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High power laser facilities play a fundamental role in enabling experimental studies in many
research fields. Current technologies for producing high power pulses are mostly based on chirped
pulse amplification (CPA), where a short laser pulse undergoes stretching and compression. In this
process, the laser pulse may become distorted in a way that a decoupled space and time description is
not possible. Such a pulse is said to exhibit spatio-temporal couplings. One of the most well-known
couplings is pulse front tilt (PFT), which has been studied both theoretically and experimentally.
While it is well known that a misaligned compressor may introduce PFT, little attention has been
given to other possible sources in a CPA laser, or how to quantify, mitigate or benefit from them.
Here we address the problem of PFT induced by beam defocusing at the input of a large grating
compressor. We first describe and demonstrate the operation of a single-shot autocorrelator designed
specifically for the measurement of PFT in a high-power laser. Next we use a paraxial formalism for
deriving the role of defocusing on pulse compression. Then we perform experimental measurements
of this effect for a large beam diameter, single pass grating compressor. The results obtained show
an evident correlation between the model and the experimental data, allowing us to identify clearly
a new source of PFT in CPA lasers.

I. INTRODUCTION

A laser is a device that emits light through a process of optical amplification that relies on the stimulated emission
of electromagnetic radiation. The word laser is indeed an acronym that stands for "light amplification by stimulated
emission of radiation". Since its invention in 1960, it has revolutionized the world as we once knew it. From a mere
laser pointer to CD burning, medical surgeries or industrial cutting, lasers have been having a major share in shaping
the modern society.

In early years, lasers took advantage of techniques such as mode-locking and Q-switching to achieve higher inten-
sities [1]. However the absence of similar technological breakthroughs led to a stagnation in the peak laser intensity
for more than a decade. This would only change in the mid eighties with the importation of the “chirped pulse
amplification” method from radar technology [2]. This new method of amplification created a second wave of interest
in the lasers field leading research and development to evolve drastically. The achievable peak intensities grew by
five orders of magnitude, from 1015 W/cm2 before CPA to more than 1020 W/cm2 in the early 2000’s [3]. This was
motivated by the study of ultrashort laser pulses and their implications. These intensities enabled the study and test
of inumerous fields such as coherent X-rays for biological imaging, accelerating subatomic particles, triggering nuclear
fusion and even simulating supernova behaviours [4].

The CPA technique is used on virtually all high power laser systems in the world, being rivalled only by its recent
extension into nonlinear amplification - optical parametric chirped pulse amplification [5], or OPCPA. In both cases,
the concept at the heart of the technique is the same and can be briefly explained as follows: a low energy pulse with
short duration is generated in an oscillator. It is then conducted through a stretcher, spreading its frequencies over
time until the pulse is longitudinally chirped. In this fashion, the temporally stretched pulse has now a smaller peak
intensity than before and can safely enter the amplifier. After the controlled amplification, a symmetrical optical effect
is created by the use of a compressor, in order to retrieve a pulse duration closer to the initial one and consequently
leading to a higher peak power, up to 5 orders of magnitude greater. This process relies on spatio-temporal couplings
(STCs), as angular dispersion and spatial and temporal chirping. In a CPA system, after passing through the stretcher-
amplifier-compressor circuit, a laser pulse is expected to be as homogeneous as possible. However, in real systems this
configuration may be difficult to accomplish in practice, and residual couplings are usually found in the output pulse.
One of the most critical elements in a CPA chain in what concerns the introduction of STCs is the grating compressor.
This is typically the last element before the target, responsible for setting the final pulse duration. It is normally
assumed that a well aligned grating compressor will not introduce STCs, but this approach normally neglects beam
features already present such as a imperfect collimation [6].

