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Coherent radiation, in the extreme ultraviolet (XUV) and X-ray regions, is revolutionizing the imaging
concept, allowing the performance of coherent imaging techniques, with nanometric resolutions and ultrafast
time scales. Although the potential of these techniques is broad, their quality is, often, compromised by the
discrepancies between reality and the reconstruction algorithms, which always assume a pure spherical/plane
wave illumination.

In this dissertation, a study of in-line holography is realized, completed by a characterization of the
aberrations’ effects in image reconstructions. Additionally, some alterations to current simulation methods
are proposed, in order to account for the phase aberrations and, this way, allow for their correction in the
reconstructions. Objects were reconstructed, computational and experimentally, with successful aberrations’
correction. Experimentally, a resolution of about 29.1 µm was obtained, with a HeNe laser of λ = 635 nm.

Furthermore, a resolution versus contrast study was realized from a Fourier transform holography simu-
lation, enriched by a proof-of-concept experiment, performed also in the visible range, with a HeNe laser.
Resolutions of, approximately, 53 µm were achieved.

Experimental work, in Laboratoire d’Optique Appliquée, was also realized. High harmonics generation,
one of the most promising sources of XUVs, was successfully performed, by focusing a ultra-intense
Ti:Sapphire laser into an Argon cell. Harmonics of λ = 32 nm were isolated from the generated spectrum,
and focused with a Kirkpatrick-Baez (KB) geometry. A focal spot of 5 µm was successfully achieved, after
optimizing the KB system, by resourcing to a wavefront sensor. Aberrations’ measurements were also realized.

Keywords: In-line Holography, Fourier Transform Holography, Coherent Imaging, Aberrations Compensa-
tion, High Harmonic Generation, XUV Optics

Introduction

Coherent short wavelength radiation, in the extreme
ultraviolet (XUV) and X-ray regions, is revolutionizing
the concept of imaging, allowing nanometric resolutions
at ultrafast time scales.

With a broad range of applications covering areas such
as spectroscopy, metrology, material science, physics,
chemistry and biology, coherent XUV/ X-ray sources
are being subject of great interest amongst the scien-
tific community. Three-dimensional access to a protein’s
structure [1], and single-shot images of intact viruses [2],
are examples of recent realities, which revolutionized the
imaging concept, fueling the hope that dynamic real-
space imaging may, ultimately, become possible.

This large potential has triggered the development
of large-scale X-ray free-electron lasers (XFELs), based
on particle accelerator physics, as well as high har-
monic generation (HHG) techniques, that employ table-
top femtosecond lasers. Thanks to an almost full spa-
tial coherence, ultrashort pulse duration and high pho-
ton flux, XFELs carry a huge potential to resolve down
to atomic scale processes, occurring on femtosecond (1
fs = 10−15 s) time scales [1, 2]. On the other hand,
laboratory-scale laser driven coherent X-ray sources, such
as HHG, provide another alternative for ultrafast imag-
ing, at nanometer resolutions [3], moreover, being the
only available source of attosecond pulses (1 as = 10−18

s) [4, 5].

High harmonic generation is a process in which noble
gas atoms excited by an intense laser field at frequency

ωo emit radiation of higher frequencies that are odd inte-
ger multiples of ωo. A typical spectrum of high-harmonic
emission spans tens-to-hundreds of eVs in the extreme ul-
traviolet/ soft X-ray regions [6]. Most applications that
use HHG light have been limited to the extreme ultra-
violet (XUV) region of the spectrum (<150 eV), where
efficient frequency up-conversion is possible, with the use
of the widely available Ti:sapphire lasers, operating at a
wavelength of 800 nm [7]. High-harmonics sources reveal
high brightness [8], a high degree of spatial coherence [3],
ultrashort pulse duration [5], wide tunability, compact-
ness and low equipment cost [3]. Among the possible
applications, one can emphasize the possibility of prob-
ing the electron dynamics on its natural time scale, via
attosecond pulses [4], and the high resolution imaging,
for instance, with XUV/soft X-ray holography techniques
[3].

In the energy ranges of the XUV and soft X-rays, where
the small wavelengths allow higher resolutions, there is,
however, a limitation on the available optics, due to the
short absorption lengths these types of radiation have in
materials [9]. This way, new lensless imaging techniques
have been exploited, making use of the coherence of the
source.

When an isolated object is illuminated with a highly
coherent beam, with a diameter bigger than the object’s
size, it creates a diffraction/interference pattern, which
can be measured with a sensitive CCD camera. Per-
formed in the right conditions, this pattern can be used to
reconstruct the original object, using an advanced imag-
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ing technique called digital in-line holography. If, now,
a well characterized aperture is added to the system, in
the plane of the object, and the direct beam blocked,
the interference of both waves, if recorded in the farfield,
can also be used to retrieve the image of the object.
This leads to a different imaging technique called digi-
tal Fourier transform holography (DFTH). Although the
potential of both techniques is broad, specially when per-
formed with small-wavelengths radiation, in some cases,
quality is compromised by discrepancies between reality
and the reconstruction algorithms, which always assume
either a purely spherical or purely plane wave illuminat-
ing the sample [10].

