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Abstract

When ultrashort pulses propagate through common optical elements, such as gratings
and thick lenses, they inevitably acquire spatiotemporal couplings (STCs), which are
nonseparable chromatic aberrations. This phenomenon fundamentally stems from the
broad spectral bandwidth inherent to ultrashort pulses. STCs can significantly re-
duce peak intensity, enlarge the focal spot, and thus limit the optimal performance
of ultrashort pulses in their applications such as high-harmonic generation (HHG)
and laser-driven particle acceleration. This thesis aims to characterize the STCs in
a multi-terawatt optical parametric chirped-pulse amplification (OPCPA) laser sys-
tem. The primary method employed is the Iterative Multispectral Phase Analysis for
LAsers (IMPALA) technique, which combines far-field beamlet cross-correlation with
a Gerchberg-Saxton (GS) phase-retrieval algorithm. To achieve this, we developed
and optimized stable data-processing programs, including spatial Fourier filtering and
complex phase averaging. The technique was first validated using a continuous-wave
fiber laser and subsequently applied to the OPCPA system using both a single-shot
mask with 12 pinholes and a multi-rotation mask with 10 pinholes. The results re-
veal that while the system’s wavefront is well optimized by a deformable mirror near
its central wavelength (850 nm), it exhibits significant chromatic aberrations at the
spectral edges (e.g., 830 nm), primarily exhibiting chromatic spatial tilt (pulse-front
tilt) and oblique astigmatism. Furthermore, the quantitative accuracy of the IMPALA
algorithm was verified by introducing a defined amount of aberrations, such as astig-
matism, x-coma, and spherical aberration via the deformable mirror, demonstrating
agreement with theoretical predictions.



Public Science Summary

Ultrashort laser pulses are like a camera flash that blinks in a mere fraction of a tril-
lionth of a second. Achieving such a short duration requires the laser to simultaneously
contain a wide blend of different colors, also known as a broad spectrum. These ul-
trashort and energetic pulses can be useful scientific tools in lots of areas. They can
capture the fastest processes in nature, such as the movement of electrons within
atoms, and generate enormous bursts of peak power necessary for driving advanced
technologies like compact particle accelerators and high-harmonic generation.

However, this multi-colored nature introduces a significant physical challenge. When
this broad spectrum of light travels through standard optical components, such as
glass lenses or gratings, the different colors bend and propagate at slightly different
speeds and angles. As a result, the colors lose their perfect alignment, smearing out
in both space and time. This complex distortion is known as a spatiotemporal coup-
ling (STC). Simply put, STCs prevent the laser from focusing perfectly into a single,
intensely tight spot, which dramatically reduces the maximum power the laser can
deliver. Before these distortions can be corrected, they must be accurately mapped
and measured. This thesis focuses on diagnosing STCs in a massive, multi-terawatt
high-power laser system. To achieve this, a novel diagnostic technique called IMPALA
(Iterative Multispectral Phase Analysis for LAsers) was used. The method works by
placing a special mask with a pattern of tiny pinholes directly into the laser beam
before focusing optics. This mask splits the large beam into several smaller beam-
lets. A camera then captures the complex interference patterns created when these
smaller beamlets overlap at the focal point. Using customized computer algorithms,
these recorded patterns are decoded to reconstruct the distortion maps for individual
wavelengths inside the laser pulse. By applying this technique, the research charac-
terized aberrations within the high-power laser. The results showed that while the
high-power laser was focused by a deformable mirror, the colors at the outer edges of
the spectrum were clearly tilted and distorted. Characterizing these hidden STCs is
an important first step toward correcting them, paving the way for building sharper
and more powerful lasers for next-generation scientific breakthroughs.
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List of abbreviations

STC - Spatiotemporal coupling

PFT - Pulse-front tilt

PFC - Pulse-front curvature

IMPALA - Iterative Multispectral Phase Analysis for LAsers
OPCPA - Optical parametric chirped-pulse amplification
HHG - High-harmonic generation

DM - Deformable mirror

CPA - Chirped Pulse Amplification
CW - Continuous wave

FWHM - Full-width at half-maximum
CEP - Carrier-envelope phase

GD - Group delay

GDD - Group delay dispersion

MSE - Mean square error

FFT - Fast Fourier Transform

BBO - Beta-barium borate

DFG - Difference-frequency generation
ND - Neutral density

GS - Gerchberg-Saxton

SPP - Spatial phase perturbation
DPR - Double-phase retrieval

MPR - Multiple-phase retrieval

HIO - Hybrid Input-Output

PV - Peak-to-Valley

RMS - Root-mean-square
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1 Introduction

Since the conception in 1960s, laser technology has been continuously developing.
Historically, the primary approach to increasing laser peak power and intensity has
been to shorten the pulse duration. The development of Q-switching and mode-locking
techniques, made the generation of ultrashort laser pulses (picosecond and eventually
femtosecond regimes) with peak powers in the MW and GW range possible. However,
amplifying these ultrashort pulses with high peak intensities would easily damage the
optical components of the amplifier, which limited further progress toward shorter and
more intense pulses of shorter and stronger pulses. This limitation was overcome with
the invention of chirped pulse amplification (CPA) [1]. The CPA technique has pushed
the current laser systems with compact structures to have higher peak power in the
TW and PW range and shorter duration in short femtosecond domain.

Ultrashort laser pulses, especially those generated by chirped pulse amplification (CPA)
technology, are broadband and often limited by chromatic dispersion and optical aber-
rations when propagating through typical CPA system components, such as expanders,
compressors, and dispersive lenses. These optical elements can cause different fre-
quency components of the electromagnetic field to focus differently in space. This
phenomenon, where the electric field cannot be mathematically separated into in-
dependent spatial and temporal components, is known as spatiotemporal couplings
(STCs). STCs can affect the performance of ultrashort pulses in their applications.
Apart from simply reducing the peak intensity, STCs disrupt the precise symmetry
and timing of the electromagnetic field at the focus [2]. In non-linear applications
like high-harmonic generation and attosecond science, this misalignment ruins the
stringent phase-matching conditions required for clean emission [3], while in the laser
wakefield acceleration, STCs can steer the pointing of the electrons [4].

