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Abstract: Soft x-ray microscopy is a powerful imaging technique that
provides sub-micron spatial resolution, as well as chemical specificity
using core-level near-edge x-ray absorption fine structure (NEXAFS).
Near the carbon K-edge (280-300 eV) biological samples exhibit high
contrast, and the detailed spectrum contains information about the local
chemical environment of the atoms. Most soft x-ray imaging takes place
on dedicated beamlines at synchrotron facilities or at x-ray free electron
laser facilities. Tabletop femtosecond laser systems are now able to produce
coherent radiation at the carbon K-edge and beyond through the process
of high harmonic generation (HHG). The broad bandwidth of HHG is
seemingly a limitation to imaging, since x-ray optical elements such as
Fresnel zone plates require monochromatic sources. Counter-intuitively, the
broad bandwidth of HHG sources can be beneficial as it permits chemicallyspecific hyperspectral imaging. We apply two separate techniques – Fourier
transform spectroscopy, and lensless holographic imaging – to obtain
images of an object simultaneously at multiple wavelengths using an
octave-spanning high harmonic source with photon energies up to 30 eV.
We use an interferometric delay reference to correct for nanometer-scale
fluctuations between the two HHG sources.
© 2015 Optical Society of America
OCIS codes: (320.7150) Ultrafast spectroscopy; (190.7110) Ultrafast nonlinear optics;
(300.6300) Spectroscopy, Fourier transforms.
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24. H. Ohldag, T. Tyliszczak, R. Höhne, D. Spemann, P. Esquinazi, M. Ungureanu, and T. Butz, “Pi-Electron Ferromagnetism in Metal-Free Carbon Probed by Soft X-Ray Dichroism,” Phys. Rev. Lett. 98, 187204 (2007).
25. H. J. Wörner, J. B. Bertrand, D. V. Kartashov, P. B. Corkum, and D. M. Villeneuve, “Following a chemical
reaction using high-harmonic interferometry,” Nature 466, 604–607 (2010).
26. Y. Nabekawa, H. Hasegawa, E. J. Takahashi, and K. Midorikawa, “Production of Doubly Charged Helium Ions
by Two-Photon Absorption of an Intense Sub-10-fs Soft X-Ray Pulse at 42 eV Photon Energy,” Phys. Rev. Lett.
94, 043001 (2005).
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1.

