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High harmonic generation (HHG) provides a labora-
tory scale source of coherent radiation ideally suited to
lensless coherent diffractive imaging (CDI) in the EUV
and X-ray spectral region. Here we demonstrate trans-
mission EUV ptychography, a scanning variant of CDI,
using radiation at a wavelength around 29 nm from an
HHG source. Image resolution is diffraction-limited at
54 nm, and fields of view up to ∼100 µm are demon-
strated. These results demonstrate the potential for
wide-field, high resolution laboratory scale EUV imag-
ing using HHG-based sources with potential applica-
tion in biological imaging or EUV lithography pellicle
inspection.
© 2016 Optical Society of America
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Coherent Diffraction Imaging (CDI) is a rapidly-evolving
technique attractive for imaging at wavelengths where conven-
tional lenses become ineffective [1, 2]. CDI methods reconstruct
the phase and amplitude of the exit wave field (EWF) from a
coherently-illuminated sample using the measured scattered
radiation. Only the spatial intensity profile of the scattered radi-
ation is collected by the detector; all phase information is lost.
However, if the scatter pattern intensity is sufficiently sampled
and additional knowledge (i.e. real space constraints) are pro-
vided, the unrecorded phase information can be recovered using
computational methods [3, 4]. Rapid development of coherent X-
ray sources worldwide has led to development of numerous CDI
methods applied to both the physical and biological sciences. In
the last decade a variation of CDI known as ptychography [5]
has advanced the field, allowing the reconstruction of wide-field
images of extended samples. In a ptychography experiment,

multiple overlapping regions of the sample are illuminated se-
quentially, and the algorithm uses the overlap between adjacent
illuminated regions as the real-space constraint for phase re-
trieval. The main assumptions of the ptychography method are
that the illumination probe and complex transmission of the
sample remain unchanged during the scan, and that the probe
positions are known precisely. This additional knowledge, com-
bined with sufficient overlap between the scanning positions
and appropriately sampled scatter pattern intensities, provides
enough constraints for robust reconstruction of the complex val-
ued probe and object, without many of the issues seen in single
diffraction pattern CDI with support constraint methods. [5].

CDI-based methods have found particular use in the X-ray
community, because of the difficulty in producing high quality
imaging optics in this spectral region. CDI methods generally
require a very high level of coherence that can be provided
by high brilliance light sources such as 3rd and 4th generation
synchrotron sources or free electron lasers (FELs). The main
drawback of these large facilities is that they are sparse and the
beam time is limited. As a laboratory scale source of coherent
EUV radiation, high harmonic generation (HHG) can provide
the required spatially coherent light. Single diffraction pattern
CDI with support constraint, in which a single scatter pattern is
recorded and the real space constraint is provided by expecta-
tion of an isolated small sample, has been demonstrated with a
HHG based source using binary samples, whose transmission
is either one or zero, giving up to 22 nm resolution [6]. Ptycho-
graphic imaging avoids some of the drawbacks of the single
diffraction CDI with support constraint but it places very high
demands on the pointing and intensity stability of the illumi-
nation source over the duration of the scan, as it requires the
acquisition of multiple scatter patterns with the same illumi-
nating probe beam [7, 8]. X-ray ptychography at synchrotrons
has been very successful, and in a typical X-ray ptychography
experiment, thousands of overlapping regions of a sample might
be illuminated for a single reconstruction. Up until now, the
only demonstration of ptychography using HHG radiation has
been reflection-geometry ptychography using a HHG source at
29 nm wavelength [9]. The claimed lateral resolution was 40 nm
by 80 nm and the field of view achieved was 45 by 65 µm using
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198 overlapping illuminated regions.
In this letter, we present ptychographic imaging, in a trans-

mission geometry, of extended objects with greater than 100 µm
field of view in a single reconstruction, with high detection
numerical aperture (NA=0.26), resulting in diffraction-limited
resolution of 54 nm in both axes. The largest field of view was the
result of collection of 967 high dynamic range scatter patterns,
demonstrating the extreme stability of the HHG source needed
to ensure accurate reconstruction. The field of view is only lim-
ited by experimental time taken. The cumulative exposure time
was less than 0.6 s per a position.

