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Tilted femtosecond laser pulses, having an intensity front with an angle to the propagation direction, can be gen-
erated by a dispersive element and a lens or mirror for imaging. Here we show that conventional geometries, for
example with a grating at Littrow’s condition, produce significant temporal distortions over the beam profile. The
aberrations are the result of a mismatch between the grating’s surface and the object plane of the imaging system.
This changes the chirp of the pulses over the beam profile and lengthens the pulses to picoseconds for millimeter-
sized beams. The distortions can be avoided by choosing a geometry in which the propagation direction of the tilted
pulses is perpendicular to the grating’s surface. © 2012 Optical Society of America
OCIS codes: 320.0320, 050.2770, 230.7020.

Tilted femtosecond pulses propagate with an intensity
front that has an angle with respect to the direction of
propagation. Incidence on a surface can produce a lateral
sweep of the intensity that is slower than the speed
of light. This is useful for providing group and phase
matching in otherwise inaccessible geometries. Exam-
ples are the research fields of ultrafast electron diffrac-
tion [1,2], x-ray lasers with traveling-wave excitation
[3,4], parametric amplification [5], or terahertz pulse
generation [6–9].
Pulse front tilt is linked to angular dispersion [10–12].

A simple method for generating tilted pulses consists of a
dispersive element (for example, grating) and an imaging
system, which compensates for the undesired spatial se-
paration of the different frequencies. The imaging system
reproduces the tilted pulses at a location in free space.
There, all frequencies overlap at the same point, but
come from different directions. For pulses at a central
wavelength λ0, the tilt angle γ is [12]

γ ≈ arctan
�
M
∂θout
∂λ

����
λ0
λ0
�
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where θout�λ� is the angle of the grating’s diffracted beam
and M is the demagnification factor of the imaging sys-
tem. For example, a grating with 2000 lines per mm used
at Littrow’s condition (θin � θout ≈ 53°) produces tilted
pulses with γ ≈ 70° after an 1∶1 imaging system. Perpen-
dicular incidence on a surface produces an effective
group velocity of ∼0.37 c.
Most applications of tilted pulses require large beam

diameters. In ultrafast diffraction, for example, the size
of the beam determines the amount of surface to be ex-
cited. For terahertz generation, the pulse energy and
beam diameter must be adjusted to achieve an optimized
intensity for optical rectification. For x-ray lasers, the
spot must be large for achieving efficient amplification
of spontaneous emission. In addition, in all examples
the pulses should have shortest duration and therefore
require a large bandwidth. In these two regimes, femto-
second pulses and large beams, two effects become sig-
nificant. First, Eq. (1) relates tilt angle and dispersion.
One could therefore suspect that higher-order terms of
the grating’s dispersion may produce a nonlinear tilt, that
is, “banana”-shaped pulses. Second, the grating induces

temporal chirp [11]. The pulses become longer the
farther they travel away from the grating; this is the me-
chanism of a grating compressor. The imaging system
should reverse this chirp, but ray-tracing calculations
predict a varying pulse duration at the target [13,14]. Both
effects can severely limit the applicability of tilted pulses.

In this Letter, we report an experimental study of non-
linearity and temporal distortions in tilted femtosecond
pulses. Our measurement is based on recording a
cross-correlation between a tilted and a non-tilted pulse.
Figure 1 shows the setup. The laser source is a long-
cavity Ti:sapphire oscillator (Femtosource XL, Femtola-
sers GmbH), providing ∼60 fs pulses at a central wave-
length of λ ≈ 800 nm with a repetition rate of 5.1 MHz
and a pulse energy of ∼450 nJ. The collimated beam is
separated into two parts by a 50% beam splitter (BS).
One beam is guided through a cylindrical lens (f �
300 mm) onto a grating; a linear focus with dimensions
of ∼0.1 × 5 mm is achieved on the grating’s surface
(yz-plane). The first-order reflection comes off closely
to Littrow’s condition; that is, mostly back toward the
incoming beam. Going slightly upward (y-direction),

