
 

 

 

 

 

 

Chapter 5 

 

 

 

COHERENT DIFFRACTIVE IMAGING USING 

13.5 NM HIGH HARMONIC SOURCE 
 

 

5.1. INTRODUCTION  
 

Microscopy techniques have made many significant achievements with 

high resolution imaging down to the nanometer scale. Scanning probe 

microscopy techniques such as atomic force microscopy or scanning force 

microscopy have been developed with a resolution of the order of fractions of 

a nanometer [122]. Nevertheless, they are limited to surface structures and are 

not able to allow us to make a morphological analysis. A well-known 

breakthrough in imaging technology was the invention of electron microscopy. 

By using a particle beam of electrons to illuminate a specimen and produce a 

magnified image, electron microscopy has provided the resolution of 

crystalline structures at the atomic level [123]. However, this technique is 

restricted to imaging thin samples. For samples with thickness more than 500 

nm, because of inelastic scattering, this technique produces a blurred image 

and low resolution [124]. To investigate thick samples such as biological 

specimens, based on the innovation of imaging and labeling techniques, S. M. 

Hurtley and L. Helmuth developed a far-field light microscope which is able 

to image living cells with a resolution of about 200 nm [125]. Using extreme 

ultraviolet or soft x-ray radiation as a light source allows us to obtain high 

resolution imaging of thick samples [126]. A conventional lens with solid state 

material which has a strong absorption of soft x-rays cannot be used for XUV 

radiation focusing and therefore in x-ray microscopy diffractive optical 

elements such as Fresnel zone plate lenses with very short focal lengths are 
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employed to produce high magnification. By using a condenser zone plate lens 

to illuminate the sample with x-ray radiation of 1.5 nm wavelength and a 

micro-zone plate lens to project an image onto a CCD camera, W. Chao et al. 

[127] achieved a spatial resolution down to 5 nm with a state-of-the-art zone 

plate. However, for x-ray microscopy, at very high magnification, zone plates 

have a relatively short working distance and a small depth of focus that leads 

to the potential for large chromatic aberration. Moreover, since the zone plates 

block much of the light, there is only around 10% efficiency in the first order 

diffracted light [126]. Another imaging method with extreme ultraviolet or soft 

x-ray radiation is holography, such as Fourier transform holography [128]. By 

using coherent x-ray radiation from a synchrotron, this approach has been used 

to image gold test objects with a resolution less than 60 nm. However, this 

method is limited by the need to surround the specimen with a large highly 

transmitting region.  

Recently, coherent x-ray diffractive imaging (CDI) using short 

wavelength light in the extreme ultraviolet or soft X-ray regions of the 

spectrum has emerged as a very promising alternative approach for high 

resolution imaging of thick samples. This technique can overcome some of the 

shortcomings of the previous methods mentioned above. Especially, CDI is a 

very useful method to investigate biological samples.  

Coherent diffractive imaging is a new imaging technique in which no 

optical elements such as lenses are needed to obtain the magnified image. CDI 

was first demonstrated in 1999 using the light from a synchrotron by J. Miao 

et al. [129]. Instead of using optical elements, in CDI the sample to be 

investigated is illuminated with a coherent x-ray source. After that, by 

recording the far-field coherent diffraction pattern, and using iterative phase 

retrieval algorithms, one can reconstruct the three dimensional image of the 

object [129, 130, 131]. Since there is no physical lens, this method is free from 

aberration and provides a very large depth of focus. The resolution of the CDI 

technique basically depends on the wavelength of the x-rays and the largest 

angle of scattering where diffraction patterns are recorded. Based on this 

technique, the structure, shape and size of finite non-periodic objects have 

been determined [15, 129, 130, 132-136]. Using x-rays from a synchrotron, D. 

Shapiro et al. have examined a frozen dried yeast cell and its internal 

components with about 30 nm resolution [137]. Using a soft x-ray free 

electron laser, H. N. Chapman et al. have successfully imaged a 

nanostructured non-periodic object with a spatial resolution down to 60 nm 

[138]. Also, three dimensional reconstruction of objects has been performed 

successfully at 50 nm resolution [139]. Very recently, C. G. Schroer et al. have 
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shown that by focusing hard x-rays on a sample in the form of a small gold 

particle, a spatial resolution of about 5 nm can be obtained [136].  

Besides the radiation from a synchrotron and from a free electron x-ray 

laser, High Harmonic Generation (HHG) can be employed as a new x-ray 

source in CDI. Table top HHG sources for CDI not only provide a high degree 

of spatial coherence but also enable small scale x-ray microscopy. Due to their 

nature, HHG sources consist of a beam of multiple longitudinal coherent 

modes whereas an iterative method for image reconstruction normally needs 

an entirely coherent wave field. To meet this requirement, i.e., 

monochromaticity and coherence of the incident x-rays, CDI is usually carried 

out with a single harmonic order of the harmonic spectrum which is selected 

by using a monochromator or a narrow band spectral filter. This can lead to a 

significant decrease of the photon flux of the incident beam on the sample. 

