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Abstract

This diploma thesis is a first step towards a successful img@ieation of digital in-line
holography with extreme ultra violet radiation. The ungliend principles of both high
harmonic generation and holography are described, and@itiexlescription of the
holographic reconstruction algorithm is provided. Theorestruction algorithm is sub-
jected to a thorough simulation before being confronteti wkperimental conditions.
Three holographic experiments have been carried out — each complicated than
the previous. These experiments provide the steppingestiam the further implemen-
tation of the results. The thesis concludes that for holoigyado be successfully carried
out with harmonics several improvements need to be madeeths to be imperative
that one harmonic is isolated in order to receive a clear en&girther, the resolution
of the setup needs to be drastically increased to warrathiduexerts. This can be
done either by magnification or by increasing the distan¢tedsen the object and the
recording devices and acquiring devices with better remwiu

Key words: Digital in-line holography, Harmonic generati®econstruction algo-
rithm
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Chapter 1

| ntroduction

1.1 Background and Motivation

The topic of this thesis can crudely be divided into two panarmonics and holog-
raphy. The harmonics in this thesis are created by focusihngep emanating from
the terawatt laser at the Lund Laser Centre in Argon gas. CGxyeofviewing what
happens is that this seriously disrupts the potential viredl Argon electrons experi-
ence. They briefly leave the atom and are accelerated in ¢otrielfield of the pulse
before recombining with the host atom. The energy releasedglthe process is the
harmonic pulse which exhibits coherence properties sirtvlghat of the laser.

Holography simply makes use of the postulate that a wave ram be viewed as
plane from which an infinite amount of wavelets originate. oking the behaviour
of each of these wavelets, the wave front at another poinpétes along its axes of
propagation can be recreated. In conventional holograpbypeams are used. One is
the reference beam, which is aimed directly at a recordindiune. The other is the
object beam, which is shone onto an object. Interferencestplace at the recording
medium between the reference beam and the light scatteyedtfre object, creating
a hologram. In in-line holography only one beam is used. €hisils a loss of infor-
mation although stability is gained. In digital holographge recording medium is a
CCD camera. The recorded hologram can be used to recreateage bf the original
object. This is done through digitally subjecting the hakog to a wave with the same
properties as the reference wave.

The goal of this thesis has been to perform holography wigh hiarmonics. The
source of inspiration was an article by Bartels et al whegitali in-line holography
was performed on a tabletop setup [1]. They used a Ti:sappdser at 760 nm with a
pulse duration of 25 fs to create harmonics of orders 17 tjinda 23. An aluminium
filter blocked the fundamental and objects were insertealtim beam. The resulting
interference patterns, or in-line holograms, were reabtgdean X-ray CCD camera
further down the beam path. A geometric magnification of gztipn of the setup
combined with a resolution of the CCD camera26f:m led to a resolution of the
reconstructed images 6f8um in the best case.

The field of research is extremely interesting and the l@rgiprospects are fasci-
nating. Using harmonics seems to make it possible to usgtagby for viewing much
smaller objects than has been possible previously. Themndas this is that harmon-
ics exhibit the necessary coherence properties crucigeidorming holography while



being of a short wavelength. By glancing towards groupsguering holography with

coherent electron beams, a future where in-line holograyitty high harmonics can
be used for imaging objects in the nanometer region in 3D doeseem impossible
[8]. Further, the prospect of performing holography witmfesecond time resolution
seems viable[1].

1.2 Outline

The first main chapter of the thesis addresses holographer Afbrief introduction
to the concept of holography in general, conventional aréhim holography are ad-
dressed in more detail. The following sections contain aplieix presentation of
the reconstruction algorithm used and a simulation of tHedraphic reconstruction
process. The next chapter deals with harmonic generatifiar & brief description of
the underlying principle and a presentation of the setupl,u® process of optimis-
ing and spectrally filtering the harmonic beam is attendedtwapter 4 describes the
experiments carried out and discusses the results. Fitladlyast chapter contains the
conclusions that can be drawn from the work carried out amdados a discussion on
which efforts could be made to improve various aspects ofehalts.



Chapter 2
Holography

In this chapter two different kinds of holography will be debed after a brief intro-
duction to holography in general. Conventional, or ofelimolography will be pre-
sented first. Conventional holography is the kind of holpgsathat generally springs
to mind when the topic is brought up. However, Gabor’s oagithoughts on holog-
raphy were more along the lines of in-line holography, whitoh third section of this
chapter will cover. The fourth section will address how tigjin-line holography is
made feasible through reconstruction algorithms. Finthiéychapter will be rounded
up with a presentation of the simulation that was done in otdaliscern between
effects due to the variation of various key parameters.

2.1 A General Introduction to Holography

Dennis Gabor is usually recognised as the inventor of halglgy. In 1948 he realised
that the process of recording an interference pattern omtoghaphic plate and recre-
ating a picture of the original object with a beam with relevproperties could be
useful for microscopic purposes. Gabor came up with the adéalography as a way
of improving electron microscopy so that atomic latticesldde resolved.

The basic idea behind holography is to use the interferept@den a coherent
beam scattered off an object and a coherent reference beagninterference pattern
can then be recorded, either photographically or digitaflyorder to reproduce an
image of the original object [3].

2.2 Conventional Holography

A basic setup for recording a conventional hologram is iteted in figure 2.1. The
light from a laser is divided into two separate beams by a bgalitier. A beam illu-
minates the object, the so called object beam, and is sedtéerd reflected onto what-
ever recording medium is being used. The reference beameistéd at the recording
medium without being distorted in any way. To recreate aup&f the object the
hologram is illuminated by the reference beam as in figure 2.2

If the hologram has been created successfully the obseillese® an image iden-
tical to the original object - an image much resembling thagmone would see in a
mirror, with depth of focus and three-dimensional propstti
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Figure 2.1: Construction of a hologram.

Formalising the description of holography;
The complex amplitude of the object wave and the referenee a&ee written as:

O(z,y) = o(z,y)e'#**¥) (2.1)

R(z,y) = r(z,y)e'r®¥) (2.2)

whereo andr are the real amplitudes agg, andy,. are the phases. These two waves
will interfere and the resulting intensity in the plane of thologram is:

I(x,y) = [O(z,y)+ R(z,y)l?
= R(z,y)R"(z,y) + O(z,y)0" (z,y)
+ O(z,y)R*(z,y) + R(z,y)O0"(z,y)
= |R]*(z,y) + |O](z,y) + O(x,y)R*(x,y) + R(z,y)O* (z,y)(2.3)

with * denoting the complex conjugate. The amplitude transmisioctionh(z, y)
is proportional to the intensity and can be written as:

h(CC, y) = h() + 67_](3:7 y) (24)

where 3 is a constanty is the exposure time, anfd, is the amplitude transmission
function of an unexposed photographic plate. The recoctstiu of the hologram is
done by multiplying the amplitude transmission functiomhathe reference wave:

R(xv y)h(xv y) = [ho + ﬂT(TQ + 02)]R(l‘, y)
+B77%0(x, y) + TR (x,y)O* (2, 7) (2.5)
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Figure 2.2: Reconstruction of a hologram.

The first term is the undiffracted reference wave, the sedstide reconstructed
object wave, and the third is a distorted real image of theabjn digital holography
it is possible to record the reference wave and the objeceéwaparately with a CCD.
Therefore the intensity pattern originating from the twepective beams can be sub-
tracted before processing the image. Hence the undifitaeterence wave will not
contain the terms? ando? which are included in the first term on the right hand side of
equation 2.5. The logic of this reasoning may be found mocessible by consulting
equation 2.3 [4][5]. Equivalent deductions can be foundc¢hrgars and Jiptner [6]
and Gustafsson et al [7].

Since this kind of holography is carried out with two sepadabeams the setup is
very sensitive, especially to vibrations. On the other haviten successfully carried
out holograms will exhibit both depth of focus and effectpefspective. Furthermore,
although the sensitivy very well can be a problem it also can out to be very useful.
Interferometric holography is one example of holograpbpiglEations drawing on the
sensitivity of the setup [5].

2.3 In-LineHolography

In-Line holography is based on Gabor’s original idea of lgodphy. In this form of
holography the hologram is created by only one beam. The seg&imilar to Young's
famous experiment with a double slit — a beam is directed abgerct and the interfer-
ence is recorded at a plane behind the object. Since the Isedirergent the interfer-
ence pattern will be subjected to geometric magnificatiome Ietup is illustrated in
figure 2.3.