Fig. 1. Arrangement for measuring the shape of tilted femtose-
cond pulses at 800 nm. (a) Experimental setup of a cross-
correlation between a tilted and a non-tilted pulse, where BS
is a 50% beam splitter, CL represents cylindrical lenses, and
BBO is a nonlinear crystal. (b) Pictures at 400 nm at the camera.
Three contributions are produced: second harmonic of the refer-
ence beam (upper), second harmonic of the tilted beam (lower),
and the cross-correlation signal for different delays (middle).
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the beam is steered onto a large spherical mirror
(fmirror � 150 mm), which provides a 1∶1 imaging of
the field at the grating onto a β-barium-borate crystal
(BBO) with a thickness of 100 μm. There, the beam
has a size of ∼3 × 0.1 mm (xy-plane). The other 50%
of the laser is used as a non-tilted reference. It is
widened by a telescope, mechanically delayed and also
cylindrically focused onto the BBO crystal, with a
slightly larger size of ∼5 × 0.1 mm (xy-plane). The angle
between the two beams is <4° and therefore negligible.
With proper spatiotemporal overlap, sum-frequency
generation provides a cross-correlation of the two in-
coming intensities.
The purpose of the cylindrical focuses is to increase

the intensity for nonlinear interaction. There are three
contributions to the output at ∼400 nm: second harmonic
of the tilted pulses coming from slightly above, second
harmonic of the non-tilted pulses coming from slightly
below, and a sum-frequency signal between the two.
The output of the BBO crystal is imaged onto a camera
(USBeamPro, Photon, Inc.). We applied a lens (f �
60 mm) or a spherical mirror (f � 200 mm) with similar
results. A spectral filter was used to suppress compo-
nents around 800 nm and a slit was used to reject the
two static contributions.
The cross-correlation signals are narrow strips, be-

cause sum frequency is only generated where the tilted
and non-tilted pulses overlap in time; see depicted pulses
in Fig. 1(a). Scanning the delay produces a sweep from
left to right, which indicates the tilt. For each delay, we
evaluated two parameters of the cross-correlation strips:
central position and width. The positions provide a pic-
ture of the delay versus position, that is, the tilt. The
widths provide the effective durations of the tilted pulse
at all positions over the beam profile.
We used this arrangement to study two geometries for

the diffraction grating. First, we applied Littrow’s condi-
tion (input and output beams close to parallel), as shown
in Fig. 2(a). This represents the geometry reported in the
literature. We used a grating with 2000 lines∕mm and an
incidence angle of 49°. The first-order beam exists at
∼58° and imaging with a magnification of ∼1 provides
an angular dispersion of ∼3.7 mrad∕nm, corresponding
to an expected pulse front tilt of ∼71.5°.
Figure 2(b) shows the results. The upper panel shows

the delay versus position. We observed a straight line
with a tilt of ∼71.9°. No evidence for deviations from a
purely linear tilt was found, although our 60 fs pulses
have a considerable bandwidth (∼30 nm). Higher orders
of the grating’s dispersion did not produce a curved
shape of the pulses.
The linearity of the tilt over the entire beam profile can

be understood by assuming causality at the grating’s sur-
face. Incidence of the incoming pulse “excites” the grat-
ing only during femtosecond times. The imaging system
(the spherical mirror) reproduces this time-dependent in-
tensity at the image location (the BBO crystal). Hence,
the intensity profile at the BBO resembles a spatiotem-
poral image of the grating’s surface. In this description,
the tilt is linear because the grating is flat (not curved).
Nonlinearities in the dispersion are not causing curved
pulses, as shown here experimentally.

Measuring the pulse duration over the beam profile
produced a less favorable result. The blue dots in the low-
er panel of Fig. 2(b) show what we measured with near-
Littrow geometry. A strong lengthening is evident at the
edges of the beam; the width of the cross correlation is
∼1 ps at a position 1 mm away from the beam’s center.
This is too much to be acceptable in femtosecond
experiments.

The mechanism is based on temporal distortions.
Besides dispersing the pulses spatially, the grating also
produces a temporal chirp; this lengthens the pulses the
more they travel away from the grating [11]. The spheri-
cal mirror reverses the angular and the temporal disper-
sion. At the image (the BBO crystal), the pulses should
therefore be short again. It is indeed the case at the beam
center, where the distances Dgr (between grating and
spherical mirror) and DBBO (between spherical mirror
and BBO) provide an imaging condition (1∕fmirror �
1∕Dgr � 1∕DBBO). However, the grating is tilted with re-
spect to the direction of the first-order beam. The ima-
ging system’s object plane (horizontal dotted line) has
an angle θout with respect to the grating. Imaging is, there-
fore, imperfect for outer parts of the beam. The spherical
mirror (or lens) is not fully reversing the temporal disper-
sion, and the pulses become chirped.