The phenomenon of source aberrations is a major prob-
lem in diffractive imaging. Several authors found holo-
gram inconsistencies caused by wavefront imperfections.
The wavefront of the beam, defined as a surface of con-
stant phase of the propagating source, needs to be of
high optical quality, in order to record a distortion-free
image [11]. Optimizations of the wavefront are already
made [11], but they are not always possible. There is,
therefore, a need for a geometric correction in the recon-
structed image of an object, submitted to light with these
characteristics, in order to guarantee the image fidelity.

The main goal of this dissertation is to study and
characterize the system aberration effects in image re-
construction, through in-line holography. The intention
is to apply the obtained results to imaging in the XUV
range, where nanometric resolutions, combined with sub-
femtosecond time scales, are revolutionizing the imag-
ing concept, with their huge potential in probing the
nanoworld. In order to accomplish this goal, a scale
study, in the visible range, will be performed, where a
hologram is captured and analysed, supported by several
simulation tests. Will follow an experimental work, in
the XUV range, where the XUV optics and their aber-
rations are tested. As source of the XUV light, the se-
lected is the high harmonic generation (HHG), due to its
large number of advantages, ranging from the ultra-high
band performance to the tabletop setup [3, 5, 6]. The
experimental work in this interest region is performed in
Laboratoire d’Optique Appliquée, using a 32 nm XUV
source, based on the generation of high-order harmonics
of a Ti:Sa laser, focused on an argon gas cell. This study
will culminate in the creation of a model which, when
having the access to a wavefront sensor, will make pos-
sible the correction of the object’s reconstruction from
aberration effects.

Furthermore, a simple study is made, employing the
Fourier transform holography configuration, allowing the
development of a further knowledge on holographic tech-
niques, in general, as well as image quality analysis.

Background

Fourier Transform Holography

As a holographic technique, Fourier Transform Holog-
raphy (FTH) is built upon an interference phenomenon
between a reference wave and a scattered wave from a
sample. Particularly, FTH uses a well characterized aper-
ture (such as a pinhole) as a reference, generated in plane
with the unknown sample, commonly called the object.
This lensless imaging technique exploits the convolution
of the two apertures to encode the object information
in a hologram, recorded in the farfield, as a Fraunhofer
diffraction pattern. In this dissertation will be exploited
the technique of digital Fourier transform holography
(DFTH), which uses a Charged Coupled Device (CCD),
or another digital mean, as the recording medium. The
hologram is electronically recorded and stored while all
the reconstruction is retrieved computationally.

Fourier Transform Holography: Mathematical Approach

Fourier transform holography, as well as all coherent
imaging techniques, are based on the same principles as
diffraction. Therefore, the mathematical description ex-
plained bellow can be very easily compared to a diffrac-
tion treatment [12].

The spatial amplitude transmittance function, from a
sample with coplanar reference and object, can be de-
fined as t(x, y) = tr(x, y) + to(x, y), where tr(x, y) is the
amplitude transmittance function from the reference and
to(x, y) from the object. Considering a spatially coher-
ent monochromatic plane wave, with an incident ampli-
tude distribution U0(x, y), the spatially transmitted field,
Uo(x, y), at the sample, yields

Uo(x, y) = U0(x, y)tr(x, y) + U0(x, y)to(x, y)

≡ r(x, y) + o(x, y),
(1)

with r(x, y)) the reference contribution to the trans-
mitted field and o(x, y) the field transmitted by the
object. Applying the Fraunhofer propagation equation
[12], which constitutes a Fourier transformation (FT), to
equation 1, we find that the complex field amplitude, in
the farfield, is given by

Uh(X,Y ) = F {r(x, y)} (X,Y ) + F {o(x, y)} (X,Y )

= R(X,Y ) +O(X,Y ) ≡ R+O.
(2)

where the capital letters O and R denote Fourier trans-
formations and X, Y are the coordinates of the hologram
measured in a detector. The detected intensity, H(X,Y ),
which constitutes the hologram is, thus, given by

H(X,Y ) = |R|2 + |O|2 +OR∗ +RO∗ (3)

The real space images are reconstructed by calculating
the two dimensional Fourier transformation of the holo-
gram. By applying the correlation theorems of the FT’s
yields:

F {H(X,Y )} (u, v) = r ? r + o ? o︸ ︷︷ ︸
autocorrelation

+ o ? r + r ? o︸ ︷︷ ︸
cross-correlation

. (4)



3

with u and v the new real space variables and the ?
denoting complex correlation. The reconstructed pixel
size is given by

∆F =
λZ

N∆pixel
. (5)

The reference used in this work is the conventional
FTH reference: one single pinhole, which, mathemati-
cally, can be represented by a delta function. In that case,
a similar image of o is returned in the cross-correlation
since r ? o = o. In order to ensure a valid reconstruction,
the cross-correlation images should be spatially isolated
from the autocorrelation. Therefore, in order to perform
FTH, one must respect some separation conditions. The
special recipe states that the pinhole must be, at least,
three times the radius of the object, away from the center
of the object, in order to avoid overlapping.

In-Line Holography

In-line holography refers to the original holographic
scheme, introduced as A new microscopic principle, by
Dennis Gabor, in 1948 [13]. This setup constitutes the
simplest realization of the holographic method, requiring
no lenses between object and detector, and no sample
special treatment.

In-Line Holography: Mathematical Approach

In the in-line configuration, the object covers only a
part of the illuminated plane and, where there is no ob-
ject, the distribution of the incident wave remains undis-
turbed. This observation allows the plane transmission
function to be defined as t(x, y) = 1 + to(x, y), where the
reference wave has a transmission function of value 1, all
over the plane, and the object imposes a perturbation
to(x, y) to this reference wave.