The most common fundamental STCs in ultrashort laser systems include pulse-front
tilt (PFT), typically induced by tilted gratings or prisms, and pulse-front curvature
(PFC), which often arises from the chromatic aberrations of lenses. Various spatially
resolved measurement techniques have been developed to characterize these STCs.
The spatially-resolved measurement techniques, such as SPIDER [5], are extended to
one or more spatial dimensions to resolve STCs. RED-SEA-TADPOLE [6] is based
on the spectral interference of an unknown pulse with a known reference pulse to
characterize STCs. TERMITES [7], and INSIGHT [8] are based on self-referenced
Fourier-transform spectroscopy (FTS), using a spatially filtered beam as the reference
for the interference. While these methods can provide comprehensive spatiotemporal
profiles, they generally rely on complex and expensive optical setups, require hard-to-
obtain reference beams, or demand the scanning of hundreds of images. Consequently,
they are difficult to implement as routine, in-situ diagnostic tools in low-repetition
rate, high-power laser systems.

The aim of this thesis is to utilize a novel technique named IMPALA (Iterative Multis-
pectral Phase Analysis for LAsers) [9],which is based on a far-field beamlet cross-
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correlation technique [10] to characterize STCs. IMPALA offers a minimally intrusive
approach by simply placing a mask with specially arranged pinholes before the focus-
ing optics. The spectrally resolved wavefront can then be reconstructed from far-field
speckle patterns by using only a few laser shots, or even a single shot.

At the Lund Laser Centre (LLC), a multi-terawatt laser system, based on optical
parametric chirped pulse amplification (OPCPA), is capable of delivering ultrashort
pulses with a pulse duration of 9 fs (FWHM), pulse energies of up to 250 mJ, and
a central wavelength of approximately 850 nm at a 10 Hz repetition rate. Although
this system has been highly optimized for maximum energy delivery, the detailed
spatiotemporal properties of its output beam have not yet been fully characterized.
Given that the IMPALA technique requires minimal intrusion into the existing optical
setup, uses a simple mask structure, and extracts wavefront information from very
few images, implementing IMPALA at the LLC represents a promising approach to
comprehensively diagnose and map previously unknown spatiotemporal couplings.

1.1 Thesis outline

This thesis is structured as follows: Chapter 2 provides the theoretical background, in-
troducing the mathematical representation of ultrashort pulses, Fourier optics, primary
optical aberrations, and the physical origins of spatiotemporal couplings (STCs) such
as pulse-front tilt and curvature. Chapter 3 discusses the principles of the Gerchberg-
Saxton (GS) algorithm, its convergence properties, and its modern variants for phase
retrieval. Chapter 4 introduces the experimental setups and methodology. It de-
scribes the fiber laser and the multi-terawatt OPCPA system, the physical design
and resolution limits of the IMPALA masks, and the complete computational pipeline
for data processing. Chapter 5 presents the results and discussion. It analyzes the
phase retrieval from the fiber laser, evaluates the single-shot and multi-rotation IM-
PALA measurements on the OPCPA system, and validates the algorithm’s quantit-
ative accuracy using astigmatism and primary spherical aberration introduced by the
deformable mirror (DM). Chapter 6 summarizes the main conclusions of this work and
outlines potential future improvements.



2 Theory

2.1 Ultrafast optics

Compared to continuous-wave lasers that can be fully described by their spatial eld
distributions, ultrashort laser pulses require a rigorously coupled treatment of their
spatial, temporal, and spectral characteristics. In the femtosecond regime, the physical
length of a pulse is reduced to a micrometer scale. This localized wave packet makes
its temporal envelope highly sensitive to the dispersive properties of optical materials
and the geometry of optical components [11].

2.1.1 Representation of ultrashort pulses

Mathematically, a monochromatic wave in time and space can be written as
U(r;t) = U(r) exp(j't); (2.1)

where U(r) is the complex amplitude and ! = 2 is the angular frequency. Now,
considering only the time domain, an ultrashort optical pulse of central frequency
o can be represented by an oscillating carrier wave modulated by a slowly varying
complex envelope as shown in Figure 2.1:

Ut = Al expli(! ot+ (1)] (2.2)

where !q is the central angular frequency and A(t) is the complex envelope which
can be characterized by magnitude jA(t)] and phase argfA(t)g = (t), such that the
intensity 1(t) = jU(t)j 2 =jA(t)] ? [11]. The real electric eld U(t) at a xed spatial
position is commonly expressed analytically as the real part of a complex eld:

RefU (t)g = jA()jcos[! ot + (1)] (2.3)
Taking the Fourier transform, the pulse can be described in the spectral domain as:

V() =Fiu@®g =V (iexpl ()] (2.4)

where () is the spectral phase and the spectral intensity is S() =jV ()j 2. For ana-
lytical simplicity, the intensity pro le of ultrashort pulses is frequently modeled using
a Gaussian function. The temporal envelope of an unchirped (also called transform-
limited) Gaussian pulse is given by:
|
2

A(t) = A oexp > 2
1=

(2.5)

e

where ;- is the half-width at 1=e maximum of the intensity. The full-width at half-
maximum (FWHM) of the intensity pro le, commonlb referred to as the pulse duration
FwHwM , relates to this parameter via pwpv = 1= 2In2.



Figure 2.1: Temporal representation of an simulated ultrashort pulse of 10 fs, and
(t) = 0, showing the rapidly oscillating carrier wavefunction RefU (t)g
constrained by an envelope jA(t);.

Because the temporal duration and the spectral bandwidth of the pulse are fundament-
ally linked through a Fourier transform, it is mathematically impossible to shorten a
pulse arbitrarily without correspondingly broadening its spectrum. For a transform-
limited Gaussian pulse, the duration at full-width of half maximum gwyw and the
spectral width are constrained by the time-bandwidth product:

rwum =0:44 (26)

A pulse that satis es this fundamental equality is transform-limited, representing the
absolute shortest duration achievable for a speci ¢ spectral width.

2.1.2 Chromatic dispersion and spectral phase

When a broadband ultrashort pulse propagates through a dielectric medium, it inev-
itably experiences chromatic dispersion. Because the refractive index n(!) of optical
materials varies with frequency, dierent spectral components accumulate di erent
phase shifts. To analyze this temporal distortion, it is convenient to switch to the
frequency domain and expand the spectral phase (!) in a Taylor series around the
central frequency lo:

0 o+ %!(!! 0)+%@!! 0)2+%%!! 0+ (2.7)

The rstterm ( represents the absolute phase, related to the carrier-envelope phase
(CEP). The second term is the group delay (GD), which dictates the arrival time of
the pulse envelope. The third term @=@!? is rst order derivative of the GD, thus

de ned as the group delay dispersion (GDD), which also corresponds to chirp.
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2.1.3 Chirped pulse

In multi-terawatt systems relying on chirped pulse ampli cation (CPA), managing this
dispersion is crucial. In general, the CPA technique is to broaden an ultrashort pulse,
then amplify the pulse at an intensity below the damage threshold of the ampli er
and nally compress the pulse to a femtosecond or picosecond pulse duration. The
stretching and compressing processes are achieved by the introduction of a frequency
dependent delay in the pulse spectrum.