The single beam, although bringing stability to the setign means complications.
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Figure 2.3: Setup for inline holography

The main complication is that the reconstructed object Ardlistorted real image of
the object, the second and the third term on the right of égua?.5, are aligned from
the viewers point of view when reconstructing the image.dnventional holography
the angle between the beams causes the images to look sepafais is illustrated
schematically in figure 2.4. Since the images are in linelima holography there will
be an out of focus image superimposed on the in focus imageth# reconstruction.
Gabor himself identifies the problem as that of the hologréettvely functioning as
a Soret-lens, which is a lens that at the same time functisag@sitive and a negative
lens [3]. That is the key to interpreting figure 2.4. The \aftimages appear to be
situated in front of the hologram and the real images apjpdae behind. In the in-line
case itis impossible to isolate one from the other. One wayeoiing it is that the real
image will have an out of focus virtual image superimposeémiteconstructed. The
virtual image will be out of focus bg L.

Although the problem cannot be fully solved in in-line halaghy, it can be con-
tained. The most practical way is to make sure the object &lsiBy small is meant
that it should only block a fraction of the radiation coneaeted on the screen [8]. The
formal constraint is that the lateral dimension of the obgmwuld be small enough to
fulfill the Fraunhofer condition:

a> < \-d (2.6)

where ) is the wavelength of the recording beam ah the distance between the
object and the focus of the beam [9]. A similar approach topttublem is done by
Koren et al. who simply set the constraint that the absongimuld be a small fraction

1The terms virtual and real are somewhat arbitrary. Althotlighintensity of the images may not be the
same, they both contain all relevant information. Thus th@ice of which image is which is more down to
preference and precedence than anything else.
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of the total [10]. Also, when the object only blocks a smalitp the radiation cone,
the reference beam subtracted by the hologram leads to &'smir@image’ term.

2.4 TheReconstruction Algorithm

Reconstructing an image is a process based on the Huygeasdtprinciple. The
principle states that every point in Plane 1 is the sourcespherical wavelet. Through
superpositioning the wavelets from every point in Planeglwave front in Plane 2 can
be determined (figure 2.5)

: .
)@#e i

Plane 1 Plane 2

Figure 2.5: Notations for the Fresnel-Kirshoff integral

A mathematical realisation of this statement starts ofhwiite Fresnel-Kirchoff
integral:

e—ik'r

Es(u,v) = % . / Ey(z,y) - - cosfdxdy (2.7
S

wherer is the distance from the poir?; to the pointP in figure 2.5,0 is the angle
between that line and the normal to the planes,&ng:, )- ef;kr dxdy is the spherical
wavelet emanating from the area eleméndy. S is the area over which the integral
is carried out.

Assuming that the paraxial approximation is valid, ie.— z|, |v — y| < L, orin
other words tha# is small and:os ~ 1:

_ 2 _ 2
r= ¢L2+(x—u)2+(y—v>2=L-\/1+ (‘TL;‘) - (yL;’)
(z—u)?  (y—v)? (@*+y?)  @+v)  (suty)
~L-(1 =1L — 2.
(1+ 212 + 212 ) * 2L + 2L L (2.8)
and also introducing:
Ff(z,y) = By(z,y) - e~ * 50" (2.9)

makes it possible to rewrites (u, v) as:
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Ey(u,v) = —-e e 2L Fi(z,y)e T dxdy
s

AL
T el ikt ~p ku o kv

= —. P (—, — 2.10
AL € ¢ B ! (271'L7 27TL> ( )

where F1 is the Fourier transform of> .Often this equation can be found with the

opposite signs in the exponents. That is simply due to theehaf the direction of-.
Assume three planes, the object plane, the hologram plawaea dar field plane

as in figure 2.6. The electrical field in the far field plane chentbe determined

by knowing what it looks like in every single point of any ofethwo other planes
respectively:

Yo Jx e

X, Xy Xy
Object plane Hologram plane Far field plane

I, !
« 2 >
Figure 2.6: Three planes.
. 2 2
7 w ik FETYE - kxr kyr
E = — e kligm T ol 2.11
r(zr,yr) kL, € e ! 1) (27TL1’ 27TL1) ( )
Ep(z ) = b efikLze—ihw%Z;% .fwbz(lm_F ky_F) (2.12)
PR R) =4, H\9rLy 2rLy '
Since the left hand sides of both equations are equal:
2 2
i —ikLy,—ik BT
Pl (kﬂUF kyr _ FLp remhlze 22 . ~L2( kxr kyr
o 27TL1, 2wy . . 7“6_’??*1@? H 2’/TLQ7 2w Lo
kLLlefszle L7
Ly in(La-ry), k(L) =p, kep kye
— . g 1/ . [z 2.13
L2 € € ’ H (2’/TL2, 2’/TL2) ( )

From which the electrical field in the object plane is isadagEading to the equation:
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(2.14)

which is the recipe for reconstruction in in-line hologrgptSimilar derivations to
the one carried out here can be found in [11][12]. It is alsesiue to arrive at an
equivalent solution through a convolution approach whectiane by [7].

There is one major obstacle that cannot be overcome in Higitagraphy. When
the hologram is recorded it is the intensity that is recorddgtrefore the reconstruction
of the object will have to be made Wit I (x i, yxr) instead ofE'y (x 7, yx ), which
of course entails a loss of phase information. This leadsdadconstruction formula
which actually is implemented:

. 120+y20
Eo(zo,y0) =" 77
L .- CpTEE 11y kxp kyr
FT-1 _. ik(La—L1),—% (27 27) . GL2 .
{LQ ¢ ¢ ’ ' H(27TL2’27TL2> ’

(2.15)

whereGL2 is similar to Fx2 except thatEy; is replaced by,/|Ex|” in the Fourier
transform. To recover the phase information, an iteratree@ss can be implemented.
The reconstructed object is simply used to simulate a newgnaim. This is done
through using equations 2.11 and 2.12 to isolate the etatfiield in the hologram
plane, leading to:

22 +y2,
Ep(xg,yg) =€ 22
Lo e —ik"EE (<~ kxp kyp
FT1 22 pmik(Li—Le) g~k (g —13) | pla
{L1 ¢ ¢ DR NSy =
(2.16)

The intensity of this hologram is replaced at every poinhuiite intensity of the orig-

inal hologram. This matrix will now contain a first guess a fphase information of

the hologram and a correct intensity at every point. Thisatkd guess of a hologram
is used to reconstruct the object again through equatior. 2This process is to be
carried out until the results are satisfactory. This patéic method is described and
implemented in [11]. The implementation of the algorithmsvedtempted, but the at-
tempts were unfortunately unsuccessful. Equation 2.1@wveeker exactly how the

holograms in the simulation below are created, and the adioreof the objects is of

course done by equation 2.15. Further, we found that theaton of the objects

using only one iteration (2.15), in our case provided vetis&ectory results

10



2.5 Reconstruction Programsfor Digital Holography

Apart from having written a program during the diploma tleshave also had two
other programs at my disposal. Both programs are prograntoftventional digital
holography. They have both been used to verify and confirnngbelts obtained with
my own program. One of the programs has been created by S§¥mm®Bettersson and
the other by Mats Gustafsson. Since these programs havebesmucted for conven-
tional holography slight modifications have been made toroziate for differences
in the reconstruction process of Digital In-Line hologrgpim concrete terms; in con-
ventional digital holography three pictures are taken, @fierence picture, one object
picture, and one hologram. The two first pictures are thetraated from the third,
as mentioned in the section on Conventional Holography.igit& In-Line Hologra-
phy the object picture does not exist. The way of modifying pinograms for this has
simply been to replace the object picture with a matrix obgerln the case of Mats
Gustafsson’s program the code was accessible to me andrhatd®a few adjustments
to make it more user friendly from an in-line point of view.

2.6 Simulations

Equation 2.14 has been implemented in Matlab and is the ftiordof the digital
holography recreation process. However, before impleimgitite code on actual ob-
jects, a simulation has been carried out. The aim of the sitioul is to determine
how different parameters affect the reconstruction of thjeat. Those parameters are;
the shape of the object, the frequency, and the distanceebatthe object and the
hologram. Finally, the simulation has also been carriedwatlt several frequencies
simultaneously, in order to simulate the reconstructiatpss with high harmonics.

Since the effect of the shape and size of the object is nat kulbwn prior to the
simulation, an object with straight lines, curves and \agdateral dimension is chosen
—a comic strip (figure 2.7). The quality of the comic strip e figure is of the same
quality as the picture used in the algorithm, 256x256 pi=geld in black and white. In
the object plane the comic strip will be superimposed by aglaave with a Gaussian
profile (figure 2.8).

