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Abstract 

 

The Stockholm laboratory x-ray microscope is an attractive candidate for 2D or 

3D imaging in the water-window (λ=2.48 nm) due to its ability to produce high-

resolution and high-contrast images of biological specimen in their natural 

environment. With similar capabilities to early synchrotron-based soft x-ray 

microscopes, this microscope has advantages due to its lab-scale set-up. 

However, the attained resolution is currently lower than the theoretical limit set 

by the zone plate (Rayleigh resolution limit, Δl=1.22 Δr≈37 nm). The main reason 

for this problem is believed to be residual vibrations in the system resulting in 

relative movement between the sensitive components for imaging (zone plate and 

sample holder). Here we demonstrate how to measure and analyze the vibrations 

by using a displacement measuring interferometer (attocube IDS3010). 

Furthermore, we use this analysis to reduce the vibrations from 30-40 nm to < 10 

nm. As a result, the attainable resolution of gold Siemens star and grating test 

samples is improved from 70-80 nm full-period (35-40 nm half-period) to 50 nm 

full-period (25 nm half-period).  
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Chapter 1 

Introduction 

1.1 Historical background 

Since Its discovery in 1895, x-rays have been widely used in physics, chemistry, 

and medicine. With at least 27 Nobel prizes awarded for research on crystal 

materials and biological samples [1], x-rays have been proven to be an essential 

tool in science and technology. X-rays are electromagnetic radiation with photon 

energy in a range of 30 eV to 100 keV, with the corresponding wavelength in 

vacuum from about 5 nm to 0.01 nm. This range of the spectrum is divided into 

extreme ultra-violet (EUV), soft x-ray, and hard x-ray. In these spectrum regions, 

there are large atomic resonances, leading to absorption of radiation in a very 

short distance. However, their interaction with matter also offers mechanisms for 

elemental identification (C, N, O, etc.) [2]. Thus, these properties are ideal for 

imaging techniques. 

It was not too long after Wilhelm Conrad Röntgen’s discovery that researchers 

proposed to apply x-rays as a light source in microscopy. By employing short 

wavelength (up to several nm), the problem on resolution limit for visible light 

microscopy was going to be solved. However, the first low-resolution x-ray 

microscope was constructed in 1951 by British physicists Ellis Coslett and 

William Nixon, and it was followed by Paul Kirkpatrick and Albert Baez in 1958 

[3]. This progress then continued toward high-resolution imaging by using zone 

plate optics for beam focusing and utilizing synchrotron x-ray or alternative 

compact sources as a brighter light source. 

1.2 Soft x-ray microscopy and the Stockholm laboratory x-ray microscope 

Soft x-ray microscopy (SXM) which operates between the oxygen K-edge at 2.34 

nm (E =540 eV) and the carbon K-edge at 4.38 nm (284 eV), known as water 

window, is attractive for imaging due to its ability to produce nanometer- 

resolution images of the biological specimen in its natural environment. The high 

contrast relies on the differential absorption between carbon-rich materials 

(protein, lipids, etc.) and water, i.e., no staining is necessary [4]. Conventionally, 

this is done at electron storage rings called synchrotrons, with bending magnets 

or undulators sources that can produce a high photons flux. These facilities 
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provide the opportunity to examine nanometer-scale detail of complex biological 

systems but have limited accessibility for a broad community of biological 

researchers to conduct more time-consuming studies. The recent development of 

laboratory soft x-ray microscopes offers a solution to this problem. With nearly 

similar capability, these microscopes have advantages due to their lab-scale set-

up.  

Non-synchrotron-based microscopes typically employ compact laser-plasma or 

pinch-plasma sources [5]. Plasma sources using dense liquid nitrogen jet as the 

target are particularly suited for laboratory water window x-ray microscopy at the 

short wavelength edge of the water window, because of a strong hydrogen-like 

and helium-like nitrogen ion line emission at 2.478 nm and 2.879 nm [6]. Other 

advantages using a liquid nitrogen jet target are the possibility to operate at high 

repetition rates with low debris emission and relatively high photons flux due to 

a small source size. 

The Stockholm laboratory x-ray microscope is a compact x-ray microscope 

which uses a liquid-nitrogen-jet laser-plasma source. The thermal plasma is 

generated by focusing a λ=1064 nm beam of 2 kHz, 600 ps diode-pumped 

Nd:YAG slab laser at an average power of up to 100 W onto a 30 µm diameter 

liquid nitrogen jet. The emitted x-rays are collected and imaged onto the sample 

by a 58 mm diameter Cr/V multilayer condenser mirror. The sample is then 

imaged onto a CCD detector by a 100-200 µm diameter Ni zone plate objective 

with 30 nm outermost zone width [7]. By using a zone plate with longer focal 

length, the system provides enough space for the tilt for tomographic recordings.  

