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Abstract

In this work we report experimental investigations of an intentionally in-
troduced pulse front tilt on femtosecond laser pulses by using an inverted
field correlator/interferometer. A reliable criterion for the precision in align-
ing (in principle) dispersionless systems for manipulating ultrashort pulses
is developed, specifically including cases when the pulse front tilt is a result
of a desired spatio-temporal coupling. The results obtained using two low-
dispersion diffraction gratings are in good qualitative agreement with the
data from a previously developed analytical model and from an independent
interferometric measurement.

Keywords: Ultrafast measurements, femtosecond pulses, pulse front tilt,
inverted field correlator, inverted field interferometer, (auto)correlation
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1. Introduction

The pulse front tilt (PFT) is a specific spatio-temporal distortion of (ul-
tra)fast optical pulses - the pulse front is tilted with respect to the direction
of beam/pulse propagation, while its phase front remains perpendicular to
it. This effect and its measurement becomes interesting for the scientific
community in relation with the generation of femtosecond laser pulses in the
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mid-eighties. With the pioneering work of Bor and co-workers [1] as well as
of Martinez [2], many of the basic properties and relations have been exten-
sively studied in the late eighties-first half of the nineties. Most of them, well
known nowadays, can be found in textbooks (see e.g. [3]). In some cases the
PFT is useful. When the lifetime of an amplifying medium is shorter than the
driving laser pulse, pump pulses with tilted pulse fronts offer the possibility
to progressively deposit the pump energy along the gain medium at a speed
equal to the transient speed of the amplified wave (see e.g.[4, 5, 6, 7, 8]). An-
other example is the efficient phase-matched terahertz radiation generated by
optical rectification of femtosecond laser pulses [9, 10] down to near-single-
cycle terahertz pulse durations [11, 12, 13, 14]. In high harmonic generation
experiments, pulses with tilted fronts enable the production of sources emit-
ting a collection of angularly well-separated light beams, each consisting of an
isolated attosecond pulse [15]. However, when PFT is present, the duration
of the pulse is short only in a limited region of space [16] and the effective
pulse duration increases. The connection between pulse front distortions and
duration of femtosecond pulses have been experimentally analyzed by several
groups. The most notable and exhausting studies besides of [17] are [18, 19].
Tilting of the pulse front of picosecond pulses after traveling through a prism
[20] or diffraction on a grating [21] is well known [16]. The PFT is one of the
major issues in chirped pulse amplification systems [22, 23, 24], caused by
misaligned pulse stretchers and/or compressors. PFT can also occur when
femtosecond pulses are focused [25, 26] or passed through birefrigent crystals
[27]. Even the overlapping of femtosecond pulses with PFT is not simple
anymore [28].

Specific diagnostic techniques for detecting and measuring PFT are avail-
able: tilted pulse front autocorrelation [29, 30, 31], spectrally resolved inter-
ferometry [32], Grating-Eliminated No-nonsense Observation of Ultrashort
Incident Laser Light E-fields (GRENOUILLE) [33], and Cross-correlation
Frequency-Resolved Optical Gating (XFROG) [34]. Angular dispersion and/or
pulse front tilt was measured by several other groups and methods, where
these were used also for alignment of the stretcher/compressor system of e.g.
CPA lasers [35, 36, 37, 38, 39]. The usual interferometric second-harmonic
autocorrelators based on Michelson or Mach-Zehnder-type schemes are not
able to detect PFT unless one of the beams/pulses is inverted in space
[17, 29, 30, 31, 32, 40, 41, 42] or cross-correlation between a tilted and a
non-tilted pulse is realized [41]. In such inverted-field (IF) correlators, the
delay between the pulses also depends on the particular transverse coordi-

2



nate across the beam. Hence, the recorded autocorrelation trace contains
information on the effective broadening of the ultrashort pulse due to the
PFT [40, 42].

In this work we report experimental investigations of intentionally intro-
duced pulse front tilts on femtosecond laser pulses by using inverted field
correlator/interferometer and compare the results with the data from a pre-
viously developed analytical model [43].

