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ABSTRACT 

High Harmonic Generation is an established technique for generating Extreme Ultraviolet radiation. It is a promising 
technique for both structure and spectroscopic imaging due to both the high flux and coherence of the source, and the 
existence of multiple absorption edges at the generated wavelengths. To increase the flux, a focussing device can be 
used. Here we present focussing results for a Mo/Si spherical mirror that has been used in an off-axis arrangement, and 
give extensive analysis of the resulting astigmatic focus and its consequence on diffractive imaging. The astigmatic beam 
exists as a vertical and horizontal focus, separated by a circle of least confusion. With the help of a theoretical model we 
show that the most intense part of the beam is always the second line foci and that the phase at the focus is strongly 
saddle-shaped. However, this phase distortion cannot explain the significant interference peak splitting that is 
experimentally observed in our diffraction patterns. Instead we propose that the beam quality is degraded upon reflection 
from the multilayer mirror and it is this asymmetric phase distortion that causes the diffraction peak splitting. 
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1. INTRODUCTION 
In this section, an outline of the Extreme Ultraviolet (EUV) generation technique and the experimental setup used in this 
investigation is presented. 

1.1 High Harmonic Generation 

High Harmonic Generation (HHG) is a well established technique for generating EUV light using an ultrafast laser [1-3]. 
Typically, an ultrafast laser is focussed into a region of low pressure gas and EUV photons are generated with an 
efficiency of ~10-6. The intense electric field of the laser can ionise an outer electron from a gas atom, and then accelerate 
it away from the ion. When the electric field changes direction approximately half an optical cycle later, the electron may 
return to its parent ion. It is the combination of the kinetic energy gained by the electron and the ionisation potential that 
can be used to generate an EUV photon. As the EUV is generated twice per optical cycle, the measured spectrum consists 
of odd harmonics of the fundamental laser wavelength. If argon gas is used as the generation medium, typically, the 23rd 
to 33rd harmonics (35 to 24 nm, 36 to 51 eV) are generated with a spectral width of ~1 nm, with an intensity of ~1011 
photons per second per harmonic [4], although shorter wavelengths are observed using other gases and configurations 
[5]. The intense EUV beam is strongly coherent [6] and hence there is great interest in using HHG for both nanoscale 
structure determination [7-8] and spectroscopic measurements [9]. 

To increase the flux, the EUV beam can be focussed. Typically, a multilayer mirror is used. Here there are two options: a 
spherical mirror used in an off-axis arrangement, or an off-axis paraboloidal mirror. Spherical mirrors are significantly 
easier to produce than off-axis paraboloidal mirrors. However, due to the nature of the reflection geometry, spherical 
mirrors must be used at a non-zero incident angle, and the result of this is an astigmatic focus. In this paper we discuss 
the properties of this focus with the aim of understanding the aberration and finding the optimal focussing geometry for 
both nanoscale imaging and spectroscopic measurements. 



1.2 Experimental Setup 

For the results presented here, the 40fs output pulses from an 800 nm, 1 kHz repetition rate, 1.5 Watt laser system were 
focussed using a concave mirror with radius of curvature (ROC) of 1000 mm, into a 150 µm diameter hollow glass 
capillary of length 5 cm, with an argon pressure of 70 mbar. By using appropriate coupling techniques, transmission 
percentages of ~60% are achieved. As the EUV and fundamental laser propagate collinearly, they are separated using 
transmission through a 200 nm thick aluminium foil, which transmits ~10-2 of the EUV whilst attenuating the 
fundamental laser by ~108. Inside the main vacuum chamber, a Mo/Si multilayer spherical concave mirror (ROC = 500 
mm) is used at an incident angle of ~10 degrees to focus the EUV beam down to a spot size (w0, defined as the 1/e2 
intensity beam radius [10]) of ~30 µm. The spatial intensity profile is recorded using a water-cooled EUV CCD camera 
(Andor, 1024x1024 13 µm pixels), which is moved in steps of 1 mm through the focus, with typical integration times of 
100 ms. Figure 1 shows this experimental setup. The mirror angle is the minimum possible for our experimental 
geometry and is limited by the width of the CCD camera. 