This microscope has recently undergone some significant improvements, the 

latest study demonstrated better performance with higher average brightness, up 

to 8 times in the total flux compared to previous arrangement, resulting shorter 

exposure time to the 10-s range. Another improvement that is worth it to mention 

is the stability and reliability of the liquid nitrogen-jet. However, the attained 

resolution is currently lower than the theoretical limit set by the zone plate. The 

Rayleigh resolution limit r of a zone plate objective, used in the first diffraction 

order, is limited by its outermost zone width ∆r according to r = 1.22∆r [8]. Thus, 

with 30 nm outermost zone width zone plate, 37 nm resolution is supposed to be 

achievable. The main reason for this problem is believed to be residual vibrations 

in the system [4, 7]. It seems that vibration is created by some components of the 

microscope and then transmitted to the sensitive parts for imaging (sample holder 
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and zone plate), resulting in relative movement between those parts. Based on the 

design and how the sample holder/zone plate is mounted, there is possibility to 

have larger vibrations only in one direction on the image plane. This is strongly 

supported by publication [4]. The result from this paper showed that the image of 

Siemens-star test pattern could be resolved at >30 nm (>60 nm full period) in the 

best direction and has lower the effective resolution in the other directions.  

Attocube IDS3010 optical displacement sensors are chosen to be measurement 

equipment for such small vibrations because fiber-based interferometric 

measurement offers accuracy with picometer resolution, while the compact size 

of sensor heads design give the advantage to conduct the measurement in spatially 

confined setups as what we have in the Stockholm laboratory x-ray microscope. 

Additionally, fiber-based sensor heads also enable the measurement in extreme 

environments, such as high vacuum [9]. 

This master thesis presents how to identify and analyze the vibrations in different 

components of the Stockholm laboratory x-ray microscope and reduce the 

vibrations in order to improve the resolution.  
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Chapter 2 

Theoretical background 

This chapter will briefly describe the basic concept, source and the arrangement 

of a soft x-rays microscope. In this chapter the principle of vibration measurement 

device (Fabry–Pérot interferometer) will also be explained. For a more extensive 

review of the topic discussed in this chapter, see the references [2, 9, 10].  

2.1 Soft x-ray microscopy 

 

2.1.1 Introduction 

As mentioned in the previous chapter, soft x-ray microscopy provides higher 

resolution images compared to conventional visible light microscopes. Sample 

preparation requires no staining or sectioning, the contrast only relies on 

difference in absorption between water and carbon rich structures in the water 

window. 

 

 

 

 

 

 

 

Figure 2.1. Schematic of a full field x-ray microscope 

Figure 2.1 shows the scheme of a full-field transmission x-ray microscope. The 

design of the x-ray microscopes is similar to a conventional microscope in the 

term of the basic components that they have. The main components are the 

source, condenser optics, sample, focusing optics and detector. 

 

 

Source Condenser optics Focusing optics 

Sample 

Detector 
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2.1.2 Soft x-ray sources 

2.1.2.1 Accelerator based source 

Synchrotron light is produced by charged particles, electrons, travelling at 

relativistic speeds in an applied magnetic field. The magnetic field causes the 

electrons to change their trajectory and thereby emit radiation. According to the 

special theory of relativity, a concentrated narrow cone radiation is emitted from 

the relativistic electron moving in a curved trajectory of a certain radius. This 

narrow cone is tangent to the path of the electrons.  

The three types of magnetic structures that are used to produce synchrotron 

radiation are bending magnets (BM) and two types of insertion devices: 

undulators (U) and wigglers (W). These structures are characterized by how they 

constrain the electrons’ trajectory. Bending magnets cause the electrons to travel 

into a circular orbit, producing a fan of radiation in the process. While this type 

of radiation is not the most brilliant, it nonetheless has many useful properties 

that are widely utilized in synchrotron research. Undulators are periodic magnetic 

structures with relatively weak magnetic fields. The periodicity causes the 

electrons to experience a harmonic oscillation as they move in the axial direction. 

The amplitude of the movement is relatively small resulting in a narrow radiation 

cone with small angular divergence and relatively narrow spectral width. 

Wigglers have similar periodic magnetics structure as undulators; however, with 

a stronger magnetic field, the oscillation amplitude becomes larger, leading to 

higher radiated power. Although more power is radiated, wiggler radiation is less 

bright owing to the larger radiation cone area and broader spectrum. 

2.1.2.2 Compact x-ray source 

Compact x-ray sources are an alternative to accelerator-based sources for soft x-

ray microscopes. The main goal of these sources is to increase the availability of 

the techniques to a wider scientific community. Pinch plasma and laser-produced 

plasma are two examples of compact sources. In the pinch plasma source, the 

radiation is produced in a pulsed high-current gas discharge. In this method, a 

strong current is used to generate a magnetic field in the center of the source, 

which will compress or pinch the plasma to reach the high temperature needed 

for x-ray radiation. In laser-produced plasma sources, soft x-ray emission is 

created by focusing a high-power pulsed laser onto the target materials. The laser 

pulse heats the target and generates a thermal plasma, which emits x-rays. Since 
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directly hitting the target with high energy laser has a destructive effect on the 

target material, it is important to have a regenerative target. Moving a solid target, 

for instance, mounted on a translation stage (unfolding mylar tape) could 

constantly expose a new area for the laser to focus on. Other possible regenerative 

targets include gas-puffs or liquid jets. The common target materials for these 

techniques are argon, xenon, methanol and nitrogen. For table-top soft x-ray 

microscopes which operated in the water window, nitrogen is a favorable option 

as a target, since it provides appropriate emission peaks and produces less debris.  