2. Theoretical model

Let us describe a Gaussian pulse/beam in a co-moving coordinate system
as propagating along the z-axis, parallel to the time axis t (Fig. 1). For con-
venience, let us normalize the transverse spatial coordinate x to the speed of
light c. Hence, the unit of x/c is [x/c] = 1 fs and we have the correspondence
1 fs ↔ 0.3 µm for a central wavelength λ0 = 808 nm of the pulse spectrum
(i.e. for a carrier-wave frequency ω = 2.356 fs−1). In Fig. 1a we show the
pulse/beam intensity envelope in case there is zero PFT. It has a time du-
ration t0 and beam width r0 (at 1/e2 intensity level). If the front of this
pulse is tilted at an angle F with respect to the phase front (Fig. 1b), it
will keep propagating in the same direction, however it will be characterized
not by the initial parameters (t0, r0) but by its effective parameters t1, t2, r1.
Here t1 denotes the relatively weakly increased pulse duration in one partic-
ular transverse cross-section, whereas t2 is its vastly enhanced effective width
across its whole cross-section. The relatively weak narrowing of the width of
the beam we denote by r1.

As shown in [43], the PFT of a Gaussian pulse can be described by in-
terpreting the field envelope of the pulse/beam as a rotated ellipse. In the
non-perturbed case the field amplitude of the ultrashort pulse can be ex-
pressed in the form

Ẽ(x, t) = E0 exp(−x2/r2
0 − t2/t20) exp(−iωt), (1)

where Ẽ(x, t, F, τd) denotes the field amplitude in the presence of a PFT.
Here τd is the eventual offset (delay) of the pulse envelope with respect to
the origin of the time coordinate axis.

If one performs a standard interferometric autocorrelation measurement
of a pulse with tilted pulse front, the recorded signal will depend on the
effective time t1, but there will be no direct indication for the presence of
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Figure 1: a) Intensity distribution of a Gaussian pulse/beam with a time duration t0 and
beam width r0. b) Effective pulse/beam dimensions t1, r1, and t2 of the same pulse/beam
envelope rotated at a PFT angle F .

a PFT. The diagnostics and the evaluation of the PFT are possible with
an IF interferometer/autocorrelator [41] as shown in Fig. 2. In essence, due
to the double reflection of the beam in one of its arm and due to the single
reflection in the another one, one of the beams is rotated by 180◦ with respect
to the second one (around their common propagation axis). The normalized
second-order autocorrelation signal obtained with Gaussian pulses with PFT
in an IF autocorrelator has the form

BF
2 (F, τd) =

+∞∫
−∞

+∞∫
−∞

|{Ẽ1(x, t, F, τd) + Ẽ2(x, t,−F, 0)}2|2dxdt

2
+∞∫
−∞

+∞∫
−∞

|Ẽ2
i (x, t, F, τd)|2dxdt

, (2)

where F is the PFT angle and the delay between the pulses τd is the
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Figure 2: Autocorrelator sensitive to PFT for acquiring second-order interferometric auto-
correlation. M1...M3 - protected silver flat mirrors, BS1, BS2 - beamsplitters (45◦/800nm),
D1, D2 - iris diaphragms, L1, L2 - lenses (f = 3.5cm), PMT - photomultiplier, PZT -
piezotransducer-driven translation table, BBO - 50-µm thick crystal for second harmonic
generation, SHF - filter transmitting the second harmonic. Ellipses (dashed contours) -
pulses/beams with their respective PFTs.

temporal offset between the centers of the pulses measured at the prop-
agation axis (see Fig. 2). The subscript i = 1 or 2 denotes one of the
fields (irrespective which one, provided the first harmonic signals are equal
in power/intensity after the second beamsplitter). Following the procedure
described in [43], we obtain an analytic expression for the second-order au-
tocorrelation signal in the presence of a PFT:

BF
2 (F, τd) = ACa + ACb cos(ωτd) + ACc cos(2ωτd), (3)

where ω is the central frequency for the pulse spectrum and

ACa = 1 + 4r0t0 exp(−2τ 2
d /K2)/(KL)

ACb = (16r0t0
√

2/M exp[−2τ 2
d (M − 8r2

0t
2
0)/(K

2M)])
ACc = 2r0t0 exp(−2τ 2

d /K2)/(KL).
(4)
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The abbreviations K, L, and M are given by

K = [r2
0 + t20 + (t20 − r2

0) cos(2F )]1/2

L = [r2
0 + t20 + (r2

0 − t20) cos(2F )]1/2

M = 3r4
0 + 26r2

0t
2
0 + 3t40 − 3(r2

0 − t20)
2 cos(4F ).