Illuminating the sample with an incident wave
Uinc(x, y), the wavefront distribution in the plane of the
object, immediately after it, is given by

Uo(x, y) = Uinc(x, y) + Uinc(x, y)to(x, y) ≡ r(x, y) + o(x, y).
(6)

The wave propagation from this point, towards the de-
tector, is described by Fresnel diffraction equation [12].
Considering a detector positioned in the plane (X,Y ),
the field distribution can be described, separately, for
both waves, as R(X,Y ) and O(X,Y ), respectively. With
this notation, the recorded hologram is given, similarly
to the FTH case, by equation 3.

Before the reconstruction, the hologram should be
normalized by a division into the background image
B(X,Y ) = |R(X,Y )|2, which corresponds to the image
recorded under the exact same experimental conditions
as the hologram, but without the object in the setup.
The distribution of the normalized hologram is, there-
fore, given by

H0(X,Y ) =
H(X,Y )

B(X,Y )
− 1 ≈ OR∗ +RO∗

|R|2 , (7)

where the subtraction of 1 allows the calculations to
proceed only with the interference terms, assuming |R|

2

|R|2 +
|O|2
|R|2 ≈ 1 + 0 [10].

The reconstruction of the digital hologram consists of
multiplying the normalized hologram, with the reference
wave R(X,Y ), followed by a back-propagation of the
Fresnel diffraction pattern to the plane of the object [12].

The achievable lateral resolution, in in-line holography,
is given by

δlat =
λZ

2 D
, (8)

with D
Z ≡ NA, the numerical aperture of the beam, Z

the source-detector distance and D the beam diameter
at the detector [14].

In-Line Holography with Plane Waves

For a plane wave propagated along the optical axis,
z, one can reduce Uinc(x, y) = 1, with the convention
of z = 0 at the object location and, consequently, the
spatially transmitted field becomes Uo(x, y) = t(x, y).

The corresponding hologram field can be written in the
form of a convolution, between the object transmission
function t(x, y) and the Fresnel function s(x, y) citeinline,
defined by

s(x, y) =
1

iλZ
ei

k
2Z

(x2+y2). (9)

This way, Uh(X,Y ) becomes

Uh(X,Y ) = [1 + to(X,Y )]⊗ s(X,Y )

= 1︸︷︷︸
R(X,Y )

+ to(X,Y )⊗ s(X,Y )︸ ︷︷ ︸
O(X,Y )

, (10)

where R(X,Y ) = 1 due to 1 ⊗ s(X,Y ) = 1. Being a
convolution, O(X,Y ), according to the convolution the-
orem [15], can be expressed by Fourier transformations.
Therefore, he hologram recorded with plane waves can
be written in the form

H(X, Y ) = |1 + F−1 {F {to(x, y)} (u, v) · F {s(x, y)} (u, v)} (X, Y )|2. (11)

with (u, v) the spatial frequency coordinates in the
Fourier plane and · denoting usual multiplication.

The reconstruction of the object transmission function
is given by a Fresnel back-propagation [12], which can
also be expressed in the form of a convolution by

Ur(x, y) = F−1
{
F {H0(X, Y )} (u, v) · F

{
s
∗
(X, Y )

}
(u, v)

}
(x, y). (12)

In-Line Holography with Spherical Waves

A spherical wave propagated from a point source, lo-
cated a distance z0 from the object, is described by

Uinc(x, y) = eikr

r , with r =
√
x2 + y2 + (Z + z0)2. Con-

sequently, the spatially transmitted field at the object
plane becomes

Uo(x, y) =
eikr

r
· t(x, y). (13)
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This spherical geometry, apart from constants and fac-
tors of unit modulus, can be approximated to a plane
wave illumination with an equivalent propagation dis-
tance zeff = Z

M and a (de)magnification factorM = Z+z0
z0

[16].

The hologram recorded with spherical waves is, there-
fore, calculated from equation 11 and its size corresponds
to the size of the object area, multiplied by the magnifi-
cation factor M . In the same vein, the reconstruction of
the object transmission function is given by equation 12,
where the size of the reconstructed object area is equal
to the size of the hologram, divided by M .

Aberrations and Zernike Polynomials

To interpret optical results, it is convenient to express
the wavefront data in a polynomial form. Zernike poly-
nomials are often used for this purpose, being composed
by terms, which are similar in form to the types of aber-
rations often observed in optical systems [17].

Zernike polynomials, by definition, describe wavefront
deviations from its zero mean, in a pupil defined as an
unit-radius circle. These deviations are represented as a
function of the radial distance, ρ, and the angular circle
coordinate θ, with 0 ≤ ρ ≤ 1 and 0 ≤ θ ≤ 2π. The wave-
front profile is described by a series of Zernike wavefront
modes. The main types of aberrations can be determined
by Zernike polynomials, as given in table I.

Zmn n m Polynomial Aberration Name

Z2
2 2 2

√
6ρ2 cos 2θ Astigmatism 0o

Z−2
2 2 -2

√
6ρ2 sin 2θ Astigmatism 45o

Z1
3 3 1

√
8
(
3ρ3 − 2ρ

)
cos θ Coma X

Z−1
3 3 -1

√
8
(
3ρ3 − 2ρ

)
sin θ Coma Y

Z0
4 4 0

√
5
(
6ρ4 − 6ρ2 + 1

)
Spherical aberration

TABLE I. Description of the main aberration with Zernike
polynomials.