Alternatively, in past work, to utilize as much of the generated harmonic flux 

as possible in order to keep the acquisition time short and thus avoid possible 

long term instabilities of the harmonic source, our collaborators have 

conducted CDI using multiple order harmonic emission [51, 140, 141, 142]. It 

has been shown that by employing HHG radiation from an argon source 

(wavelength ~ 30 nm) with about 5 harmonic orders and a reconstruction using 

a modified Gerchberg-Saxton iteration algorithm for phase retrieval and a 

refinement by the application of the maximum entropy method, a spatial 

resolution of ~ 100 nm has been successfully obtained.  

Based on this achievement of CDI using a polychromatic source carried 

out by our collaborators, the motivation for this work is to pursue a higher 

resolution of reconstruction. Since the shorter the wavelength of the 

illumination beam the better the resolution, we will try to perform CDI using a 

harmonic source based on helium gas with a few harmonics around 13.5 nm 

focused by a multilayer focusing mirror. A 2D binary pinhole system and a 

conjugated polymer are used as samples.  
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5.2. THEORETICAL BACKGROUND OF COHERENT 

DIFFRACTIVE IMAGING  
 

5.2.1. Introduction to Coherent Diffractive Imaging Technique 
 

When an object of density f(x) is illuminated with a coherent plane wave 

light field, the diffracted pattern in the far field is the Fourier transform of the 

function f(x) [143].  

 

     dxikx2exp)x(t)x(fF)k(iexp)k(F)k(F 






  (5.1) 

 

Here, x is the three-dimensional spatial coordinate in real space, k is the 

three- dimensional frequency coordinate in reciprocal space and 


F stands for 

the Fourier transform operator.  

Thus, the Fourier transform F(k) can be written as an amplitude and a 

phase. In the experiment, only the intensity distribution of F(k), i.e., 
2

)k(F , 

is able to be recorded by the detector and the phase of the pattern is lost. 

Therefore, in order to fully recover the sample f(x), we must determine the 

phase information of the function F(k) given by ψ(k).  

If both the intensity and phase of the function F(k) are known, the sample 

can be reconstructed by 
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where
1F 



denotes the inverse Fourier transform operator.  

Briefly, a typical CDI technique includes three basic. Firstly, the sample to 

be analyzed is illuminated with a monochromatic, coherent wave light field 

and the diffraction pattern is recorded. Then, the phase of the diffraction 

pattern is recovered by applying phase retrieval algorithms. Finally, the 

density of the object in real space is regained from the reciprocal space by 

using an inverse Fourier transform.  
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5.2.2. Phase Retrieval  
 

The problem of phase retrieval from the diffraction pattern has been well 

studied in the field of x-ray crystallography and can be solved by using an 

oversampling method [144, 145]. To characterize the degree of oversampling, 

Miao et al. [146] proposed an oversampling ratio, σ, given by 

 

)regiondensityelectronofvolume(

)regiondensity-noofvolume()regiondensityelectronofvolume( 
  

 (5.3) 

 

Also, the linear oversampling ratio for two dimensions in reciprocal space, 

O, is defined as  

 
2/1O   (5.4) 

 

Here, if 2 , the number of independent equations exceeds the number 

of unknowns, the phase information is contained in the diffraction pattern and 

can in principle be retrieved by algorithms. More details about the algorithms 

can be found in [147].  

Generally, an iterative phase retrieval algorithm consists of the following 

four basic steps [144, 147] involving iterative Fourier transformation back and 

forth between the object and Fourier domains and application of the measured 

data or known constraints in each domain.  

 

1.  A random phase set is applied as an initial input. This phase set 

merging with the magnitude of the Fourier transform, which is 

calculated by the square root of the measured diffraction intensities, 

exhibits a function with both amplitude and phase for each pixel.  

2.  An inverse fast Fourier transform is applied to compute a temporary 

density function.  

3.  The new density function recovered in the second step is subjected to 

the constraints which are positive inside the finite support and zero 

outside the finite support.  

4.  A new set of phases can be calculated by employing a fast Fourier 

transform to the new density function obtained in the third step. The 

phase of the central pixel is set to zero and this new phase set is used 

for the next iteration.  
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The iterations continue until the computed image satisfies the object 

domain constraints.  

 

 

6.2.3. Experimental Requirements 
 

In order to achieve a successful and high quality reconstructed image, 

some experimental requirements need to be met. The sample is illuminated 

with a plane wave which should be monochromatic and coherent. The spatial 

coherence length which is defined as 

 

s

coh,S
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L




  (5.5) 

 

needs to be larger than the transverse dimension of the sample. In equation 5.5, 

a is the distance from the source and ds is the diameter of the source.  

In addition, the coherent photon flux density needs to be high enough to 

obtain a coherent diffractive pattern at high diffraction angles. 

The sample is placed far enough from the detector to ensure that a far-field 

diffraction pattern is recorded and the Fraunhofer criterion is satisfied.  

 




2D
z  (5.6) 

 

Here D is the diameter of the sample or the diameter of the illumination 

area, λ is the wavelength of the illuminating radiation and z is the distance 

from the sample to the CCD.  

From equation (5.4) and the condition 2  to guarantee that the phase 

is successfully retrieved from the measured diffraction pattern, the linear 

oversampling ratio, O, for a two-dimensional object must be [144] 

 

2O   (5.7) 

 

In terms of the experimental parameters, the linear oversampling ratio can 

be expressed as [144] 
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Dp

z
O


  (5.8) 

 

where p is the pixel size of the CCD camera.  