(5)

This representation of the second-order autocorrelation function in three
terms oscillating at frequencies 0, ω, and 2ω corresponds to the one adopted
in the literature [3]. Physical intuition leads to the following suppositions for
the influence of the PFT on the signal from an IF autocorrelator:

2.1. Lengthening of the autocorrelation

If the pulses in an IF autocorrelator have tilted fronts, one can expect that
the time necessary for a complete passage of one of the pulses through the
other should increase with increasing the PFT angle F . This should result
in a lengthening of the autocorrelation curve and will reflect the effective
lengthening of the pulses from t0 (which is equal to t1 for F = 0, i.e. for
no PFT, but different from t1 when a PFT is present) to an effective pulse
length t2(F ) (see Fig. 1). This t2(F ) is the measured pulse duration in an IF
autocorrelator.

2.2. Changes in fringe contrast

For the same reason (the inversion of the field in one of the arms of the
correlator) the pulses never overlap completely across their space-time cross-
sections except for PFT angles equal to zero and π/2. In a balanced correlator
this will result in a reduction of the peak-to-background signal ratio from 8:1
to lower values for PFT angles F in the interval (0, π/4). This situation is to
be expected for ultrashort pulses, for which the space-time intensity ellipse
has high ellipticity. For F = π/4, the two main axes of the space-time ellipses
of the pulse/beam envelopes cross at an angle 2F = π/2 and, because of their
minimal overlap, the contrast is expected to be minimal. In the rather exotic
limiting case of F = π/2, the intensity envelopes are rotated in such a way
that r0 is their effective time duration, whereas their effective spatial extent is
t0. This should not be interpreted as space-time inversion, but as an extreme
rotation of the pulse fronts. The spatial and temporal axes x and t remain
fixed and define the coordinate system for all transformations we perform.

The analytical model (Eqs. 3,4) predicts exactly the same behavior of
the correlation signal. In Fig. 3 we demonstrate this by simulations for a
pulse/beam with t0 = 25 fs and r0 = 65 µm ↔ 217 fs.
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Figure 3: Effect of the PFT at an angle F on the simulated interferometric correlation
(SIC) signal broadening of the effective pulse width t2 (left) and change in the ratio between
maximal (upper curve) and minimal signal (lower curve) SIC signal.

In the presence of a linear frequency modulation with a chirp-parameter
a [3], the field amplitude of the ultrashort pulse without PFT can be written
in the form

Ẽ(x, t, a) = E0 exp[−x2/r2
0 − (1− ia)t2/t20] exp(−iωt). (6)

Unfortunately we could not find an exact analytic solution for the signal of
the second-order interferometric correlation BF

2 (F, τd, a) with non-zero PFT,
but we solved the integral in Eq. 2 numerically. The results show that the
two parameters important in this work – the change in the maximal and
minimal signal of the simulated interferometric correlation (SIC) signal (and
their ratio) – do not depend on the linear chirp (i.e. on the quadratic phase
modulation) even for rather high values of the chirp-parameter (Fig. 4). An
in-depth discussion on the changes in the correlation curves due to the linear
chirp are outside the scope of this work but are well known.

This results allows to neglect the influence of the linear chirp in the further
discussion and to assume that the width and the contrast of the correlation
signal from an IF correlator depend solely on the PFT.

3. Experimental verification of the model

In this experiment we used pulses emitted from a commercial femtosecond
oscillator (Ti-Light, Quantronix). Outside the cavity the pulses were extra
compressed by 12 reflections on a cascade of chirped mirrors. These pulses
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Figure 4: Influence of the quadratic phase modulation on the maximal and minimal signals
of the simulated interferometric correlation for different values of the chirp-parameter a.