Digital Fourier Transform Holography

In this section, some considerations of the simulation
and experimental assembly for the technique of FTH are
presented.

Simulation

A simple simulation of all the FTH process is described
bellow, following the model explained in the previous Sec-
tion. Although the realized simulation is applicable to
the entire range of optical waves, the wavelength and ob-
ject dimensions chosen, made the simulation results to lie
in the visible range, in order to match the experimental
data.

An object - GoLP - was imported as a binary image
and converted into a matrix. For an object with a length,
l, and small features, lmin, given in the table of Fig. 1,
were added three different sized references, with diame-
ters d1, d2 and d3. This object was defined by respecting

the sampling conditions of the FTH, and including a suf-
ficiently large field of view to avoid numerical errors.

(a)Object with
reference 1.

Lengths [µm]
l 2810.3

lmin 179.0
s 3626.7
d1 286.4
d2 179.0
d3 107.4

FIG. 1. Simulated sample with a reference of diameter d1.
The two other samples were defined with reference’s diameters
d2 and d3, given in the associated table.

Results and discussion

An example of a simulated hologram and respective
reconstruction are shown in Fig. 2 for a reference pinhole
of diameter d1 = 286.4 µm.

(a)Hologram with
reference 1.

(c)Real space
reconstruction with

reference 1.

(d)Cross-correlation
with reference 1.

FIG. 2. (a) Hologram generated by the sample shown in Fig.
1 and (b) respective real space reconstruction. A zoom in the
cross-correlation region is shown in (c). The color scale used
in the hologram is arbitrary, with blue meaning minimum in-
tensity and dark red maximum intensity. The reconstructions
are presented in a gray scale.

The simulation realized for FTH allowed a resolution
versus contrast study, achieved with the use of the three
different sized reference pinholes, with diameters pre-
sented in the table of Fig. 1. The obtained values can be
found on table II. The results showed an increase of res-
olution, accompanied by a drastic decrease in contrast,
with the decrease of the reference aperture. These re-
sults agree with the expected since a smaller extent of
the reference aperture is associated to an improvement
of the spatial frequency of the fringes, thus leading to
less blurring and better resolutions. On the other hand,
by reducing the aperture, we are decreasing the signal in-
tensity that reaches the detector, which means a smaller
contrast is achieved in the reconstruction. Usually this
situation is overcome by an ”enlargement” of the refer-
ence structures, either by using an arrangement of pin-
holes, or an extended continuous reference with corners
or kinks [18]. In the table, the resolution was calcu-
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Reference C R [µm] R [%d]

1 1 224.3 89.5

2 0.36 170.2 95.0

3 0.04 92.9 86.5

TABLE II. Resolution and contrast calculations for the re-
constructed GoLP, with the three different sized references.
In the table, C stands for contrast and R for resolution. Res-
olution is presented in µm and in % of reference’s diameter.

lated from the Rayleigh criterion [9] and the contrast was
obtained to provide unity for the reconstruction with the
reference 1.

Experimental setup

A simple experiment was realized, in the visible range,
as a proof-of-concept of the FTH technique. A setup with
a 635 nm HeNe laser was assembled, in which a plano-
convex lense was used to focus the beam and a distance
was ensured, in order to have a wave approximately plane
at the sample. The sample constituted a black metal
sheet, where an object, a λ, and a reference pinhole were
cut with a needle. The hologram was captured by a CCD,
with 6 µm pixel size, positioned at 20 cm from the sample.

Results and Discussion

In the experimental arrangement described before, a
hologram, shown in Fig. 3 (b) was successfully obtained,
from the illumination of a λ (Fig. 3 (a)). The object re-
construction (Fig. 3 (c)) was achieved with a resolution
of 53 µm, which is an extremely good resolution, consid-
ering the beam was very unstable and the beam shape
accused the presence of aberrations. These good results
can be attributed to the reduced dimensions of the ob-
ject, when compared to the beam wavelength. Hence,
looking into this through the Huygens’ principle, both
traces, that constituted our object - a λ -, can be under-
stood as a continuous sequence of point sources, which
extend in the direction of their lengths. Consequently,
all the λ worked as a spatial filter to the incoming beam,
thus cleaning the aberrations of the source.

FIG. 3. Comparison between the object (a) and the achieved
reconstruction (c), obtained from a FFT of the recorded holo-
gram (b).

Digital In-line Holography

The work developed on digital in-line holography is
presented throughout this Section. The main focus of

this dissertation relies on the study of this type of holog-
raphy, due to its numerous advantages as an imaging
technique in the XUV/ X-ray range. Moreover, its
particular vulnerability to the quality of the reference
wave makes it very interesting for a detailed analysis on
how aberrations affect reconstructions, while concluding
about possible corrections.

Simulation

In-Line Holography with Plane Waves

The simulation of in-line holography with plane waves
followed the reasoning presented in Section ”Back-
ground”.

Results and Discussion

An example of a simulated hologram and respective
reconstruction, obtained for a plane wave illumination,
are shown in Fig. 4 (a) and (b) for a sample-detector
distance of Z = 20 cm.

(a)Hologram in Z =
20 cm.

(b)Zoom in the
reconstruction for Z

= 20 cm.

