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Summary

Microscopes have been giving us insight into biological processes for

centuries, and enable us to view small structures in solid materials. To

view even smaller structures, many new techniques have been developed,

one of which is the use of short wavelengths in the illuminating source.

In this thesis a laser system is described which is developed to generate

short wavelengths. This is done by using high-harmonic generation,

which requires short light pulses. We also describe how to use these

wavelengths in a microscope, despite the lack of materials with high

refraction and low losses to make lenses. These lensless microscopes have

also been tested with visible light, which provides for easily con�gurable,

cheap microscopes.

We have done lensless microscopy with visible and infrared light by

using CCD-chips, phase retrieval algorithms and computers to process

this information. The CCD-chips capture light that has passed through

a sample and measure the intensity pattern a small distance away. What

should be calculated is the intensity as close to the sample as possible.

The light intensity alone is not enough to achieve this. Phase information

is also needed, and this can be gathered by comparing the intensity

pattern at two di�erent wavelengths. For this, the light needs to have a

well de�ned phase, for which we use a laser.

We have performed experiments where we �rst turned on a laser

which shines through a sample. Then we measure the intensity, turn o�

the laser and repeat this process with lasers emitting di�erent colors.

Then this information is used to calculate what the sample looks like.

The calculation goes as follows: �rst the intensity information is

combined with random phase information. Together this gives an electric

�eld of the light at a certain wavelength. From this �eld it is calcu-

lated what the �eld should look like at another wavelength. There the

calculated intensity from the electric �eld is replaced by the measured

intensity. After that, this process of wavelength transformation and

intensity replacement is repeated a few times. This gives the phase

information we need for the reconstruction of the image of the sample.

The quantitative phase information itself can also be used to determine

the structure of the sample.
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This process is used on a test sample with a known image with

di�erent sizes and well de�ned edges to check if it works. Thereafter

a neuron sample is used to show that it does not only work with simple

samples but also with more subtle structures. Here it is also visible that

the phase information shows clearer structures than the intensity. A

transverse resolution of less than 2 micrometers is achieved.

Because this measurement process is slow and clumsy, we then used

an RGB-sensor for the intensity measurements. In this way, all intensity

information can be measured in one take, and the measurement time is

only limited by the minimal shutter time of the measurement chip and

the intensity of the lasers, and not by the time between takes. We have

made videos of �owing beads and moving worms with a resolution better

than 2.2 micrometers. In chapter 4 we also discuss that the size of an

image is dependent on the illuminating wavefront, and the consequences

thereof for the reconstruction.

After the lensless microscopy we discuss the generation of short wave-

lengths to see smaller things. The laser system for generating short

wavelengths consists of multiple components which generate, shape and

amplify pulses. One component is a pulsed laser based on a titanium

doped sapphire crystal. This laser gives pulses with a wavelength around

800 nanometer and a pulse length of about 30 femtoseconds.

We then need a system to amplify the 800 nanometer pulses, of

which the development is described in chapter 5. The starting point

is that pulses are generated in a neodymium doped yttrium vanadate

laser. These pulses are ampli�ed in a regenerative ampli�er, where a

pulse is sent through a crystal multiple times to amplify it, and then

sent out whole. There is also an etalon in the regenerative ampli-

�er, which causes di�erent wavelengths to travel di�erent optical path

lengths, which stretches the pulse.

After the regenerative ampli�er these pulses pass through an ampli-

�er where a pulse goes back and forth through a crystal in two ampli-

�er modules. These modules are pulsed pumped by diodes, specially

designed to withstand fast changing currents without breaking. A lot

of heat is produced by the diodes, which deforms the crystals. This

deformation causes radial birefringence, which then deforms the pulses,

and to compensate for this the polarization of the pulses is rotated and

the pulses are sent back through the same crystal. After the pulses have

passed twice through both ampli�er modules, this gives 130 millijoule

pulses of 64 picoseconds with a wavelength of 1064 nanometer and a

repetition frequency of 300 pulses per second.



89

Subsequently, the frequency of the light is doubled and we get 75

millijoule pulses with a wavelength of 532 nanometers. This green light

is then used to amplify the femotsecond pulses in a non-collinear optical

parametric chirped pulse ampli�er. For this the pulses are chirped �rst,

which means they are stretched by letting di�erent wavelengths travel

di�erent distances using gratings. After stretching these pulses are sent

through a crystal together with the green pulses, where direct energy

transfer takes place from the green beam to the stretched pulses, with

minimal absorption of light in the crystal. Those ampli�ed pulses are

compressed again using gratings so they can be used in high-harmonic

generation. After compression we have 4 millijoule pulses. By focus-

ing these pulses in a noble gas we can generate light at much shorter

wavelengths using high-harmonic generation.

By combining radiation with short wavelengths with lensless mi-

croscopy we can in principle achieve a higher resolution. In chapter

6 we describe how this is realized with a borrowed laser, because the

laser described in chapter 5 was not available at the time.

A di�erence between a visible light source, and one which uses short

wavelengths generated by high harmonic generation, is that the second

one contains multiple wavelength peaks so we cannot directly use the

phase reconstruction algorithm. Because we cannot simply distinguish

wavelengths like with the RGB-sensor, we need another technique.

The technique to split images up in wavelengths is derived from

Fourier transform spectroscopy. In this case a beam is split up in two,

with an adjustable path length di�erence between the two (overlapping)

beams. Then multiple measurements are done with di�erent path length

di�erences, and via a Fourier transform the images at di�erent wave-

lengths are extracted.

With this technique we did test measurements with a broadband

source on a test sample, a root of a lily of the valley, and a re�ec-

tion measurement on another test sample. With high harmonics of

around 50 nanometers wavelength we made a transmission image of

a 300 nanometers thin aluminium foil with a nickel grid. With these

experiments we show for the �rst time that lensless microscopy is also

possible with a broadband spectrum in the extreme ultraviolet, like those

generated using high harmonic generation. We expect that this will

also enable lensless microscopy with high-harmonic sources with much

smaller wavelengths of a few nanometers.