are free of PFT and have a duration tFWHM = 29 fs (t0 = 25 fs at 1/e2

intensity-level). The central wavelength of the spectrum is λ0 = 808 nm,
the pulse repetition rate – some 80 MHz, the mean power of the emission
typically 160 mW. In order to intentionally introduce PFT in the pulses we
used diffraction gratings (see Fig. 5). By means of the flat mirror M5 the
pulses are first redirected to the grating. The beam diffracted in first order is
sent back on the preliminary fixed propagation path by the second flat mirror
and M6 passing through three diaphragms (D4, D5, D1). This propagation
axis is fixed after precise alignment of the correlator. The two flat mirrors
M5 and M6 are mounted on a translation stage. They can be easily removed
from the propagation path thus allowing switching from non-zero to zero PFT
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Figure 5: Setup for tilting the pulse fronts of femtosecond pulses by using reflective diffrac-
tion grating. Mx - flat protected silver mirrors, Dx - diaphragms, dashed ellipces - spatio-
temporal orientation of the beam/pulse.

and vice versa. In this experiment we used two low-period binary reflective
gratings G1 with 33 lines/mm and G2 with 160 lines/mm.

The home-built IF interferometer (Fig. 2) includes three flat silver mir-
rors (M1, M2, M3), a pair of beamsplitters (800 nm/45◦), two iris diaphragms
(D1, D2), lenses L1 and L2 with focal lengths f = 3.5 cm, a 50 µm thick Beta
Barium Borate (BBO) crystal for second harmonic (SH) generation, and a
filter SHF transmitting the SH signal. The variable delay between the pulses
in the arms of the correlator is controlled by a piezo-driven translation stage
PZT (nanoX200SG, Piezosystem Jena) with 200 µm range of motion, power
supply ENV 40 (Piezosystem Jena). The latter is driven by a voltage pulse
generator (GW-Instek AGF 2124) and its output is monitored on an oscillo-
scope (Tektronix TDS 2012B). The SH signal is acquired by a photomultiplier
PMT (Hamamatsu) and a computer equipped with LabView-controlled in-
terface (National Instruments). When necessary, the beam size is measured
with a charge-coupled device camera (Ophihr SP620U, format 1/1.8”, pixel
size 4.4 µm× 4.4 µm).

In order to be able to calculate the SIC signal BF
2 (F, τd) (Eq. 3) and to
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Figure 6: Comparison between the recorded interferometric autocorrelation signal (IAC)
and the envelope of the numerically simulated IAC BF

2 (F = 0, τd, a) (dashed curves). Left
- chirp-parameter a = 0, right - a = 2.

compare it with the measured one with the IF autocorrelator, we need to
know the three characteristics of the pulses with PFT - t0, r0, and F (see
Fig. 1). As it will be seen later, the measurement of these three quantities is
only seemingly trivial.

3.1. The model without PFT

As a first step we measured pulses with no PFT using the IF autocorre-
lator. The dimensions of the beam were measured at the front facet of the
BBO crystal. In this way we obtained t0 = 25 fs and r0 = 65 µm ↔ 217 fs
and substituted these values in our analytical model (Eqs. 3,4) keeping the
PFT angle F = 0. The results are shown in Fig. 6. One can clearly recognize
the phase modulation of the pulse. Although the statement that the chirp
parameter has no influence on the maximal and minimal value of the signal
of the interferometric correlation (see Fig. 4) is well-proven, we performed a
test at the linear chirp parameter a = 2 (see right graph in Fig. 6).

It should be noted that the correlator used is an IF correlator; nevertheless
at zero PFT this measurement is essentially the same as the usual autocor-
relation measurement. We even do not need to determine r0 since its value
does not influence the interferometric autocorrelation (IAC). On the other
hand, this measurement is necessary in order to check the alignment of the
IF correlator. The result (tFWHM = 29 fs) is practically the same as the pulse
duration obtained with a commercial FROG-device (GRENOUILLE, Swamp
Optics), tFWHM = 30 fs. (It is worth mentioning that we failed to verify the
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measured values for the pulse-front tilt angle by a GRENOUILLE-device be-
cause of the low pulse mean power due to the low diffraction efficiency of the
used gratings.)

3.2. The model when PFT is present

In this case we need the three parameters t0, r0, and F (see Fig. 1) which
requires more efforts. We used the following approach.

Using the IF correlator (Fig. 2), we could measure the pulse time duration
t2. Replacing the BBO crystal by a CCD-camera at the same location and
using the same correlator with one arm blocked, we could measure the beam
size r1 in the presence of PFT at the front facet of the crystal (Fig. 7 left).