(c)Twin image
obtained from the

normalized
hologram.

FIG. 4. Simulated hologram (a) and respective reconstruction
(b) for a distance object-detector Z = 20 cm. The color scale
is arbitrary, with blue meaning minimum intensity and dark
red maximum intensity.

For a plane wave illumination, the holograms results
showed an object’s shape successively disappearing, and
a spreading of the pattern, in X and Y , with the increase
of the object-detector distance Z. This agreed with the
expected, since, in distances very close to the object, the
scattered light still presents a modulation close to its
shape, spreading, then, with the increase of the relative
phase differences. Moreover, with the distance, the aper-
ture of the diffracted light increases, which is responsible
for the propagation of the fringes to regions further from
the hologram’s center. Concerning the reconstructions
achieved, even though the results were notoriously posi-
tive, it was observed an unwanted amplitude modulation,
with features increasing in size, with the increase of Z.
These results are explained by the twin image problem,
which occurs in the in-line configuration, due to symme-
try reasons. Hence, this amplitude modulation can be
attributed to the hologram produced by an image sim-
ilar to the original object, placed at a distance z = 2Z
from it. To confirm the theory, one simulated hologram
was propagated until the respective twin image position,
where its existence was confirmed, as can be observed in
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Fig. 4 (c).

In-Line Holography with Spherical Waves

Since the approach presented in Section ”Back-
ground”, for a spherical waves, is not suitable, for all
types of waves, a different approach was proposed. This
had in mind the ultimate goal of this simulation, which
consists in trying to replicate holography using waves
with aberrations. This approach followed the reason-
ing presented for plane waves, with some spherical wave
considerations. This way, the field at the object plane,
given by a spherical wave illumination with source at
(x0, y0,−z0), was defined as

Uo(x, y) =
eikr1(x,y)

r1(x, y)
· to(x, y) +

eikr1(x,y)

r1(x, y)
≡ o(x, y) + r(x, y),

(14)

with r1(x, y) =
√

(x− x0)2 + (y − y0)2 + z20 the radial
distance. Already in the plane of the detector, a reference
wave, R(X,Y ), defined as

R(X,Y ) =
eikr2(X,Y )

r2(X,Y )
, (15)

with r2(X,Y ) =
√

(X − x0)2 + (Y − y0)2 + (Z + z0)2,
was added to the propagated object field O(X,Y ). By
using this algorithm, a problem with the phase sensibility
of both waves, R(X,Y ) and O(x, y) was observed, which
was solved by introducing an intermediate calculus in the
reference propagation. In this sense, the phase shift of a
propagated Gaussian intensity map was traced, and used
to modulate the phase amplitude from (x0, y0).

Results and Discussion

An example of a simulated hologram and respective re-
construction are shown in Fig. 5 (a) and (b) for a source-
sample distance of z0 = 5 cm and a sample-detector dis-
tance of Z = 20 cm.

(a)Hologram in Z = 20
cm.

(b)Zoom in the
reconstruction for Z

= 20 cm.

FIG. 5. Simulated hologram (a) and respective reconstruction
(b) for a source-sample distance of z0 = 5 cm and object-
detector separation of Z = 20 cm. The color scale is arbitrary,
with blue meaning minimum intensity and dark red maximum
intensity.

In the holograms simulations with spherical waves, it
was observed an increase in the holograms’ dimensions,
with the increase of Z and the decrease of the source-
object distance, z0. While the first case can be explained

due to the same phenomena described for plane waves,
the former case can be justified by the increase of the rel-
ative phase differences at the object. This way, for closer
distances to the source, the spherical phase map, at the
object, has a more accentuated phase variation, meaning
more divergence is associated to the scattered field. The
reconstructions achieved, denunciated the existence of
another twin image, located, this time, at z = −2z0 from
the object. The resulting holograms were validated, by
comparison with the method described in Section ”Back-
ground”.

In-Line Holography with Waves with Aberrations

The simulation of in-line holography, with waves with
aberrations, followed the same reasoning described for
the two previous cases. However, for this new case, wave-
front sensor was added to the setup, at a distance z = zwfs

from the object, in order to collect the wavefront map
propagated throughout the system. With a new device,
an additional propagation step was required.

The wavefront sensor plane, with cartesian coordinates
(ξ, η), was defined as a 3048×3048 matrix, with pixel size
6 µm, so that it would correspond to the FOV used in the
sample definition. The function W (ξ, η), describing the
deviations from the wavefront zero mean, was defined in
an unit-radius circle, in order to be determined by a linear
combination of Zernike polynomials [17]. The spatially
transmitted field at the wavefront sensor was defined by

Uwfs(ξ, η) = e−2πW (ρ(ξ,η),θ(ξ,η)). (16)

In order to work with the phase map extracted from
the wavefront sensor, these data were back-propagated,
according to Fresnel, until the object position, so that
the phase values could be readjusted. The propagated
argument was directly used as the new phase map yield-
ing

Uo(x, y) = ei arg( F−1{F{Uwfs(ξ,η)}(u,v)·S∗(u,v)}(x,y) )(to + 1)

= o(x, y) + r(x, y).

(17)

Similarly to the previous approaches, O(x, y) was cal-
culated separately from R(X,Y ). The reference contri-
bution, r(x, y), was propagated until the plane of the de-
tector, in an inverse process of the one used for Uwfs(ξ, η).
The reconstruction process was the same used for the
other types of illumination.