Introduction

Soft x-ray microscopy [1, 2] is an established technique for imaging nanometer-scale objects.
The x-ray spectral transmission near the carbon K-edge contains information on the chemical structure [3, 4]. Imaging of sub-micron sized objects that cannot be easily crystallized is a
problem that has been addressed with intense x-ray free electron laser (XFEL) facilities. These
sources generate enough photons to produce a diffraction image in a single shot [5–8]. However, due to the scale and cost of XFEL facilities, they are not very accessible to researchers.
High harmonic sources are tabletop systems that have been employed for coherent diffractive
imaging [9]. HHG fluxes have exceeded 10 µJ [10, 11], photon energies have reached beyond
1 keV [12] and NEXAFS resolution has been demonstrated at the carbon K-edge [13]. These
sources have excellent spatial and temporal coherence, but their broad bandwidth is seen to
be problematic for coherent diffractive imaging, because the imaging resolution is proportional to the bandwidth. Using a broadband HHG source with distinct harmonic peaks, one can
oversample the diffraction pattern and retrieve an image as if from a quasi-monochromatic
source [14,15], but this approach requires that the sample is spectrally flat, i.e. monochromatic,
and does not contain spectral information. Otherwise, the spectrum must be filtered by narrowband dielectric mirrors [16, 17], resulting in a loss of photon flux, and the loss of all spectral
information.
Here we utilize the full bandwidth of an HHG source by applying Fourier transform spectroscopy (FTS) [18, 19] at every pixel in the diffraction image. FTS does not employ slits, so
all the photons from the entire spectrum are used to form an image. In our experiment, two
synchronized HHG sources are delayed relative to each other with attosecond accuracy and
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focused onto a sample. The resulting far-field diffraction pattern is recorded for each time delay. At each pixel, the time delay trace is Fourier-transformed to provide the spectrum at that
pixel – a hyperspectral image. By digitally filtering the image, a series of monochromatic diffraction patterns is obtained. Each diffractive image can be deconvolved using phase retrieval
algorithms to give the image of the original sample at that wavelength.
Both parts of our experiment – Fourier transform spectroscopy in the XUV range, and holographic imaging – have been previously demonstrated, but not together. The technique for XUV hyperspectral imaging was demonstrated by Witte et al. [19] who used Fourier transform
spectroscopy with three harmonics from a high harmonic source to form an image of a 300-µmpitch nickel grid in the Fresnel zone. They developed an algorithm to reconstruct the image by
using all 3 harmonic orders, achieving a resolution of 6.7 µm. Fourier transform holographic
imaging has been demonstrated with a single XUV frequency [20, 21].
Here, we make two advancements based on this previous work [19]. First, we have performed
an XUV hyperspectral imaging experiment in the Fraunhofer regime using Fourier transform
holography with an extended holographic reference [22]. Spectral and spatial information are
retrieved simultaneously, and image reconstruction does not assume a monochromatic sample.
Second, to the best of our knowledge, this is the first experiment to use an interferometric
delay reference in a XUV FTS setup. A delay jitter of a tenth of a wavelength in FTS can deteriorate the quality of retrieved power spectrum [18]. The accuracy of the delay step limits the
highest optical frequency that can be spectrally resolved. As shown in our experiment, the use
of an interferometric delay reference significantly mitigates problems due to mechanical vibrations and atmospheric turbulence. The referencing setup can be easily implemented to extend
the highest resolvable frequency in FTS, which will be essential to future implementations of
soft x-ray FTS experiments.
The present experiment is limited in photon energy to about 40 eV due to the use of an
800 nm laser to generate the harmonics. Longer wavelength laser drivers can produce higher
photon energies [12]. In the future our technique might be applied to hyperspectral imaging of
biological samples near the carbon K-edge [23] or of magnetic materials in the regions of 700
eV (K edge) or 300 eV (L edge) [24]. This will require sub-nanometer accuracy in the delay
error between the two sources, which can be addressed by our delay referencing approach.
2.

Experiment

We rely on the remarkable temporal accuracy of HHG sources. It has been shown that two
sources have relative timing jitter in the zeptosecond range [25]. Since beamsplitters are not
readily available in the HHG spectral range, and spatial wavefront division cannot create two
closely-separated sources [26], we instead split the driving infrared femtosecond laser pulse
and create two separate foci in the same gas source [18, 19, 27]. The two 800-nm 50-fs laser
pulses are delayed in a common-path arrangement with a time-delay step size of 27 attoseconds
over a total delay of 27 fs. Since splitting the incoming beam spatially results in slightly different focal spots and since timing jitter is introduced by propagating spatially separated replicas
in air, we use a pair of Wallaston prisms to delay orthogonal polarization components. The
experimental setup is shown in Fig. 1 and explained in more detail in Appendix A.
In Fourier transform spectroscopy, the power spectrum is obtained by recording the autocorrelation trace at uniform delay steps. In our experiment, the autocorrelation trace is collected by
changing the path difference between two identical beams using a birefringent interferometer
setup. The quality of the retrieved power spectrum depends on the accuracy of the delay steps
and the interferometric stability of the optical setup. Fluctuations in the interferometric path
length of less than λ /10 can degrade the spectral resolution [18]. To retrieve wavelengths in
the XUV range, the delay accuracy needs to be a few nanometers. We address this technical
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Fig. 1. Experimental setup for Fourier transform coherent diffractive imaging. The 800 nm
laser beam is split by a pair of Wollaston prisms into two delayed pulses that focus into
the gas jet at slightly different positions. High harmonic generation occurs at each focus,
resulting in two soft x-ray beams that are focused onto the object. The resulting diffraction
pattern is recorded on a microchannel plate. HWP is half waveplate.