2.6.1 Simulation with One Harmonic

In figure 2.9 the distance between the hologram and the oisjereried. The simu-
lated wavelength i§$ ~ 114 nm, the pixel sizd 0 um, andwy = 2100 um (wq is the
radius from the intensity peak of the beam at which the intgmd the Gaussian has
decreased t%lg). As expected the likeness to the object of the hologramedees as
the distance between the object and the hologram increlasage A is somewhat sim-
ilar to the original object while image G bears little reséamgze. This does, however,
not seem to have any effect whatsoever on the reconstrubjedtoThe details of the
object appear equally well in all the reconstructed imagesere is a marked differ-
ence between the reconstructed images though. In image®dheclear disturbances
around the recreated object that are not visible in the gtmmstructions. These are
most likely due two the twin image phenomenon. Since image ®éreated from a
hologram only5 cm from the object, the out of focus image superimposed wbald
10 cm out of focus. By comparing image B to image C — which apannfbeing a
hologram also can be viewed as an out of focus image of thebajea distance of

11
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Figure 2.7: Comic strip

Figure 2.8: The comic strip superimposed with a gaussiafil@ro
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10 cm — the assumption is corroborated. Further affirmatiomigyht by simulating
a holographic reconstruction at a distance @im. As seen in figure 2.10 B the as-
sumed twin image superimposed bears even more resemblitie ariginal object
than previously, hence the twin image assumption is furdiseertained.

A pattern much resembling a frame becomes more and morergidine pictures
as the distance increases. This phenomenon seems to as@sgunction with straight
lines in the picture and especially the borders of the pect@omparing the simulated
holograms with the reconstructed images it is evident thattccurence is present in
both, though clearer in the reconstructed images. Thissleathe conclusion that it
has something to do with the Fast Fourier Transforms caoigth the algorithm. One
hypothesis is that reducing the values around the bordetiseopicture will reduce
the framing effect. Therefore the simulation in figure 2.5 heen carried out with
wo = 1400. However, there is no visible improvement. Also filteringshzeen tried
to surmount the problem, but without success. It turns oatdhality of the actual
reconstructed object is deteriorated if the frames are weladt with in that way.

The problem of the frames does not necessarily have to beawer. It can be
regarded as merely an aestetic nuisance since it does motsé@mpose on the recon-
structed image in any way. Furthermore, when the programion real holograms,
the frames will not be present in the holograms. Hence threzeghould only occur to
the extent it occurs in the simulated holograms. One wayrairig oneself around the
problem with the frames is to record a hologram without arectgnd recreate it. The
recreated object can then be subtracted from that imagee $imth images contain the
same defects the problem is overcome. This method resutkeifinal image being
inverted in appearance and requires a stable source ofdightld it be carried out.
Tests have shown [8] that even the stability of a laser poimiiésuffice.

The effect of different wavelengths was also simulated.ufég 2.11 illustrates
the effects of various wavelengths. The distance betweznlifect and the simulated
holograms ist0 cm, the sampling distance i9u:m, andw, = 1400. Lowering the
wavelength has the same effect as the shortening the distahe similarity between
the hologram and the original object increases as the wagtalecreases. The prob-
lem with the frames does not seem to impose more on the redr@atture as the
wavelength is decreased. However the frames tend to aplosar ¢to each other. As
previously, the reconstruction quality of the object does seem to suffer from the
usage of higher harmonics.

2.6.2 Simulation with Several Harmonics

This is the final step of the simulation. So far the relevapeats of the reconstruction
process have been covered. However, when performing tlegtaghic experiment
with high order harmonics there will arise further problekhough spectral filtering
will be used to single out a few harmonics, there will stilldsveral harmonics present
when the hologram is recorded. In order to ascertain thetsftd this a simulation has
been made. Thoughout the simulation with several harmatiiésrmonics have been
assumed to have the same intensity. The simulated holognamtseated according to
the following formula:

Eu(z,y) =Y B (z,y)ine N (2.17)

The reconstruction is made according to the same princidsvever since the phase
information will be lost in the experimental case the squar of the modulus of the

13



amplitude will be used.

Figure 2.12 displays the effect of creating a hologram aockging the object with
all harmonics up to the 23:rd. Clearly the reconstructiaeigerely blurred. This is not
unexpected. The reconstruction with several harmonidseisame as reconstructing
with one harmonic at a time and subsuquently adding the q@stiEvery such recon-
struction would recreate the object slightly differentlyus creating a blurred image.
However reconstructing the object with only one harmoniedoot improve matters.
As shown in figure 2.13 the reconstructed object insteadapgaint, although what
little can be observed of it does seem rather less blurredftpare 2.12 B. For exam-
ple a hint of the pattern of the clerks tie can be seen. Thiswswith the previous
reasoning. This reconstruction can be viewed as one of treraevhich form figure
2.12B.

Luckily spectral filtering will remove all harmonics up toet3:th?. Thus the
experimental hologram will be created with three or fournhamics. This has been
simulated in figure 2.14. The hologram is created with fountanics and the re-
construction is made with one of the harmonics in B, and all fof the harmonics
in C. Reconstruction C does seems to be of higher qualityeliewthis may well be
due to destructive interference of the frames. The recoctstd objects seem to be of
comparable quality.

2More on this can be found in the following chapter
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Figure 2.9: Variation of the distance between the objecttaedsimulated hologram.
The wavelength is 800/7 nm, i.e. the 7:th harmonic. The halog are in the left
column and the reconstructions in the right. A,B: distancen5 C,D: distance 10 cm.
E,F: Distance 20 cm. G,H: distance 40 cm
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Figure 2.10: A: The simulated hologram. B: The reconstmictgiect. Distance 1 cm.
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Figure 2.11: Variation of the wavelength. The hologramsdratke left column, the re-
constructions in the right. A,B: fundamental. C,D: 7:thrhanic. E,F: 13:th harmonic,
G,H: 19:th harmonic
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Figure 2.12: Simulated hologram and reconstructed objeetted with odd harmonics
1-23.

Figure 2.13: Reconstructed object created with harmonicdHdlogram created with
odd harmonics 1-23.
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Figure 2.14: A: Simulated hologram. B: Reconstructed dijegated with harmonic
19. C: Reconstructed object created with odd harmonics3L7-2
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Chapter 3

Har monic Gener ation

3.1 Theprinciple of High Harmonic Generation

The three step model, also known as the semi-classical mbdigjh harmonic genera-
tion, provides a fairly intuitive understanding of the higgwrmonic generation process.
In this model the atom is approximated to have only one edactThe motion of this
electron in the laser field is treated classically while tbéva tunneling and recombi-
nation processes are treated quantum mechanically.

Since the electric field strength created by the laser whaergéing harmonics is
close to the electric field experienced by the electron inGbalomb potential, the
Coulomb potential will be severely distorted. The eleeiriield experienced by the
electron in the ground state of a hydrogen ators i90° V/cm The laser intensity
which genererates that electrical field strengtbhan be calculated through:

1
I = 56()C|E|2 (31)

wheree is the electrical permitivity of vacuum andhe speed of light. This leads to
an intensity of3.5 - 101 W/cm? which is not far from thel0** W/cm? used for high
harmonic generation. The distorted potential will takeghape shown in figure 3.1,
which is generally referred to as the tunnel ionisationmexi

v(r)

Figure 3.1: Tunnel ionisation [13].
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The three steps of The Three Step Model of harmonic generatmillustrated in
figure 3.2 and can be summarised by:

i The atom is ionised through the tunnel ionisation process.

ii The electron is accelerated away from the atom by the idefield. When the
field changes the electron is accelerated in the oppos#etdin, back towards the
atom.

iii When the electron is close to the atom there is as certaibability of recombina-
tion back to the ground state. The liberated energy of thetrele is emitted as a
photon.

Figure 3.2: The three step model [13].

The model implies that the laser light needs to be linearlgnmed. Otherwise the
electron would not be accelerated back towards the atomangthnificant probability.
The process occurs twice each laser period and it is pogsibiEculate the trajectory
of the electron and hence the kinetic energy at the time afmdénation. The cal-
culation is done with the Newtonian equation of motion with tonditionz,(t) = 0,
wheret; is the tunneling time. The results lead to the maximum haiowrtoff energy

giving:
E;=1,+320, (3.2)

wherel, is the ionisation potential of the electron [13][14][15].