The second time derivative of*= @? =@% shows how the instantaneous frequency;,
I'i =1 o+ ,of the pulse varies with respect to time. The chirp parameter is de ned
as 1

a= é (28)
If a < 0, the instantaneous frequency is decreasing, and the pulse is down-chirped
[as shown in Figure 2.2 (b)]. If a > 0, the instantaneous frequency is increasing, and
then the pulse is up-chirped [(as shown in Figure 2.2 (c)]. For a Gaussian pulse with
a complex envelop A(t) = Agexp(t 2= )exp(jat 2= ) [11], the time derivative _is a
linear function, so that the pulse is linearly chirped.

Figure 2.2: Temporal and spectral pro les of di erent chirped Gaussian pulses with
FWHM width 5 fs and central angular frequency 2.216 fs' corresponding to
central wavelength 900 nm. (a) Transform-limited pulse; (b) Down-chirped
pulse of chirp parameter a = 3; (¢) Up-chirped pulse of chirp parameter
a=3



2.2 Fourier optics basics

Mathematically, an arbitrary function f(t) can be analyzed as a superposition of har-
monic functions of di erent frequencies with di erent complex amplitudes:

YA 1
f(t) = F()exp(j2 t)d (2.9)
1
where is the frequency, and the complex amplitude F () is the Fourier transform of
f(t), noted as ya
1
Fff)g=F() = f(t)exp(j2 t)dt: (2.10)

1

In Fourier optics, an arbitrary light wave propagating in free space can be seen as
a combination of di erent plane waves. According to wave optics, a plane wave can
be de ned as U(x;y;z) = Aexp[j(k «x+kyy +k,z)], where k are components of
wavevector k. Assuming that the monochromatic wave propagates in the x-y plane,
the two-dimensional Fourier transform of wave U(x;y) can be given by [12]:

Z7 .
FfUg( x; y) = U y)exp[j2 ( xx+ yy)ldxdy (2.11)

1
where , =ky,=2 and , =k,=2 are the spatial frequencies. In physical terms, each

point ( ; y) in the Fourier domain corresponds to a plane wave propagating with a
speci ¢ set of direction cosines.

Figure 2.3: The angular decomposition of a plane wave in x-z plane



Considering a plane wave is propagating in x-z plane as illustrated in 2.3, with the
spatial period along x-axis y = 1= 4 and thus the angle between wavevector k and
z-axis, x = sin ! (ky=k). With the ﬁimilar decomposition in y-z plane, the relations
between di erent vlvavenumbers k="kZ+kZ+kZ=2= canbedened. Ifk ;ky

k , the wavevector k can be seen as paraxial, so that the anglg and , are small
(sin xs SiN y y)[11], and thus the angles can be given by:

= (2.12)

2.2.1 Propagation of light

When light propagates from an initial plane z = 0 to another plane at distance z, its
evolution can be described by the angular spectrum of plane waves. As established in
[11], free space acts as a linear shift-invariant system with a speci c transfer function.

If the complex eld at z = 0 is U(x;y; 0), its angular spectrum FfUg( «; y;0) under-
goes a phase shift during propagation. The spectrum at distance z is given by:

FfUg( x; v 2) = FfUg( «; y;O)H( X1 y) (2.13)

The transfer function H is de ned as:

q
H( x; y)=exp jkz 1 ( )2 ( y)? (2.14)

where k = 2 =. For spatial frequencies where ( )+ ( y)? > 1, Equation 2.14
becomes an attenuation factor and the waves become evanescent, meaning free space
e ectively acts as a low-pass lter that limits the resolution of imaging systems.

2.2.2 Diraction of light in near- eld and far- eld

Di raction is the phenomenon where light waves encounter an aperture and deviate
from the shadow of the aperture. The observed diraction pattern depends signi c-
antly on the propagation distance d and the aperture size D.



Figure 2.4: Diraction geometry.

Figure 2.4 shows an incident light wave with complex amplitude U (x;y) transmitting
through an aperture to the observation screen at distance d. The complex amplitude
after the aperture is given by

f(x;y) = U (X y)p(x;y); (2.15)

where p(x;y) is the aperture function.

Fraunhofer di raction (far- eld) and Fourier transform properties of lenses

As discussed above, the diraction pattern is related to the distance. As the distance
z increases such that d D 2=, the complex amplitude at the observation screen
can be given by Fraunhofer di raction:

jkd ZZ

a(x;y) id focy)exp[j2 (1 xx+ yy)ldxdy: (2.16)

The intensity of the di raction pattern on the screen I(x;y) = jg(X; y)j Zis
ZZ 2

6= gz fnenliz( e lddy @ @17)

Here, using the paraxial approximation siny x» SNy y» the k vectors in x-y
plane are k (x=d)k and k y (y=d)k, and thus the spatial frequencies are x = x=d

and y = y=d. Therefore, the diraction pattern under Fraunhofer approximation
is proportional to the Fourier transform of the complex amplitude f(x;y) after the
aperture.

To fulll the far- eld condition, for an aperture with diameter D = 0:8 mm and
incident wavelength =523 nm, the distance between the aperture and screen should

be
2

d 2~ 38m (2.18)



However, when an aperture (or mask) is placed in the front focal plane of a lens with
focal length f, the complex amplitude distribution in the focal plane can be given by
the Fraunhofer di raction in Equation 2.17 replacing the scale factor to 1=f [11].
Thus, a positive lens can naturally perform a two-dimensional Fourier transform as:

7z )

1 j2
() 2 f(X n;yn) EXP Jf (XnXt +YnYr) dXadyn ; (2.19)

where x,; Y, is the positions in near- eld and % ;y; are the positions in far- eld.