The experimental setup is shown in Fig. 1. The laser gener-
ates pulses at 800 nm wavelength with 50 fs pulse length and
1 kHz repetition rate. The generated IR pulses of energy 1.8 mJ
are focused down into a 3 mm long gas-cell by a 75 cm focal
length lens. The gas cell is filled with argon gas at a pressure of
80 mbar. The EUV and the fundamental IR beam are separated
by a single 200 nm thick aluminium filter. The generated EUV
is spectrally filtered and focused onto a sample by a spherical
B4C/Si mirror with radius of curvature of 40 cm. The fold angle
of the mirror is ∼ 7°, resulting in a significant astigmatism of
the focused beam. The EUV beam is spatially constrained by
a pinhole placed near to the beam focus. The structured illu-
mination at the sample plane is therefore defined by near-field
propagation of the cropped EUV beam. The sample is moved
relative to the pinhole by 3-dimensional nanoprecision piezo
stages (Smaract 3D SLC-1740). The scattered radiation from the
sample is collected in the far-field regime by a 1024 × 1024 EUV
sensitive CCD camera (Andor DV434) placed 2.55 cm behind
the sample. A key feature, essential to the success of the experi-
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Fig. 1. A schematic of the experimental design. After the am-
plifier, the IR laser is reflected off a first stabilisation mirror
(M), before passing through a stabilised focusing lens (L). The
main beam is then reflected into the gas cell whilst a small frac-
tion of the beam passes through the back of the dielectric mir-
ror towards two stabilisation CMOS cameras (C1 and C2). The
beam path between amplifier and gas cell is approximately
6 m. The main beam passes through the gas cell (G) where the
EUV is generated, and is attenuated by an aluminium filter (F),
which transmits the EUV beam. A multilayer spherical mirror
(XM) is used to focus the EUV onto the aperture (P) and sam-
ple (S). The diffraction pattern is measured in the far field by a
cooled CCD (XC)

ments, is the careful attention to all factors that can influence the
beam stability. Beam pointing stability was improved using both
passive and active techniques. The fast positional fluctuations
caused mainly by air fluctuations and mechanical vibrations
were reduced by sealing the beam path between the amplifier
and the vacuum system, and mechanical oscillations were min-
imised. Slow positional variations with frequency below 1 Hz,
originating from the laser system, and small air temperature
variations in the laboratory during the experiment can adversely

affect the stability of the probe illumination. These slower move-
ments were compensated using a custom-built active stabilisa-
tion system based on a PID controller and two CMOS cameras
(DCC1545M) (Fig. 1) driving Picomotor actuators that can pro-
vide angular precision better than 0.2 µrad. The measured EUV
stability is approximately five times worse than the IR stabil-
ity, due to extra experimental instabilities after the gas cell that
cannot be corrected for with active stabilisation.

The dynamic range of the collected scatter patterns was in-
creased by exposing the same sample region using different
exposure times [5]. To reduce total readout time, only the cen-
tral regions were read out in the shorter exposures. The image
stitching was done by following equation

I(k) =
∑N

i Wi(k)Ii(k)
∑i Wi(k)ti

tN (1)

where Ii(k) denotes background subtracted diffraction intensity
at the position k, ti is the i-th exposure time, tN is the maximal
exposure time and Wi(k) are weighting factors. Weighting factor
Wi is zero for over-saturated regions and inversely proportional
to the expected noise level elsewhere. No mechanical beam block
was used in our setup. Exposure times ti were corrected to avoid
systematic errors caused by finite shutter opening and closing
time. This method allows the extension of the dynamic range by
3 orders of magnitude without losing the low spatial frequency
information. The total readout time was increased by a factor of
approximately two compared to a single exposure. This method
was used instead of more common methods such as multi image
accumulation [9], which is slow, or using a static beam stop [10],
which results in large missing regions in the collected diffraction
patterns. In the presented experiment, the high dynamic range
method provides a dynamic range of 106 using exposure times
between 5 ms and 0.5 s. All scatter patterns were corrected for
the consequences of the curvature of the Ewald sphere and the
use of a flat detector [11].