3.1.1 Phase Matching and Focusing Conditions

In order to allow for an efficient transfer of energy from thmflamental field to the
harmonic field it is vital that phase matching is achieved. ol other things this is
done by loose focusing geometry. This is because there iasephift of 180 degrees
— Gouy phase shift — at the focus of a beam. By focusing the wagima lens with a
relatively long focal length this effect will be less draicailso the necessary intensity
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for High Harmonic Generation will be maintained over a langggion of space. The
radius of a Gaussian beam is defined by:

= A (3.3)
W

where f is the focal length of the lens and is the original radius of the beam. The

length of the focal region which is defined as the region witlihich the beam area is

less than twice the area of the beam at the beam waist is:

Wo

2'ZR:7T—U)8: )\f2

N ore? (34)

wherezp, is the Rayleigh distance.

3.2 Experimental Setup

The setup for Harmonic generation is relatively simple. Tser pulse is focused in a
gas medium. The laser beam and the harmonics are separaasgpégtrometer and the
harmonics are detected. The setup is illustrated in figuBeb8low. This section will
be divided into several subsections addressing the vatimuponents of the setup.

gas-jet spectrometer
aperture & lens

toroidal mirror

EMT

entrance\ vacuum chamber
window grating

computer oscilloscope
Figure 3.3: Principle setup for harmonic generation [15].

3.21 ThelLaser

Harmonic generation is done with laser pulses from the tatdaser at the Lund High-
Power Laser Facility at the Lund Laser Centre (LLC). Therdésea Ti:sapphire laser
and the pulses are amplified by the chirped pulse amplificatiohnique. The system
delivers ten pulses per second3@d nm, pulses which are approximately fs each.
The beam diameter is approximatelyem at(1/e?) and the pulse energy is roughly
100 mJ when it reaches the harmonic setup.
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3.2.2 TheVacuum System

The vacuum system is pumped by two pump setups each cogsi$tiriurbo pump and
a rotary pump. One pump system pumps directly under the gemsqgeder to minimise
the deterioration of the vacuum due to the gas releases. fhiee is placed adjacent
to the EMT (Electron Multiplier Tube), which is the componer the setup which
requires the lowest pressure to function. The pressuragharmonic characterisation
was around 0~* mBar in the gas chamber and—> mBar by the EMT.

3.2.3 TheGasMedium

The gas supply to the setup comes from a tube of Argon gas. dlble gases are the
most suitable elements to use for harmonic generation agdrprovides a spectrum
suitable to the ends of this thesis. The Argon gas is fed tifr@itube in which it is
contained at a chosen backing pressure. Ten times per s#wgds is let out into the
harmonic generation chamber in one millisecond burstsh Wi aid of an oscilloscope
the bursts are set so that they end at the same instant theldse arrives; that way
the loss of vacuum is minimised while optimising the amourgas for the laser pulse
to interact with. These settings were done with a delay geaaetriggered by the laser
system.

3.24 Focusing

As noted previously loose focusing is beneficial for harma@éneration. In order to

optimise the focusing conditions a combination of an aperéund a lens is used. The
aperture (figure 3.3) is used to vary the diameter of the bednmto the setup and,

of course, the intensity. The lens, which has a focal lenfjthne meter, is carefully

placed on a meticulously aligned rail. Thus the lens can beechdack and forward

along the beam with the beam passing through its centre at pasition.

3.25 The Spectrometer

The spectrometer used in the setup is a I.S.A. Jobin-Yvon FR&M 200. When
arriving at the spectrometer, the fundamental and the haicadravel along the same
axis. Since the energy of the fundamental is several ordersagnitude larger than
that of the harmonics they need to be separated. This is dithe ispectrometer. The
light passes through an adjustable entrance slit and iséathy a toroidal mirror onto
a plane platinum grating. The grating has 450 grooves pdinmetier and is designed
for the spectral rangé6 nm to80 nm. The light is reflected by the grating ontd &0
pm wide exit slit; thus the entrance slit is imaged on the dititNaturally, the narrow
slits lead to the necessity of a painstakingly precise atignt, an arduous task which
however is duly rewarded with a harmonic spectrum.

3.2.6 DataAcquisition

The principle setup for data aquisition is as in figure 3.4e Dack reflection from
the laser pulse as it enters the harmonic setup is used getribe diode. The signal
from the diode is used to trigger the oscilloscope. Simaitarsly the EMT, to which
a voltage of3000 V is applied, will register a signal which is seen on the desdope.

Initially a preampilifier was used between the EMT and theilloscope, however,
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since it affected the signal in a negative way, it was remoVéigen proceeding without
the preamplifier it is advisable to attach a resistor to thdecgining the oscilloscope
to the EMT in order to protect the sensitive channels.

EMT preamp
back reflection
spectrometer from iris
trigger,
provided by —
laser system -
computer oscilloscope

Figure 3.4: Principle Setup for data acquisition

The laser trigger pulse, which is connected to the compugethe delay box of
the gas supply, triggers the computer program. At eachémtigulse it integrates the
voltage curve over a chosen time interval on the oscillosc@ipe value of the integral
is plotted versus the setting of the spectrometer by therprognd is proportional to
the number of registered photons by the EMT at the giveniposilf the spectrometer.

3.3 Measurementsand Optimisation

The process of optimising the harmonics is fairly intuitared simple. Three different
parameters are varied, one at a time, while everything slkept constant. The para-
meters that will be varied are the aperture, the distanosdset the lens and the gas
jet, and the backing pressure. The nature of the harmonis skem to vary slightly
on a day to day basis, which can be put down to the nature ofifes pulse entering
the setup on a given day. Therefore a certain setting carentdaken as the optimal
setting simply because it was so the previous day. Every uneaent has, of course,
been preceded by checking the alignment of the beam andvihgdhnat the tell tale
spark beneath the gas jet is present.

Before proceeding with the optimisation process it shoeldbted that a zero level
was set based on the average value of a number of shots,yus0@ll This screens out
most of the background noise. However the background nsiaffected differently
by different parameters. It tends to be lower the furthenaihia spectrometer is from
the zeroth order and it tends to increase as the backingyesissncreased. Therefore
the intensity in the following graphs will not necessarilgve its minimum at zero,
although it will be in the vicinity.

The displayed spectra all start at the 15:th harmonic. Sogssarements are made
up to the 23:rd harmonic and some to the 25:th. However thatiaics of main interest
are the 17:th , the 19:th, and the 21:st since these are tisandrieh should dominate
when the harmonics are used for holographic purposes.
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3.3.1 Varying The Focal Point

First of all the focal point has been varied. This has beerdath an aperture diameter
of 12 mm and a backing pressure batm. The position of the lens that is indicated in
the graphsin figure 3.5 is read from the translation rail thaiens is fastened to. The
right edge of the unit holding the lens is the point used. &ihe lens alledgedly has a
focal length of one meter, the measurements start at that, pahich is approximately
equivalent ta340 mm on the translation rail. The lens positions have beercaidd
according to the translation rail since those measurenagat&r more exact.

By comparing the intensities of the different spectra inifgg3.5 it is evident that
the most favourable lens position is eitl366 mm or360 mm. According to theory, the
harmonic spectrum generated when the focus of the beam dflyerhthe generation
point, has slightly lower peak intensities than spectreegated just out of focus. There
are no indications of this in the graphs in figure 3.5. Spewtee also taken at lens
positions of355 mm and365 mm. But, as can be seen in figure 3.6 there is no clear
indication of the exact position of the focus. However the#spectra eé850 mm, 355
mm, and360 mm which have equal peak intensities, provide substandeteducated
guess that the focus is betwegsd mm and360 mm. No real conclusions can be
drawn from the internal distribution of the spectra, apeotrf the fact that placing the
focus before the generation point seems to work to the velativantage of the higher
harmonics. When the lens is 30 mm the 21:st harmonic is the most intense one in
the spectrum.

2,50 5
i 2,00 g 4 i
3° 3 i,
£ 150 S £ —
2 100 A z A
£ 050 LA TV T A g, AN ASUAWAS
000 1 S d W/ 1
Lens at 340mm Lens at 370 mm
8,00 2,50
5 600 1 5 200
g w0 i £ -
Y IS A g A JL LU
-2,00 -0,50
Lens at 350 mm Lens at 380 mm
8,00
3: 6,00
Elull U g
g U U TVA
-2,00
Lens at 360 mm

Figure 3.5: Harmonic spectra with different focal points

3.3.2 Varying The Aperture

In figure 3.7 the aperture is varied. The lens position i858tmm and the backing
pressure id atm. When the aperture is as little @snm there is no visible harmonic
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Figure 3.6: Harmonic spectra with different focal points

spectrum and when it reach&& mm the spectrum is hardly visible. It is clear that the
ideal diameter of the aperture is in between. The four grdgpaying such apertures
all show very clear harmonic spectra, whereas the speatapfrtures ol0 mm and

12 mm have the highest peak intensities.