While the CPA technique has now been established for more than 30 years, there is a very active interest on how to



2

improve the performance of the different elements, from pulse generation, stretching and amplification to compression
and focusing. The STCs in CPA are a topic that hase attracted increasing attention in this challenge. These couplings
can cause the laser pulse to deviate from a “well-behaved”, symmetrical distribution and acquire spatial, temporal or
spectral inhomogeneities. One of the most interesting couplings is the pulse front tilt (PFT). PFT is the phenomenon
when the arrival time of an ultrashort pulse varies across the beam profile. In other words, there is a non-zero angle
between the pulse front and the wavefronts (the direction perpendicular to the propagation of the beam). For instance,
recent work on electric field reconstruction [7] of a laser system has found that a major part of the intensity of the
laser is lost due to improper alignment of the optical elements causing unsolved spatio-temporal couplings, which
were responsible for the lost of 50% of the total laser intensity. This illustrates the dramatic impact that this often
overlooked feature may have on the overall performance of a CPA laser.

But this sudden interest in PFT effect is not exclusively due to optimization of petawatt laser systems and charac-
terization of laser pulses. Some works are taking advantage of these properties and deliberately using them. Tilted
pulse front excitation [8], control X-ray polarization in a laser wakefield accelerator [9] and achromatic phase matching
technique [10] are examples of useful positive uses of PFT.

In this paper, we study the effect of a general grating compressor on a Gaussian beam exhibiting a non-negligible
radius of curvature. In particular, we address the potential creation of STCs, their type and evolution, and potentially
how to minimize them, with a particular focus on PFT. This study is then be applied experimentally through two
developments: the introduction of a new type of device for ultrashort pulse measurement, and its application to the
characterization and optimization of one of the most powerful laser systems in the world, the Vulcan laser (Target
Area West) [11].

II. FUNDAMENTALS

In this section we develop the theoretical framework for the study. It is assumed that the pulses can be considered
Gaussian both is space and time and that they respect the paraxial approximation. Figure 1 shows the typical
Gaussian beam profile with some characteristic quantities, to be introduced.

θ

Fig. 1: Gaussian beam profile representation [12].

For a practically monochromatic beam, propagating in the z direction, its complex electric field is given by
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E0 is the Electric Field amplitude and phase at the origin and time zero, w(z) is the beam radius that varies along
the propagation direction, r is the radial distance from the center axis of the beam, k = 2π/λ is the wave number,
z0 = πw2

0/λ is the Rayleigh length and R(z) is the Radius of Curvature of the beam’s wavefronts at z. The spatial
properties of a general Gaussian beam, at a certain z position, can be specified with a complex q(z) parameter:
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Ray transfer matrix analysis [13, 14] is commonly used in the design of some optical systems (more particularly
lasers). It involves the construction of a ray transfer matrix, which describes an optical system. Each optical element
is represented by a 2x2 matrix that replicates the behaviour of how the angle and position of an incoming laser beam
change upon its interaction with the optical element. Therefore, an entering ray 1, travelling trough some optical
path defined by matrix ABCD will exit with properties 2:(
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The output q′ after an incoming Gaussian beam q travels a certain optical path can also be determined. The
equation relating q to q′ is

q′ =
Aq +B

Cq +D
(5)

From this equation, it is possible to extract the new beam’s size and radius of curvature. This is achieved by
manipulating the real and imaginary part of q′, which share the same structure as those of q.

The ABCD matrix formalism is not sufficient for every situation. Their limitations become obvious once we consider
optical components that introduce dispersion, such as gratings and prisms, and therefore affect the temporal profile
as well as the spatial. Such elements are crucial to femtosecond laser systems, so we must introduce here an extended
formalism capable of handling their effects. This is known as the Kostenbauder matrix formalism [15]. This leads to
the formulation of a 4x4 matrix [15], where its first quadrant (ABCD) refers to space, the forth (1I01) to time and
the intermediaries correspond to the couplings of both [16]:
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 (6)

The matrices that will be used will be distance, lens and grating. A full derivation for several usual matrices can be
found in [15]. In systems with spatio-temporal couplings, the Kostenbauder matrix will present several entries related
with physical established quantities (Table I), which yield important information about the pulse.

Table I: Kostenbauder matrix spatio-temporal coupling elements.