2.1.3 Optics for SXM 

2.1.3.1. Condenser optic 

Since x-rays have different characteristics compare to visible light, different 

optics are used to redirect it. Condenser optics or collectors are employed in soft 

x-ray microscope to focus the x-rays onto the sample plane. There are many 

different techniques to focus x-rays, namely, grazing incidence mirrors, 

multilayer mirrors and zone plate condensers. Each technique has different 

focusing optimization depends on the characteristic of the source. In grazing 

incidence mirrors, the focusing system consists of two curved mirrors, a 

polycarpellary or various parabolic shapes. In multilayer mirrors, the reflectance 

of x-rays is increased by multiple bilayers that interfere constructively over 

several interfaces. In zone plate condensers, diffraction properties of the waves 

are used instead of reflection. X-rays are diffracted by circular grating (zones) of 

two different material with different absorption and shifting phase characteristics. 

2.1.3.2. Zone plate objective 

Zone plates are also implemented to focus x-rays onto the image plane. In x-ray 

microscopes, the Fresnel zone plate is commonly used as objective because it 

provides large numerical aperture and short focal length with compact design. 

The focal length of the zone plate can be written as: 

m

rD
f N
= , (2.1)  

where D is the diameter of the zone plate, Nr  is the outermost zone width, m  

is the diffraction order chosen for imaging and  is the wavelength of the x-rays.  
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The full-period resolution of the zone-plate based microscope can be formulated 

as mrr N= 22.1 . This means that the resolution is determined by the 

outermost zone width and the diffraction order used for imaging.  

A requirement to achieve diffraction limited resolution, is that the spectral 

bandwidth has to be smaller than the inverse of the total number of zones. This 

can be formulated as: 

NE

E 1
=


=






, (2.2) 

where 𝜆 and E are the wavelength and the x-ray energy, respectively.  

 

2.2 Interferometer 

2.2.1 Introduction 

Optical fibers have been widely employed in several industries and research due 

to their performance as light guidance. Along with that, optical fibers have also 

been intensively deployed at various sensor fields owing to their unique 

characteristics as high sensitivity and high accuracy sensor for small changing in 

position and displacement. Fiber optic interferometric sensors are one of the 

applications of this. There are four different types of fiber optic interferometers, 

called the Fabry-Perot, Mach-Zehnder, Michelson, and Sagnac. However, in this 

chapter, only the Fabry-Perot interferometers and its working principle will be 

discussed. 

2.2.2 Fabry-Perot interferometers  

A Fabry-Perot interferometer (FPI) generally consists of plane-parallel, highly 

reflecting surfaces separated by a certain distance. The gap ranges from several 

millimeters to several centimeters. In the interferometry device, this gap is 

mechanically varied to produce interference patterns in the sensor. The 

interference happens because of the multiple superpositions of both reflected and 

transmitted signal at two parallel surfaces. Aluminumized or semi-silvered glass 

optical flats are often used as the reflective boundary surfaces. This light path can 

be seen in Fig. 2.2 
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Figure 2.2. Schematic of the Fabry-Perot interferometers  

FPI sensors can be classified into two types, namely extrinsic FPI sensors made 

by forming an external air cavity, and intrinsic FPI sensor formed by two 

reflecting parts along a fiber. The latter offers higher sensing ability at disturbing 

external conditions and higher precision displacement. This type of cavity 

(intrinsic) is also used in the Attocube IDS3010.  

Source Lens Reflecting 

surfaces 
Screen Focusing 

lens 
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Chapter 3 

The Stockholm laboratory soft x-ray microscope 

3.1 Introduction 

This chapter, the Stockholm laboratory soft x-ray microscope will briefly be 

discussed. For a more extensive review of the topic in this chapter, see the 

references [11-12]. 

3.2 Microscope 

The laboratory-based soft x-ray microscope was first operated in 2000 by the 

biomedical and x-ray physics group (BioX) at KTH. The microscope employs the 

hydrogen-like (NVII, 1s-2p) line emission of nitrogen at λ = 2.478 nm, radiated 

by a pulsed 100 W Nd:YAG laser with 2 kHz repetition rate. A 30 µm liquid-

nitrogen-jet with speed 20-60 m/s, is generated by driving cryogenic temperature 

nitrogen using 15 bar pressure through a 50 mm tapered glass capillary nozzle 

with 1.0 mm and 0.235 mm of outer and inner diameter respectively. A small 

volume of liquid-nitrogen with the combination of focused high energy laser 

produce hot dense plasma with temperature > 106 K.  

The radiated x-rays are directed by a curved multilayer mirror (MLM) onto the 

sample plane. The microscope uses a Cr/V MLM, which has 500 multilayer pairs 

and a reflectivity of more than 4% over the entire reflective surface. A central 

stop creates a hollow cone illumination and prevents direct light from entering 

the latter part of the microscope. 

The microscope can perform imaging of dry, wet and cryogenic samples in 2D 

or 3D. The sample is mounted on a modified TEM-stage that has the freedom to 

move in all spatial axes and can tilt up to 180 degrees. This stage comes with two 

different sample holders for two different purposes. The test sample holder is 

used for dry samples (test sample), and cryo sample holder can be kept at 

cryogenic temperature (Figure. 4. 2 (a) and 4.2 (c)).  