3.3.3 Varying The Backing Pressure

In figure 3.8 the lens position is &0 mm and the aperture is setlat mm while the
backing pressure is varied. In retrospective the settifigjsese measurements are not
quite the same as the optimal settings during the other merasunts. The probable
cause of this is that these measurements were made on adath#éran the previous
ones and that the alignment of the laser prior to the setupdomonic generation
may have been slightly different. Later experiments furtanfirmed this hypothesis.
However, the effects of the backing pressure on the harnspactrum should not be
affected by this. As seen in figure 3.8 increasing the preszbove atmospheric pres-
sure does not seem to entail any drastic change of the sped®erhaps the intensity
can be said to increase slighty, but the increase is not agelonce compensated
for the increase in background noise which comes with irsgrddacking pressure.
Lowering the backing pressure below atmospheric presswwever clearly lowers the
peak intensities of the harmonics.
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Figure 3.7: Harmonic spectra with different apertures.

3.4 Elimination of thefundamental and Spectral Filter-
Ing
Elimination of the fundamental and spectral filtering carhbbe achieved with an
aluminium filter. The fundamental needs to be removed sinedllinot be spatially
separated from the harmonics once the spectrometer is sEm@&luminium exhibits
fairly good transmission in the wavelength regzth— 60 nm as illustrated in figure
3.9. The figure is plotted for 200 nm aluminium filter, which is the thickness used
is all experiments with a filter. The idea of the filter is thiatdduces the number of
harmonics.

The spectra that figure 3.10 is composed of are recorded witkparture ofi4
mm, the lens aB40 mm and the backing pressure atatm. These were the best
settings that could be found on the actual day. The procedasdo quickly optimise
the setup without the filter and record a spectrum. Then tter fi¥as inserted with
the translation arm and the signal was maximised. After tiatspectrum with the
filter was recorded. As can be seen in figure 3.10 the filteraesithe 15:th harmonic
to next to background level. This is not quite expected atiogrto figure 3.9. The
reason is that the filter is coated with a thin oxide layer Whistorts the transmission
profile. In figure 3.11 a graph over the properties of a filtarieglent to the one usesd
here illustrates the discrepance. Still, the differenemisfully accounted for . A slight
misalignment of the filter would most probably account fa thst of the difference.
However, there are still four or five harmonics of very simifgensity. This could lead
to a blurred holographic recreation according to the sitiuta in the previous chapter.
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Spectrum without 200 nm aluminium filter.

Intensity a.u.

Spectrum with 200 nm aluminium filter inserted into beam
path.

Figure 3.10: Harmonic spectrum with and without filter. Biagkpressure 1 atm.
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Figure 3.11: Simulated transmission of aluminium filterhnaixide layer.
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Chapter 4

Experimental Method and
Results

This chapter will present the three holographic experim#rdat have been carried out.
Each with a more complicated setup and more taxing conditioat the previous. The
first experiment that is presented is carried out with a conis He-Ne laser. The sec-
ond is with the infrared laser pulses from the terawatt la3éie pulses will be used
to generate the harmonics which the third experiment isezhiout with. The idea
has been to gradually increase the level of complexity ireotd foresee and handle
pending problems. Further the various setups have affdrdgedpportunity to test the
reconstruction program on several different conditiohswdhg for a greater knowl-
edge of its pros and cons. However, first a short section nél@ent some preparatory
calculations that have been made in order to determinerttimtions the experiments
are subject to.

4.1 Preparatory Calculations

Before undertaking any kind of experiment it is vital to makee that it takes place
within the boundaries of what it actually physically possib Two constraints have
been defined as vital - that at least the radius of one diftmaaing should fit the

recording chip and how much of the beam the object blocks. cHheulations have
been performed for the final experiment since that is the gb#ie thesis. The first
constraint can be found through the formula for the resoiulimit:

Y < 1,22\ ..
~ 2sinf - 1,22)

where the parametres are defined according to figure 4.1.

The equation can be rewritten as above since the angle it Srhalsize of the ob-
jects can be assumed to be approxima%ély:m and the wavelength is approximately
40 nm, since we can assume that it will be around the 20th hamndrtie width of
the CCD chipD = 8,8 mm. These settings lead fo < 9 m. However since it is
the radius of the diffraction ring that is of concern the expental boundary will be
L <18m.

To figure out how large the object can be, the Fraunhofer ¢iomgiequation 2.6 is
used. Assuming the distance between the focus of the bearthamiject to bd m

(4.1)
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Figure 4.1: Resolution parameters.

and the same wavelength as above it turns outdhat 200 um. Since the objects in
the experiments are hairs which can be expected to havelan#ss of approximately
50 pm, the final experiment is on the limit. Since other similapesments have taken
this condition as more of a guidance than an absolute rubeetiperiments will be
carried out with hairs as planned.

4.2 Experiment with a HeNe L aser
4.2.1 Setup

The setup for this experiment is very simple and is illugtdan figure 4.2. The laser
beam is directed through a spatial filter. The spatial fikesimply a lens with a pinhole
in the focal plane. It creates a divergent beam. The objgatised in the beam after
the spatial filter at approximately one third of the distabeaveen the spatial filter and
a CCD creating a geometrical magnification of a factor of ldu@. The CCD camera
which is connected to a computer records the interferertterpaTo record a reference
picture the object is simply removed from the setup and arqgifcture is taken. Two
polarisers are part of the setup although not included irrdigd.2. They are there so
that the intensity of the beam can be varied in order to reeontaximum intensity
with the CCD camera which is in the region of, yet below, itaisation intensity. The
spatial filter also plays a role in reducing the intensitsiit widens the radiation cone
of the beam. Finally, the shutter speed of the CCD cameraeaatied too.

4.2.2 Results

The holographic experiment was carried out with a coupleaifsh The resolution of
the CCD chipi$ um. Infigure 4.3 the hologram, the reference, and the hologtdm
tracted from the reference are shown. Reconstructing Wwérhblogram alone would
work just as well. However, subtracting does get rid of sopwsthat can be seen in
the reference beam. Also fringes can be seen in the imagas.itieal case they would
disappear with the subtraction. However, even the sligimstability would cause the
fringes to prevail as they have done in figure 4.3 C. The fisnge carried into the
reconstruction as can be seen in figures 4.4 and 4.5, but dudfeot the visibility of
the reconstructed object in any greater fashion.
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Laser

Spatial Hologram, recorded
filter on CCD chip

Figure 4.2: The setup for digital in-line holography witletHeNe-laser.

In figure 4.4 the object has been reconstructed at threereliffelistances from
the CCD camera. It can clearly be seen that the reconstruati®0 cm provides
the image closest to the focal plane. The axes are numberaitions. In the other
reconstructions only one of the hairs is clearly visible tredother one is either blurred
or not very clearly defined. Around the thicker of the two kalire twin image can also
be seen to vary in size and definition as the distance varies.

Having found an approximate distance to recreate the ahijgdt is easy to close in
on the focus of the image and improve the recreation. Thengptistances were found
to be10 cm and9.6 cm as shown in figure 4.5. By determining the coordinates with
the aid of MatLab the width of the hairs was found through gimgl the Pythagorean
Theorem. The resultg,04 mm and0.1 mm will have to be divided by the geometric
magnification factor which i252/(252 — 100) = 1.7. This leads to a thickness of the
hairs of24um and59um respectively. This corresponds well to the thickness Hasr
in general although the thinner hair is slightly too thin.vitwer it could very well be
the end of a hair, or perhaps even a split end.

4.3 TheExperiment with The Pulsed L aser
431 Setup

The setup of this experiment is only slightly more compkchthan that of the previ-
ous one. The laser beam being used is the terawatt laserlainideHigh-Power Laser
Facility. The system delivers ten pulses per secog@@nm which are approximately
35 fs each. The beam diameter is approximatetym (1/¢?) and the pulse energy is
roughly 100 mJ. This boils down to three specific problems for this patécexper-
iment. The intensity must be reduced so that the CCD chip doesead maximum
intensity at every point. A CCD camera that functions in thigared is needed, and
finally it must also have a possible shutter time of, at thetnios s.

Such a CCD camera was found, the Star CCD. The camera is dedrie@ moni-
tor and is possible to remote control by a computer. A shaitirction how to operate
the camera and its software is found in appendix C. For nowmélcessary information
about the camera is that it detects light in the IR-region thiadl the resolution of the
CCD chipis23 um.
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Figure 4.3: The pictures taken by the CCD camera
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10 cm

Figure 4.4: Reconstructed images at three different distan
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Figure 4.5: Reconstructed images at optimal distances théhsize of the objects
measured.
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The setup is illustrated in figure 4.6. Omitted from the ilfation are the windows
and polarisers used to reduce the intensity of the beam. dda fength of the lens
used is—176 mm, which suffices for the radiation cone to well and truly eothe
CCD chip. The object is placedlcm from the lens.