G = ∂t2
∂x1

H = ∂t2
∂θ1

E = ∂x2
∂ν1

F = ∂θ2
∂ν1

I = ∂t2
∂ν1

Pulse front tilt Time vs. angle Spatial chirp Angular dispersion GDD

Regarding spatial and temporal considerations done for the 4x4 matrices, both the factor q and the electric field
of a Gaussian pulse can be generalized to a new compatible form [16–18]. The new Electric field, now in space and
time, can be written in the form:
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while the new q parameter (now represented as Q) will take the form:
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So, its electric field can be represented in an alternative form:

E(x, t) ∝ exp
{
Q̃xxx

2 + 2Q̃xtxt− Q̃ttt
2
}

(9)



4

where

Q̃xx = − 1

w(z)2
− i π

λ0R(z)
, Q̃tt = − i

β
+

1

τ2
(10)

Q̃xx relates precisely to the spatial component of the problem and its parameters were already introduced when
looking into the q factor of Gaussian beams (Equation 3). Regarding Q̃tt quantity τ stands for the pulse duration and
β for the chirp of the pulse. Similarly to Equation 5, the transformation of Q due to propagation across a sequence
of optical elements described by an overall Kostenbauder matrix is written as

Q′ =

(
A 0

G 1

)
Q+

(
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H I/λ

)
(
C 0

0 0

)
Q+

(
D F/λ

0 1

) (11)

where Q′ is the output beam paremeter and A to H are the entries of matrix M (Equation 6). That means that new
duration, temporal chirp, radius of curvature and width can be easily extracted from the components of this new
quantity Q′ . Eventual originated STCs will arise on the Q̃′xt or (Q′−1)12 term. After inverting back the resulting
matrix Q′ the Gaussian beam exiting properties (waist, ROC, pulse duration and chirp) can be easily extracted using
either formalisms. All spatio-temporal couplings mentioned so far can be as well extracted. The specific case of the
PFT calculation is presented for a general Gaussian pulse [18]:

PFT =
πτ2

2λ0
Im{(Q−1)12 − (Q−1)21} =

Im{(Q−1)12 − (Q−1)21}
2Im{(Q−1)22}

=
Im{(Q−1)12}
Im{(Q−1)22}

=
Re{Q̃′xt}
Re{Q̃′tt}

(12)

III. PFT-READY SINGLE SHOT AUTOCORRELATOR

In ultrafast high intensity laser systems, the use of a pulse diagnostic capable of measuring the duration (like an
autocorrelator) is in general sufficient, as compared to more sophisticated, spectral-phase-based diagnostics such as
FROG or GRENOUILLE [19]. Additionally, the low repetition rate makes using a scanning autocorrelator far from
practical. Combining both the system properties and the goal of accurately measuring the PFT, it becomes clear that
the adequate measurement device to develop and use is a single-shot autocorrelator.

A pulse autocorrelation can provide information about the temporal width of a short laser pulse. The basic operating
principle is as follows: (1) The pulse to be characterized is split (e.g. using a beam splitter) into two replicas; (2) The
pulse replicas interact noncollinearly inside a nonlinear medium (SHG crystal). By optimising the phase matching
conditions, sum frequency generated (SFG) light will emerge at half the crossing angle; (3) The SFG light is imaged
onto an spatial detector (e.g. CCD camera), and it can be shown that its spatial width is related to the second order
autocorrelation of the pulse, depending on its shape. Figure 2a) shows the general principal of a second harmonic
single shot autocorrelator.

We first derive the expression for the SSAC of homogeneous pulses, i.e. without pulse front tilt. Regarding
Figure 2a), the intensities of the two replicas are given by the gaussian shapes

I1,2(t) ∝ exp

{
−2

[x sin(φ/2)± y cos(φ/2)]2

(cτ)2

}
(13)

where φ is the full crossing angle inside the medium, c is the speed of light inside the medium and τ is the pulse
duration (half width at 1/e2). The autocorrelation shape is given by

S(x) =

∫ +∞

−∞
I1(t)I2(t)dy ∝ exp

[
−
(

2 sin(φ/2)
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)2

x2

]
(14)