From the two measured quantities (r1, t2) we obtained

r0 = [(t2c)
2 + r2

1]
1/2,

F = arccos(r1/r0).
(7)

In order to evaluate the correlation curve from the model Eq. 3, which de-
scribes the real situation in an IF correlator, and in order to compare it with
the measured one, we also need the time duration t0 of the pulse where no
PFT lengthens the pulse due to the presence of the diffraction grating. One
can measure t0 by using e.g. a standard Michelson autocorrelator with no
sensitivity against PFT (see Fig. 7 right). In this way, we got the (local)
pulse duration t1,

t0 = t1 cos(F ) = t1r1/
√

(t2c)2 + r2
1. (8)

Following this procedure, i.e. using the described two configurations of
the correlator and a CCD-camera in an interferometer with one blocked arm,
we get the values of t1, t2, and r1 and thus have all necessary input data for
the algorithm for obtaining t0, r0, and F . The next step is to model the SIC
signal for pulses with PFT.

4. Experimental results

4.1. Grating G1 (33 lines/mm)

We start by noting that the angular dispersion of a dispersive element
(if present) leads to both PFT and pulse broadening, i.e. t0 = t0(F ). In
case such a dispersive element is absent, t0(F = 0) =: T0. Using the IF
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Figure 7: Schematic representation of the pulses/beams in an IF correlator/interferometer
(left) and in a standard autocorrelator/interferometer with no PFT sensitivity (right). The
measurable quantities are (t2, r1) - left, and (t1, r1)-right. The three parameters of interest
(t0, r0, F ) we are searching for are in black circles.

correlator (Fig. 2) we measured a pulse duration T0 = 25 fs (Fig. 5). Next
we let the pulses pass through the setup for PFT induction by diffraction on
the low-dispersion binary diffraction grating G1. Using the PFT-insensitive
autocorrelator, we measured the pulse duration t1. In this way we obtained
t1 = 25 fs, i.e. within the experimental accuracy t1 = T0. In other words, the
low dispersion grating G1 does not cause noticeable pulse lengthening such
that the real pulse duration after the PFT system should be t0 = 25 fs (since
T0 ≤ t0(F ) ≤ t1; see Fig. 1a).

The transition from the PFT-insensitive (e.g. Michelson) autocorrelator
with four mirrors (two times two in each arm) to an IF correlator was done
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Figure 8: Left: Comparison between the experimentally measured interferometric cor-
relation (IC) and the envelope of the simulated IC BF

2 (F, τd) . Right: Position of the
maximum and of the minimum of the experimentally obtained IC on the theoretically
predicted curves (cf. Fig. 3).

by removing one of the mirrors and by tilting the remaining mirror (M3)
and the beamsplitter (BS1, see Fig. 2). The alignment of the other arm
remains unchanged. The beam passing through this unchanged arm serves
as a reference beam for the optimal alignment of the other arm and warrants
close similarity in the alignment of the two types of correlators. In this way
we measured a correlation indicating a pulse width t2 = 50 fs (see Fig. 1b
and Fig. 7 left). Here the presence of the PFT is clearly visible. As described
above, the beam size r1 = 63 µm was measured by a CCD-camera. From the
data for r1 and t2 we got F = 13◦, r0 = 65 µm ↔ 217 fs, t0 = 25 fs.

At this point we already have all the necessary data r0, t0, and F for
calculating the correlation signal BF

2 (F, τd) (Eqs. 3,4). In Fig. 8 (left) we show
a comparison between the correlation signal of pulses with PFT measured
with the IF correlator and the SIC signal BF

2 (F, τd). In the same figure (right
panel) we mark the position of this experimental result on the theoretically
predicted dependence.

As seen in Fig. 8, the comparison between the experimental and the
theoretical results is qualitatively good. From the perfect 8 arbitrary units
of the peak of the IC signal at zero delay τd when there is no PFT present, the
signal decreases to 4.5 arbitrary units according to theory. This is close to
the experimentally measured 4.3 relative units. For the minimum IC signal,
which at no PFT should be zero, but now, because of the PFT, is expected
to be 0.3, we measured an experimental value of 0.6 relative units.
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4.2. Grating G2 (160 lines/mm)
The same measurements were repeated with the second diffraction grating