Fig. 2. Fourier transform autocorrelation at a single pixel. At each pixel of the 2D detector,
the intensity is recorded as a function of delay between the two high harmonic sources.
This trace shows that the HHG signal is composed of a series of attosecond pulses, each
separated by half the optical period of the driving laser field. The upper panel is the raw
signal recorded at the single pixel, and includes a low-frequency modulation due to a slight
overlap of the infrared laser fields on the two focal spots [18]. The lower trace has been
high-pass filtered to isolate only the attosecond pulse train contribution.

challenge by using a novel approach based on referencing the delay using optical interference.
Part of the two delayed 800 nm laser beams is transmitted through the Brewster plate polarizer and is directed to a second CCD camera, producing interference fringes that move with the
relative delay. The position of the fringes is recorded at each delay step, and provides a more accurate measure of the time delay. The measured delay is used to interpolate the autocorrelation
trace onto uniform delay steps. This corrects the instability of the optical setup, and corrects for
inaccuracy of the translation stage.
The two HHG sources are focused onto a test sample and the far field diffraction pattern is
recorded at 1000 relative time delays. Figure 2 shows the intensity vs time delay recorded at
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Fig. 3. Spectrum retrieved from a single pixel. A Fourier transform of the time domain
signal, such as that shown in Fig. 2, to the frequency domain results in the spectrum shown.
The peaks at ωL and 2ωL (1.5 and 3 eV) and the weak even harmonics are due to incomplete
separation of the two infrared foci, resulting in a modulation of the harmonic yield of each
beam as the delay is varied over one optical cycle [18].

a single pixel in the image. This is effectively an autocorrelation of the attosecond pulse train
emitted from each HHG source, and illustrates that the signal is a series of attosecond pulses.
The signal at each detector pixel such as that shown in Fig. 2 is Fourier-transformed from
the time-domain to the frequency-domain to give the spectrum incident on that pixel. A sample
spectrum from a single pixel is shown in Fig. 3. The spectrum at each pixel is digitally filtered
to yield a series of hyperspectral images. In Fig. 4 we show the digitally-filtered diffractive
images corresponding to harmonics 7, 11 and 17, as well as an image of the test sample. The
spatial frequency of the interference fringes is seen to depend on the wavelength corresponding
to each harmonic order.
At each optical frequency, the image of the sample can be retrieved from these diffraction
patterns. One approach is image reconstruction by iterative phase retrieval [19, 28, 29]. A second approach is Fourier transform holography, where a known reference structure is added to
the object to produce a holographic diffraction pattern [22]. This has the advantage that the reconstruction is a single-step deterministic calculation, but requires greater transverse coherence
of the optical field. Here we employ the latter approach, Fourier transform holography [22],
which has been demonstrated [20, 21] with HHG sources. A micrograph of the test object is
shown in Fig. 4. The “unknown” object is the letter “F”, and the holographic reference source
is a horizontal slit 12 µm wide and 1 µm high.
Thus, we combine Fourier transform holographic imaging and Fourier transform spectroscopy to resolve a test object at a number of soft x-ray wavelengths simultaneously. The
reconstruction procedure is described in Appendix A. It results in four images of the same
object – one image from each edge of the reference slit, and two conjugate images. The reconstructed images are shown in Fig. 5 at six different harmonic orders. At all harmonic orders, the
letter ”F” can been seen with good contrast at the top left quadrant along with its conjugate pair
at the bottom right quadrant. The second image retrieved at the top right quadrant remains visible at H7 and H9, but starts to distort and blur at the higher harmonic orders. We speculate that
the main contributing factor to this effect is the decreasing spatial overlap between the higher
order harmonic signal and the reference slit. Since the high harmonic emission from the gas
jet is imaged onto the sample, and since the higher order harmonics are emitted from a smaller
diameter, the illumination of the reference slit will become less uniform. It might also be caused
by imperfections at one end of the reference slit, which ideally should be a step function.
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Fig. 4. Frequency-resolved far field diffraction patterns of a test object. The test sample
(bottom right) is composed of the letter F and a reference slit. The images shown are digitally filtered to show the diffraction pattern at individual optical frequencies, corresponding
to harmonic order 7 (11 eV), 11 (17 eV) and 17 (26 eV). The spectral bandwidth of each
image is 0.15 eV, except for H17 where two adjacent frequency elements were averaged.
The spatial frequency of the interference pattern is seen to decrease with decreasing wavelength of the harmonic order.