 

 
Fig. 1. Schematic of the experimental setup showing: the generation capillary which contains 70 mbar of argon, transmission 

through 200 nm of aluminium to separate the EUV from the laser, and the spherical mirror focussing arrangement 
inside the chamber. The minimum angle of the spherical mirror is directly limited by the width of the CCD. For 
diffraction experiments, the CCD is moved away from the focus and replaced by a diffraction sample. 

 

2. THEORETICAL MODEL 
In this section the theoretical framework for analysing an astigmatic beam is presented. By modelling the experimental 
results, this framework enables parameters such as the EUV beam quality to be accurately determined and shows how 
changing the parameters will affect the spot size and EUV intensity and phase at the focus. 

2.1 Astigmatism as a result of off-axis focussing 

A spherical mirror at normal incidence (zero angle) has the same ROC for both the horizontal (x) and vertical (y) axes. 
However, for a non-zero angle, both the x and y ROC change. The consequence is distinct vertical and horizontal line 
foci, which are separated by a circle of least confusion (CLC) that is present at the defined mirror focal length. It is 
important to realise that although the intensity profile at the CLC is circular, the phase is not flat. This is a simple 
consequence of different values for the x and y ROC. Treating the x and y axes separately at the CLC, one axis is 
diverging and one is converging and therefore the phase at this position is saddle-shaped. This effect can be quantified 
using the following model. 

2.2 Beam propagation using ABCD matrices 

To understand the beam intensity and phase through the focus, a 3D model has been constructed. The assumptions are 
that the propagation angle does not deviate from a small angle, and that the beam is monochromatic. Although the 
wavelengths in the generated beam have a spectral bandwidth (λ/∆λ) of roughly two, the narrower band of wavelengths 
that are focused by the mirror have a value of greater than ten, and hence can be treated as a monochromatic source. This 
theoretical approach requires the laser to exist in the lowest order mode. However, the theory can be adapted to higher 
order propagation modes by introducing the M2 beam quality parameter, which quantifies how much faster the modelled 
beam diverges when compared to a Gaussian beam. 

For this analysis, the complex beam parameter q is constructed, as defined in equation 1, where λ is the wavelength, ω is 
the beam spot size, and R is the radius of curvature. The complex beam parameter therefore includes local information on 
the beam size and the degree of convergence or divergence. 
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The complex beam parameter after an optical element (q’) can be related to the parameter immediately before the 
element (q) using equation 2, using the elements of the ABCD matrix for the element.  
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The system to be modelled here, starting from the point of generation inside the capillary, consists of propagation 
through free space, reflection from an spherical mirror positioned off-axis, and propagation through free space. The 
spherical mirror profile is modelled as a parabolic surface, as the spherical aberration in this case is negligible. However, 
the astigmatism is non-negligible, and hence this theoretical model describes the focussing ability of a mirror with a 
parabolic profile which is arranged off-axis. This is equivalent to the experimental setup shown in figure 1. As mentioned 
earlier, the ROC imposed on the beam by the mirror is different for the x and y axes. Equations 3 and 4 show the form of 
the two system matrices for the x and y axes, 
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where Rx = R/cos(θ) and Ry = Rcos(θ). L is the fixed distance between the generation capillary and the mirror, θ is the 
angle of the mirror, and z is the distance from the mirror to a position through the focus, which in this case we want to 
vary as this provides us with the complex beam parameter at any position through the focus. These calculations are for a 
mirror that reflects light back at the same height but different yaw angle, i.e. a mirror that has been rotated about a 
vertical axis. 