G2. The first step was again to make use of the PFT-insensitive autocorre-
lator. Prior to the generation of the PFT we measured the duration of the
untilted pulse to be T0 := t0(F = 0) = 30 fs. After redirecting the input
pulse/beam to G2, the shape of the correlation and the beam itself changed
drastically. Even with the classical Michelson autocorrelator we measured
a large increase in the pulse duration, t1 = 120 fs. This pulse lengthening
is to be attributed, at least partially, to the time dispersion introduced by
the diffraction grating [6]. Following the analysis in [3] (Eq. 1.120-1.123),
accounting for the group-velocity dispersion ([3], Eq. 2.76) at a distance
L = 1.7m from the diffraction grating G2 to the BBO crystal and for the
geometrical 10.8 times demagnification [41] in the correlator, we estimated
an effective pulse broadening of the initial 30-fs pulses with a chirp parameter
a = 2 up to 109 fs approaching the measured value of t1 = 120 fs.

In the IF correlator the registered pulse lengthening was huge and the scan
range of the piezo-driven delay line was not enough to record the complete
interferometric correlation curve. That is why we recorded only a bit more
that half of it. Keeping in mind that the second-order correlation curve
should be symmetric, this measurement should be significant, too. In this
way we measured an effective pulse length t2 = 660 fs of the pulses with
PFT. By using the CCD-camera we measured the beam spot size to be
r1 = 130 µm ↔ 433 fs at the front facet of the BBO crystal. Using the
data for t1, t2, and r1 we estimated F = 57◦, r0 = 237 µm ↔ 790 fs, and
t0 = 66 fs. The large difference between the width of the pulse with no PFT
(T0 = t0(F = 0) = 30 fs) and the width of the pulse with PFT measured
with the PFT-insensitive correlator (t0(F = 57deg) = 66 fs) is obvious. As
mentioned, this pulse lengthening is to be attributed, at least partially, to the
time dispersion introduced by the diffraction grating [6]. Using the obtained
values for t0, r0, and F we calculated the correlation signal BF

2 (F, τd) from
the IF autocorrelator. In Fig. 9 (left) we show again a comparison between
the envelope of the theoretical curve and the result from the experiment.

As seen in Fig. 9, the comparison between the experimental and the
theoretical results is again qualitatively good. From the perfect 8 arbitrary
units of the peak of the IC signal at zero delay τd and with no PFT present,
the signal theoretically decreases to 2.4 arbitrary units, which is close to
the experimentally measured 2.1 relative units. For the minimum of the IC
signal, which at no PFT should be zero, now, because of the PFT, we got
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Figure 9: Left: Comparison between the measured interferometric correlation (IC) and
the envelope of the calculated IC BF

2 (F, τd)) by using the necessary parameters obtained
experimentally. Right: Location of the maximum and of the minimum of the experi-
mentally obtained IC on the theoretically predicted from BF

2 (F, τd) dependence of the
minimum and the maximum of the SIC vs. PFT angle F .

theoretical value of 0.7 and measured an experimental value of 1.1 relative
units.

In all measurements done with an interferometer and with a correlator,
special attention was paid to the balance (equalization) of the mean powers
of the beams in both arms of the setups. In this way we tried to eliminate
the possibility that the visibility of the interference pattern at the entrance
of the SHG crystal at a fixed delay becomes diminished due to the different
mean powers of the beams. It should be noticed, however, that even in the
presence of this effect the width of the correlation curves should not change
due to it. In the measured signal we observed the two effects of the non-zero
PFT predicted from physical reasons and used in formulating the theoretical
model:
i) decrease of the peak-to-minimum IC signal ratio;
ii) lengthening of the IC signal due to the enhanced effective length of the
pulse/beam with PFT.

We note that one can separately evaluate the PFT at the entrance of
the BBO crystal once the PFT for the beam has been obtained using an
independent interferometric technique for measuring the relation between
beam width and PFT [46]. In essence, using an inverted field interferometer
we measured the shift of the interference line of maximum contrast inside
the beam vs. additional beam/pulse propagation path length causing this
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shift. The slope of this dependence is indicative for the PFT angle F. These
results are presented in [46]. In Table 1, we compare them with the ones
obtained from the described experiments. Again it is fair to say that the
comparison between these values is qualitatively good. Here it is worth also
mentioning that the tilt of a pulse front also depends on whether the waves
are plane waves or spherical ones. For the latter, the distances between the
pulse front tilt element, the beam waist, and the measurement point need to
be precisely taken into account (see e.g. [2, 44, 45]). Most probably this is
one of the reasons why pulse front tilt values are slightly different (Table 1).