(X t5yr) =

2.3 Optical aberrations and wavefront

2.3.1 Primary aberrations

Aberrations are likely to exist in optical systems and a ect the performance, as a

result of the design of optical components and the properties of light interacting with

curved surfaces. Spatiotemporal couplings (STCs) in an ultrashort laser system can
be highly related to the aberrations. In this section, types of primary aberrations

will be introduced, and can generally be divided into monochromatic and chromatic

aberrations as shown in Figure 2.5.

Figure 2.5: Primary aberrations. (a) Spherical aberration; (b) Coma; (c) Astigmatism;
(d) Chromatic aberration. These gures are published in [13]



Spherical aberration

Instead of a single sharp focal point, spherical aberration creates a broadened, sym-
metrically enlarged focal spot. The reason for this is that light rays passing through
the outer edges of a spherical mirrors or lens are re ected or refracted di erently com-
pared to the rays passing near the center, thus passing through di erent focal points.
To avoid this, one simple method could be using aspheric lenses, but these lenses
are di cult to manufacture and more expensive. Another way to correct spherical
aberration is to combine convex and concave lenses to compensate the e ect.

Coma

Coma is an o -axis optical aberration that arises when a spherical lens exhibits varying
transverse magni cation across its aperture. When an object is imaged by a lens
su ering from coma, light rays passing through the outer edge of the lens produce a
di erently sized image compared to the rays passing near the center of the lens. The
focal spot of the o -axis point appears to be blurry and distorted with a bright core
and a fading tail like a comet.

Astigmatism

Astigmatism arises when an optical system exhibits di erent refractive powers (focal
lengths) in two orthogonal planes, typically referred to as the sagittal and tangential

planes. Consequently, rays propagating in these dierent planes focus at di erent
positions along the optical axis. For a laser beam, this transforms a circular beam
pro le into an elliptical one, with the major axis of the ellipse ipping its orientation

by 90 degrees as the beam passes through the focal region.

Chromatic aberration

Unlike monochromatic aberrations, chromatic aberration is dependent on the wavelength
of the light source. It is caused by the dispersive property of optical materials, i.e.
the refractive index varies with the wavelength. In longitudinal chromatic aberra-
tion, di erent spectral components of the pulse focus at di erent distances along the
propagation axis. For broadband light source, such as ultrashort pulses, chromatic
aberration is particularly critical. It is the primary e ect that induces spatiotemporal
couplings (STCs), such as pulse-front curvature (PFC), because the spatial propaga-
tion is linked to the temporal or spectral properties.
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2.3.2 Zernike polynomials and wavefront representation

In optical systems, wavefront means the surface of constant phase for an electromag-
netic wave. For an ideal, undisturbed laser beam, the wavefront is a perfectly at plane
or a smooth sphere. However, as the beam propagates through optical elements with
aberrations, the wavefront becomes distorted. To quantitatively characterize these
distortions, it is necessary to decompose the wavefront into a set of orthogonal basis
functions.

For systems with circular apertures, such as most laser beams, Zernike polynomials are
the standard mathematical tool for this representation. The Zernike polynomials are
orthogonal over the unit circle (  1). The wavefront phase W ( ; ) can be expressed

as a linear combination of Zernike polynomials Z(; ):

XX
W(;)= a'Zy(;) (2.20)
n=0 m=n
where = r=R is the normalized radial coordinate (0 1), is the azimuthal
angle (O 2), c [ are the Zernike coe cients, representing the weight of each

speci ¢ aberration mode and n is the radial degree and m is the azimuthal frequency.

The polynomials are typically de ned by a radial part R () and an angular part:

8 .
2N"R ()cos(m); form>0

Zy(i)= N7 RyY ()sin(jmj); form<0 (2.21)
" NORY(); form=0

A conventional mapping the two indices n; m into a single index j is the OSA/ANSI

standard indices:

- nn+2)+m

5 (2.22)

Physical Interpretation of Zernike Terms

The primary advantage of Zernike polynomials is that their lower-order terms corres-
pond directly to classical Seidel aberrations. Table 2.1 is the common Zernike terms
and their corresponding aberrations.
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Table 2.1: Zernike polynomials and corresponding aberrations.

Z" OSA/ANSI Index i Polynomial Z;(; )  Classical Name

Z§ 0 1 Piston

zZ} 1 2 sin Vertical Tilt (Y-Tilt)

Zi 2 2 cos Horizontal Tilt (X-Tilt)

Z2 3 pé 2sin(2) Oblique astigmatism

Z9 4 322 1) Defocus

z2 5 6 2cos(2) Vertical astigmatism

Z3 6 0 8 3sin(3) Vertical trefoil

Z3 7 D 8(3 % 2)sin Vertical coma

z} 8 §F§3 8 2)cos Horizontal coma

z3 9 8 3cos(3) Oblique trefoil

z) 10 D 10 “sin(4) Vertical quadrafoil

Z72 11 10(4 4 3 ?)sin(2) Oblique secondary Astigmat-
D ism

z9 12 D 56 * 6 2+1)  Primary spherical aberration

Z2 13 10(4 * 3 ?)cos(2) Vertical secondary Astigmat-

ISm

Figure 2.6: Zernike polynomials illustrating fundamental optical wavefront aberrations.
The wavefronts are normalized and generated by [14].

In the context of laser beam characterization, the most relevant terms in Figure 2.6 are:
Tilt (Z [ ;Z7), representing a global tilt of the wavefront, which leads to a transverse
shift of the focal spot in the focal plane; Defocus (@, representing a longitudinal
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shift of the focus along the optical axis; Astigmatism (£ ;Z3), Coma (Z3 ;Z3), and
Spherical Aberration (Z9), representing higher-order spatial distortions that degrade
the focal spot quality and peak intensity.

Figure 2.7: Focal spot of the OPCPA laser system with di erent aberrations.

Figure 2.7 shows the focal spot intensity images when the laser beam is a ected by
the corresponding aberrations in Figure 2.6 and Table 2.1.

Wavelength Dependence and spatiotemporal couplings

For monochromatic light, the Zernike coe cients ¢' are constants. However, ul-
trashort pulses|such as those in the multi-terawatt OPCPA system at LLC|possess

a broad spectral bandwidth. Due to the dispersive nature of optical materials (chro-
matic aberration), the wavefront distortion becomes highly wavelength-dependent.
Thus, the wavefront must be described as a function of wavelength :

X
W(; )= a(0Z50G) (2.23)

This wavelength dependence is the fundamental origin of spatiotemporal couplings
(STCs). The IMPALA technigue aims to diagnose these couplings by retrieving the
Zernike coe cients for each spectral component. Pulse-front tilt (PFT) arises if the
tilt coe cients (c { ) vary linearly with wavelength, implying that di erent frequencies
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point in di erent directions (angular dispersion). Pulse-front curvature (PFC) arises if
the defocus coe cient (Q) varies with wavelength, meaning di erent frequencies focus
at di erent longitudinal positions (longitudinal chromatic aberration).