The microscope uses nickel zone plates as imaging objectives. Currently, a zone 

plate with a 100 µm diameter is in use in the Stockholm laboratory x-ray 

microscope. This ZP has outermost zone width 30 nm and 200 nm thickness. This 

has the potential to provide high-resolution images with 37 nm full-period and 
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small chromatic aberrations. The working distance is 1.2 mm, which makes these 

zone plates suitable for 2D imaging. 

The imaging components of this microscope are mostly located in the sample 

stage chamber, for instance, the zone plate and the sample. While the source, 

condenser mirror and central stop are mounted in the main chamber that is 

directly connected to the main turbo pump. With 660 Hz rotation frequency, this 

turbo pump provides high vacuum during operation. Another turbo pump with 

working frequency 1500 Hz is also installed close to the detector. The small turbo 

pump is essential to prevent pressure differences between the main chamber and 

the sample stage. An electrically controlled valve separates these two chambers 

and is only opened during microscope operation. A figure of the Stockholm 

laboratory soft x-ray microscope can be seen below. 

 

 

 

 

 

 

 

 

 

Figure 3.1. The Stockholm laboratory x-ray microscope 

 

The last component of the microscope is the detector. The Stockholm microscope 

uses an uncoated cooled back-illuminated CCD with 2048 x 2048-pixel sizes. 

The detector has 65% quantum efficiency at 500 eV. Typical magnification for 

the microscope is 600 – 1300x, which can be varied by changing the distance 

between the ZP and the detector. The area in the detector to collect light from the 

sample is 27.6 x 27.6 mm. This number is important to decide the magnification 

and avoid resolution limitation due to pixel size. 

Detector 
Sample 

Stage 

X-ray 

source 

Chamber connected 

to main turbo  
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Chapter 4 

Methods 

In this chapter, the experimental apparatus, experiment setup, and the methods 

used to measure the vibration on the Stockholm x-ray laboratory microscope will 

be explained in detail. This chapter will also describe how the data from the 

experiments were analyzed. 

4.1 Experiment apparatus 

 

 

 

 

 

 

Figure. 4.1 IDS3010 measurement device, accessories and Wave software [13] 

The experiment apparatus for the vibration measurements on the Stockholm 

laboratory x-ray microscope is shown in Fig. 4.1. The apparatus includes an 

interferometer device (IDS3010, Attocube), fiber optic, vacuum fiber 

feedthroughs, and sensor head. In this experiment, the M12/C1.6 sensor head was 

used due to a compatible physical dimension. This sensor head fit in the limited 

space inside the microscope. Moreover, the working distance, which is 

approximately 20-1100 mm on high reflective targets, is suitable for the setup. 

Fiber-based systems and vacuum fiber feedthroughs allow measurements in 

extreme environments such as high vacuum of the microscope. This device comes 

with a software tool for measurement processing called Wave (Fig 4.1 right). 

Configuring the interferometer device, displaying and saving measurement data, 

or a real-time Fast-Fourier Transformation (FFT) is possible by using this 

software. The FFT enables frequency analyses of displacement data, used for 

detecting the resonance frequencies of components in the microscope. 
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In the first experiment, a standard silicon nitride (SiN) membrane window 

(Silson) specifically designed for TEM was used as a target to measure vibration 

on the test sample holder. The window is 2.65 mm x 2.65 mm and sits in a 5 mm 

x 5 mm silicon frame with 200 µm thickness. Before being mounted on the test 

sample holder (Fig. 4.2 (a)), the window was coated with a 10 nm gold layer to 

give a strong reflection. The value shown in optic alignment on wave-software 

was used as an indication of the reflective signal from the target to sensor head. 

This value has a range of 0-1000 ‰ with the recommended value for proper 

measurement is higher than 500 ‰. 

For the vibration measurement on the zone plate cone, the same setup and 

parameters were used. The cylindrical shape of the zone plate cone makes the 

optical alignment almost impossible. Thus, a polished rectangular aluminum 

surface (Fig. 4.1 b) was usded as a target, with the same material and dimensions 

as the real zone plate cone. This target was assumed to have similar vibration 

properties. 

 

 

 

a)  b) 

 

 

 

c) d) 

Figure. 4.2 Experimental vibration measurement targets: (a) Test sample holder, 

(b) modified zone plate cone, (c) cryo sample holder, and (d) aluminum plate as 

a control experiment target. 

A control experiment was designed in order to confirm that the vibration 

measurement gives the real movement of sensitive components in the microscope 

(the test sample holder and zone plate). In the control experiment, a polished 

10 mm 5 cm 
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aluminum plate (Fig. 4.2 d) was mounted 10 cm away from the sensor head. This 

1 cm thick target was mounted tightly to CF-flanges, which directly connected to 

the main chamber. The aluminum plate was therefore not able to vibrate relative 

to the main chamber. Hence, the result from the control experiment is the relative 

vibration of sensor heads and the main chamber. 

 

  

 

 

 

 

Figure. 4.3 Modified mirror holder attached to CF flanges for sensor head 

mounting. 

The cryo sample holder (Fig. 4.2 c) is used in applications of the microscope to 

image specimen in cryogenic temperature. Vibration measurements on the cyro 

sample holder were used to investigate the effect of liquid nitrogen on the total 

vibrations of the system and the performance of the microscope. A diamond 

mirror coated with gold was used as a target to measure the vibrations on the cyro 

sample holder. This target has a thickness of 150 µm and a diameter of 3mm, 

which fits perfectly into the cryo sample holder.  