3.

Discussion

Since our object is effectively monochromatic, one could also use the redundant information
between the six wavelengths to improve the quality [19]. We have not done so here to illustrate the quality of the raw reconstruction. Furthermore, we are interested in imaging objects
that are wavelength-dependent, particularly those exhibiting chemical information near x-ray
absorption edges. In that case, the images would be different at each wavelength.
The spatial resolution of the retrieved object is determined by three factors: the diffraction
limit dd , the resolution due to the spectral bandwidth ds , and that due to the size of the reference
slit, dr . The diffraction limit dd = λ /(2 sin θ ) is determined by the range of spatial frequencies
collected by the detector, whose numerical aperture is ≈ 0.06. The spectral resolution is given
by the fact that the apparent size of the retrieved object is inversely proportional to the wavelength – any spectral bandwidth will blur the image. If D is the largest dimension of the object,
then ds = D∆λ /λ . The spectral bandwidth is determined by the 27 fs maximum time delay between the two HHG sources, giving ∆E = 0.15 eV. Then ds = D∆E/(qh̄ωL ) = 0.1D/q, where
q is the harmonic order. Finally, the smaller dimension of the reference slit (dr = 1 µm in our
case) limits the spatial resolution of the reconstruction. For our experimental conditions, the
reference slit size is responsible for limiting the resolution to 1 µm for all harmonic orders. The
magnified image in Fig. 6 confirms that the resolution is about 1 µm.
Since existing HHG sources cannot compare with the brightness of XFELs, a large number
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Fig. 5. Reconstructed spatial images of the object. At each optical frequency, a spatial image
of the object is reconstructed using an algorithm based on Fourier transform holography
with an extended reference. In each image there are four copies of the letter F of the object
due to the algorithm. As the wavelength of the radiation becomes shorter (higher harmonic
order), the magnification of the image increases. The central part of the reconstruction
contains derivatives of the autocorrelation of the object and is masked for clarity.
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Fig. 6. Magnification of a single reconstructed object. One of the reconstructed objects from
Fig. 5, frequency-resolved at harmonic order 13, is magnified here. The spatial resolution
is about 1 µm. The resolution is mainly limited by the size of the reference slit, 1 µm.

