
correlation [13], cross-correlation [14], measurement of very short
pulses with TPA photoconductivity [12], and even for optical com-
munication applications.

There are two  approaches for TPA-based pulse measurements:
observing the change in the transmission or luminescence in a
material; and measuring the charge generated by the nonlinear
absorption of the light.

Different interferometer configurations for measuring laser
pulse widths using TPA have been tested, as described in [15],
where a review of the different approaches is provided. Many
schemes are based on a temporal or spatial analysis [16–18], where
by delaying an arm of the interferometer, a temporal or spatial
trace of the TPA emission is mapped with different detectors like
densitometers, photomultipliers, etc.

In this work, an analysis of a spatial autocorrelation setup based
on the TPA-induced fluorescence in an organic dye solution (Rho-
damine B in ethanol) using a Michelson interferometer in a colliding
configuration is presented. A theoretical analysis has been carried

out, including the pulse chirp. Experimental results validate the
analysis and show the difference between the colliding spatial con-
figuration and other approaches. Finally, a calibration method and
the influence of the camera misalignment are discussed.
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Fig. 1. Pulses configuration in a colliding geometry.

. Theory

A theoretical analysis is developed for pulses in a colliding geom-
try (Fig. 1), which will be temporal overlapped in a cell with
hodamine B in ethanol.

The intensity dissipation caused by two photon absorption in
he cell is [9],

∂I

∂X
= ˇ

∣∣E0

∣∣4
(1)

here E0 is the electric field and  ̌ = (3/2ε0n2c2)ω�xxxx, � is the
usceptibility, ω the angular laser frequency, n the refractive index,

 is the light velocity and ε0 the vacuum permittivity.
The electric fields of the two pulses in a colliding configuration

an be described as,

0(y, z, x − vt) = E1(y, z, x − vt)e−i(kx−ϑ1) + E2(y, z, x + vt)ei(kx+ϑ2)

(2)

here v is the propagation velocity of the electric field and k is wave
ector.

Substituting Eq. (2) into Eq. (1),

∂I

∂x
(y, z, x − vt)

= ˇ

⎛
⎜⎜⎜⎜⎜⎜⎝

E4
1(y, z, x − vt) + E4

2(y, z, x + vt)+
+4E3

1(y, z, x + vt)E2(y, z, x − vt) cos(2kx + ϑ2 − ϑ1)+
+4E1(y, z, x − vt)E3

2(y, z, x + vt) cos(2kx + ϑ2 − ϑ1)+
+4E2

1(y, z, x − vt)E2
2(y, z, x + vt)+

+2E2
1(y, z, x − vt)E2

2(y, z, x + vt) cos(4kx + 2(ϑ2 − ϑ1))

⎞
⎟⎟⎟⎟⎟⎟⎠

(3)

The third, fourth and last term of Eq. (3) have a spatial modula-
ion that cannot be resolved by the digital camera. So Eq. (3) leads
o,

∂I

∂x
(y, z, x − vt) = ˇ

(
E4

1(y, z, x − vt) + E4
2(y, z, x + vt)

+4E2
1(y, z, x − vt)E2

2(y, z, x + vt)
)

(4)

The relationship between the electric field and the pulse inten-
ity is given by,

 = ε0cn

2

∣∣E0

∣∣2
(5)

By inserting Eq. (5) into Eq. (4), an intensity dependence result
s achieved,
∂I

∂x
(y, z, x − vt) = ı

(
I2
1(y, z, x − vt) + I2

2(y, z, x + vt)

+4I1(y, z, x − vt)I2(y, z, x + vt)) (6)
26 (2015) 1445–1448

Integrating over the cross sectional coordinates z and y and also
integrating in time, Eq. (6) gives the solution of the spatial trace.
Assuming that I1 and I2 in Eq. (6) are one dimensional Gaussian
pulses propagating in the x direction with the same amplitude and
opposite directions,

I1 = e−(x−vt)2
(7)

I2 = e−(x+vt)2
(8)

Substituting Eqs. (7) and (8) into Eq. (6) and integrating the
expression in time, we obtain∫ ∞