In a successfully reconstructed image, the size of each image pixel is 

given by [140, 141]  

 

pN

z

N

OD
r


  (5.9) 

 

where N is the number of pixels in an N×N CCD array, 94.0  (Sparrow 

criterion) and 22.1  (Rayleigh criterion).  

From equation (5.9), for a given wavelength of the illuminating radiation, 

the resolution is linearly proportionally to the distance between the sample and 

the CCD. This means that in order to enhance the resolution of the 

reconstructed image we can reduce this distance. On the other hand, based on 

equation (5.7) the ratio between this distance, z, and the diameter of the 

sample, D, must satisfy 

 

2
p

D

z


  (5.10) 

 

Therefore, for enhancing the resolution by reducing the distance between 

the CCD and the sample, one needs to ensure that the diameter of the sample is 

also reduced so that the conditions for the oversampling ratio and the far field 

are maintained.  

Relating to the requirements of the spectral bandwidth of the illuminating 

beam for a desired resolution, it has been proposed that [144]  

 

d

OD





 (5.11) 

 

Here, d is the desired resolution of the reconstructed image and Δλ is the 

FWHM bandwidth of the incident x-ray.  
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5.3. COHERENT DIFFRACTIVE IMAGING USING  

13.5 NM HIGH HARMONIC SOURCE  
 

It has been demonstrated that CDI with multiple harmonic orders allows 

us to keep the acquisition time short and avoid sample damage or detrimental 

effects due to long term instabilities of the harmonic source [51, 140-142]. 

This method is well matched to the low temporal coherence and high spatial 

coherence of the HHG source. A spatial resolution of ~ 100 nm has been 

achieved by using a HHG source with five harmonics from argon gas for 

illumination of the sample.  

As indicated in equation (5.9), the shorter wavelength of the incident 

beam can provide a better spatial resolution of reconstruction. Currently, we 

are able to generate high order harmonics with helium gas in a semi-infinite 

gas cell. For an optimized observed spectral range we find that the harmonic 

radiation range around 13.5 nm, which has a short wavelength and high photon 

flux compared to other ranges, is the most suitable source for the CDI 

experiments. However, under the best conditions, the number of harmonics 

from the source is greater than ten, i.e., a ratio Δλ/λ ~ 28 % is observed. 

Meanwhile, for CDI using a few harmonic source, the maximum value of this 

ratio must not be higher than 10 % to allow reconstruction of the image [140, 

141]. Thus, a multilayer focusing mirror with a narrow bandwidth (FWHM ~ 

0.5 nm) around 13.5 nm is installed to provide a narrow spectral range for the 

illuminating beam. Furthermore, the photon flux generated in helium gas is 

relatively low compared to that generated in argon gas. Hence, although the 

harmonic generation around 13.5 nm is optimized leading to the highest 

achievable photon flux, the intensity of this source is not sufficiently high yet 

for CDI experiments, i.e., we cannot apply this radiation source to directly 

illuminate a sample. Therefore, the use of the multilayer mirror focusing to a 

small point also allows us to significantly improve the photon flux density at 

the sample.  

 

 

5.3.1. Experimental Setup and Conditions  
 

In this experiment, the laser system and the high harmonic production and 

detection systems are similar to those in sections 1.21 and 1.2.2.The essential 

difference is that in order to acquire the diffraction patterns when the incident 
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x-rays illuminate the sample, the apparatus in the experimental chamber needs 

to be installed as shown in figure 5.1.  

 

 

Figure 5.1.Experimental setup for the CDI experiment using a 13.5 nm high harmonic 

source. 

The optimized phase matched HHG radiation is generated from helium 

gas. To ensure that the fundamental light that co-propagates with the harmonic 

beam is blocked completely, a second Zr filter (~ 300 nm in thickness) is 

mounted in the sample chamber. Then, the harmonic beam is spatially filtered 

by a 200 μm pinhole. The harmonic emission with a few harmonics around 

13.5 nm is selected and focused on the sample by a narrow bandwidth 

(FWHM ~ 0.5 nm) Mo/Si multilayer mirror centred at 13.5 nm with an 

efficiency of ~ 70%. The installation of the mirror was presented in section 

1.2.2.2 and its reflection characteristics are displayed in figure 5.2.  

By using this mirror, the beam is focused to a small point which is 

comparable to the micrometer sized sample, i.e., the size of the illumination 

source is reduced leading to a sufficiently high photon flux density at the 

sample with much reduced exposure time.  

In addition, this mirror allows narrow bandwidth harmonic emission to be 

selected. Clearly, according to the characteristics of this mirror shown in 

figure 5.2, there are a few harmonic orders (~ 3 - 5 harmonics) in the spectrum 

from 12.5 nm to 14.5 nm to be selected, among which the photon flux of the 

central harmonic order (~ H59) is strongest and that of the others is much 

lower. This also leads to the diffraction pattern being an incoherent 

superposition of the diffraction patterns produced by each harmonic order. 

However, the contribution of the diffraction caused by the central harmonic 

dominates; the diffraction caused by the others is minor. The very narrow 
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bandwidth harmonic source selected and focused by the focusing mirror will 

allow the image of the sample to be reconstructed more easily from the 

diffraction patterns obtained from the polychromatic source [140, 141].  

 

 

Figure 5.2. Reflectivity of the Mo/Si multilayer focusing mirror (calculated at 

http://henke.lbl.gov/optical_constants/multi2.html). 