Hologram, recorded
on CCD chip

Laser beam

Figure 4.6: The setup for digital in-line holography wittethulsed laser.

4.3.2 Results

The results of this experiment will be presented in the sarmg & the results of the
experiment with the HeNe-laser. First, images of the reedtiblogram will be pre-

sented. They will be followed by images reconstructed aibuardistances from the
CCD camera. The reconstruction is done with the hologrameatbis time. The rea-
son for that is that the recorded reference beam and the famodo not match each
other well enough. This leads to severe problems in the snagtion process. Effec-
tively the framing effect, discussed in the section on tieusations, takes over. The
way around this is to make sure the borders of the picturelase ¢to zero or far away
from the region of interest. However any large differencéntensity’ along a straight

line seems to cause problems and should consequently beedmo

The problems have been solved by inserting a frame arounkdiogram which
has an intensity equalling the average intensity of the érsraf the hologram. In
addition the hologram has ben cut around the left edge tovertine completely black
area there. Also the image has been cut along the bottom toveethe black area and
the white streak. These adjustments can be seen in the bintizge in figure 4.7. The
top image is the hologram prior to the modifications.

In figure 4.8 the hairs have been reconstructed at the des$aofcl0, 20, and
30 centimeters. Clearly the reconstruction2at cm provides the best image since
the hairs are wider in the other images. Reconstructing @sad several different
planes is the easiest way to determine where the focus masirme the image will
be wider both before and after the focal plane. As it was ngsjixde to subtract the
hologram from the reference beam in this experiment somtes spe carried over into
the reconstruction. They become less visible as the dist@niocreased — a sign that
they are due to some dirt on the CCD chip or thereabouts.

Figure 4.9 shows the reconstructed image in the focal pl&men from the CCD,
which is the plane that provides the best reconstructiogan@hrough measurements
in the image the hairs are found to B mm thick. The geometric magnification
factor is (180 + 174 + 50)/(174 + 50) = 1.8 leading to a thickness &f6um of the
hairs. However since the resolution is as lon2as:m it is only approximately 3m
after the magnification which is a pretty crude approximatim any case, the results
are in the right region. One interesting effect which can &ensin the image is the
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Figure 4.7: Top: Hologram before modification. Bottom: Mietl hologram. The
size and the scaling is indifferent in these images, thdtheilpaid attention to in the
reconstructions.
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10 cm

20 cm

30 cm

Figure 4.8: Reconstructed images at three different distain
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effect of the hairs at the edges of the hologram. This is thecethat previously has
been labelled the framing effect. It is evident that theadt#fhce in intensity has a large
impact on 'the progagation of the frames'.

-8000
-6000
-4000

-2000

2000 0.1 mm
4000

6000

18 cm

8000
-5000 -6000 -4000  -2000 1] 2000 4000 6000 @000

Figure 4.9: Reconstructed image at 18 cm.

4.4 Holography with Harmonics
441 Setup

Three main problems complicate the setting up of this erpent. First the experiment
needs to be carried out under vacuum. This is due to the hacrgeneration process.
Vacuum is also needed for operating the MCP (Micro ChanretelPlThe MCP ad-
joined to a phosphor screen is necessary for imaging in thergéed wavelengths and
for it to be operable the pressure needs be balow’ mBar, at the most. The second
difficulty is the necessity to image the picture on the phasgglereen onto the CCD. In
order to get a clear picture of the MCP screen of the rightwim®nventional measures
had to be taken. The third problem is inserting the objectihé beam path. All three
problems will be treated in more detail below. Figure 4.18 i&chematic illustration
of the setup.
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Figure 4.10: Setup for holography with high harmonics.

TheMCP

An MCP basically functions as a photo multiplicator. Elecis are ionised through the
photoelectric effect when they collide with a metal platehe$e electrons are accel-
erated in an electric field and collide with another metatleplahere several electrons
are ionised foreach colliding electron - these electroralfircollide with a fluorescent
screen. Since the initial metal plate is divided into manykmparts the process of
accelerating the electrons takes place separately forsaah part leading to an im-
age on the fluorescent screen; an image which is proporiiofatensity to the initial
distribution of electrons colliding with the MCP.

This requires a high voltage. The voltage used in the experiscarried out here
was 3500 V on the positive side and -1500 V on the negative si&lace this is a
large difference in potential with the cathode and anod#yfaiose to each other, the
voltages are applied incrementally according to a manulthofigh time consuming,
it is a necessary process.

The CCD and Focusing

The CCD camera comes with5® mm 1—fS lens. This is used to take pictures of the
display of the MCP. However, in order to optimise the sizehefpicture, the lens of the
camera is not mounted to the camera in the regular fashignfalstened approximately
1 cm in front of its normal mount. This way the picture of the M@pjected onto
the CCD-chip is of the size that leads to an optimal resatutibhis was ascertained
through measuring the size of the image on the MCP. That sigtiied by the factor
of the CCD-screen resolution divided by the MCP resolutéadks to the minimum size
of the image on the CCD-screen which entails no loss of inédion. Following the
setting up of the equipment in this fashion it is a mere foity&b change the settings
of the lens in order to obtain the clearest image.

Placing The Object in The Beam Path

As no useful equipment was available, a device had to beettéatorder to insert
the object into the beam path. The simplest possible devas aveated. A square
with sides of approximately 7 cm was cut out of copper foil. the middle of this
the inner diameter of the vacuum tubes was marked (4 cm). dihevdis then cut so
that the remainder resembled a square cross with a 4 cm dinnietie superimposed.
The ends of the cross were then bent alternatively forwaddo@ekwards providing a
simple means to fasten the device to the inside of the tutsteRimg the object to the
device was simply done with Scotch tape. This simple constm enabled moving
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the object to various places along the setup affording theodpnity to perform the
experiment at different lengths between the object and t8®Nh the setup presented
here the object was placdd cm from the focus of the beam.

4.4.2 Optimisation

Before proceeding with the holography it is in order to pregdhe pictures taken to
optimise the settings with the MCP. Since the MCP providesrapetely different
way of visualising the spectrum to the spectrometer thi§ th@greatest necessity. In
the following figures the aperture and the distance betwselehs and the gas jet have
been varied respectively, while the backing pressure has kept ab.8 atmospheres.
In figure 4.11 the aperture has been varied mm increments fron6 mm to 12 mm.
The most useful image is obtained with the apertud@anm, although the image with
the aperture at2 mm is almost as good. What constitutes a good image is beleg ab
to see an as clear image as possible of the harmonic beamatbsgpthe aluminium
filter. An intresting detail in these images is that a smatlase can be seen in the top
left of the images. This is a crease in the aluminium filtet thaised.

Assuming thel0 mm aperture to be the optimal aperture the distance betvireen t
gas jet and the lens is varied in figure 4.11. The distanceisd/an 10 mm increments
around the approximate focal distancelof. The notations in the figures are on a
different scale and in millimeters as explained in the satise namedvarying the
Focal Point Clearly the best images are the ones takep6atmm and370 mm in
which the full aluminium filter can be seen in relatively godetail. Although the
object of the setup by no means is to view the aluminium filegpod image of it is a
welcome indication. Also, by imaging as much as possibl¢, ofdre information will
be there for the processing when the actual holographicetaection is made. The
setting at360 mm was chosen to be the best image.