2.4 Spatiotemporal couplings

In multi-terawatt systems relying on chirped pulse ampli cation (CPA), managing lon-
gitudinal dispersion is only part of the challenge. When a pulse with massive spectral
bandwidth interacts with optical components that modify both spatial and spectral
properties|such as lenses, prisms, and di raction gratings|its temporal and spatial
pro les become inextricably linked or coupled. This phenomenon, where the electric
eld E(x;y;t) cannot be factored into independent spatial and temporal components,
is known as spatiotemporal couplings (STCs) [2]. Two foundational STCs (pulse-front
tilt and pulse-front curvature) severely limit the focal intensity in high-power systems.

2.4.1 Pulse-front tilt and angular dispersion

Pulse-front tilt (PFT) occurs when the arrival time of the pulse varies linearly across

the transverse spatial coordinate (e.g., the x-axis). Physically, PFT is the direct

time-domain manifestation of angular dispersion in the frequency domain. When a
broadband beam re ects o a grating or passes through a prism, di erent wavelength

components propagate at slightly di erent angles (). Figure 2.8 shows an example

where PFT is produced by a grating.

Figure 2.8: Pulse-front tilt is produced by a grating. The phase fronts are shown for
di erent frequencies, and the dash line is the phase front of the average
frequency.

According to general STC theory, the relationship between the angular dispersion
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d =d and the group-delay gradient 4 (which characterizes the PFT) can be ex-

pressed as:
od
= 9= 2.24
g cd ( )
where c is the speed of light andg is the central wavelength [2]. In a poorly aligned
CPA compressor, residual angular dispersion will lead to signi cant PFT, causing the

pulse to smear out in time at the focal plane, thereby destroying the peak intensity.

2.4.2 Pulse-front curvature and chromatic curvature

While PFT involves a linear delay, Pulse-front curvature (PFC) involves a quadratic
delay across the beam pro le. PFC predominantly arises from the longitudinal chro-
matic aberration of refractive lenses (as shown in Figure 2.9). Because the refractive
index of glass decreases with wavelength in the near-infrared region, a standard convex
lens will focus the "blue” (high-frequency) components of the pulse tighter and closer
to the lens than the "red" (low-frequency) components.

Figure 2.9: Pulse-front curvature introduced by lenses.

In the near eld, this means the group delay varies radially, curving the energy front
of the pulse. When measuring wavefronts across di erent spectral slices|as is done in
the IMPALA technique|PFC reveals itself as a wavelength-dependent Zernike defocus
term (Z9). Successfully diagnosing and correcting these couplings is the ultimate goal
of characterizing the terawatt OPCPA laser system.
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3 Gerchberg-Saxton algorithms

In optical experiments, sensors such as CCD or CMOS cameras can only record the
time-averaged intensity of a light eld, I(x;y) = jU(x;y)j 2. The phase information,
which is crucial for complete characterization of the wave and wavefront reconstruction,
Is inherently lost during the measurement process. Retrieving this missing phase from
intensity measurements is a fundamental problem known as phase retrieval.

Proposed by Robert W. Gerchberg and Walter O. Saxton in 1972 [15], the Gerchberg-
Saxton (GS) algorithm is an iterative computational method utilized to reconstruct
the phase of a complex wave eld from two intensity distributions recorded at two
di erent planes, i.e. the object (near- eld) plane and its corresponding Fourier (or
far- eld) plane. It is shown that the GS algorithm indeed has a unique solution to
the phase retrieval problem through the iterative process [16]. As demonstrated in
section 2.2, the relationship between these two planes can be optically realized using
a positive lens, making the elds a Fourier transform pair.

3.1 Principle of the algorithm

Let the complex amplitude in the object plane (e.g., the mask or aperture plane)
be de ned as f(x;y) = ao(X;y)exp[j (x;y)], where a o(x;y) is the known or meas-
ured amplitude distribution and (x;y) is the unknown phase to be retrieved. The
corresponding complex amplitude in the Fourier plane is given by

G(xi y) =Ao( i y)expli ( x; y)I; (3.1)

where Ay( x; y)is ttbe measured far- eld amplitude obtained from the intensity pat-
tern, and thus Ag = = ;.

The process of the standard GS algorithm is shown in Figure 3.1. The algorithm iter-
ates between the spatial and spatial frequency domains, enforcing the known intensity
constraints at each step while preserving the phase estimated from the previous step.
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Figure 3.1: Block diagram of the iterative process in the standard Gerchberg-Saxton
algorithm for the k-th iteration.

Assuming an initial random phase guessg(x;y) uniformly distributed between
and , the k-th iteration of the GS algorithm consists of several sequential steps.

First, the complex eld in the object plane is Fourier transformed to estimate the eld
in the Fourier domain:

Gr( x; y) =Ffa o(;y)expli 1 (Y =Ak( x; y)expli «( xi y)I; (3.2)
where A and ¢ are the calculated amplitude and phase, respectively.

Next, a constraint will be applied to the Fourier domain. The calculated amplitude
Ax( x; y) is replaced by the actual measured amplitude & «; y), while keeping the
calculated phase x unchanged. This forms the updated Fourier eld:

Gl x; y) =Ao( x; y)expli «( « y)I (3.3)

Then an inverse Fourier transform is applied to &to propagate the eld back to the
object plane:

fOGy) =F Y1GR( x; y)g =ak(y)expli G y)l: (3.4)
Lastly, the calculated amplitude a(x;y) is replaced by the known object amplitude

av(X;y) (e.g., the transmission pro le of the pinhole mask), yielding the updated eld
for the next iteration:

fre (G Y) = a0l y)expli (6 Y)I: (3.5)
The new phase estimate for the next loop becomeg.; (X;y) = 2(x;y).