3. EXPERIMENTAL RESULTS 
In this section results are presented that show the intensity profile of the EUV beam measured using an EUV CCD 
camera, in steps of 1 mm through the focus. From this data, all necessary parameters can be accurately extracted. Section 
3.1 discusses these beam parameters and how they are determined. Of particular interest is the beam quality parameter 
(the M2 value) which is shown to be increased upon reflection from the EUV mirror. Section 3.2 shows how the 
theoretical model can be used to optimise the focussing arrangement for both intensity and spot size. Section 3.3 maps 
the theoretical phase onto the experimentally observed intensity profiles through the focus, showing that the phase shift is 
large but symmetric, and therefore the phase variation cannot explain the experimentally observed diffraction peak 
splitting. Section 3.4 investigates the effect of large-scale surface modulations on the surface of the EUV mirror and 
considers whether this effect can explain the apparent increase in the beam quality parameter. The effect of sampling a 
distorted intensity profile using resolution that is low relative to the size of the focus is an important consideration here. 
Finally, the intensity and phase profile that is predicted by a modulated mirror surface is shown to produce a diffraction 
pattern that has interference peaks which exhibit splitting. This theoretical result shows excellent qualitative agreement 
with experimentally observed diffraction results using the focussing arrangement that has been simulated, and therefore 
gives further evidence that the mirror surface figure is affecting the quality of the EUV beam.  

3.1 Beam quality calculation 

In this section we show how the mirror angle, beam M2, and the spot size inside the capillary where the EUV is generated 
can be determined from the intensity profile of the EUV beam through the astigmatic focus. 

Figure 2 shows the experimentally measured spot size for the horizontal (x) and vertical (+) axes. The line foci 
correspond to points of inflexion in the horizontal and vertical axes curves. The vertical focus exists at ~0.247 m, the 
CLC ~0.250 m, and the horizontal focus ~0.254 m. The best fit theoretical curves (solid lines) are calculated by utilising 
the ABCD matrix model discussed in Section 2.2. This approach is more accurate than simply fitting the data points for 
the individual axes to a Gaussian beam propagation equation as the angle of the mirror changes its apparent curvature for 
each axis, and hence all the parameters are to some extent interdependent. Firstly, the mirror angle affects the relative 
separation of the line foci and can therefore be easily determined. It does however have a secondary effect on the ROC 
for the two axes and hence must be determined first. Once the angle has been determined, both the beam M2 and the 
focussed spot size (w0) can be uniquely determined as increasing the M2 increases the beam size at both the focus and the 
far-field, whilst increasing the focussed spot size directly decreases the beam size in the far-field. As the generation and 
focussing geometries and distances are known, the calculation of these parameters enables the size of the EUV focus at 



the point of generation inside the capillary to be determined. This corresponds to the spatial properties of the EUV when 
it is generated, and therefore provides useful information. The mirror angle and capillary spot size are determined to be 
9.55 ± 0.1 degrees (directly observed by eye to be 10 degrees) and 65 ± 5 µm. The M2 in the horizontal and vertical axes 
are 14.0 ± 1 and 16.6 ± 1. 

 
Fig. 2. Experimentally observed horizontal (x) and vertical (+) spot sizes through the astigmatic focus, where the solid lines 

correspond to a mirror angle of 9.55 degrees and M2 values of 14 and 16.1 for the two beam axes. Also showing the 
effect on the focussed spot size if the M2 increase by the mirror was only to 10 (dashed line) and 5 (dotted line). The 
figure shows that a reduced M2 will not significantly decrease the spot size at the CLC, and therefore instead the 
astigmatism is the limiting factor. 

The analysis above implies that the EUV at the point of generation inside the capillary has a radius of 65 ± 5 µm. This is 
unlikely for the following reason. The EUV beam is generated only where the fundamental laser light is sufficiently 
intense. As the boundary conditions for an electric field inside a dielectric capillary result in zero intensity at the edges 
and the high-order capillary modes are lossy and therefore do not exist at the EUV generation point towards the end of 
the capillary, the EUV beam must be significantly smaller than 65 um. Radial-phase matching calculations have shown 
that for an identical setup, the theoretical XUV radius is ~15 µm [11]. 