The EUV photon flux incident on the sample is ∼ 6 ×
108 photons/s, equivalent to a flux of 2.7 mW/cm2 incident on
the sample. The use of a single mirror results in polychromatic
illumination of the sample (see Fig 2b). The EUV bandwidth is
limited by the reflectivity spectrum of the B4C/Si mirror, with
peak reflectivity around 30 nm and by the absorption edge of ar-
gon gas, which strongly attenuates wavelengths above ∼30 nm.
The experimental geometry (Fig. 1) introduces a significant
astigmatism into the beam, therefore the aperture required for
ptychography was placed at the "circle of least confusion" (CLC)
between the two foci to maximise EUV flux through the aperture.
The sample was positioned approximately 0.1 mm behind the
pinhole. It is advantageous to keep this distance in the near-field
regime (i.e. Fresnel number � 1) in order to produce sharp
features in the illumination probe. Furthermore, any increase
in beam size arising from propagation would result in lower
photon flux density on the sample and lower oversampling of
the scatter pattern, which would in turn increase demands on
beam stability and coherence.

For the datasets presented in this letter, aperture diameters
of 7 µm and 10 µm were used. The step size of the scan was
chosen to produce 70∼80% linear overlap to ensure sufficient
ptychographic sampling [12], resulting in either 1.5 or 3 micron
steps depending on the pinhole size.

We present results from two samples. Both samples were
prepared on a 50 nm SiN membrane. The first sample (Fig. 3)
is an aperiodic high-contrast grid pattern produced by electron
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beam lithography and coated with 100 nm of gold. Figure 3(b)
shows an SEM image of the aperiodic grid sample. The second
sample consisted of 400 nm diameter PMMA spheres deposited
onto a 50 nm silicon nitride membrane to produce an extended
sample with a random distribution and feature size similar to
those found in biological cells [13].
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Fig. 2. A line profile of the far field diffraction pattern of a dou-
ble slit placed at the CLC position. The profile is compared
to that from a simulated monochromatic spectrum to demon-
strate the blurring effect caused by the polychromatic source
illumination. Right plot shows the reconstructed EUV spec-
trum derived from the double slit diffraction pattern [14].
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Fig. 3. (a) shows amplitude and phase image of the grid sam-
ple. Here, the image hue represents relative phase and image
intensity shows the amplitude of the reconstructed complex
transmission function. The inset of (a) shows the complex re-
constructed probe field on the same scale as the sample (b)
shows an SEM image of the sample. (c) and (d) show the com-
plex electric field distribution of the probe incident on the
sample, and after back propagation to the plane of the pinhole
aperture. (e) is an example of a single collected scatter pattern.

The EUV spectrum incident on the sample was measured
by a Young’s slits-based spectrometer [14] in order to obtain
the EUV spectrum under the same experimental conditions that
were used in the imaging experiments. A double slit with 4 µm
separation and 1 µm width was milled by an FIB into 200 nm
Au-coated silicon nitride and placed in the CLC position. A line
profile of the collected high dynamic range far-field diffraction
pattern is shown in the Fig 2. The spectral resolution (Fig. 2)
was diffraction limited to approximately 0.5 nm FWHM. How-
ever, thanks to a relatively long driving pulse length (50 fs), the

produced HHG spectral peaks are very narrow. Despite us-
ing polychromatic illumination, sharp speckles are visible even
when measured using NA>0.4 in a previous experiment. The
main advantage of using the polychromatic spectrum is the in-
creased coherent photon flux density incident on the sample [15]
due to the use of a single mirror, necessary because of the low
reflectivity (peak reflectivity <30%) of multilayer mirrors in this
spectral region.

Reconstructions were performed using the extended ptycho-
graphic iterative engine (ePIE) algorithm [5] in combination
with the application of relaxation of several constraints. We have
used the PolyCDI method [16] to relax for broadband illumina-
tion using the reconstructed EUV spectrum. PolyCDI is a valid
approximation if the sample can be assumed to be sufficiently
achromatic. Otherwise a full multicolour ptychographic method
must be implemented [17]. Reduced visibility due to finite co-
herence length and fast beam fluctuations was relaxed using a
convolution based correction method [18]. Finally, intensity and
readout noise relaxations were implemented as in Ref. [19]. The
pixel size was estimated from the experimental geometry and
more precisely refined during the reconstruction process by a
cross-correlation method [8].
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Fig. 4. (a) shows a zoomed region of the reconstruction shown
in Fig. 3 and one example of intensity values around a sharp
edge and an error function fit to a numerically-refocused sharp
edge profile. The white line indicates the region of the recon-
struction where the shown line profile was obtained.The stars
represent reconstructed data points and the circles denote data
points after numerical refocusing of the image. (b) shows the
Fourier ring correlation with 1-bit resolution criterion.