Results and Discussion

Astigmatism 0o

An example of a simulated hologram and respective
reconstructions, obtained with an astigmatism 0o wave-
front, are shown in Fig. 6. Fig. 6 (b) was obtained
with a plane waves reconstruction method, while (c) cor-
responds to the reconstruction achieved through the pro-
posed method. An aberration correction is observed. For
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(a)Hologram in Z =
20 cm, with an

astigmatism 0o of
coefficient C2

2 = 2.

(b)Reconstruction
obtained assuming

a plane wave
illumination.

(c)Reconstruction
obtained with the

phase map
correction.

FIG. 6. Simulated hologram (a) and respective reconstruc-
tions (b) and (c) for a distance object-detector Z = 20 cm
and a Zernike coefficient C2

2 = 2 (astigmatism 0o). The color
scale is arbitrary, with blue meaning minimum intensity and
dark red maximum intensity.

the astigmatic 0o wavefront, a relation between the co-
efficient and the quality of the beam being divergent or
convergent, in both X and Y directions, was established.
This way, in the holograms obtained for a positive C2

2 , a
compression of the pattern was detected in the X direc-
tion, accompanied by an expansion in Y , with respect to
the plane wave illumination case. And the contrary for a
negative C2

2 coefficient. As one could expect, the recon-
structions made, by using a plane wave approximation,
presented an expansion/compression in the direction of
the expansion/compression of their respective holograms.

Coma X

An example of a simulated hologram and respective
reconstructions, obtained with a coma X wavefront, are
shown in Fig. 7. Fig. 7 (b) was obtained with
a plane waves reconstruction method, while (c) corre-
sponds to the reconstruction achieved through the pro-
posed method. An aberration correction is observed.
For coma X wavefronts, the holograms’ centroids were

(a)Hologram in Z =
20 cm, with a coma
X of coefficient C1

3
= 2.

(b)Reconstruction
obtained assuming

a plane wave
illumination.

(c)Reconstruction
obtained with the

phase map
correction.

FIG. 7. Simulated hologram (a) and respective reconstruc-
tions (b) and (c) for a distance object-detector Z = 20 cm
and a Zernike coefficient C1

3 = 2 (coma X). The color scale
is arbitrary, with blue meaning minimum intensity and dark
red maximum intensity.

seen to depart from their original position, without be-
ing followed by the entire structure. The effect led to the

appearance of fringes in the direction of the movement.
Those fringes were more evident for bigger absolute val-
ues of C1

3 , where the displacements were also bigger. For
the reconstructions obtained, by using the general (plane
waves) algorithm, it was observed a displacement from
the object’s original position, accompanying the direction
of the centroid’s movement in their respective holograms.

Spherical Aberration

An example of a simulated hologram and respective re-
constructions, obtained with a spherical aberration wave-
front, are shown in Fig. 8. Fig. 8 (b) was obtained with
a plane waves reconstruction method, while (c) corre-
sponds to the reconstruction achieved through the pro-
posed method. An aberration correction is observed.
Holograms generated with a spherical aberration showed

(a)Hologram in Z =
20 cm, with a

spherical aberration
of coefficient C0

4 = 2.

(b)Reconstruction
obtained assuming

a plane wave
illumination.

(c)Reconstruction
obtained with the

phase map
correction.

FIG. 8. Simulated hologram (a) and respective reconstruc-
tions (b) and (c) for a distance object-detector Z = 20 cm
and a Zernike coefficient C0

4 = 2 (spherical aberration). The
color scale is arbitrary, with blue meaning minimum intensity
and dark red maximum intensity.

variations in size and intensity, for different Zernike coef-
ficients, C0

4 . These effects were explained through some
similarities between the spherical aberration and a defo-
cus phase map structures. This way, for smaller radial
distances, the phase map of a positive spherical aberra-
tion is similar to the one of a negative defocus, thus in-
ducing a divergence on the central part of the beam. On
the other hand, for larger radius values, the phase map
inverts, inducing a convergence phenomenon on the most
extreme regions of the beam. Again, the reconstructions
showed similar results. Additionally, some radial fringes
were observed, due to the symmetry of the phase map,
specially strong for high valued coefficients.

Experimental Setup

A simple experiment was realized, with a HeNe laser,
λHeNe = 635 nm, employing the in-line holography con-
figuration. Two spherical mirrors, with focal distances
f1 = 1.5 m and f2 = 1 m, were aligned, perpendicularly
to each other, with a grazing angle of 5o - Kirkpatrick-
Baez (KB) geometry [19] - to focus the beam into a 50
µm pinhole, localized at z0 = 4.6 ± 0.1 cm from the sam-
ple. The hologram was captured by a CCD, with 6 µm
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pixel size, positioned at Z = 5.5 ± 0.1 cm from the sam-
ple. Before the recording process, the sample and CCD
were removed, and the beam was analysed by a PHA-
SICS SID4 wavefront sensor. This device was positioned
at zwfs = 6.5 ± 0.1 cm from the sample’s position.

Experimental Data

The background picture, as well as the hologram
recorded at the CCD are presented in Fig. 9 (a). The
Zernike coefficients measured at the wavefront sensor are
presented in Fig. 9 (b).

(a)(i)
Background
image. (ii)
Hologram.

(b)Zernike coefficients measured
at the wavefront sensor. These
values were achieved from the
average of 200 measurements.