The sample is mounted on a holder inside the experimental chamber at a 

distance of ~ 5 cm far from the focal point of the mirror.Since the focal length 

is approximately 15 cm, the distance from the mirror to the sample is 

estimated to be 20 cm. The reason we position the sample at this distance is 

both to enhance the spatial coherence length and to ensure the photon flux 

density at the sample is high enough. Equation (5.5) indicates that the further 

the distance from the sample to the source, the longer is the spatial coherence. 

However, we need a trade off with the photon flux density at the sample since 

the further this distance the smaller is the photon flux density illuminating the 

sample.  

In order to guarantee the condition of the oversampling ratio indicated by 

equation (5.7) to be met and to enhance the coherence of illumination on the 

sample as well as the contrast of the diffraction pattern at a high angle, a 10 

μm pinhole is attached to the sample leading to confinement of the 

illumination area. In addition, such a determined diameter pinhole resulting in 

a precise area of illumination can provide a support constraint for the 
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reconstruction algorithm. Obviously, such a pinhole has the potential to 

introduce distortion to the diffraction image depending on the quality of its 

edges, and thus to have an influence on the reconstruction. The effects of the 

pinhole on CDI based on multiple order harmonic emission have been studied 

by our collaborators in [142].  

In addition, when the distance from the focusing mirror and the sample 

coupled with the 10 μm pinhole is 20 cm, the ratio 1035.0
z

D2




, i.e., 

the plane wave approximation is satisfied. Thus, the influence of curvature 

associated with the focusing mirror on the illumination can be ignored and the 

illumination can be treated as a planar illumination.  

The diffraction pattern is captured in the far-field using a CCD camera 

with 13 μm square pixels on a 1024×1024 array. To satisfy the Fraunhofer 

criterion of the far- field diffraction the sample needs to be placed at a distance 

mm4.7
D

z
2




  from the detector, where D = 10 μm (confinement of 

illumination area by using the 10 μm pinhole) is the dimension of the sample. 

However, as mentioned above, the shorter the distance between the CCD and 

the sample, the higher the spatial resolution of the reconstructed image that 

can be achieved. Thus, in practice, the sample is placed at a typical distance of 

~ 5 cm from the detector. Consequently, the oversampling ratio is 

219.5
Dp

z
O 


 , so that the phase can be recovered. Based on these 

experimental parameters, the expected resolution that can be achieved using 

the Sparrow criterion is givenapproximately by 

nm50
pN

z
94.0

N

OD
94.0r 


 .  

To improve the quality of the collected diffraction images by further 

reducing the scattered light, an aperture with diameter of 5 mm is placed 

directly downstream from the sample.  

To capture a reference spectrum for the reconstruction of the sample, a 

spectrometer with a grazing incidence diffraction grating and a spectrometer 

CCD can be inserted into the beam path as shown in figure 5.1.  
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5.3.2. Samples  
 

In this work, there are two kinds of samples which are investigated. The 

first sample is a 2D array of regular pinholes and the second is a conjugated 

polymer film. The installation of the sample holder has been presented in 

section 1.2.2.2.  

 

 

Figure 5.3.Scanning electron microscopy image of the binary regular pinhole sample 

(a) and optical microscope image of the conjugated polymer sample (b). 

The binary regular pinhole sample is micro-machined on a thin (~ 100 

nm) gold layer on a Si3N4 substrate and consists of an array of 2 μm diameter 

pinholes spaced by 3 μm and arranged in the domain of a 20 μm diameter 

circle. This sample does not require a pinhole to restrict the illumination area 

since it can confine the illumination to a particular area by itself. The sample is 

either transmissive or opaque to the harmonic emission. It is worth noting that 

despite not having a pinhole to confine the illumination area the plane wave 

approximation, i.e., planar illumination, the condition of the oversampling 

ratio and the Fraunhofer criterion for far-field diffraction are still satisfied 

when the dimension of the binary pinhole sample is 20 μm and the sample is 

placed at the same position as stated above (the distance from the focusing 

mirror and the sample is 20 cm and the distance from the sample to the CCD is 

5 cm). A scanning electron microscopy image of this sample is shown in 

figure 5.3a [142].  

The conjugated polymer sample is prepared on a SiN substrate with a 

thickness of ~ 50 nm. The polymer is MEH-PPV which is purchased from 

Aldrich and is used without further purification. The powder is dissolved in 

chlorobenzene with a concentration of 0.1 mg/mL. A total of 100 μL of this 
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solution is then drop-cast onto SiN and the solvent is allowed to evaporate in 

air for 30 minutes. To confine the illumination area, a 10 μm pinhole is 

mounted on top of this sample. An optical microscope image of this sample is 

shown in figure 5.3b.  

 

 

5.3.3. Generation of the Harmonic Source around 13.5 nm  
 

Before capturing the diffraction images, by properly adjusting the 

experimental parameters such as the effective interaction length, the chirp of 

the fundamental laser, the aperture diameter and the gas pressure, the 

harmonic emission is optimized in an iterative procedure to achieve the phase 

matched and most intense harmonic orders around H59 (~13.5 nm).For 

optimized conditions, the pressure of the helium filled gas cell is measured to 

be ~ 550 Torr, the laser energy is around 2.9 mJ and the focus position is 

approximately 1 mm inside the gas cell. In our study, use of helium gas as a 

nonlinear medium in a semi-finite gas cell for harmonic emission in the 

spectral range between 10 nm and 13 nm provides a higher conversion 

efficiency than that in the case of neon gas because of its higher ionization 

energy and since the cross section of helium is low, a high pressure is required.  