3.2 Convergence and error

The iteration process continues until the calculated amplitude A converges to the
measured target amplitude A. To monitor the convergence, the mean square error
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(MSE) is commonly evaluated at each step in the Fourier domain [17]:

RR ”
E2 = JAkl(_-)b; y) A o x; y)] d .d y
k — LIALE

JAO( X y)jzd xd y

(3.6)

A fundamental property of the GS algorithm is that the error E2 monotonically de-
creases or remains constant with each iteration. OnceZErops below a prede ned
tolerance threshold, the algorithm is terminated, and the nal ¢(x;y) is accepted as
the retrieved wavefront phase. In practical applications such as the IMPALA tech-
nique, this iterative phase retrieval method will provide a stable way to reconstruct
wavefront aberrations solely from far- eld speckle intensity patterns. However, there
are still convergence challenges in the GS algorithm. These challenges arise from the
tendency of the algorithm to stagnate in a local minimum value, where iterations cease
to reduce the error signi cantly without reaching the global optimum. This stagna-
tion can be obvious in cases with centrosymmetric support constraints. These issues
stem from the algorithm's reliance on iterative projections onto non-convex constraint
sets, leading to entrapment rather than progression toward the true solution [18]. The
algorithm is also sensitive to the initial phase guess and noises in the input intensity
measurements. Thus, running several trials and selecting the best outcome are often
required to mitigate inconsistent results [19].

3.3 Improvements of the standard GS algorithm

There are many di erent improvements and modi cations to the standard GS al-
gorithm that have been developed.

3.3.1 Spatial phase perturbation (SPP) GS algorithm

The SPP-GS algorithm addresses the stagnation problem by introducing extra phase
perturbations to the object eld during iterations. By applying a spatially varying,
pseudo-random phase mask in the spatial domain, the algorithm is forced out of local
traps in the error landscape [20]. This perturbation helps the eld traverse a larger
volume of the phase space, signi cantly increasing the probability of nding the global
optimum.

3.3.2 Double-phase retrieval (DPR) algorithm

The DPR algorithm involves two di erent intensity distributions | ; and I, recorded
at di erent planes (usually at the object plane and the far- eld image plane). By
performing iterative projections between the two intensity constraints, the DPR al-
gorithm resolves the reconstruction of twin images that often plagues single-plane
phase retrieval [21, 22]. This method is particularly e ective for systems where the
phase varies signi cantly across the aperture.
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3.3.3 Multiple-phase retrieval (MPR) algorithm

Expanding on the multi-plane concept, the MPR algorithm utilizes a sequence of in-
tensity measurements taken along the propagation axis [21]. By enforcing constraints
at N di erent planes, the MPR algorithm e ectively performs a "soft" optimization

of the error function. The inclusion of redundant data provides superior noise robust-
ness and enables the retrieval of high- delity phases even in the presence of strong
aberrations [17].

The selection of an appropriate algorithm depends on the experimental complexity;
while SPP-GS is ideal for simple iterative setups, multi-plane methods like MPR are
preferred when high precision is required for characterization of complex wavefronts.

3.3.4 Hybrid input-output (HIO) algorithm

Beyond multi-plane methods, the hybrid input-output (HIO) algorithm represents a

signi cant leap in retrieval robustness. Introduced by Fienup [17], the HIO algorithm
modi es the spatial domain projection to avoid stagnation. Instead of a direct re-
placement of the spatial eld, it utilizes a feedback parameter to update the eld

based on the violation of the object domain constraints. This allows the algorithm to
explore the phase space more e ciently, making it highly e ective for reconstructing
wavefronts with complex supports or non-trivial boundaries.
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4 Method

4.1 Experimental setups

The iterative phase-retrieval technique was tested using two di erent laser systems.
The initial test and data processing program development was done using the ber-
coupled diode laser, delivering continuous-wave (CW) laser beam of 523 nm. Then,
the high-power terawatt laser in LLC was used to deliver ultrashort pulses and to

characterize the wavefront using this technique. Moreover, the deformable mirror
(DM) inside the system was also used to deliberately introduce aberrations to the
wavefront, so as to analyze the performance of the IMPALA technique as well as the
Gerchberg-Saxton algorithm.

4.1.1 Fiber-coupled diode laser

The emission of continuous laser light from a ber-coupled diode laser originates from
the semiconductor chip, which typically acts as a Fabry-Perot cavity, while the optical
ber serves as a passive delivery medium. Several longitudinal modes, or standing
waves, can exist within the semiconductor cavity simultaneously. For a diode cavity
with physical length L and e ective refractive index n. , the possible frequencies of
these standing waves are determined by [23]:

c
T n, n=1;2;:: 4.1)

where c is the speed of light in vacuum. The semiconductor gain medium has a broad
gain pro le, so the actual laser output is a weighted sum of the longitudinal modes
that fall within this envelope, which is subsequently coupled into the optical ber.

The frequencies of these longitudinal modes depend on the optical path length of the
diode cavity, n, L. Fiber-coupled diode lasers are extremely sensitive to thermal per-
turbations. This thermal instability is particularly obvious when the laser is initially
switched on. As the semiconductor junction heats up, both the physical length of the
cavity and its refractive index change (thermal drift). This causes the densely packed
longitudinal modes to shift and wander across the gain envelope. Depending on where
the modes are positioned under the temperature-dependent gain pro le, the output
wavelength and power will experience slight variations until the diode reaches thermal
equilibrium.
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Figure 4.1: Fiber-coupled diode laser setup, with two lens of 400 mm and 200 mm to
expand and focus the beam, a camera of 2048 3072 pixels (2.4 m per
pixel) connected to a 10x magni cation microscope and a mask placed before
the focusing.

Figure 4.1 shows the basic setup of the ber-coupled diode laser system. The beam
from the ber-coupled diode laser of 523 nm will rst pass through a continuously
variable natural density(ND) Iter to modulate the light intensity. Then, because of
the divergent angle from the ber, the beam is aligned with the lens Lof focal length
400 mm and the beam size can be controlled by an iris before the lens. After bending
the beam by a re ecting mirror, the parallel beam will pass through the mask and
then be focused by the lens L of focal length 200 mm. For the 523 nm beam and the
hole diameter D = 0:8 mm, the size of the di raction pattern d on the focal spot can
be calculated as:

_2:44f  2:44 523 10 ° 02

d D 0:8 103

0:32 mm

Then, the pixel numbers for imaging this size is 0:32 mm=2:4 m = 133, which could
be very small in the image and have low resolution. Thus, in the experiment, a
microscope of 10x magni cation is applied in front of the camera.