The trace is centered at x = 0 and by measuring its width σ (half width at 1/e2) and regarding the
√

2 gaussian
factor, the pulse’s temporal width may be determined by

τ =
2 sin(φ/2)

c0/n

σ√
2

(15)
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Fig. 2: a) Geometry of a single shot autocorrelator. Two pulses cross at an (internal) angle φ inside a nonlinear crystal
and the resulting sum frequency signal is imaged onto a CCD detector, providing the second order autocorrelation

function S(x). b) Single shot autocorrelator with delayed replica. This configuration results in two parallel
autocorrelation traces separated by a distance x0.

where c0 is the speed of light in vacuum and n the refractive index at the fundamental wavelength. If one of the pulse
replicas is somehow delayed (i.e. longitudinally displaced) with respect to the other (Figure 2b)), this will translate
as a spatial shift (i.e. transverse delay) in the autocorrelation shape: the trace will move sideways to one side or
another, depending on whether the time delay is positive or negative. Performing a similar process on this shifted
pulse, its trace appears shifted from the original position by a distance

x0 =
(c0/n)∆t

2 sin(φ/2)
(16)

An interpretation for the above expression is the following: in case one of the replicas consists of two pulses rather
than one, the autocorrelation trace will show two peaks, separated by a distance x0, as seen in Figure 2b).

We now turn to the more complex situation of determining the SSAC trace in case the pulse to be characterised
exhibits PFT. Considering that the pulse fronts of both replicas are tilted in the same direction by an small angle γ,
the autocorrelation scheme will change slightly, as seen in Figure 3. The introduction of the small angle γ will impact

ϕ/2+γ

cΔt
ϕ/2

nonlinear crystal CCD detector

y

x x

x0xPFT

Fig. 3: Single shot autocorrelator of pulses with pulse front tilt. Provided both pulse fronts are tilted along opposite
directions, the separation between the autocorrelation traces will change from x0 to xPFT .

the initial intensities (Equation 13) of both original branches as

I1,2(t) ∝ exp

{
−2

[x sin(φ/2 + γ)± y cos(φ/2 + γ)]2

(cτ)2

}
(17)
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By performing a similar procedure as before, we end up with a displacement distance

xPFT =
(c0/n)∆t cos γ

2 sin(φ/2 + γ)
(18)

By solving this equation in order to γ and after assuring that tan γ0 ≈ n tan γ [20], we can obtain a PFT γ0 expression:

γ0 = arctan

[(
x0

xPFT
− 1

)
n tan(φ/2)

]
(19)

As done before, by measuring the width σ′ of the new autocorrelation trace, the temporal width may be determined
by

τ =
2 sin(φ/2 + γ)

c0/n

σ′√
2

(20)

which as direct dependence on the value of PFT being measured.

Figure 4 shows a schematic of the device used. The pulse to be measured is guided through a set mirrors up to the
SSAC input. It is then split in two using a thin 50-50% beamsplitter, to which a 0.5 mm thick fused silica (n=1.45)
etalon is attached. This etalon will generate a double pulse in the reflected replica, whereas the transmitted replica
will be a single pulse. The nonlinear medium is a 15 mm diameter, 1 µm thick BBO crystal (n=1.655) cut for sum
frequency generation, such that the external crossing angle of the beams is close to 45 degrees (φ ≈ 26.85◦).

CCD
α

α/2

α/2
ϕ

BS

E
C

C

FL

M-HR HR

HR

x

Fig. 4: Setup of single shot autocorrelator. HR - high reflectivity mirror, M-HR - movable HR, BS - beamsplitter, E -
etalon, C - nonlinear crystal, L - imaging lens, F - 2nd harmonic filter, CCD - imaging camera.

IV. MEASUREMENT OF PFT WITH SSAC

Using a test compressor placed at the Front End, we want to see whether the experiment and model match, in
order to then proceed to the TAW more complex system. This is particularly fruitful since previous work has been
performed on this subject, with satisfying results [21, 22] for a simple Stretcher/Compressor setup. It is known that
imperfectly aligned gratings will generate PFT on the outcoming pulse.