443 Results

After deciding the optimal setting the object is insertei ithe beam path. As in pre-
vious experiments the object consists of a couple of haifterAnserting the object the
focusing is tuned in order to obtain the clearest possib&gien Although the previous
images had certain structure, the additional structurgigea to the image from the
object, enables further enhancement of the focusing. Eigut3 is the best imaged
obtained, thus being the image which will be used for holpgi@reconstruction. This
image was obtained, as can be concluded from the previotisrsewith an aperture
of 10 mm, a distance between the lens and the gas jet at tivgseftt360 mm, and a
backing pressure of 0.8 atmospheres. The distance betwearbject and the MCP,
indicated by L in figure 4.13 was measured and found to be 1&@nmn Subtracting
the best picture from a background picture created an iedémage of which the rele-
vant parts were cut out. As can been seen in figure 4.14 the is0im a relatively low
level. This inverted image is the image used throughouteenstruction process. In
fact the reconstruction process was carried out with theaggssed best image too.
The same results were arrived at, but since the invertedémagre deemed to better
from an illustrative point of view they are the ones includhede. All reconstructinos
were done using the 21:st harmonic. One harmonic was chosas according to the
simulation, it does not seem to matter whether one or setarahonics are chosen.
The choice of harmonic may as well have been the 19:th sirceltbice was made on
the basis of the transmitted intensities displayed in figui®.
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Figure 4.11: Varying the aperture.
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Figure 4.12: Varying the distance between the object antetise

43



Optimized focus

Figure 4.13: The best picture.
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Figure 4.14: The best picture subtracted from the backgtoun
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Figure 4.15 displays the reconstructed images at 120, 4810,ghd 300 centime-
tres. The images are pretty similar but the ones at 180 and&#iimetres are the best.
This is determined through observing how the top hair is tiireniest at this distance.
In order to further close in at which distance the image cacdnsidered to be the best
a recreation was made at 20 cm intervals in the range from 2@ 800 cm. In figure
4.16 the three best recreations are presented, the one8,&08 and 220 cm. There
is not much in it, but if once again the thickness of the hairslosely examined, the
image at 180 cm is the best. However the two lower hairs centnare against the
background in the two other images. Unfortunately | havelean able to figure out
what causes this, but the occurrence seems to become mdtedhaar the reconstruc-
tion distance increases. This can be seen in figure 4.15 irettfenstruction made at
300 cm.

120 cm 180 c¢m

00

-3000 -2000 -i000 i} 1000 2000 3000 <3000 -2000 -1000 0 1000 2000 3000

240 ¢m 300 cm

-3000 -2000 -1000 1] 1000 2000 3000 -3000 -2000 -1000 0 1000 2000 3000

Figure 4.15: Four different recreation distances.

In the reconstructions carried out, the images have notrheat all as clear as the
ones in the previous two experiments. This is unfortunatenbt wholly unexpected.
After all the simulation with several harmonics indicatkdttthe images would become
somewhat blurred. The blurriness is also partly an expianab why the recreation
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Figure 4.16: Three recreations.
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intervals aren’t smaller. To find the focus there after alf ttabe a clear focal plane.
Partly this can also be explained by the beam being so clgsarsdlel. Apart from the
wavelength the width of the beam at the recording device bterohined the distance
to the object. A comparison with the other two experimerasiéeto this assumption.
Trials were carried out with a pinhole to create a more digetdeam but they led
nowhere.

Despite the blurriness of the reconstructed image the wifithe hairs was mea-
sured. As displayed in figure 4.17 it was found to be 0.12 mmis Bhslightly wider
than previously. However this is most probably due to a largagnification factor
which is(180+45) /45 = 5. Taking this into consideration the thickness of the hairs i
24pm and the resolutiofipm. The thickness is slightly lower than expected, however
the blurriness of the image makes it hard to determine thetéiiwkness of the hairs.

e 130 cm

-2000

-1000 :
0.12 mm

0 b 3

\

1000

2000

3000

-3000 -2000  -1000 0 1000 2000 3000

Figure 4.17: The chosen recreation with measurements ffigines.

47



Chapter 5

Concluding remarks

5.1 Summary and Conclusions

A reconstruction program for digital in-line holographyshiaeen created, tested and
implemented. With the aid of this program in-line holograplas successfully carried
out with high harmonics, as was the goal of this thesis. Altdiothere are many
improvements that can - and should - be done, this is a firgtteteards successfully
performing holography with extreme ultraviolet radiation

The results from the simulation concur satisfactorily with results from the three
experiments where in-line holography was done with haihe feconstructive process
seems to suffer from the presence of several wavelengthso ifls clear from the
experiment with the pulsed laser that the reconstructigarghm is very sensitive to
the boundary conditions of the holographic image. The mnogrecreates images of
the objects with the best recreation at the correct disténoce the recording device.
Further, the size of the objects in the recreated imagesfaine cight size.

The fist experiment was carried out with a HeNe laser and tirs gere found
to be24um and59um thick. The second experiment was carried out with a pulsed
Ti:sapphire laser and the thickness of the hairs was fout fi6m. The final ex-
periment was carried out with high harmonics and the hairasmeed24,m across.
The images were slightly blurred in the final experiment whizas foreseen by the
simulation.

Since the project has been in the outskirts of what the grasgbleen working on,
the work has been carried out independently of the grouys fidis both advantages and
drawbacks. The advantages are on an individual plane irothedf an increased con-
trol of the project and the increased confidence in one’s dvilityato achieve set goals.
The drawbacks are due to the lack of someone with a compk&tghitinto issues work-
ing by one’s side. There is nothing like continual fruitfulaperation for overcoming
difficulties, improving ideas and achieving results. Hoefethe overwhelming help-
fulness and expertise | have encountered and had the opjigrta draw on, have
doubtlessly reduced the drawbacks to a minimum.

Performing holography with high harmonics brings together different areas of
expertise, holography and high harmonic generation. Simieds new to the depart-
ment the goal of the thesis has been the proof of the princithesr than any kind of
optimisation, and it is in this light the results should bewed.
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52 Thenext step

Even though the goal of the thesis has been reached, theredsirse plenty of room
for improvement. In this section | intend to discuss somasu# the project, which |
deem the most readily improvable. The discussion is dividegitwo parts]mproving
the Reconstruction AlgorithendExperimental Improvements

5.2.1 Improving the Reconstruction Algorithm

There are two main areas in which an improvement of the reagi®n algorithm
would be useful. The reconstruction algorithm treats tghtlthat creates the holo-
gram as if it were a plane wave. This has proven to be a pretigt gpproximation, but
it would have been better if the algorithm could be impleradntaking the spherical
nature of the wave fronts into consideration. This modifaratvould enable in-line
holography to be used even more as a means of magnificatids.isTtione through
experimentally creating a wider radiation cone, thus mgkirpossible to move the
light source, object and recording device much closer tt eficer. This would how-
ever entail processing the image information differemtlyhie reconstruction program.
In this case the pixels would have to be treated as area etsimethe face of a sphere.

The other improvement, which would improve the reconstomclgorithm, would
be to implement the iterative process of reconstructingrilesd in section 2.4. This
was attempted without any success. However, despite this,ddamant that it should
not be too hard to succeed with the implementation.

5.2.2 Experimental Improvements

The main improvements that can be made here come througtydlethe discussion
of the results. First of all it seems important to single oué tiarmonic. This is pos-
sible, though expensive. Furthermore, especially degigmaltilayer mirrors mirrors
that are capable of doing this, function at normal inciderideerefore installing such
a mirror in the setup would entail rebuilding the whole set@mother improvement
that is vital is the resolution. Holography with harmoniegurally needs to be carried
out with fairly small objects. Without equipment with highaugh resolution to ac-
commodate for this, truly satisfactory results can neveslitained. There is however,
perhaps, a way around this problem. By blowing up the beameirfiashion briefly de-
scribed in the previous section, the resolution will not bevigal. However this would
entail rebuilding the setup and the programming effortstinerd above. Also, | be-
lieve it would require a higher intensity of the harmonic ingthan the system delivers
at present.
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Appendix A

The Simulation Program

clear all;
close all;

% npar aneters

N=256; %vatrix size

a_obj =10; %anple interval in plane bj

pi =3. 14159;

si gma=15; % he radi us of the Gauss function at 1/e
L1=4x10"6; %li stance to far field plane in mcrons

L=. 4+ 10"6; %li st ance between hol ogram and obj ect
Lref =L+0. 2+ 10"6; %D st ance between refence point and object
L2=L1-L;

| anbda_| aser=0. 8; %wavel ength in mcrons

m n_har noni c=23;

max_har noni ¢c=23;

| anbda_sanpl e=l anbda_I| aser/ max_har noni c;
a_far=lanbda_sanpl exL1/ (Nta_obj); %sanple interval in plane Far
a_hol =L2/ L1+a_obj; %sanple interval in plane Ho

%l anes

%l ane bj

xvec=-N 2+a_obj:a obj: (N 2-1)+a obj; %l enment N 2+1 has coord O
yvec=xvec;

[ xmat , ymat ] =meshgri d(xvec, yvec); % he coord matrices

obj radi us=sqrt (xmat.2+ymat . *2);

%l ane Hol

hxvec=-N 2+a_hol:a _hol: (N 2-1)+a _hol; %l enent N 2+1 has coord O
hyvec=hxvec;

[ hxmat , hymat ] =meshgri d( hxvec, hyvec); % he coord matrices

hol radi us=sqrt ( hxmat . *2+hymat . 22) ;