 

 

Figure 5.4.Typical optimized harmonic spectrum from helium gas for the CDI 

experiments (the most intense harmonic emission is around 13.5 nm). The inset is the 

reflectivity of the focusing mirror as shown in figure 5.2. 



Dinh Ba Khuong and Dao Van Lap 130 

Figure 5.4 shows a typical optimized harmonic spectrum from helium gas 

for our CDI experiments which is recorded by the spectrometer CCD.  

When varying the parameters, e.g., the gas pressure, the position of the 

focus and the aperture diameter, not only the number of harmonic orders but 

also the spectral weighting within that particular spectral range changes. Thus, 

for different optimal conditions, the most intense harmonic spectral range can 

change. For example, if we keep the gas pressure fixed (~ 550 Torr) and vary 

the aperture diameter and the focus position, the optimized harmonic spectra 

can exhibit the most intense harmonic orders around 11.5 nm and around 14.5 

nm as shown in figures 5.5 and 5.6, respectively. For the spectrum shown in 

figure 5.5, the focus position is placed at the exit pinhole of the gas cell and 

the laser energy is increased to ~ 3.2 mJ. For the spectrum shown in figure 5.6, 

the focus position is moved further into the gas cell at a distance ~ 2 mm from 

the exit pinhole of the gas cell and the laser energy is reduced to ~ 2.7 mJ.  

 

 

Figure 5.5.Optimized harmonic spectrum from helium gas with the most intense 

harmonic emission around 11.5 nm. 

 

Figure 5.6.Optimized harmonic spectrum from helium gas with the most intense 

harmonic emission around 14.5 nm. 
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From figures 5.4, 5.5 and 5.6, it is clear that by varying the experimental 

parameters such as the gas pressure, the focus position and the aperture 

diameter, we are able to obtain harmonic radiation with different maximum 

intensity ranges over the harmonic spectrum. However, for this study, only the 

harmonic spectrum with the most intense emission around 13.5 nm (shown in 

figure 5.4) is the most suitable. 

 

 

5.3.4. Spatial Coherence of the Harmonic Source 
 

As explained in section 5.2.3, one of the critical requirements of the CDI 

technique is spatial coherence. It is expected that the spatial coherence length 

which is defined by equation (5.5) needs to be larger than the transverse 

dimension of the sample. Moreover, for the multiple harmonic order CDI 

reconstruction algorithm modified by the Gerchberg-Saxton iteration, a high 

spatial coherent illumination source is also required. Thus, in the following, 

the degree of spatial coherence of the harmonic source with a few harmonics 

around 13.5 nm is determined and discussed.  

 

5.3.4.1 Degree of Spatial Coherence of the Harmonic Source  

In order to determine the degree of spatial coherence, a Young’s double 

slit which has slit spacing d, slit width w, and slit height h, is used. Choice of 

an appropriate value of h can ensure that the interferogram covers a reasonable 

number of pixels on the CCD in a direction perpendicular to the interference 

pattern [43, 44]. 

For a typical measurement of the coherence property of a monochromatic 

electric field, by illuminating a double slit, the fringe visibility is given by 

 

minmax

minmax

II

II




  (5.12) 

 

where Imax is the intensity of the centre and Imin is the intensity of the first 

minimum of the interference pattern. The source would be perfectly spatially 

coherent when 1 .  

The degree of spatial coherence is related to the fringe visibility and is 

expressed as 
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  (5.13) 

 

where I1 and I2 are the intensities of the electric field at the two individual slits 

of the Young double slit. Thus, the degree of spatial coherence not only 

depends on the visibility but also on the strength of illumination on both 

individual slits. To simplify the measurement, in the case when the slits are 

illuminated equally, i.e., I1 = I2, the degree of spatial coherence is given 

directly by the visibility 

minmax

minmax

12
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 .  

In the case of monochromatic illumination with wavelength λq and a 

degree of spatial coherenceγ12(q), the measured intensity distribution can be 

written as  
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where x is the spatial coordinate in the detector plane, c is the speed of the 

light, d and w are the slit spacing and the slit width, respectively, and z is the 

distance from the Young’s double slit to the detector plane.  

For a polychromatic source centred at wavelength λq, the measured 

intensity distribution of the interference pattern on the CCD is given by  

 

  
q

qqT |xI)(F)x(I  (5.15) 

 

where F(λq) is the relative weighting of the q
th
 harmonic order in the power 

spectrum.  

In this case, the average degree of spatial coherence can be determined by  

 

min,Tmax,T

min,Tmax,T

12
II
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  (5.16) 

 

In the case of a few generated harmonic orders, we can assume that the 

harmonic orders have the same or similar degree of the spatial coherence. In 
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fact, the measured average degree of spatial coherence varies little when 

changing the experimental parameters which strongly influence the number of 

emitted harmonic orders and their relative weighting in the spectrum [43, 44]. 

Consequently, the degree of spatial coherence is determined by an average 

value of all available harmonic orders in the spectrum and is calculated from 

the fringe visibility of the measured interference pattern.  