The optical path of this setup is quite simple: after the pulse creation, stretching and entrance in the optical table,
it passes through a double pass compressor two times. This double pass compressor is composed of two gratings G1

and G2, separated by a distance L/2 that includes two mirror reflections at M1 and M2 due to space confinement.
This distance can be adjustable by electronic moving M1 back and forward to adjust the compression and temporal
properties. After the first pass, the beam faces mirror M3 that sends it for its second pass on the compressor. This
whole process is repeated once more, by means of mirror M4, making this system a two times double pass compressor,
duplicating the compression effects (Figure 5). It is then directed into the SSAC with the help of mirrors. Table II
gathers the relevant information about the compression system and pulse characteristics.

To build the 4x4 matrix model, one has to consider all the distances and system properties. Starting from the
grating and distance matrices, it is possible to derive the matrices for the full single and double pass stretcher and
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Fig. 5: Compression stage representation.

Table II: Front End input and system properties

Central wavelength λ 1.053 µm Grating’s diffracted angle θd 54.7◦

Initial pulse duration τ0 150 fs Distance between gratings L/2 3.25 m

Grating’s line density d (1480 lines/mm)−1 Distance between M4 and G1 Lr4/2 1.40 m

Grating’s incident angle θin 47.9◦ Distance between G2 and M3 Lr/2 1.60 m

compressor. By slightly changing the initial derivation, it is obtained the expression for a compressor with a tilted
grating (G2). Considering an incoming stretched pulse characterized by Qin, by means of Equation 11 one can get
the exiting properties of the compressed pulse Qout after travelling through the system’s matrix. By manipulating
this quantity with Equation 12, the same result of [21, 22] is obtained:

PFT =
4λ tan θd
d cos θin

δ = 13.15 δ (21)

However, after finding out that the beam was not collimated and, therefore, by slightly changing the model, it was
found out that the PFT formula had a factor of correction 0.725. By replacing the variables with the actual system
characteristic values, it was obtained:

PFT (δ) = 9.534 δ (22)

In order to deliberately introduce a controlled experimental amount of PFT, the second grating of the compressor
G2 was slightly misaligned by adjusting the angle away from perfect parallelism, in either direction. This was achieved
by using a micrometer actuator at 110 mm from the Gimbal mount vertical axis to induce rotational motion on the
grating surface plane. Eleven different values of δ were scanned between δ ∈ [−14.81 , 8.00] mrad and for each one of
them four distinct autocorrelations were recorded. From those, by fitting two Gaussians into the integrated intensity
we can take out the distance xPFT and the FWHM. By means of Equation 19, the results for the experimental PFT
observed can be calculated, averaged and are represented in Figure 6.

From the exhibited data, a linear plot can be made, in order to compare it with the linearity that was theoretically
derived. With a confidence of R2=0.99, it was experimentally verified that

PFTexp(δ) = 8.956 δ (23)

Comparing the modelled PFT and measurement, it can be concluded that the results correlate. It was obtained,
via the 4 by 4 Gaussian matrix model, the theoretical relationship PFT (δ) = 9.534 δ. Regarding the experiment, the
relationship obtained was PFTexp(δ) = 8.956 δ instead. The successful results of this study allow us to assume that
the SSAC is a reliable diagnostic for the measurement of PFT.
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Fig. 6: Experimental PFT vs. angle of misalignment.

V. MEASUREMENT OF PFT ORIGINATED BY NON-COLLIMATED BEAM: VULCAN TAW

Across the path to get from the oscillator to the Vulcan TAW target [11], laser pulses travel through different
rooms and devices: after the creation, stretching and pre-amplification, the beam exits the Front End and enters the
amplification room. At this stage, the beam is successively magnified (M) in between amplifications with the use of
four telescopes (na and nb, with n ∈ 1, 2, 3, 4). Beam collimation can be controlled by changing distance between
lenses 1a and 1b by an amount ∆f, where null value results in perfect collimation:

R ≈ − 1

∆f
M2f21a ≈ −

40

∆f
(24)

where f1a is the focal length of lens 1a.