Using the ABCD matrix framework and working backwards from the data in figure 2, the size of the EUV beam at the 
position of the multilayer mirror can be calculated. Using this and the calculated generated spot size of 15 µm gives an 
M2 value of ~3, where the sensitivity on the generated spot size is such that 15 ± 5 µm implies a generated EUV M2 of 3 
± 1. The generated M2 is therefore different to the M2 value measured at the focus. The likely reason here is that although 
the surface roughness of the multilayer mirror is sub nanometer, the surface figure (quoted as less than λ/10 at 663 nm) of 
the mirror is such that a variable phase shift is imparted upon the EUV beam, causing the beam quality to be degraded. A 
surface figure of λ/10 at 633 nm corresponds to a value of ~2λ at 30 nm, and therefore a significant phase shift could 
occur across the EUV beam should the mirror surface deviate at the point of illumination. A model used to quantify this 
proposition is presented in section 3.4. However, as shown in figure 2, if the proposed increase in the M2 was reduced to 
10 or 5 instead of ~15, the spot size at the CLC would only decrease in size by a few microns. Instead, the astigmatism is 
the limiting factor for the spot size. The relationship between the spot size and the mirror angle is discussed further in the 
next section. 

3.2 Astigmatic intensity profile through the focus 

The theoretical model described in section 2 has been adapted to calculate the spatial intensity profile at the resolution of 
the EUV CCD. Figure 3 shows a-c) the experimentally observed spatial intensity profile at the two line foci and the CLC 
and the theoretical predictions d-f) corresponding to parameter values extracted from fig. 2. In both cases the pixel size is 
13 µm. The theoretically predicted profiles show strong agreement with the experimentally observed results. However, 
they are not identical for two reasons. Firstly, the experimentally recorded intensity profiles are not centered over a single 
pixel. This can explain the difference in the relative intensities of the central pixels. The second reason is due to the 



limitation of describing a complex spatial profile by using a single scalar quantity (the M2 value). Whilst the width of the 
experimental beam as it propagates has been successfully modelled, the M2 value does not contain information on the 
actual spatial profile. Instead the spatial intensity profile is modelled as a Gaussian which diverges by a factor defined by 
the beam quality parameter. The cause of the degraded intensity profile is explored further in section 3.4, where the effect 
of a modulated mirror surface is simulated. 

 
Fig. 3. Experimental a-c) and theoretical d-f) intensity profiles at the horizontal and vertical line foci, along with the intensity 

profile at the CLC, using the parameters determined from figure 2, showing excellent agreement. Differences are 
caused by experimental data that is not centralised on a single pixel, and the limitation of the scalar M2 parameter to 
quantify a complex spatial beam profile. In all cases, the pixels are 13 µm. 

Figure 4 shows the experimental (circles) and theoretical predictions (lines) for the peak pixel intensity through the focus. 
The theoretical data, corresponding to a 9.55 degree mirror angle and the experimentally determined M2 values, is shown 
as the solid line and normalised to the experimental data by making the most intense data points equivalent. The most 
intense data point for both experiment and theory is the horizontal line foci, and therefore if the peak intensity is to be 
maximised the sample should be positioned at the horizontal line focus, instead of the CLC. Also shown is the effect on 
the peak intensity at the CLC if the mirror angle was reduced to 5 degrees (dashed line) and 0 degrees (dotted line), 
illustrating that the peak intensity at the focus would be almost doubled if the mirror angle was reduced from 9.55 to 5 
degrees, whilst further increases in intensity are smaller, and hence a mirror angle of less than 5 degrees is critical for 
maximising the peak intensity. 



  
Fig. 4. Peak pixel intensity through the focus for experimental data (o) and the theoretical prediction (solid line) showing that 

the most intense part of the beam is the horizontal line focus rather than the CLC. Also shown is the effect on the peak 
intensity by reducing the mirror angle from 9.55 degrees to 5 degrees (dashed line) and 0 degrees (dotted line) 
illustrating that the peak intensity would be almost doubled if the mirror angle was reduced to 5 degrees, and hence that 
an angle less than 5 degrees is critical for maximising the focussed intensity. 

Figure 4 indirectly shows that the spot size at the CLC will be reduced if the mirror angle is reduced, as the peak intensity 
is shown to increase. However, the spot size is a function of both the mirror angle and the mirror ROC. To increase the 
focussed intensity the mirror angle should be reduced and the mirror ROC decreased. However, as shown in figure 5, the 
relationship is nonlinear. For a mirror angle of 0 degrees, the spot size is generally proportional to the mirror ROC. 
However, for a fixed mirror angle of 10 degrees, a shorter focal length mirror will only slightly decrease the spot size. 
Therefore, for mirror angles greater than 10 degrees, the most significant improvement in peak intensity will result from 
a decreased angle. Due to the nonlinear relationship, the combination of a longer mirror focal length and the possible 
corresponding smaller mirror angle can actually result in a tighter focus and a higher intensity. Therefore, a smaller ROC 
will not always increase the intensity at the beam focus.  