4.2 Experiment Setup 

Figure 4.4 depicts an experimental arrangement of the vibration measurements. 

The sensor head is mounted onto the mirror holder and installed 10 cm above the 

test sample holder. In the vibration measurement on the test sample holder, the 

target, as well as the sensor head, should be adjusted so that the alignment signal 

stays high and relatively constant over the whole measurement range. The target 

was adjusted using the sample-stage software that could move it in all directions 

(x,y, and z) and has a rotation angle up to 0.01 degree. The sensor head, however, 

was adjusted manually from the modified mirror holder (Fig. 4.3).   
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Figure. 4. 4 Simplified illustration of the experiment setup for vibration 

measurements on the Stockholm laboratory x-ray microscope [7]. 

For the vibration measurement on the zone plate cone, the target (modified zone 

plate cone) was moved using a motor-controlled linier stage. In this experiment, 

the adjustment to get the alignment signal to a high value could only be done 

using the modified mirror holder. During all measurements, the value of the 

optical alignment was set up to >650 ‰. 

4.3 Vibrations dampening  

A vibration dampening bellow was employed to reduce the vibrations in the 

microscope. This component was used to decouple the main chamber and the big 

turbo pump, as seen in Figure 4.5. With the vibration dampening bellow 

horizontally mounted on the microscope, the big turbo pump needs to be 

supported by solid aluminum cradles that are tightly screwed onto the other table. 

This table was designed to have a big mass in order to prevent the big turbo pump 

from moving in case of an emergency stop.  Additionally, this table was put 

separated from the main optical table where the main chamber of the microscope 

is placed to avoid any vibration transmission. 
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Figure. 4. 5 Microscope with vibration dampening bellow (Pfeiffer) that 

connected the main chamber and the big turbo pump [14]. 

4.4 Vibration data acquisition 

During the vibration measurement, 50 kHz sampling frequency was selected from 

a range of possible values up to 1MHz. This sampling frequency was then 

reduced to 5 kHz by using the Wave export software, and the data was saved as 

a CSV file for further analysis. In all experiments, the data was recorded during 

10 s to imitate the exposure time during the imaging process.  

Laboratory equipment that could be suspected to produce vibrations were 

systematically turned on and off during the measurements, in order to identify the 

source of the vibrations on the sensitive imaging components. All measurements 

were repeated several times to ensure reproducibility. 

Figure. 4.6 Wave Export 

software window’s for 

vibration measurement 
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4.5 Image acquisition 

The gold sample test was first searched to find the best Siemens star test sample 

from 3 Siemens stars available. This Siemens star was used to qualitatively 

analyze the resolution of the microscope before and after vibration reduction. The 

image of Siemens stars was typically recorded with 30-60 s exposures time to get 

a good contrast. Further quantitative investigation of the microscope's 

performance was done by imaging gold grating test patterns, with full period line 

width from 400 nm to 50 nm. Images before and after were compared to establish 

the effect of vibrations reduction. 

4.6 Data Analysis 

The CSV file from the vibration measurements was analyzed using Matlab to 

determine the mean value and standard deviation of the data. Two standard 

deviation (2σ) is used as the merit for amplitude of the vibrations. To define the 

total relative vibrations of sensitive imaging components, a sum of normally 

distributed random variables method was employed. Finally, a Matlab program 

was also used to transform the vibrations in the time domain into the frequency 

domain.  
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Chapter 5 

Results and Discussion 

In this chapter, the measurement results and discussion are presented. The 

measured displacement is shown within 10 s to imitate imaging exposure time, 

which is in the range of 10-30s. A sampling frequency of 5 kHz, is used in all 

plots. Additionally, a Fast-Fourier Transform (FFT) analysis is used to convert 

vibrations in the time domain into the frequency domain in order to investigate 

the sources of vibration. Later in this chapter, the images before and after 

modifications of the microscope are compared to infer the improvements on the 

Stockholm laboratory x-ray microscope. 

5.1 Vibration measurement when all components of microscope are running 

Figure 5.1 (a) shows a vibration measurement on the test sample holder using the 

M12/C1.6 IDS sensor head. In this experiment, a standard silicon nitride (SiN) 

membrane window for TEM (Silson) with gold coating was used as a target to 

get a strong reflection.  

As previously mentioned in methods, two standard deviations (2σ) is used as the 

merit for the amplitude of vibration measurement. This value corresponds well to 

the width of vibration measurement plot in the time domain as seen in Fig. 5.1 

(a). Based on this definition, the amplitude of vibration on test sample test holder 

was 26 nm.  

 

 

 

a)   
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b)   

 

 

 

Fig. 5.1 Vibration measurement on test sample holder. Figure (a) shows a 

displacement plot of the test sample holder. (b) FFT (Fast-Fourier-

Transform) plot in the frequency domain of the test sample holder. 

Figure 5.1 (b) shows the vibrations in the frequency domain. This plot reveals a 

strong peak at 660 Hz. Side peaks at 330 Hz and 1320 Hz are simply the multiples 

of this peak. As mentioned in the previous chapter, high power turbo-pumps were 

used in order to achieve a high vacuum. Since 660 Hz is the working frequency 

of the big turbo, it is obvious that the primary vibrations of the test sample holder 

were driven by this pump. Some small peaks at low frequencies (<200 Hz) 

indicate that environmental noises (sound) could give contributions to test sample 

holder vibrations. 