Table 1: Comparison between the values for the PFT angle F obtained interferometrically
and as explained in the text for the two gratings G1 and G2. The beam size is taken at
the position of the entrance facet of the BBO crystal in the IF correlator.

Grating G1 Grating G2

Beam size at the BBO crystal 63 µm 130 µm
PFT angle F

obtained interferometrically [46] 17◦ 58◦

PFT angle F
obtained in this work 13◦ 57◦

5. Conclusion

The described experiments and their results confirm that the developed
theoretical model [43] for the correlation signal from an inverted-field second-
order correlator measuring incoming ultrashort pulses with pulse-front tilt is
sound and its results are in a qualitative agreement with the experimental
data. The decrease of the peak interferometric correlation signal and the
increase of its minimal value from the zero level at precisely overlapped pulses
along with the calibration curves in Fig. 3 (right) provide an easy to use
method for aligning (in principle) dispersionless systems for manipulating
ultrashort pulses, as well as in cases when the pulse front tilt is a result of
a desired spatio-temporal coupling. Further experiments should be focused
on confirming the quantitative correspondence and on evaluating possible
limitations in the applicability of this method.
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7. Captions for the figures

Fig.1 – a) Intensity distribution of a Gaussian pulse/beam with a time
duration t0 and beam width r0. b) Effective pulse/beam dimensions t1, r1,
and t2 of the same pulse/beam envelope rotated at a PFT angle F .

Fig.2 – Autocorrelator sensitive to PFT for acquiring second-order in-
terferometric autocorrelation. M1...M3 - protected silver flat mirrors, BS1,
BS2 - beamsplitters (45◦/800nm), D1, D2 - iris diaphragms, L1, L2 - lenses
(f = 3.5cm), PMT – photomultiplier, PZT - piezotransducer-driven trans-
lation table, BBO - 50-µm thick crystal for second harmonic generation,
SHF - filter transmitting the second harmonic. Ellipses (dashed contours) -
pulses/beams with their respective PFTs.

Fig.3 – Effect of the PFT at an angle F on the simulated interferomet-
ric correlation (SIC) signal broadening of the effective pulse width t2 (left)
and change in the ratio between maximal (upper curve) and minimal signal
(lower curve) SIC signal.

Fig.4 – Influence of the quadratic phase modulation on the maximal and
minimal signals of the simulated interferometric correlation for different val-
ues of the chirp-parameter a.

Fig.5 – Setup for tilting the pulse fronts of femtosecond pulses by using
reflective diffraction grating. Mx - flat protected silver mirrors, Dx - di-
aphragms, dashed ellipces - spatio-temporal orientation of the beam/pulse.

Fig.6 – Comparison between the recorded interferometric autocorrelation
signal (IAC) and the envelope of the numerically simulated IAC BF

2 (F =
0, τd, a) (dashed curves). Left - chirp-parameter a = 0, right - a = 2.
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Fig.7 – Schematic representation of the pulses/beams in an IF corre-
lator/interferometer (left) and in a standard autocorrelator/interferometer
with no PFT sensitivity (right). The measurable quantities are (t2, r1) - left,
and (t1, r1)-right. The three parameters of interest (t0, r0, F ) we are search-
ing for are in black circles.

Fig.8 – Left: Comparison between the experimentally measured inter-
ferometric correlation (IC) and the envelope of the simulated IC BF

2 (F, τd) .
Right: Position of the maximum and of the minimum of the experimentally
obtained IC on the theoretically predicted curves (cf. Fig. 3).

Fig.9 – Left: Comparison between the measured interferometric correla-
tion (IC) and the envelope of the calculated IC BF

2 (F, τd)) by using the neces-
sary parameters obtained experimentally. Right: Location of the maximum
and of the minimum of the experimentally obtained IC on the theoretically
predicted from BF

2 (F, τd) dependence of the minimum and the maximum of
the SIC vs. PFT angle F .

8. Captions for the tables

Table 1 – Comparison between the values for the PFT angle F obtained
interferometrically and as explained in the text for the two gratings G1 and
G2. The beam size is taken at the position of the entrance facet of the BBO
crystal in the IF correlator.
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