 
Fig. 5. Focussed spot size as a function of mirror ROC and mirror angle, for the experimentally determined parameters. For 

an angle near to zero degrees, the spot size and mirror ROC are generally proportional. For an angle of 10 degrees, 
diminishing returns exist for mirrors with a shorter ROC. Due to the nonlinear relationship, increasing the mirror ROC 
if it enables a smaller mirror angle can actually reduce the focus spot size and hence increase the intensity. 

3.3 Astigmatic phase profile through the focus 

The beam curvature imposed on the beam by the mirror is such that the horizontal and vertical foci do not coincide. 
Therefore, at the CLC, one axis is converging and one is diverging. Hence the phase at this position is saddle-shaped. 
Shown in figure 6 is the theoretically predicted phase through the focus, overlaid onto the experimentally observed 
intensity profiles. In order to highlight the phase modulations, the figure shows cos(φ), where φ is the phase angle across 
the beam. For an angle of 9.55 degrees, a spherical mirror with focal length 250 mm will have a significant phase 
variation across the beam. As discussed earlier, the phase at the CLC is saddle-shaped. For the line foci, the phase is flat 
in one axis and curved in the other. Although the phase variation is large for all positions through the focus, the variation 
is symmetrical and hence cannot produce the experimentally observed diffraction peak splitting, as the phase variation 
must have some asymmetry for this result. This principle is discussed further in section 3.4. Although the astigmatic 
phase will not produce split interference peaks, it will produce a different diffraction pattern to a similar intensity profile 
with a flat phase and hence is a consideration when using a spherical mirror in an off-axis arrangement for diffractive 
imaging. 

 
Fig. 6. Theoretical phase, displayed in the form cos(φ) in order to illustrate the phase modulations, mapped onto 

experimentally observed intensity profiles (as shown in figure 3), for the a) vertical focus, b) CLC and c) horizontal 
focus. Significant phase variations are predicted through the astigmatic focus. It is important to note that whilst the 
phase variation will affect diffractive imaging results when compared to a flat phase, the symmetric phase distortion 
presented here cannot cause the experimentally observed diffraction peak splitting. 

 



3.4 Effect of mirror surface figure 

In this section, we give preliminary results from a model that has been used to simulate the EUV mirror surface, and its 
effect on the quality of the focussed beam. Although the mirror has an extremely low surface roughness, the surface 
figure (corresponding to long-scale deviations from a perfect spherical profile) is defined as < λ/10 at 633 nm. Although 
this is suitable for visible radiation, EUV wavelengths (in this case ~30 nm) can require a much higher performance. As 
discussed in section 3.1, the likely cause of the increase of the beam M2 is a deviation from a perfect mirror profile. 
However, it is important to realise that both the surface figure value and the correlation length of the deviations must be 
known in order to accurately quantify the effect of reflection from a mirror. In the results presented here, the latter is not 
known, and hence instead the problem is approached differently. Given that we observe an increase of the beam M2, and 
observe diffraction peak splitting, the work presented here attempts to quantify the mirror surface that would result in this 
observation. Future work will include optical interferometric results of the mirror surface, which will help to further 
quantify this model. 

The deviation from a perfect spherical surface in nanometers, shown in figure 7a), is simulated by summing 1000 
Gaussian distributions with radius ~1 mm, and randomly positioned on the mirror. They have an equal chance of being 
positive or negative. The height of each Gaussian is randomly determined each time using the uniform distribution with 
range 0 to 4 nm. The central ~2 mm part of the mirror, shown in fig. 7b), represents the deviation for an area 
approximately equal to the incident EUV beam.   

 
Fig. 7. Simulated deviation from a perfect spherical profile constructed by the combination of 1000 Gaussians with random 

heights up to 4 nm, with radius of 1 mm for the a) entire mirror surface, and b) mirror surface illuminated by the EUV 
beam. 