After the amplification, the wide intense chirped beam (numbered 7) enters a single pass compressor in order to
restore a ultrashort pulse duration and high intensities. It is afterwards conducted into a lenses demagnification (Md)
system, similar to the magnification one (with lenses numbered 1-5), in order to be able to fit the SSAC. The overall
process of amplification, compression and diagnostics/target can be seen in the schematic represented in Figure 7.
Table III gathers the relevant information about the TAW’s beam 7 system and pulse characteristics.

Osc + Stretcher

AC
12345

1b1a

61.35º
73.35º

73.35º

61.35º

L

Lc

2b2a

3a3b4a4b

Fig. 7: TAW general schematic.
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Table III: TAW’s beam 7 system and pulse characteristics

Central wavelength λ 1.053 µm Distance between gratings L 3.5 m

Initial pulse duration τ0 150 fs Distance compressor to lens f1 Lc 5 m

Grating’s line density d (1740 lines/mm)−1 Magnification M - 10.55

Grating’s incident angle θin 61.35◦ Demagnification Md - 1/21.1

Grating’s diffracted angle θd 73.35◦ First lens focal length f1a - 0.6 m

The system can be divided into 4 main blocks: generation/stretching, collimation change/magnification, compres-
sion and demagnification before entering the SSAC. Each of them will have a derivation and proper Kostenbauder
matrix. Magnification and demagnitication matrices will be similar to each other and typical magnification matrices,
with the exception induced by the movable lens on the first one.

Considering an incoming stretched pulse characterised by Qin, by means of Equation 11 one can get the exiting
properties of the compressed pulse Qout after travelling through the system’s matrix. By manipulating this quantity
with Equation 12 it is obtained the PFT will behave as:

PFT =
L α ∆f λ sec θd
d f21a M

2 Md
(25)

where α = cos θin/ cos θd stands for the anamorphic magnification. By replacing the variables with the actual system
characteristic values, it was obtained:

PFT (∆f) = 19.72 ∆f (26)

Regarding the experimental data, 7 different values of ∆f were scanned between ∆f ∈ [−8 , 4] mm, This was
achieved by moving the micormetric plate that holds lens 1b, which is electronically controlled via a PC. For each
∆f positions, two distinct autocorrelations were taken and then analyzed. From those, the experimental results on
Figure 8 were obtained.
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Fig. 8: Experimental PFT vs. ∆f.

From the exhibited data, a linear plot can be employed, in order to retrieve the linearity that was theoretically derived.
With a confidence of R2=0.91, it was experimentally verified that

PFTexp(∆f) = 16.624 ∆f (27)

Comparing the modelled PFT and measurement, it can be concluded that the results correlate. It was obtained,
via the 4 by 4 Gaussian matrix model, the theoretical relationship PFT (∆f) = 19.72 δ. Regarding the experiment,
the relationship obtained was PFTexp(∆f) = 16.624 δ instead.
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The PFT related results obtained and here presented show that the model built and respective extracted relations
agree with the experiment performed. The successful results allow us to correctly characterize for the first time the
PFT dependency on collimation change of one of the most important laser systems worldwide. This is yet another
successful demonstration of the operation of the SSAC, as well as of the correctness of the theoretical model.

VI. CONCLUSIONS

We have addressed the origin, measurement and implications of PFT in a large-scale CPA laser system. This
behaviour is inherent to many ultrafast phenomena besides laser systems, which makes this study of broad application.
The work here presented also opens up the possibility of measuring the PFT of different laser systems thanks to the
versatility of the developed SSAC.

After confirming that the alignment of a stretcher-compressor system is a critical issue, a main study was performed
on whether the collimation of the beam would imprint PFT onto a pulse travelling through a laser system with a
single pass compressor. Using Vulcan’s TAW, this was the first attempt to ever try to characterise the PFT of such
pulse. The obtained results led to believe that there is a well-established dependency on the beam collimation, and
once more the proficiency of the developed measurement tool was confirmed.
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