 

 

a)   
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b)   

 

 

 

Fig. 5.2 Vibration measurement on zone plate cone. Figure (a) shows a 

displacement plot of zone plate cone. (b) FFT plot in the frequency domain of 

the zone plate cone. 

Figure 5.2 (a) shows a vibrations measurement of the zone plate cone using the 

same set up as the experiment in figure 5.1. In this experiment, a polished 

aluminum surface was used as a target, with the same material and dimensions as 

the real zone plate cone. Thus, this target is assumed to have similar properties 

and vibrations. In the result shown in figure 5.2 (a), the amplitude of the 

measurement was 15 nm. This value was slightly smaller compared to vibration 

on the test sample holder. Even though the vibrations of the zone plate cone is 

quite small, this component is a sensitive imaging component of the system. 

Therefore, this magnitude would affect image resolution, especially the 

combination with the test sample holder. 

Figure 5.2 (b) depicts the vibrations of the zone plate cone in the frequency 

domain. The high peak at 660 Hz indicates that vibrations from big turbo-pump 

are transmitted to the zone plate cone similar to the test sample holder. Side peaks 

and peaks at low frequency regions are hardly seen, which means the zone plate 

cone is more stable compared to test sample holder. The primary source of 

vibration is the big turbo-pump with negligible vibration from environmental 

noise (sound). 

A control experiment was designed to examine the contribution of the sensor 

head’s vibration to the other measurements (vibration measurement on the test 

sample holder or the zone plate cone). In a control experiment, an aluminum plate 

was used as a target and mounted tightly to CF-flanges, which were directly 

connected to the main chamber. The aluminum plate is assumed to be fixed to the 

main chamber and thus the result from this measurement is the relative vibration 
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of sensor head and the main chamber. Based on figure 5.3 (a) the relative 

movement of the sensor head and the main chamber was 5 nm. This value can be 

used as a reference to analyze the real vibrations of all measurement with a same 

sensor head mounting system. 
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b) 

 

 

 

Fig. 5.3 Control measurement. Figure (a) shows a displacement plot of sensor 

head mounted in a mirror holder relative to the main chamber. (b) 

corresponding FFT plot in the frequency domain of the sensor head. 

In probability theory, if two or more variables are independent random variables 

that are normally distributed (and therefore also jointly so), then their sum is also 

normally distributed [15]. For example, if  A ~ N(µA, σ2
A), B ~ N(µB, σ2

B) and 

C=A+B then C ~ N (µA + µB, σ2
A+ σ2

 B). Thus, the square of the standard deviation 

of a new variable C is the sum of the squares of the standard deviation of variable 

A and variable B. This means statistically subtracting the vibrations’s amplitude 

of the test sample holder and the zone plate cone with the value from control 

experiment would give the real vibrations value for those two components of the 
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microscope. In line with this, by statiscally adding the results from these 

calculations, it would be possible to determine the total relative vibrations of the 

senstive componenents in the microscope. All of the calculations follow the sum 

of normally distributed random variables method.  

In this calculations, S is the vibrations’s amplitude of the test sample holder, Z is 

the vibrations’s amplitude of the zone plate cone and R is the vibrations’s 

amplitude of the sensor head relative to the main chamber. The real vibrations 

and total relative vibrations can be calculated as below:  

A) Real vibrations of the test sample holder (s) 

 s = √𝑆2 − 𝑅2 = √26 2 − 5 2 = 26 𝑛𝑚  

B) Real vibrations of the zone plate cone (z) 

z = √𝑍2 − 𝑅2 = √15 2 − 5 2 = 14 𝑛𝑚  

C) Total relative vibrations the test sample holder and the zone plate cone 

t = √𝑠2 + 𝑧2 == √262 + 142 = 30   

This gives 26 nm vibrations of the test sample holder and 15 nm vibrations of the 

zone plate cone with 5 nm vibrations from the sensor head, resulting  

approximatelly 30 nm total relative vibrations of those sensitive imaging 

components.  

Figure 5.3 (b) shows the relative vibration of the sensor head and the main 

chamber in the frequency domain. A peak at 660 Hz confirms that the main 

vibrations came from the big turbo-pump. This results show that it is possible to 

improve the mounting of the sensor head, but the control experiment is good 

enough with negligble magnitude compared to the test sample holder and the zone 

plate cone. 

5.2 Vibration measurement with the big turbo pump off 

In line with previous experiments, Figure 5.4 shows that the main source of 

vibrations is the big turbo-pump. With the big pump turned off, the displacement 

of the test sample holder and the zone plate cone (figure (a) and (b)) were 4 nm 

and 3 nm, respectively. These numbers are about 6-7 times smaller compared to 

when the big turbo pump turned on.  
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Fig. 5.4 Vibration measurement with the big turbo pump turnned off. Figure 

(a) shows a displacement plot of the test sample holder. (b) shows a 

displacement plot of the zone plate cone. (d) FFT plot in the frequency domain 

of the test sample holder. (d) FFT plot in the frequency domain of the ZP cone.  