By assuming that the incident EUV beam is has a perfect Gaussian intensity profile and a flat phase, the perturbation to 
the phase can be calculated by taking into account the varying pathlength for each part of the beam. This result is Fourier 
Transformed to give the intensity and phase of the EUV beam at the mirror focus. The effect of the astigmatic focus is 
ignored in order to understand the different effect of the two aberrations. Figure 8 shows the simulated a) intensity profile 
and b) phase profile at the focus, and c) the effect of ‘binning’ the pixels into a resolution that is similar to the 
experimental data. The intensity profile in a) is surprisingly asymmetric, and is a direct result of the phase shift 
corresponding to the surface in figure 7b). However, when figure 8a) is sampled at a resolution equivalent to the CCD, as 
shown in c), the intensity profile appears considerably more symmetric. This shows qualitative agreement with the 
experimentally observed intensity profile in figure 2b), showing that this model does not contradict experimental 
observations of the apparent symmetry of the EUV spatial intensity profile at the focus. This therefore implies that the 
spatial beam quality may be significantly worse than implied by the experimental data, due to the low resolution of the 
sampling. 

The phase, shown in figure 8b) also exhibits asymmetry, as oppose to the astigmatic phase which possesses rotational 
symmetry. Simulations show that the effect using the astigmatic intensity and phase for diffraction experiments results in 
little change when compared to a beam with a flat phase. However, as discussed in more detail later, the asymmetric 
phase that results from a modulated mirror surface considerably affects the diffraction images, and can successfully 
explain the experimentally observed interference peak splitting when diffracting from a hexagonal array of 196 nm 
diameter polystyrene spheres. 



 
Fig. 8. The theoretical a) intensity and b) phase profiles at the focus, given the mirror surface in figure 7b) showing the 

predicted asymmetry in the beam profile at the focus. Part c) illustrates the effect of ‘binning’ the intensity profile onto 
pixel sizes that are equivalent to the EUV CCD used in this investigation, showing that a non-circular beam profile can 
appear approximately circular when the sampling resolution is reduced. 

The M2 which corresponds to the intensity and phase in figure 8 has been calculated using the Angular Spectrum Method 
[12]. Given an arbitrary complex beam, the complex beam corresponding to any propagation distance can be directly 
calculated. By calculating the profile at ten positions, the beam M2 for both the horizontal and vertical axes has been 
determined. For the simulated beam in figure 8, the values 2.2 and 2.5 were calculated. The simulated surface in figure 
7b) has therefore increased the beam M2 by a factor of 2.5, clearly showing that a modulated mirror that deviates from a 
spherical profile by less than 20 nm over a 1-inch optic can significantly deteriorate a 30 nm EUV beam. This effect is 
observed experimentally. As shown in section 3.1, the EUV beam quality was observed to be degraded by a factor of ~5. 
In addition, the simulated beam quality in the horizontal and vertical axes is different, an effect also observed 
experimentally. This simulation analysis has been repeated for the aluminium foil (see figure 1) using data extracted from 
scanning electron microscopy and optical microscopy techniques, and shows that the effect of the aluminium foil is near 
to negligible, with M2 increases always less than 10% and therefore significantly smaller than the effect of the mirror. 

Although the degraded intensity profile is an important consideration, the phase profile at the focus is of paramount 
importance due to the effect on subsequent diffractive imaging. By moving the CCD from the focus (see figure 1) and 
replacing it with a periodic sample, the effect of the degraded phase can be illustrated. The sample, a single-layer 
hexagonal array of 196 nm diameter polystyrene spheres supported on a 50 nm thick silicon nitride substrate, has been 
discussed elsewhere [mills08]. This sample has also been simulated, by creating a hexagonal array of circles. The 
theoretical diffraction pattern is therefore the Fourier Transform of the product of the simulated sample and the simulated 
beam profile from figure 8. Figure 9a) shows the simulated diffraction pattern using the degraded intensity with a flat 
phase. The hexagonal structure which results from the hexagonal lattice on the sample is clearly shown. Although there is 
some elongation of the interference peaks, no significant splitting is observed. Figure 9b) shows the simulated diffraction 
pattern for both the degraded intensity and phase. This result clearly shows the effect of an asymmetric phase on a 
diffraction pattern. The interference peaks show significant splitting and importantly the splitting does not possess any 
symmetry. 