−∞
I2
2dt =

∫ ∞

−∞
I2
1dt =

∫ +∞

−∞
e−2(x−vt)2

dt =
√

�

v
√

2
(9)

4

+∞∫
−∞

I1I2dt = 4

+∞∫
−∞

e−(x−vt)2
e−(x+vt)2

dt = 4e−2x2

+∞∫
−∞

e−2(vt)2
dt

= 4
√

�e−2x2

√
2v

(10)

Applying the result of the integrals (9) and (10) to (6),

S(x) = ∂I

∂x
(x) = ı

(
2
v

√
�

2
+ 4

√
�e−2x2

√
2v

)
(11)

From Eq. (11) we can observe in the second term that the result
is a Gaussian function with smaller variance in comparison to the
original pulse. It can also be seen that there is a constant value (first
term) caused by the independent interaction of the dye solution
with the laser pulses. In consequence the measured Full Width at
Half Maximum (FWHM) is,

FWHMmeasured = FWHMsingle pulse√
2

(12)

The contrast obtained when both pulses have the same ampli-
tude, is [17],

S(0)
S(∞)

= 3 (13)

The factor in the FWHM relation of (13) changes depending on
the pulse shape (e.g. 1.54 for a sech2).

3. Numerical simulation

Numerical simulations have been carried out using Eq. (1)
assuming two  Gaussian pulses with the same amplitude propagat-
ing in x direction where a linear chirping is considered. Hence Eq.
(2) becomes,

E0(x, t) = e
2 ln  2

a2 (x−vt)2

sin
(

nkx − (wt + �bt2)
)

+ e
− 2  ln 2

a2 (x+vt)2

sin(nkx + wt + �bt2) (14)

Assuming c = 0.3 �m/fs, nethanol = 1.361, �laser = 0.8 �m,  b = 0, k =
2�/�, ω = ck,  a = (c/n)T , T = 123.8 fs, and 	 = c/n.

The spatial intensity dissipation caused by two photon absorp-
tion in the cell is obtained as,

S(x) =
∫ ∞

−∞
(E0(x, t))4dt (16)
In Fig. 2a the electrical field is observed. However, the camera
resolution does not allow the observation of these high frequency
oscillations. To reflect this fact in the simulation, we made the
convolution between S(x) and a Gaussian pulse width equal to the
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Fig. 4. Photograph with scattering presence.
ig. 2. (a). Result of Eq. (16). (b) Result of the convolution of (a) with a Gaussian
unction of FWHM = 1.145um (camera resolution).

patial resolution of the camera (2.29 �m)  used in the experiment
Fig. 2b).

Making a fitting with a Gaussian function in Fig. 2b, we  obtain a
WHM = 19.43 �m,  which gives a temporal width of 124.65 fs. The
ontrast between the peak of the signal and the back is three, which
s in agreement with theory.

Decreasing the resolution of the camera, the obtained pulse
idth is closer to the theoretical value (19.31 �m).

Chirp in the pulses is simulated by making b /= 0 in Eq. (14). The
ffect of pulse chirp on the autocorrelation setup has been ana-
yzed using an instantaneous frequency value of f (t) = f0 − (t50 ∗
0−6/fs2). It corresponds with the chirp value of the laser used in
he experimental setup measured with the FROG technique.

The simulation shows no changes in Fig. 2b, even when the
hirping was incremented one order of magnitude.

. Experiment

The experimental setup sketched in Fig. 3 was  used to vali-
ate the analysis. The pulses were obtained from a mode locked
i:Sapphire laser, with 80 MHz  frequency rate, 1 W average power,
00 nm wavelength, and 124 fs pulse duration (MAI TAI, Spectra
hysics). Fig. 3 shows a Michelson interferometer in a colliding
onfiguration with a stepper motor in the delay line and a cell with
hodamine B in ethanol where the pulses are temporal overlapped.
To avoid light scattering in the cell caused by the interaction of
ust particles with the laser (Fig. 4), a filter in front of the camera
o remove the 800 nm laser wavelength has been used. Since the

ig. 3. Configuration of the Michelson spectrometer; M.1, M.2, M.3, M.4, M.5, M.6,
7  are the mirrors; B.S. is the beam splitter; L.1, L2 are the lens with 5 cm focal dis-

ance; D.S. is the delay stage, MO.  is the stepper motor; C. is the cell with Rhodamine
 where the pulses overlapped.
Fig. 5. (a), (b). Images of two different places of the temporal overlapped pulses.

fluorescence emission of Rhodamine B is close to 600 nm [19], the
filter does not affect the desired signal.