Figures 5.4 (c) and (d) depict the vibrations of the test sample holder and zone 

plate cone in the frequency domain. The high peak at 660 Hz has completely 

disappeared in both figures, but both of those components still suffer from low 

frequencies vibration (<200 Hz), with slightly higher magnitude at test sample 

holder. This confirms that the test sample holder and the zone plate cone have 

different properties in terms of resonance frequencies and these small vibrations 

are not coming from the big-turbo pump. Since the working frequency of the 

small turbo-pump is 1500 Hz, a noticeable peak in Figure (c) is suspected to be 

caused by this pump. 

5.3 Vibration measurement with decoupled the big turbo pump 

In some previous measurements, a better image quality was occationally achived 

by applying a lifter on the sample stage chamber where the sample holder and the 

zone plate are mounted. Experiments using interferometry were conducted to 

investigate the stability of this part of the microscope, especially the structure that 

support the stability of the sample chamber (sample stage chamber’s leg). 

Interestingly, different parts of the leg of the sample stage chamber gave different 

magnitude of vibrations. Some modifications were then carried out to improve 

the stablity of this part, for instance broken screw holes in the sample stage 

chamber leg were repaired. However, those were not enough to reduce the 

vibration and obstructed the sample stage cradle amplifing the vibrations. To this 

point, istead of proposing methods to minimaze vibrations, removing the source 
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of the vibrations (the big turbo pump) from the main chamber is becoming 

nececary.  
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Fig. 5.5 Vibration measurement on the test sample holder after the big turbo 

pump was decoupled from the main chamber. Figure (a) shows a displacement 

plot with the pump turned off. (b) shows a displacement plot with the pump 

turned on. (c) FFT plot in the frequency domain with the pump turned off. (d) 

FFT plot in the frequency domain with the pump turned on.  

The high power turbo pump is an essential component to operate the microscope 

in high vacuum (10-3 mbar). Direct connection of the big turbo-pump and the 

main chamber apparently transmits a large number of vibrations to the system. 

Designing a new way to connect the big turbo-pumps in order to remove or reduce 

vibrations becomes important when dealing with nano-scale imanging. One 

method to reduce the vibrations is by using a vibration dampening bellow 

(Pfeiffer). Such a piece was fortunately enough. 

Figures 5.5 (a) and (b) show the displacement of the test sample holder with 

decouple the big turbo-pump turned off and on, respectively. With only 2 nm 

differences (4 nm with the big turbo-pump turned off and 6 nm with the big turbo-

pump turned on), the vibration dampening bellow successfully reduced the 

vibrations that were previously transmitted to the test sample holder.  

Figures 5.5 (c) and (d) depict the vibrations of the sample test at the frequency 

domain. In these figures, 60 Hz, 80 Hz, 100 Hz, 300 Hz and 330Hz peaks could 

be seen and it seems that both conditions give similar results. After decoupling 

the big pump and main chamber, the vibration frequencies are nearly identical 

with the pump turned on and off. This means the vibration dampening bellow 

successfully removes the high frequency (Compare Fig. 5.1 (b) and 5.5 (d)). 
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Fig. 5.6 Vibration measurement on the zone plate cone after the big turbo 

pump was decoupled from the main chamber. Figure (a) shows a displacement 

plot with the pump turned off. (b) shows a displacement plot with the pump 

turned on. (c) FFT plot in the frequency domain with the pump turned off. (d) 

FFT plot in the frequency domain with the pump turned on.  

Figures 5.6 (a) and (b) show the displacement of the zone plate cone when the 

vibration dampening bellow is used with the big turbo-pump turned off and on, 

respectively. With only a few nanometer difference between two conditions, 

indirect connection of the big turbo pump could remove the high frequency 

vibrations in the zone plate cone. Figures 5.6 (c) and (d) depict the vibrations of 

the zone plate cone in the frequency domain. It seems that both situations give 

similar results except for the 1320 and 1500 Hz peaks when the turbo pump 

turned on. Although very small, these peaks indicate that the zone plate cone is 

more sensitive to the higher frequencies.  

5.4 Vibration measurement of cyro sample holder. 
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Fig. 5.7 Vibration measurement on cryo sample holder when the big turbo 

pump was discoupled from the main chamber. Figure (a) shows a 

displacement plot with pump turned off. (b) shows a displacement plot with 

pump turned on. (c) FFT plot in the frequency domain with pump turned off. 

(d) FFT plot in the frequency domain with the pump turned on.  
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Figure 5.7 shows vibrations measurements on the cyro sample holder using a 

diamond mirror with gold coating as a target. This target has a diameter of 3 mm 

and a thickness of 100 µm. These experiments are used to investigate the nature 

of the cyro sample holder in comparison to the test sample holder in the system 

after reducing residual vibrations in the microscope. Figures 5.7 (a) and (b) show 

the displacement of the cyro sample holder when the big turbo-pump turned off 

and on, respectively. The amplitude between peaks in that plot is 8 nm even 

though the vibration dampening bellow was used to decouple the main chamber 

and the big turbo-pump. This value is higher compared to a same measurement 

on test sample holder which means that the cryo sample holder performs worse 

in the systems with vibrations. Figures 5.7 (c) and (d) show the vibrations of the 

cyro sample holder in the frequency domain. These plots reveal that the vibrations 

on the cyro sample holder were mostly in low frequencies with more pronounced 

magnitude compared to test sample holder (see Fig. 5.5 c and 5.5 d). Some peaks 

at 60 Hz, 180 Hz, 240 Hz and 300 Hz were wider when the big turbo pump on. 