4.1.2 The multi-terawatt laser system

The block diagram of the current multi-terawatt laser system at Lund Lund Laser
Centre is illustrated in Figure 4.2. The system relies on optical parametric chirped
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pulse ampli cation (OPCPA) to deliver extremely broadband, sub-10 fs pulses. The
system operates at a repetition rate of 10 Hz, providing pulses with a central wavelength
around 850 nm, and an energy of 250 mJ.

Figure 4.2: Block diagram of the OPCPA laser system, simpli ed from [24]. The pump
lasers (frequency doubled Nd:YAG lasers) in picosecond are showed in green
arrows.

In contrast to conventional Titanium:sapphire ampli ers that rely on population inver-
sion and stimulated emission, the OPCPA technique utilizes three-wave mixing inside
a non-linear beta-barium borate (BBO) crystal. In this process, energy is coherently
transferred from a picosecond pump beam to the signal beam without intermediate
energy storage in the crystal. This lack of population inversion signi cantly suppresses
ampli ed spontaneous emission, leading to an enhanced temporal contrast [24]. The
ampli ed bandwidth is determined by the phase-matching conditions over the crystal
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length, enabling a broad, spectrum ranging from 750 nm to 1000 nm (as shown in
Figure 4.3).

Figure 4.3. OPCPA spectra from d-scan retrieval results. Red line: Measured linear
spectrum. Green line: Retrieved linear spectrum. Blue line: Retrieved
spectral phase. Black line: 4th order polynomial t of the spectral phase.

Due to the massive spectral bandwidth, the OPCPA system employs a grism stretcher
with negative group delay dispersion to stretch the seed pulses to 60 ps. The system
also features a specialized front-end ORPHEUS module to support few-cycle pulses
and precise control. This module spectrally broadens the pulse via self-phase modu-
lation and provides passive carrier-envelope phase (CEP) stability through di erence-
frequency generation (DFG), which cancels the random CEP uctuations originating
from the oscillator [24]. After spectral shaping, the pulse (signal) is then ampli ed
in four consecutive OPA stages, pumped by picosecond Nd:YAG lasers. Finally, the
pulse is compressed to approximately 9 fs with energy 250 mJ.

In the IMPALA measurement using the multi-terawatt laser system, the beam was
attenuated by an ND 2 lIter to avoid saturating the camera. The di erent IMPALA
masks were placed before getting focused by the 4 inch o -axis parabolic mirror with
an apparent focal length of 445 mm.

4.2 The IMPALA masks

The IMPALA masks generalize broadband double-slit interferometry and di raction

to a multi-pinhole con guration [9]. By placing a specially designed mask before a
focusing optic, an ultrashort laser pulse is split into multiple beamlets. These beamlets
interfere at the focal plane (far- eld), generating a speckle or streak pattern. In the
spatial fast Fourier transform (FFT) of the far- eld interference pattern, di erent
spectral components are naturally disperse along radial streaks as shown in Figure
4.4,
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Figure 4.4: Extraction process of the monochromatic far- eld intensity, from the radial
separation of di erent wavelengths in Fourier domain.

4.2.1 Mathematical Derivation

Consider two beamlets from the mask with two holes, a reference beamlet at the center
and a test beamlet separated by a distance; x In the narrow-bandwidth approxim-
ation, their interference at the far- eld (focal plane coordinate ) yields an intensity
distribution | ¢ () governed by a cosine modulation [10]:

2 | 3
21 2 1+R? 2 x; 2 X
0" c 2 3B 21 ! 21
l+()/exp 22 gl_{%_}+Rexp 4 1+ o cos !, 1+ p E
DC ( 2)
4,

where f is the focal length of the optic, c is the speed of light, / = 2 c= is the
central angular frequency with a bandwidth g, X, is the spatial separation between
the two beamlets in NF plane, ¢ is the spatial width of the beamlets, represents
the spatial coordinate in the FF focal plane, ; is the relative group delay between the
beamlets, and DC represents the DC background terms.

Applying a spatial Fourier transform to the far- eld intensity | ; () maps the signal

into the spatial-frequency domain (reciprocal coordinate k. The cosine term will
generate a DC peak and two sidebands. The amplitude peaks of these sidebands are
located where the argument of the envelope maximizes, which is de ned by:

jcfk 1 x4j=0 (4.3)
Solving for the spatial frequency kyields:

(4.4)
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By substituting ! . = 2 c=, we establish the direct relationship between the spatial
frequency position and the wavelength:

k = (4.5)

This shows that the spatial frequency kis inversely proportional to the wavelength

(k /1=). For longer wavelengths (redder), larger results in a smaller jk j. Thus,
redder spectral components are located closer to the DC center in the FFT plane. For
shorter wavelengths (bluer), smaller results in a larger ji§. Bluer components are
distributed further away from the center.

This radial dispersion stretches the broadband interference signal into continuous
streaks in the Fourier plane, allowing monochromatic information to be isolated using
digital spatial Iters.

4.2.2 Spectral Resolution Limit

The spectral resolution  inpaa that can be achieved through this streak- ltering
technique depends on both the bandwidth of the pulse and the geometrical parameters
of the mask. It is given by [9]:
2! 1=2
S b

- 1+ p——>—
impala > Iog > Od
where is the FWHM of the laser spectrum, ¢ is the central wavelength, g is

the separation distance between the beamlets (pinholes) in the near- eld and d is the
diameter of the pinholes.

(4.6)

For typical experimental parameters (e.g., 30nm, =770 nm, 5, =12 mm,
and d, = 150 m), this yields a spectral resolution of approximately 10 nm for the
longest streaks.

4.3 Mask design and implementation

To ensure the successful retrieval of the phase using the GS algorithm, the interference
sidebands, which appear as streaks in the broadband case, in the spatial Fourier plane
should not overlap. To achieve this, the pinhole arrangement of the mask is optimized
utilizing the genetic algorithm. Apart from avoiding the overlap, the design is also
constrained to ensure the pinholes cover the beam as much as possible to accurately
sample the near- eld wavefront. The mask samples (Figure A.1) used in this project
are designed and fabricated by Weizmann Institute of Science. A single-shot meas-
urement yields the phase at the discrete locations of the pinholes. To achieve higher
resolution, the mask is designed to be rotated. By rotating the mask over a series
of angular positions (e.g., 12 distinct rotations), denser spatial sampling of the near-
eld wavefront is obtained, allowing for highly detailed Zernike decomposition of the
aberrations.
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4.3.1 Mask with 12 pinholes (Mask 1)

The IMPALA mask with 12 pinholes is illustrated in 4.5. The measurement through
this mask does not require rotation, which means it can be a single shot measurement.
The phase of these pinholes will be retrieved from the GS algorithm. For this mask the

Figure 4.5: Pinholes distribution of the mask with 12 pinholes

largest beamlets' separations= 32:4 mm, and the diameter ¢ = 0:8 mm. Recalling
Equation 4.6, the spectral resolution for the longest streak is impaa 18:4 nm.