 

5.3.4.2. Measurement of Degree of Spatial Coherence  

In our study, we use a Young’s double slit with a slit spacing of 15 μm, a 

slit width of 1 μm and a slit height of 50 μm to determine the degree of spatial 

coherence of the harmonic source around 13.5 nm, i.e., the harmonic radiation 

after the focusing mirror. The Young’s double slit is etched into a silicon 

wafer which is mounted on the slit holder.  

The laser system is described in section 1.2.1. The experimental setup is 

similar to figure 5.1 in which the slit holder is glued onto the sample holder 

instead of the sample. The sample holder is then placed on a linear stepper 

motor which is mounted on a set of x/y-translation stages for precise control of 

the three directions, x, y and z. 

 

 

Figure 5.7.Scheme of the Young’s double slit experiment. 
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Figure 5.8. Interferogram recorded in the CCD (top) and the interference pattern 

(bottom) when the 15 μm separation Young’s double slit is used. 

In fact, we would also like to measure the degree of spatial coherence on 

different length scales by using different Young’s double slits. Unfortunately, 

the other double slits were destroyed during the fabrication process and thus 

only a double slit with a spacing of 15 μm was available for our experiment. 

The distance between the Young’s double slit and the focusing mirror can be 

controlled by moving the linear stepper motor. In order to obtain reasonable 

photon flux illumination, the slit is placed close to the focusing point of the 

mirror (2 cm from the focusing point), i.e., the distance from the mirror and 

the slit is around 17 cm (the focal length of the mirror is about 15 cm). In 

addition, to increase the number of experimental points in the interference 

pattern for the reconstructed spectrum (presented in the next section) the 

distance between the Young’s double slit and the CCD needs to be lengthened. 

In our experiment, this distance is approximately 32 cm.  

Figure 5.8 shows the interferogram recorded by the CCD and the 

interference pattern when the Young’s double slit with 15 μm separation is 

used.  

Based on the interference pattern shown in figure 5.8, the degree of spatial 

coherence of this source is ~ 0.81. This value is reasonably high and indicates 

that the harmonic source around 13.5 nm generated from a helium semi-
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infinite gas cell can be used for multiple wavelength coherent diffractive 

imaging.  

 

 

5.3.5. Spectrum Reconstruction from Young’s Double Slit 

Interference Pattern  
 

In order to recover the object density from diffraction patterns created by a 

polychromatic source, a reference spectrum must be known, i.e., the spectral 

power distribution F(λq) shown in equation (5.15) is characterized. In the 

reconstruction algorithm, extraction of the spectral power distribution 

harmonic beam is used as a starting point to fit the predicted intensity 

distribution and the measured intensity distribution via the distribution of 

spectral weights [140, 141]. In previous works, our colleagues have also 

successfully recovered the HHG spectrum from argon gas from a fringe 

pattern created by a Young’s double slit by application of the maximum 

entropy method (MEM) [148, 149]. A detailed description of the maximum 

entropy method is presented in [150]. The general idea of a MEM based 

reconstruction is that the most probable HHG power spectrum distribution is 

given by the distribution with the maximum value of the entropy functional 

[148] 
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where η is the Lagrange multiplier, M is the number of the experimental 

points, )x(I jT  is the experimental intensity distribution of the interference 

pattern, )x(I j

MEM

T  is the maximum entropy method estimate of )x(I jT  and 

)I( T  is the estimated uncertainty in the measurement of TI .  
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In order to evaluate the reconstruction process of the spectral 

characteristics, the reliability is given by  

 

 

Figure 5.9.Reconstructed spectrum of the harmonicsource around 13.5 nm. 
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When RF> 95%, the MEM based spectrum reconstruction is considered to 

be successful and reliable [148].  

In this study, we also apply the MEM to obtain the reconstructed 

harmonic spectrum from the interferogram shown in figure 5.8.  

Clearly, the reconstructed spectrum with the most intense harmonics 

around 13.5 nm is, in general, consistent with that which would be observed 

when the full range of the optimized spectrum is reflected from the Mo/Si 

multilayer focusing mirror with the characteristics shown in figure 5.2. 

However, the reliability of the reconstruction process is ~ 90 % which is still 

insufficient for the reconstructed spectrum process. This problem may be due 

to the inaccuracy of the experimental parameters such as the width of the 

Young’s double slit, the angle of the interference pattern with respect to the 

CCD pixel array, the slit separation and the distance between the CCD and the 

Young’s double slit all of which strongly influence the reconstructed 

spectrum. It has been shown that even a very small variation (< 1 %) in these 
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parameters can lead to remarkably inaccurate relative weighting and shifting 

of the reconstructed harmonic orders [51]. 

A more important problem is that the required distance between the CCD 

and the sample in the CDI experiments (~ 5 cm) is very different from that 

between the CCD and the slits in the Young’s double slit experiments (~ 32 

cm). Thus, we are not able to acquire the diffractive images and the 

interference image for spectral characterization of the incident harmonic beam 

under the same experimental condition in order that the spectrum extraction 

could be used as a reference spectrum in the reconstruction algorithm. To deal 

with this problem, a flexible extension tube which connects the experimental 

chamber to the CCD and allows us to vary the distance between the CCD to 

the sample (or the slit) easily could be installed.  