%l ane Far
fxvec=-N2+xa far:a far: (N 2-1)+a_far; %l enent N 2+1 has coord O
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fyvec=f xvec
[fxmat, fymat] =meshgri d(fxvec, fyvec); % he coord natrices
farradi us=sqgrt (fxmat. 2+fymat."2);

%l ane of Reference

a_ref=a_farxL1l/Lref;

ref xvec=-N2+a_ref:a_ref: (N 2-1)+a_ref; %l ement N 2+1 has coord O
refyvec=ref xvec

[refxmat, refymat] =neshgri d(refxvec,refyvec); % he coord matrices
refradi us=sqgrt (refxmat. 2+refymat."2);

%l he picture
i mpobj ect =i nread(’t eckni ng. bnp’);
obj ect =i npobj ect (1: N, 1: N)

%Gaussi an beam

gaussfunc=exp(- (objradius.”2)/si gma"2);
%Gaussi an beam after object (still plane Obj)
E obj =gaussfunc. *obj ect;

%/ sual i sati on:

% ntensity of gaussian beam after object (still plane Obj)
| _obj =abs(E_obj)."2;
figure(1)

col or map(gray)
i mge(xvec, yvec, | _obj *64)

| _hol =zeros(N);
| _obj rev=zeros(N);
count =0;
whi | e nmi n_har noni c<=max_har noni ¢
k=2*pi *m n_har noni c/ | anbda_| aser; %wave nunber

%he hol ogram

G=L2/ L1. xexp(i+k*(L1-L2)).+exp(i=*k/2+«farradius.”2«(1/L1-1/L2));
Obj _pl ane=E_obj . *exp(i *k+obj radi us. *2/ (2+xL1));

E _hol =exp(-i*k.~hol radi us. "2/ (2+xL2)).*ifft2c(G +xfft2c(oj _pl ane));

| _hol =abs(E_hol ). "2+l _hol
m n_har noni c=m n_har noni c+2
count =count +2

end

m n_har noni c=ni n_har noni ¢c- count ;

%/i sual i sati on:

%W ntensity of beam at hol ogram
figure(2)

col or map(gray)

i mage( hxvec, hyvec, | _hol *64/ (count/ 2))
i=3;
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whi | e mi n_har noni c<=nax_har noni ¢
k=2*pi *m n_har noni c/ | anbda_| aser; %wave nunber

%he object revisited

F=L1/ L2. xexp(i *k*(L2-L1)).*~exp(ix*k/2«farradius.2x(1/L2-1/L1));
Hol _pl ane=sqrt (I _hol )./ (count/2).*exp(i*k+hol radi us. 2/ (2+L2));
E obj revisited=exp(-i=*k.=*objradius.”2/(2xL1))
.xifft2c(F.*fft2c(Hol _pl ane));

| _obj _rev=abs(E obj revisited)."2;
%W ntensity of beamat the "revisited" object

figure(j)

col or map(gray)

i mge(xvec, yvec, | _obj rev+196)

title([’  Reconstructed with harnmonic ', nunRstr(min_harnonic),’.’])
m n_har noni c=m n_har noni c+2

=i+

end

55



Appendix B

The Holographic
Reconstruction Program

clear all;
close all;

% npar anet ers

N=266; %atrix size

a_hol =23; %sanple interval in plane bj

pi =3. 14159;

si gma=1000; % he radi us of the Gauss function at 1/e

L1=100*10"6; %di stance to far field plane in microns
mn_L=1.8+10"6; %di stance between hol ogram and obj ect

st ep=2+x10"5; % ength of steps

max_L=m n_L+step*1

Lref=m n_L+0. 9*10"6; %li st ance between refence point and object

| anbda_| aser=0. 8; %wavel ength in mnicrons
m n_har noni c=21,;
max_har noni c=21;
| anbda_sanpl e=l anbda_I aser/ max_har noni c;

% he inported hol ogram

i mpobj ect =i nr ead(’ 05060700. bnp’ ) ;

[ m n] =si ze(i mpobj ect);

i mpobj ect =i mpobj ect ( 75: 340, 75: 340) ;
[ mn] =si ze(i npobj ect);

% he inported reference

i mpobj ect 2=i nr ead(’ 05060707. bnmp’ ) ;

[ M2, n2] =si ze(i npobj ect 2);

i mpobj ect 2=i npobj ect 2( 75: 340, 75: 340) ;
[ M2, n2] =si ze(i nmpobj ect 2) ;

% reating the processed i mge
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i mpobj ect =(i npobj ect 2-i npobj ect) ;
| _hol =doubl e(i npobj ect);

%/ sual i sati on

figure(1)

col or map(gray)

i mage(i nread(’ 05060700. brp’ )/ 4)
title(’ Oobject picture’)

figure(2)

col or map(gray)

i mage(i nread(’ 05060707. bnp’ )/ 4)
title(’ Reference’)

figure(3)

col or map(gray)

i mage(i npobj ect)

title(’ bject mnus reference ')

| _obj rev=zeros(N);
count =0;
=4

while mn_L<=max_L

k=2+pi *m n_har noni ¢/ | anbda_|I aser

L2=L1-m n_L;

%l anes
%l ane Qbj

o%vave nunber

a_obj=L1/L2+xa_hol; %sanple interval in plane obj
xvec=-N 2+xa_obj:a obj: (N 2-1)*a_obj; %l enment N 2+1 has coord O

yVec=xvec;

[ xmat, ymat ] =neshgri d(xvec, yvec);
obj radi us=sqrt (xmat . *2+ymat . *2);

%l ane Ho

% he coord matrices

hxvec=-N 2+a_hol : a_hol : (N 2-1)+a_hol ; %l enent N 2+1 has coord 0O

hyvec=hxvec;

[ hxmat , hymat ] =meshgri d( hxvec, hyvec); % he coord matrices
hol radi us=sqgrt (hxmat . *2+hymat . *2) ;

ol ane Far

a_far=l anbda_sanpl exL1/ (Nxa_obj);

%sanple interval in plane Far

fxvec=-N2+a far:a far: (N 2-1)*a _far; %l enent N 2+1 has coord O

fyvec=f xvec

[fxmat, fymat ] =meshgri d(fxvec, fyvec); % he coord matrices
farradi us=sqgrt (fxmat. "2+f ymat."2);
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% ane of Reference

a_ref=a_far+L1l/ Lref;

refxvec=-N2+a ref:a ref: (N 2-1)+xa ref; %l enment N 2+1 has coord 0O
refyvec=ref xvec

[refxmat, ref ymat] =meshgri d(refxvec, refyvec); % he coord nmatrices
refradi us=sqrt(refxmat. 2+refymat."2);

%he object revisited

F=L1/L2. xexp(i*k*(L2-L1)).+exp(i=*k/2+farradius.”2x(1/L2-1/L1));
Hol _pl ane=sqrt (I _hol).*exp(i+*kxhol radi us. 2/ (2+L2));

E obj revisited=exp(-i=*k.=*objradius.”2/(2xL1))
xifft2c(F.«fft2c(Hol plane));

| _obj _rev=abs(E _obj revisited)

title([’ Distance between Object and Hol ogram
", nunstr((mn_L-step)/1074), cni])

figure(j)

col or map(gray)

i mge(xvec, yvec, | _obj _rev. x4)
mn_L=min_L+step
=i+

end
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Appendix C

The STAR 1 CCD System

This is merely a short supplement aimed at aiding anyonenatiag to take and
process pictures with the STAR 1 CCD. Setting up the systednranning it inde-
pendant of a computer should not cause any troubles sincgdhpe are well covered
in the manual. The problems are, however, bound to come atiwen the goal is to
take pictures with the aid of a computer.

The STAR is connected to a computer via GPIB and the softvaatertas necessary
to run the STAR from a computer was found on the computer démer 3. These
programs are Zstar for taking the pictures, Star2bmp fovedimg the pictures into a
useful format, and GPIB Spy which monitors the informati@mter between the CCD
and the computer.

How to do:

Start Zstar. Pictures are taken with the expose icon andisavder the save icon. For
some reason it is not possible to save the images with a suffix.

Start Star2bmp. Click on File/Open images. To get to theupédt the file settings
must be changed to All Files (*.*). Now just save the pictungth the suffix bmp.

This maybe won't work. For some strange reason starting GGpiBhelps. If for
some reason the program isn’t installed, | installed it tigtorunning

Triggeringthe STAR CCD

It was found that a slightly modified inverted pulse worksth&ken triggering the
CCD. It must be at least 0.9 V high and 20 microseconds longthEuit has to be
made sure that no new signal comes in during the time therayisteptying the CCD
chip. That takes approximately 2,5 s. Also it has been fohatld trigger pulse affects
the system even though the Trig function isn’t activated.
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