4.3.2 Mask with 10 pinholes (Mask 2)

For the IMPALA mask with 10 pinholes (Figure 4.6), a single-shot measurement yields
the phase at the discrete locations of the pinholes. To achieve higher resolution,
the mask is designed to be rotated. By rotating the mask over a series of angular
positions (here are 12 rotations, 30 degree each), denser spatial sampling of the near-
eld wavefront is obtained, allowing for higher orders of Zernike decomposition of
the aberrations. As for this mask the largest beamlets' separation, & 34:4 mm,
and the diameter ¢ = 0:8 mm. The spectral resolution for the longest streak is
impala  20:11 nm.

4.4 Data processing

After passing through the mask and focusing optics, the beamlets will converge and the
di raction pattern on the focal plane, which we consider as far eld, will be captured
by the camera. This far- eld intensity includes the diraction patterns of di erent
wavelengths from the broadband pulse. Thus, the rst step of the data processing
is to isolate the monochromatic far- eld intensity by applying a digital Iter. Then,
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Figure 4.6: Pinholes distribution of the mask with 10 holes

the next step is to retrieve and analyze the near- eld phase for each of the isolated
wavelengths by GS algorithm.

4.4.1 Filter design

As discussed in the theoretical framework of the IMPALA method, di erent spec-
tral components of a broadband pulse disperse radially in the spatial-frequency do-
main (Fourier plane). Because the spatial frequency is inversely proportional to the
wavelength, i.e. /1=, it is possible to isolate a speci c monochromatic far- eld
intensity by applying a Iter. This subsection will introduce the mathematical and
algorithmic principles behind the digital bandpass Iter designed to extract a specic
target wavelength.

Basic principles

The design process consists of three core steps: calculating the precise target frequency
coordinates, applying localized Gaussian windows, and preserving the DC component.

The design of the digital Iter starts with mapping physical coordinates to spatial
frequencies. For an array of N pinholes, interference occurs between every unique
pair of holes (i;j). To extract the interference pattern for a speci c target wavelength

rarget » the algorithm rst predicts the exact location of the resulting sidebands in the
Fourier plane.

Based on the far- eld di raction model, the spatial frequencies (x; y) on the CCD
sensor are governed by the relative distance between the holes (x = xx j, y =
i Y j), the focal length f, and the e ective magni cation of the microscope objective
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M. . The target spatial frequencies are calculated as:

() = Jijy= — A

Xj Xj .
target f M e target f M e

(4.7)

In the programmatic implementation, the pinhole coordinates are rst multiplied by
a rotation matrix R() to correct for any experimental angular misalignment before
calculating the relative distances. The algorithm iterates through all N(N 1) kinds
of combinations of hole pairs to locate all corresponding sideband centers f@fge: .

Construction of the Gaussian bandpass lter

Once the theoretical center of a sideband is identi ed at §; y), a Gaussian window is
applied around this coordinate to extract the signal. The window function W ( «; y)
is de ned as:

(x @G 2+Cy  y@ii) 2

22 (4.8)

Wi;j ( X y) = exp

Here, the parameter ¢ acts as a spectral bandwidth limiter. A smaller  (a smal-
ler window) extracts a more puried and near-monochromatic signal but restricts
high-frequency spatial features, which may lead to ringing artifacts during the inverse
Fourier transform. Instead, a larger  accepts a broader spectral sample (reducing
spectral resolution) but preserves more spatial structure. The global interference Iter
mask is generated by the superposition of all individual windows:

AP\
Masksp( x; y) = Wi;j( X y) (4.9)

=1 j6=i

Another requirement for retrieving the absolute intensity via the inverse Fourier trans-
form is the preservation of the zero-frequency component which is the central DC peak
in the Fourier plane. The DC peak contains the non-interfering baseline intensity of
all beamlets. Without it, the reconstructed image would feature non-physical negative
intensities. To achieve this, a broader Gaussian window is placed at the origin (0; 0)
to extract the DC component:

Woe( x; y) = €exp 20 k)é (4.10)

The nal composite Iter mask is the sum of the AC and DC masks (capped at a
maximum transmission of 1):

MasKkgiwer = Mask ¢p + Wpc (4.11)

By multiplying the complex spatial FFT of the raw experimental far- eld intensity by
MasKeiier , all frequency components corresponding to wavelengths other thag,ge:
are heavily attenuated. An inverse 2D fast Fourier transform of this Itered spectrum
subsequently yields the monochromatic far- eld intensity distribution kono( target )
which will serve as the amplitude input for the GS algorithm to retrieve the spectrally
resolved wavefront.
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Calibration of the Iter

Although the magni cation of the microscope objective is known, there are still some
misalignment between the actual experimental system and the ideal one. The rst
misalignment to calibrate is the e ective magni cation of the system. This e ect
can be caused by the slightly shift of the camera position around the focal spot, and
also by the microscope objective which is connected through a tube with the camera.
Another misalignment is the small angular rotation, which can be the e ect from the
mask when xing it in the system or rotation of the camera sensor.

The calibration can be done through utilizing an optical bandpass Iter. The bandpass
Iter used for this calibration transmits 830 nm lights, and the FWHM bandwidth of

it is 10 nm. Then, the camera will record this measurement in the initial position of
the mask (if the mask needs to be rotate). Figure 4.7 shows the distributions of the
spatial frequencies of 830 nm on the streaks caused by the radial dispersion e ect of
the broadband light source in Fourier plane. Based on this, e ective magni cation and
the angular rotation matrix R() of the lter (gt = 830 nm) will be calibrated,
until the Iter windows are centered on the locations of spatial frequencies of 830 nm.

Figure 4.7. Far- eld intensity of the multi-terawatt OPCPA laser system with 830 nm(
10 nm) bandpass Iter merged with the far- eld intensity without bandpass
Iter in Fourier plane. The green spots represent location of spatial
frequencies of 830 nm. The red streaks come from the radial dispersion of the
broadband pulse in Fourier plane.
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