 
Fig. 9. Simulated diffraction pattern from a hexagonal array of circles when using a) the simulated intensity and a flat phase, 

and b) both the simulated intensity and phase. The image corresponding to the flat phase does not exhibit splitting of the 
diffraction peaks, whereas the image corresponding to the degraded phase clearly shows splitting, and also possesses no 
symmetry. 



Figure 10 shows the experimentally observed result. Before a comparison is made there are two important considerations. 
Firstly, the experimental diffraction peaks are smaller simply as a result of scaling in the Fourier Transform, which was 
taken advantage of to improve the resolution of the theoretical analysis. Secondly, the experimental result consists of 
multiple wavelengths, and hence the diffraction peaks are repeated for different angles. Figure 10a) shows the 
experimental equivalent to the results in figure 9, while parts b) and c) show two of the experimental diffraction peaks in 
more detail. Although the interference peaks correspond to multiple wavelengths in the axial direction, there is 
significant splitting. The splitting is unique for each of the interference peaks, and therefore excellent qualitative 
agreement is demonstrated with the theoretical results in figure 9. This analysis shows that an asymmetric phase at the 
EUV focus is required to explain the experimentally observed interference peak splitting. However, as it has been shown 
that the phase distortion resulting from the astigmatic focus cannot produce this effect, there must be another factor 
introducing additional phase distortions. This section shows that this effect can be explained by the presence of 
nanometer sized modulations over large distances in the mirror surface, and therefore shows that the mirror surface figure 
is an extremely important consideration for EUV optics when diffractive imaging is investigated. 

 
Fig. 10. Experimentally observed diffraction pattern from a single-layer hexagonal array of 196 nm diameter polystyrene 

spheres, showing a) whole diffraction image, b) left interference peak and c) top interference peak showing significant 
splitting. The diffraction pattern corresponds to multiple wavelengths (separated in the axial direction) but clearly 
showing that the observed interference peak splitting in the radial direction can be explained by an asymmetric phase at 
the focus, a result of modulated mirror surface. 

4. CONCLUSION 
4.1 Summary 

Presented here is an extensive analysis of an astigmatic extreme ultraviolet (EUV) beam, produced when a spherical 
mirror is used in an off-axis arrangement. By using an experimentally verified 3D model, the balance between the 
experimental parameters required for an optimal focus has been determined, and hence a quantified comparison can be 
made with an off-axis paraboloidal mirror. As the focussed spot size is a nonlinear function of the mirror angle and 
mirror radius of curvature (ROC), increasing the ROC if it allows a smaller mirror angle can actually decrease the spot 
size and hence increase the peak intensity. However, in order to minimise the phase distortion and maximise the focussed 
intensity, the mirror angle should be less than 5 degrees. The most intense position through the focus was shown 
experimental and theoretically to always be the second line focus and not the circle of least confusion. The theoretical 
model has also enabled a calculation of the EUV beam M2, at 14.0 ± 1 and 16.6 ± 1 for the horizontal and vertical axes, 
and has shown that the beam M2 has been increased upon reflection from the EUV mirror. 

The cause of the increase in the beam M2 is proposed to be the non-zero surface figure parameter for the EUV mirror. 
This effect has been indirectly investigated by calculating the phase perturbation imparted on an EUV beam upon 
reflection from a mirror that deviates from a perfect spherical profile. Using this phase perturbation, the theoretical 
intensity and phase at the EUV focus was calculated and was shown to be degraded in a way that has been observed 
experimentally. Most importantly however, the simulated beam profile was shown to have a significant effect on the 
diffraction pattern from a periodic structure. Instead of distinct interference peaks, the interference peaks were found 
show significant splitting. This effect is observed experimentally and therefore shows that the surface figure of an EUV 
optic is of critical importance when both focussing and using the focussed source for diffraction imaging.  
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