This supports the conclusion that the vibration dampening bellow mainly damped 

the higher frequencies. 

5.5 Additional vibration measurements 

Additional experiments were also conducted to investigate all possible sources of 

vibrations in the microscope. In the experiments, at least 3 nm vibrations were 

caused by the various flows of cooling water to the microscope components. An 

additional 3.5 nm were attributed by sound from the environment. Moreover, the 

most noticeable vibrations came from the liquid nitrogen in the cryo sample 

holder. 46 nm vibrations were recorded during the measurement when the 

evaporation of liquid nitrogen caused boubling inside the cyro sample holder. It 

could be a good recommendation to have a thermal stability before acquiring 

images with the cryo sample holder. Furthermore, in some experiments, peaks 

from unknown sources were measured. These could be created by events that 

only happen occasionally such as rock drilling and blasting at a nearby 

construction site or activities in nearby laboratories. 
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5.6 Siemens-stars and grids sample test pattern imaging. 

 

  

 

 

 

 

 

Fig. 5.8 Image of Siemens star. Left figure was recorded with residual 

vibrations presented. The right figure was captured after modifications to 

reduce the residual vibration in the system. 

The resolution limit of the microscope was determined by imaging test sample 

consisting of a Siemens star and grating pattern, both made of gold. Figure 5.8 

shows images of the Siemens star with a center line width of 30 nm (60 nm full 

period). The left image is the image before vibration reduction in the system. This 

was recorded in the microscope by using 60 s exposure time. As seen in the 

image, the spokes in the center are not fully resolved especially in one direction.  

The right figure is an image of the same Siemens star after the big turbo pump 

was decoupled from the main chamber. In contrast with the previous image, the 

spokes with a width of 30 nm are clearly resolved in all direction using 30 s 

expesure time. With less than 10 nm vibrations, the resolution of the microscope 

was succesfully improved. The noise and limited structure quality of the sample 

apperantly became more obivious as limiting factors in the the second image.   

The gratting pattern with period from 400 nm to 50 nm have been exposed for 30 

s as shown in Figure 5.9. the image of grating test sample before and after 

modification to reduce the vibration. As expected the resolution has been 

improved after the residual vibration is reduced.  
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Fig. 5.9 Image of grattings test sample. (a)  before vibration reducion. (b) 

image after modifications to reduce the residual vibration in the system. 

In figure 5.9 (a), 60 nm (full period) structures were clearly visible in the good 

direction and 80 nm structures visible in the bad direction. After reducing the 

vibration (figure b), the 60 nm full period structures were successfully resolved 

in both directions. Moreover, the 50 nm full period structures were visible even 

though these structures are of low quality. Therefore, the resolution limit of the 

microscope after reducing the residual vibration is around 50 nm full period (25 

nm half-period).  

  

a) b) 
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Chapter 6 

Conclusion and Outlook 

This thesis has shown that the resolution of the Stockholm laboratory x-ray 

microscope was worse than the theoretical resolution limit for zone plate-based 

transmission x-ray microscopes, given by the Rayleigh criterion. Vibrations 

created by relative movements sample and zone plate were shown to affect the 

resolution. Measuring, analyzing and reducing these vibrations has been shown 

to improve the performance of the microscope. This implies that the fiber-based 

interferometric measurement can be used to investigate the stability of a such 

sensitive instruments. 

Fast vibrations with a main frequency of 660 Hz and an amplitude of 30 nm were 

measured and shown to be caused by the big turbo pump connected to the 

microscope vacuum chamber. A vibration dampening bellow was used to reduce 

the transmission of vibrations to the other components in the microscope.  

Vibrations of the sensitive imaging components of the microscope have been 

successfully reduced to less than 10 nm. With 3 times smaller vibrations, the 

resolution of the microscope has been improved from 35-40 nm half period to 25 

nm half period. This was demonstrated by imaging gold Siemens star and grating 

test patterns. 

Although this was a successful experiment on the Stockholm x-ray laboratory 

microscope, there is some room for improvement that could be done in the future. 

One suggestion is on the experiment setup. Designing a more rigid mounting of 

the sensor head could improve the sensitivity of the vibration measurements. 

Secondly, the fiber optics on the interferometer could be isolated from air flow 

(wind) and attached to a fix and steady rack to avoid any movement. Even though 

this movement did not affect the short-term experiments (10 s) presented here, 

low frequency vibration with a frequency of approximately 1 Hz typically show 

up in longer-term experiment (> 60 s). 

Furthermore, designing a better way to connect the vibration dampening bellow 

with the main chamber or adding more dampening in between the connection of 

the big turbo pump and the main chamber could possibly further decrease the 

transmission of the high frequencies as well as the low frequencies that are still 

transmitted from the big turbo pump.  
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To further investigate the resolution of the Stockholm laboratory x-ray 

microscope, a better quality test sample is needed. Smaller spoke width of 

Siemens star or grating test patterns will give precise information about the 

microscope´s resolution. Finally, some more experiments need to be conducted 

on the cyro sample stick to test the effect of liquid nitrogen on the microscope’s 

vibrations. 
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