In order to calculate this, we invoke the geometry
depicted in Fig. 2(a). At a lateral distance Δx from
center, the distance Dgr is increased/reduced by Δz �
Δx · tan�θout�. At a distance Δz from the grating, a pulse
with a Fourier-limited duration τ0 acquires a duration
τ�Δz� that is given by [11]

Fig. 2. Temporal distortions in tilted pulses for two different
geometries of the grating. (a) Conventional arrangement with a
Littrow grating. (b) Resulting pulse front tilt (upper panel, blue)
and pulse duration (lower panel, blue) in dependence of the po-
sition within the beam. The red line is a calculation (see text).
(c) Geometry to avoid aberrations, based on a perpendicular
exit of the diffracted beam. (d) Resulting pulse front tilt (upper
panel, blue) and pulse duration (lower panel, blue). The red line
is a calculation.
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τ�Δz� ≈ τ0
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π2c4τ40

s
: (2)

This is Eq. (23) of [11], rewritten for an angular disper-
sion ψ � M · �∂θout∕∂λ�jλ0 in wavelength units (rad∕nm),
and for pulse durations defined by full width at half max-
imum. Contributions originating from the spatial separa-
tion of the frequencies are neglected, because our beams
are large in the plane of diffraction.
We also account for the apparatus function of our

cross-correlation setup. Our camera has a pixel size of
6.7 μm, corresponding to a temporal resolution of
τcamera ≈ 6.7 μm · tan�γ�∕c ≈ 70 fs, as a result of the lateral
sweeps of the cross-correlation signal over the camera.
The duration of the non-tilted pulses is τ0 ≈ 60 fs. Consid-
ering these effects, the measured cross-correlation width

is τcross ≈
����������������������������������������������
τ�Δz�2 � τ20 � τ2camera

q
. Compared to τ�Δz�,

this makes a slight difference only at very short durations
of τ�Δz�.
The red line in the lower panel of Fig. 2(b) shows the

results. A good agreement to the experimental data is evi-
dent. It shows that the discrepancy between the grating
and the imaging plane is indeed the reason for the ob-
served temporal distortions and “bone”-shaped pulses
at the target.
From these results it is evident how to avoid such aber-

rations. Coincidence of the grating with the object plane
of the spherical mirror is required; the diffracted beam
must exit the grating in a perpendicular direction. This
principle was identified earlier [15]; here we provide a
measurement with femtosecond pulses. Figure 2(c)
depicts the geometry. In the experiment, we used a grat-
ing with 1100 lines∕mm, an incidence angle of 61.5°, and
a demagnification of ∼1∶2 (Dgr ≈ 450 nm and DBBO≈

225mm). The expected pulse front tilt is ∼60° in such
a configuration. The grating’s blaze and efficiency were
not optimized for these angles; this will be a challenge for
the future. Figure 2(d) shows the results. The tilt is linear,
as expected from our grating’s flat surface. In contrast to
conventional geometry, the pulse duration is short over
all of the beam profile [Fig. 2(d), lower panel]. The pre-
diction by Eq. (2) for θout � 0, convoluted with the ex-
perimental resolution, produces the red trace. Theory
deviates only slightly from the measured data. This
shows that temporal distortions in tilted pulses can be
avoided by choosing a geometry where the grating lies
on the imaging system’s object plane.
To generalize, the grating’s angle θout determines the

plane where the pulses are compressed. The combina-
tion of θout, θin, and M determines the pulse front tilt.
In an application, both planes can be set as required
by the sample’s position and orientation. The depth-
of-field of the imaging system defines the amount of tem-
poral distortions.
We note some consequences of these results. First, in

the field of intense terahertz generation, large beams are
required to balance intensity and pulse energy [16].

A contact grating was proposed to minimize distortions
[13]. In view of our results, an appropriate tilt of the grat-
ing also might be as successful. Second, in the field of
x-ray lasers, travelling waves can be delivered to large
targets with femtosecond duration everywhere. This
opens up the possibility to use few-cycle petawatt lasers
[17] for producing coherent x-ray beams. Third, in the
field of ultrafast electron diffraction, temporal resolution
in grazing incidence is essentially unlimited by velocity
problems. If using single electrons [18], compression in
microwaves or ponderomotive gratings [19,20], ultra-
short laser pulses at megahertz repetition rates [21],
and suitable arrangements for tilt, the regime of few-
femtosecond resolution is in range.
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