FIG. 9. (a)(i) and (ii) constitute the data collected at the
CCD. (b) shows the Zernike coefficients measured at the wave-
front sensor.

Data Analysis

With the information collected in the experimental as-
sembly, an algorithm was created to analyse the results
and perform the object reconstruction. The final pur-
pose was to validate the aberrations correction, achieved
in the simulation results.

The wavefront generated by employing the Zernike co-
efficients extracted at the wavefront sensor, was plot-
ted in a circular aperture of diameter 3197 µm, as
given in the experimental case. The phase map was
propagated, through Fresnel, until the detector posi-
tion. At the detector, the propagated amplitude was
filtered and the propagated phase map was associated
with an amplitude given by the captured background:
Uh =

√
B(X,Y )ei arg(R(X,Y )).

In order to correctly perform the reconstructions, it
was mandatory to place the phase map on its correct po-
sition with respect to the object. The method developed
to ensure the success of this step, was to use the centroid
of the background picture as a reference. With this pur-
pose, a gaussian intensity profile was associated to the
phase map at the wavefront sensor (with both centered
in the background picture centroid) and propagated un-
til the detector. By computing the new centroid’s dis-
placement, the phase map at the hologram was correctly
defined.

Besides the reconstruction achieved with the phase in-
formation, collected at the wavefront sensor, it was also

realized by using spherical and plane waves, as reference
waves. The spherical reference was defined as

R(X,Y ) =
√
B(X,Y ) eikr2(X,Y ), (18)

with r2(X,Y ) =
√

(X − x0)2 + (Y − y0)2 + (Z + z0)2

and (x0, y0) given by the position of the background pic-
ture’s centroid.

Results and Discussion

The reconstructions achieved by using all the methods
studied on this dissertation, are presented in Fig. 10.

(a)Recon-
struction

obtained with
aberrations’
correction.

(b)Recon-
struction for a
spherical wave

(with direct
propagation).

(c)Recon-
struction for a
spherical wave

(with plane
propagation

in zeff ).

(d)Recon-
struction for a

plane wave.

FIG. 10. Reconstructions achieved using the different meth-
ods described on this dissertation. Figs. (a), (b) and (c)
represent a zoom in the same window. Fig. (d) is presented
in a larger window, since the reconstruction did not fit the
window used for the other cases.

The resolution measurements acquired in the same pro-
file plot, for the cases (a), (b), (c) and (d) of Fig. 10,
respectively, were 29.1µm, 28.7µm, 85.7µm and 435.7µm.
The results show extremely good (similar) resolutions for
(a) and (b) and a much lower value for reconstructions
with a plane wave back-propagation. In fact, we could
easily predict that, since we were actually performing
in-line holography with spherical waves. According to
equation 8, the achievable lateral resolution for this ex-
periment is ∼24.4 µm, and we note that our first two
reconstructions are considerably close to that value, with
differences of, approximately, 19.3 % and 17.6 %.

XUV: High Harmonic Generation and KB focus

The experimental arrangement used for the generation
of high-order harmonics (HH) is illustrated in Fig. 11.
The infrared laser employed to initiate the non-linear
phenomena was a 5-7 mJ, 45 fs Ti:Sapphire laser, emit-
ting at a central wavelength of 800 nm, with a repetition
rate of 1 kHz. The HHG source was obtained by focusing
this beam, with a converging lens of 1.4 m focal length,
on a 1.2 cm-long cylindrical gas cell. This gas cell was
continuously injected with argon, in order to target the
32 nm harmonics. To work with this wavelength, the in-
frared beam, as well as the other high-order harmonics,
exiting the cell, were blocked with a 200 nm aluminum
filter. In all the process, the vacuum chambers operated
with pressures around 10−4 mbar.
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FIG. 11. Experimental setup used for producing XUV radia-
tion by high harmonic generation.

The HH focusing system was composed by a combi-
nation of four mirrors. Two silicon mirrors were used
in a first chamber (see Fig. 11), with the purpose of
compensating the deviation that naturally occurs on the
Kirkpatrick-Baez (KB) geometry. In its turn, the two
fused silica spherical mirrors, that constituted our KB
system, were mounted in a second chamber, at grazing
angles between 10o and 15o. The focal lengths used were
f1 = 1 m and f2 = 0.5 m (Fig. 11).

A infrared wavefront sensor was temporarily applied,
in chamber 2, after the KB optics to help with the align-
ment of the KB mirrors. A XUV Hartmann wavefront
sensor was mounted at the end of the system, to measure
the HH beam, after being focused by the KB mirrors.

KB Focus Optimization

After the alignment of all the setup, an optimization
of the KB mirrors’ position was performed, with the pur-
pose of reducing the aberrations and obtaining a smaller
and more intense focal spot. This was achieved with
the infrared wavefront sensor, which monitored the focal
spot of the infrared beam, by calculating its point-spread-
function (PSF), in real time. This optimization intended
to increase the Strehl ratio (SR).

Fig. 12 (a) and (b) show the change achieved in the
infrared beam, after optimization of the KB system. As
showed, a SR increase of, approximately, 104 % was ob-
tained. Fig. 12 (c) presents an example of one optimized
PSF obtained for the high-order harmonics. A 5 µm main
spot was achieved.

In the optimizations performed, a compromise was nec-
essary between focal spot quality and direction of prop-
agation.