In this study, to obtain the reference spectrum for the reconstruction 

algorithm without the use of a Young’s double slit, a spectrometer chamber 

and a spectrometer CCD are implemented as shown in figure 5.1. When the 

focusing mirror is lifted, the full range of the harmonic spectrum, which is 

shown in figure 5.4, can be measured. After that, based on the characteristics 

of the mirror shown in figure 5.2, a reference spectrum of the harmonics 

around 13.5 nm could be estimated for the reconstruction algorithm.  

 

 

5.3.6. Acquisition of Diffractive Images  
 

Firstly, macroscopic parameters such as the gas pressure, the energy and 

chirp of the laser, and the position of the laser focus relative to the exit of the 

gas cell are optimized in order that the phase matching and maximum photon 

flux of the harmonic orders around H59 (~13.5 nm) are achieved.  

The multilayer focusing mirror is moved into the beam path so that the 

harmonic emission from around 12.5 nm to 14.5 nm, in which the photon flux 

of the central harmonic order ~H59 is strongest, is focused onto the sample. 

Then, the sample is placed so that the centre of the diffraction pattern 

coincides with the centre of the detector (CCD) which is cooled to -30
0
C to 

equilibrate thermally.  

In order to achieve a high resolution of the reconstructed sample from the 

coherent diffractive image, diffraction images with high angle diffractive 

features which can provide high resolution information need to be captured 

with a long exposure time. However, due to the limitation of the dynamical 

range of the CCD (~ 60,000 counts), the diffractive features in the centre or at 

low angles saturate rapidly when a long exposure time is required. Therefore, 
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we can perform this task by taking data frames at different exposure times. 

First, a data frame is taken with a appropriately short exposure time which 

ensures that all pixels in the CCD are not saturated. This short exposure time 

does not allow the acquisition of high angle diffraction data; only the low 

scattering angle data, particularly the features at the centre of the diffractive 

image, have been collected. Then, the exposure time is increased step by step 

so that the higher angle diffraction data is collected. This acquisition process is 

stopped when the highest possible angle diffraction pattern is obtained. With a 

longer exposure time, the low scattering angle data is highly overexposed and 

the CCD is saturated in these regions. Eventually, these data sets are 

normalized to each other and then combined so as to obtain the high angle 

scatter from the long exposure data with the non-saturated data together from 

the shorter exposure time data. It is advised that during the acquisition process 

the exposure time should not jump sharply since this may cause a sudden 

broad saturation region; therefore, some diffractive features would be lost 

when the images are stitched together. In order to eliminate any ghost image 

due to remaining charge from the previous image on the CCD detector chip, 

the detector system should be powered down and restarted after each signal 

image is taken. We also note that each of the signal images consists of several 

frames for averaging and need to have their background subtracted. The 

background images are dominated by thermal and readout noise and are taken 

by venting the gas cell.  

 

 

5.3.7. Imaging Results  
 

The diffraction image of the 2D regular pinhole sample is obtained by 

combining the acquisition of five different images taken at different 

appropriate exposure times. For the shortest exposure time, 3s, the image 

features a region of interest (ROI) of low angle diffraction data in its centre as 

shown in figure 5.10a. This exposure time ensures that there is no pixel in the 

CCD reaching saturation. After that, the exposure time increases gradually 

from 3 seconds to 30 seconds (figure 5.10b), 3.5 minutes (figure 5.10c), 7 

minutes (figure 5.10d) and 12.5 minutes (figure 5.10e) for acquisition of the 

high angle diffraction information. As mentioned above, if the exposure time 

changes abruptly, for example, from 3 seconds to 7 minutes, and then the two 

signal images (shown in figures 5.10a and 5.10d respectively) were combined 

to remove saturation regions, we may lose the diffractive features in the 

marked rectangular areas in figure 5.10d. 
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Figure 5.10. Diffraction images from the 2D regular binary pinhole sample at different 

exposure times: 3 seconds (a), 30 seconds (b), 3.5 minutes (c), 7 minutes (d) and 12.5 

minutes (e). The dashed rectangles in figure 6.10d denote areas where the diffraction 

features may be lost if images (a) and (d) were to be combined directly. 

 

Figure 5.11. Diffraction image of the 2D regular pinhole sample (a), zoom of the 

centre area (b) and zoom of a high-angle diffraction area (c). 
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Figure 5.12. Fourier transform of the diffraction image (a), and the low resolution and 

high noise reconstructed image of the 2D regular pinhole sample (b). 

By combining the five different diffraction images shown in figure 5.10, 

the final diffraction image of the 2D regular binary pinhole sample which 

comprises both low- and high-angle diffraction data without any saturation is 

achieved and presented in figure 5.11a. Figures 5.11b and 5.11c show a zoom 

of the centre diffraction area and the high angle diffraction area. The 

diffraction image has a strong qualitative resemblance to the pattern that 

would be produced by an extended periodic sample. The Fourier transform of 

the diffraction image is shown in figure 5.12a and the low resolution, high 

noise reconstructed image of the 2D regular pinhole sample is presented in 

figure 5.12b. The modified Gerchberg-Saxton iteration algorithm, which was 

developed by our colleagues for the multi-wavelength CDI approach, is used 

to obtain this reconstructed image. A detailed description of this algorithm can 

be found in [140, 141]. This algorithm does not require an illumination wave 

field that exhibits both perfect spatial and temporal coherence and allows 

diffraction images of a regular object to be processed that is a superposition of 

different diffraction images produced by each harmonic order of the 

polychromatic source. In this iterative algorithm, the exit wave field G(ρ0 | λk) 

leaving an object can be written in terms of a thickness function, T(ρ0), where 

ρ0 is the position vector in the object plane and λk is the wavelength of the k
th

 

mode after we sample the measured spectrum into a set of N values Sk, k = 1, 

2, …, N. The initial guess for the object density is obtained from the 

autocorrelation function of the image obtained by Fourier transforming the 

measured diffraction intensity. The key idea of CDI using a polychromatic 

source is to reconstruct the wavelength independent thickness function T(ρ0). 