The image is captured with a commercial camera (Sony DSC-
H9). In Fig. 5 the spatial measurement is shown for two different
delay line positions.

4.1. Results

In order to improve the quality of the image and increment the
signal to noise ratio, we  made a spatial average in the rectangle
shown in Fig. 5a and 5b, obtaining Fig. 6 by adding both images.

The contrast between the peak and the background is 1.2. It is
less than the theoretical value, 3 [17], because we did not have the
same laser intensity in each arm of the interferometer and they are
not perfectly overlapped.

Calibration is needed to know the pixel length. In order to obtain
the pixel/length ratio, we  first took a picture in a certain posi-
tion (Fig. 5a) where the pulses are temporal overlapped. Then, we
moved the motor a number of steps equivalent to a length L, and
we take a new picture (Fig. 5b). From these, we obtained the scale,
because the number of pixels between the peaks shift is equal to
L/nethanol (see Fig. 6), and the camera resolution.

By fitting with a Gaussian function the fluorescence of the
overlapped pulses from Fig. 5a, a FWHM  of 19.46 �m (Fig. 7)
is obtained. Applying Eq. (12) gives, FWHMsingle−pulse−temp =√

FWHMmeasured 2(n/c) = 124.85 fs

To validate the performance of the autocorrelator, the pulses
were also measured using a commercial FROG instrument,

Fig. 6. Spatial average of the two images sum.
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Fig. 7. Dots are the measure fluorescence and in solid line there is a fitting by a
Gaussian function.
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ig. 8. Camera misalignment; u is the pulse width,  ̨ is the angle between the cell
nd the camera, and d is the ray projection onto the camera.

btaining 123.8 ± 0.02 fs, which is similar to the experimental
esult by our method.

.2. Error analysis

The spatial measurement technique is sensitive to error due to
he misalignment between the cell and the orthogonal camera, as
hown in Fig. 8, where is assumed for simplicity that the intensity is
onstant in the overlapping area, i.e. it is a rectangle. The projection
nto the camera, d, can be achieved through ray projection,

 = u(cos  ̨ + sin ˛) (17)

here u is the pulse width and  ̨ is the angle between the cell and
he camera.

Eq. (17) shows that since always d ≥ u, any misalignment will
ncrease the pulse width. For example  ̨ = 5◦ increases the pulse

idth in an 8.3%.
Another source of error in the measurement comes from

he camera resolution. In particular, in the experiment it was
1.145 �m = ±5.2 fs.

There is no evidence of pulse dispersion caused by the ethanol
r from the polypropylene cell. For laser pulse widths smaller than

 fs, the spectral bandwidth of Rhodamine B should be taken into
ccount.

. Conclusions
In this paper we have described a spatial analysis for mea-
uring ultrashort light pulses using two photon absorption in

 colliding geometry. It has been shown both theoretical and
xperimentally that the spatial pulse width measured with

[

26 (2015) 1445–1448

Gaussian pulses is FWHMmeasured = FWHMsingle pulse/
√

2, which
leads to a result different from the classic temporal or spatial
collinear analysis where the autocorrelation gives FWHMmeasured =
FWHMsingle pulse

√
2 [16–18]. A method to calibrate the system

using a commercial camera has also been analyzed. The experi-
mental results agree with the numerical and theoretical analysis
with an uncertainty of 5 fs. Chirp has also been taken into account
showing no influence in the pulse measurement. Finally, an analysis
of the camera misalignment has also been provided.
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