The complex reconstruction (i.e amplitude and phase) of the
grid sample is presented in Fig. 3(a). The reconstruction of the
complex illumination probe field is shown in Fig. 3(c). Figure
3(d) shows back-propagation of the illumination probe onto the
aperture plane where a saddle-shaped wave front cropped by a
circular aperture is clearly visible, as expected. The pinhole to
sample distance was estimated to be 55 µm using angular spec-
trum model (ASM) [20] based propagation code. The highest
reconstructed spatial frequency was limited by the experimental
geometry to 54 nm. There is large attenuation of 29 nm light by
the 100 nm thick Au layer, so no phase variation is observed.
Due to insufficient flatness of the sample, the majority of the
observed phase variation, i.e. fringes around some of the sharp
edges, are diffraction effects. The depth of focus (DOF), given as

DOF = ±1
2

λ

(NA)2 (2)

is approximately 200 nm in this experimental geometry. Thus the
sample to pinhole distance must vary by less than 200 nm over
the whole scanning region in order to have the whole reconstruc-
tion in focus. This is a serious limitation, particularly for higher
NA short wavelength imaging. This effect originates from the
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nature of ptychography, which searches for a single optimal
illumination probe for the whole dataset. However, because
features in our aperiodic grid sample are sparse, and flatness
is close to the limit given by Eq. 2, it is possible to numerically
“refocus” the reconstruction by the ASM method at different
regions of the sample. An example of the numerical refocusing
effect is demonstrated in Fig. 4(a). Figure 4(a) shows an example
of a cross section of the reconstructed EWF taken at a region of
the sample containing a sharp edge. The reconstructed complex
data points (stars) were numerically refocused (circles) using
the ASM to show a very flat profile on either side of the rising
edge, as expected from the nature of the sample. This knife edge
analysis was applied to multiple sample regions to estimate the
resolution. The example of the refocused data in Fig. 4(a) agrees
well with the error function complement (ERFC) fit. The knife
edge analysis shows that the 10 − 90% distance, 58 ± 5 nm, is
approximately equal to the pixel size of 54 nm, indicating that
the resolution is limited mainly by the experimental geometry
and not by the reconstruction process or insufficient EUV signal.

The repeatability of our measurement was evaluated from
two independent datasets using Fourier ring correlation (FRC) as
shown in Fig. 4. We have used the 1-bit threshold criterion [21]
to estimate the resolution. Our aperiodic grid sample possesses
a high degree of asymmetry, and the distribution of scattered
intensity is significantly anisotropic (see Fig. 3(e)). Thus the FRC
in the vertical direction is reduced at higher spatial frequencies
compared to the horizontal direction. The resolution in the verti-
cal direction was estimated from the FRC to 100 nm and in the
horizontal direction it is limited by the experimental geometry
to 56 nm, in good agreement with the knife-edge estimates.

105 μm

π 0

Fig. 5. An image reconstruction in phase and amplitude of an
extended sample of PMMA spheres placed on 50 nm thick
Si3N4 support. Pixel size is 54 nm and the field of view is
105 µm. The illumination probe is presented on the same scale
as the reconstructed image.

A reconstruction of the second extended sample is presented
in Fig. 5. The field of view here is ∼ 105 µm, achieved by col-
lecting 976 scatter patterns with a probe aperture diameter of
10 µm, moved in steps of 3 µm. The pixel size is again limited by
the geometry to 54 nm. The total dose deposited into the sample
was approximately 105 Gy.

We have presented diffraction-limited, wide-field transmis-
sion ptychography using a high harmonic generation based
table-top source. We have shown that broadband radiation can
be acceptable and even beneficial if it provides significantly
larger flux for illumination. High resolution and large field of

view reconstructions of extended samples are now possible, de-
spite the lower stability and flux of table-top laboratory EUV
sources, by application of a variety of appropriate CDI relaxation
techniques. As HHG research progresses towards generation
of sufficient coherent flux for imaging in the water window, the
HHG-based ptychographic microscope should become a highly
valuable tool for high-contrast, high-resolution quantitative mi-
croscopy.
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