Each of the modes must individually satisfy the support constraint but only the 
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most central mode in the spectrum G(ρ0 | λc) is propagated back to the sample 

and that is used as a basic for the update of the estimate T(ρ0) in the next 

iterative cycle. Thus, the key extension of this algorithm compared to the 

conventional Gerchberg-Saxton iteration algorithm is a combination of 

multiple forward modes and a single back-propagation mode. It is useful to 

recall that a high spatial coherence is required for accuracy with this 

algorithm.  

Figure 5.13a shows the diffraction image of the conjugated polymer 

sample and figures 5.13b and 5.13c are zooms of the centre area and the high-

angle area. Similar to the case of the 2D regular pinhole sample, the diffraction 

image of the conjugated polymer sample also originates from a combination of 

six sets with different exposure times: 5 seconds, 15 seconds, 45 seconds, 2 

minutes, 5 minutes and 10 minutes. Since this is a random and complex 

sample, its diffraction pattern is much more complicated than that from the 2D 

regular pinhole sample. Therefore, for successful recovery of the density of the 

complex sample, a new reconstruction algorithm which allows the diffraction 

patterns of the random (non-homogeneous) sample to be processed needs to be 

developed by the theoretical group.  

 

 

Figure 5.13. Diffraction image of the conjugated polymer sample (a),zoom of the 

centre area (b) and zoom of a high-angle diffraction area(c). 
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5.3.8. Limitations 
 

So far the high resolution of the reconstructed image of the binary pinhole 

sample could not be achieved because of some limitations. The first limitation 

originates from the spatial coherence of the illumination source. As analyzed 

in section 5.3.4, the degree of spatial coherence of the harmonic beam 

consisting of a few harmonics around 13.5 nm is ~ 0.81 which is rather lower 

than that of the harmonic source generated from argon (~ 0.95) [44, 149]. This 

may result from the fact that the spatial coherence length is shorter than the 

transverse dimension of the sample used in this study (20 μm) leading to some 

distortion in the diffraction images. The second limitation is the instability of 

the incident harmonic beam during the long exposure time required to 

overcome the low photon flux. This may be due to the instability of the 

fundamental laser beam. Since the harmonic signal is generated from helium 

gas with a very high ionization potential, even a small variation of the beam 

profile of the fundamental laser can cause a significantly unstable harmonic 

beam. This problem is responsible for the blurring of the diffraction images 

which can be seen clearly in figure 5.10a. Also, regarding the experimental 

setup described in figure 5.1, we know that when the mirror is inserted at an 

incident angle of 45
0
 it could not provide a good focusing of the harmonic 

beam. Thus, a long exposure time for acquisition of high-angle diffraction data 

is still required. At this point in time, a reconstruction algorithm for a random 

sample is still not available; therefore, no reconstructed image of the 

conjugated polymer is shown. 

In order to obtain a high quality reconstructed image with high spatial 

resolution, we need to solve these problems. Firstly, the stability of the source 

could be significantly enhanced by employing an auto-stabilization system, 

which is currently under construction in our laboratory, to keep the 

fundamental beam profile unchanged. Secondly, the spatial coherence of the 

harmonic generation around 13.5 nm generated from helium gas needs to be 

improved so that the coherence length is longer than the sample size. 

Furthermore, the experimental setup needs to be rearranged so that the incident 

angle is smaller; in this way, the focusing of the harmonic photons could be 

stronger in order to improve the photon flux illuminating the sample for 

reduction of the exposure time.  
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CONCLUSION  
 

We have demonstrated the possibility of using a x-ray source around 13.5 

nm based on the harmonic emission from helium gas for coherent diffractive 

imaging to improve the spatial resolution of reconstructed images. Harmonic 

emission with the most intense harmonic orders around H59 (~ 13.5 nm) has 

been observed and by using a Young’s double slit the degree of spatial 

coherence of this source was measured to be ~ 0.81 which is reasonably high 

for multiple wavelength coherent diffractive imaging. The diffraction patterns 

of a regular object as well as a complex object have been recored. 

Furthermore, a low resolution and high noise reconstruction of the 2D binary 

pinhole sample has been obtained. However, so far, we have not been able to 

recover the object density with high spatial resolution. This is due to the poor 

qualities of the harmonic source involving the spatial coherence and the 

stability. In order to be successful with a high resolution output of the 

reconstruction process, apart from enhancement of the qualities of the incident 

harmonic beam and rearrangement of the experimental setup for efficient 

focusing of the mirror, new reconstruction and refinement algorithms for the 

complex and random samples need to be developed by the theoretical group. 

 