High Harmonics Optimization and Wavefronts
Measurement

A harmonics’ optimization was made, mainly, by
changing the pressure of the argon gas at the cell, and the
diameter of the iris, placed right before the focusing lens
(see Fig. 11). Several focal lengths and gas cells were
tested, as well, with the optimized values constituting
the ones presented before, in the setup description.

The harmonics change with this parameters was also
monitored with the XUV wavefront sensor. One example

(a)Infrared PSF,
before

optimization. SR
= 0.080.

(b)Infrared PSF,
after optimization.

SR = 0.163.

(c)XUV beam
PSF, after

optimization of the
infrared beam. SR

= 0.089.

FIG. 12. Focal spot of the KB system, for the infrared beam
(a) before and (b) after optimization with a wavefront sensor.
After optimization of the infrared beam, the high harmonics
focal spot presented in (c) was measured.

of those measurements is presented in Fig. 13.

(a)Example of a HH
wavefront measurement.

(b)Measured Zernike
coefficients.

FIG. 13. (a) Wavefront and (b) aberrations (Zernike coeffi-
cients) obtained with a harmonic beam, generated in an argon
cell, with a pressure of 30 mbar.

As one can observe, in Fig. 13, there is a significant
presence of coma and astigmatism, with a stronger co-
efficient attributed to coma X, followed by astigmatism
45o. The coefficient measured to the defocus, 321.5λ,
was not included in the graphic. It is only defined by the
large distance between the KB optics’ focal spot and the
wavefront sensor position, thus, not being considered a
system aberration.

By varying the argon gas pressure, better results were
achieved for the range of 30-50 mbar, with peak-to-valey
error, root mean square value and Strehl ratio varying
differently. Hence, there is always a compromise to be
made between the different parameters. The diameter of
the infrared beam arriving at the focusing lens was also
changed, which had a similarly negligible effect on the
spatial quality of the harmonic beam. Since one can ad-
just different parameters to obtain the maximum possible
intensity, without significantly affect the resulting wave-
front, the main aberrations must come from the optics,
particularly the KB, or the driving laser.

Conclusions

In a first approach to the holographic techniques, a
simple numerical and experimental study was made, im-
plementing the Digital Fourier Transform Holography
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technique (DFTH). The simulation realized for FTH al-
lowed a resolution versus contrast study, achieved with
the use of three different sized reference pinholes. The
results showed an increase of resolution, accompanied by
a drastic decrease in contrast, with the decrease of the
reference aperture. In the experimental arrangement of
Fourier transform holography, performed in the visible
range, with a HeNe laser of wavelength 635 nm, a holo-
gram was successfully obtained. The object reconstruc-
tion was achieved with a resolution of 53 µm. These good
results can be attributed to the reduced dimensions of the
object, when compared to the beam wavelength, making
it work as a spatial filter to the beam.

The main focus of this thesis was given to the technique
of in-line holography. In this configuration, the object is
directly illuminated by the incoming beam, and the ref-
erence wave constitutes the light that is not scattered by
the object. Therefore, all the process is more vulnerable
to the imperfections of the illumination. An aberrations
study in this area has, therefore, plenty of interest. In
what concerns of the in-line setup simulation, successful
holograms and reconstructions were achieved, by imple-
menting different types of incident waves. An analysis of
the aberrations effect in the holograms and respective re-
constructions was made, where strong object distortions
were observed. Successful reconstructions were achieved,
with respective aberration correction. For all types of in-
cident waves, it was observed an amplitude modulation
in the reconstructions, attributed to the presence of a
virtual twin image of the reconstructed object. A cor-
rection of this twin image was not accomplished during
this dissertation, thus constituting a proposal for a future
work.

The experimental measurement of an in-line hologram
allowed the validation of the reconstructions’ correction
method, developed in the simulations. The experimen-
tal setup was assembled with a wavefront sensor, which
allowed the caption of the phase map and respective
Zernike coefficients, in the conditions where the holo-
gram was recorded. Reconstructions were successfully
achieved with an aberration’s correction. Several other
reconstruction methods were also applied. Resolution
measurements showed a resolution of 435.7 µm by assum-
ing a plane wave reference, 85.7 µm with a plane wave ref-
erence propagated until zeff , 28.7 µm for a direct spher-
ical back-propagation and, finally, 29.1 µm with a back-
propagation of a phase map constructed with Zernike
polynomials. The achievable lateral resolution for this
experiment was around 24.4 µm, which is a considerably
close value to the two former cases. The pinhole used
in the focal spot of the system, made the experiment an
in-line configuration with spherical waves, thus the good
results for a spherical phase map.

In the experimental activity performed at Laboratoire
d’Optique Appliquée (LOA), the high harmonic gener-
ation (HHG) source was successfully prepared, with all

the alignments and optimizations made. Also, the XUV
radiation with 32 nm was isolated from the infrared beam
and the generated spectra, and successfully focused with
a Kirkpatrick-Baez (KB) geometry. An optimized focus,
with a 5 µm main spot, was achieved, with the help of
a Hartmann wavefront sensor. From the analysis of the
XUV optics, particularly to the often used KB system,
one must expect a significant impact of aberrations on
coherent imaging in this range. For a performance of
single-shot imaging, it can not be considered the loos-
ing of more photons, by filtering the beam at the focus.
Therefore, an aberrations’ correction on the reconstruc-
tion, through the methods proposed on this dissertation,
is highly recommended.
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