of laser shots is usually required to produce a diffraction pattern [17]. Therefore the necessity
of recording over a number of time delays for FTS comes at no additional cost. When using
a spectrally filtered HHG source, the coherence length [21] is λ 2 /∆λ , limiting the size of the
object and the spatial frequency range of the diffraction pattern, as well as reducing the number
of photons. With FTS, the spectral resolution is dictated numerically by the total retardation,
allowing greater longitudinal coherence lengths. Even narrow spectral features associated with
transient absorption can be resolved, given a sufficiently long delay scan.
The HHG photon energy with the present proof-of-principle setup is limited to about 40 eV
by the 800 nm laser wavelength and the relatively long 50 fs pulse duration. The photon energy
cutoff can be extended to the carbon K-edge at 284 eV and beyond 1 keV by using shorter laser
pulses and longer laser wavelengths [12]. Although the spectra that we used here to demonstrate
our approach are limited to discrete harmonics, the spectra associated with photon energies in
the water window are essentially continuous, and will permit chemical-sensitive imaging near
the carbon K-edge [13]. Diffractive imaging at multiple wavelengths might also enable imaging
of three-dimensional objects because multiple radii of the Ewald sphere are measured [30].
Appendix A: Methods
We use 5 mJ of an 800 nm driving beam from a 50 fs, 16 mJ, Ti:sapphire laser at 100 Hz repetition rate. We implement an inline-delay setup using birefringent materials similar to Ref. [31]
(see Fig. 1). The first half-waveplate rotates the beam polarization by 45◦ . A pair of Wollaston
prisms with 5◦ wedge angle separates the two polarizations into different propagation angles.
By translating the first Wollaston prism perpendicular to the beam direction with a translation
stage (Newport MFA-PPD), we can vary the delay between the vertically and horizontally polarized beams. The minimum incremental motion of 100 nm corresponds to ∼ 10 asec of actual
optical delay per minimum delay step. The second Wollaston prism is used to fine tune the
angle between the two beams. The second waveplate rotates the polarization of the two beams
by 45◦ . A Brewster angle linear polarizer is used to produce two vertically polarized beams.
We use the light transmitted through the linear polarizer as a delay reference beam (see below),
while the reflected light is directed into the vacuum chamber .
A 300 mm focal length lens produces two foci inside a continuous gas jet (∼ 0.3 mm thick) in
a vacuum chamber. The gas jet uses argon gas with 1.5 bar of backing pressure. To avoid cross
modulation [18,32], the two foci are spatially separated at the gas jet by 180 µm. This produces
two identical but separate XUV attosecond pulse trains. The XUV beams propagate 1 m into
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a detector chamber. The XUV is focused with two spherical mirrors (radius of curvature 5 m
and 3 m) at grazing angles of 3-5 degrees. The first mirror focuses in the horizontal direction
and the second mirror in the vertical direction. The test sample of 35 µm size is placed a few
millimeters after the XUV focus to ensure even illumination by both XUV beams. The sample is
made from 100 nm thick SiN, coated with a few nm of gold and cut through to form the pattern.
The sample is mounted on a 3-dimensional translation stage inside the detector chamber.
The XUV diffraction pattern is recorded 25 cm behind the sample, using a microchannel
plate (MCP) of diameter 75 mm and 10 µm pore size, a phosphor screen, and a high dynamic range CCD camera. The CCD camera (model PCO 1600) records a 1.5 cm square of the
phosphor screen at 14 bit depth and 20 µm spatial resolution. For each delay, we record the
diffraction images by integrating 10 frames each with 2 seconds exposure time. This is equivalent to illumination with ∼ 1011 XUV photons at each delay. The total delay is 27 fs, which
gives a 0.15 eV spectral resolution.
Here we summarize the mathematical method used to obtain the reconstruction from the
diffraction pattern at each wavelength. It is based on ref. [22]. Let f (x, y) = o(x, y) + r(x, y) be
the optical field exiting the sample. Here o(x, y) is the unknown object and r(x, y) is the known
reference slit, parallel to the x-axis. Assuming Fraunhofer diffraction, the far-field amplitude
F(u, v) is proportional to the spatial Fourier transform of the near-field amplitude:
Z Z

F(u, v) ∝

f (x, y) ei2π(ux+vy) dxdy

(1)

Here u = x0 /(λ z0 ) and v = y0 /(λ z0 ) are the spatial frequencies, λ is the wavelength of the optical
field, x0 and y0 are the transverse coordinates in the detector plane at distance z0 from the object.
By the Wiener-Khintchine theorem, the inverse Fourier transform of the squared modulus of
the Fourier transform of a function is the autocorrelation of that function:


F −1 |F(u, v)|2 = f ⊗ f = o ⊗ o + r ⊗ r + o ⊗ r + r ⊗ o
(2)
If we apply the linear operator ∂ /∂ x in the direction x parallel to the reference slit axis, then we
obtain two delta functions corresponding to the ends of the slit of length L. Then eq. 2 becomes

∂
∂ −1 
F
(o ⊗ o + r ⊗ r)
|F(u, v)|2 =
∂x
∂x
+o(x + L/2, y + y0 ) − o(x − L/2, y + y0 )
−o(−x + L/2, −y + y0 ) + o(−x − L/2, −y + y0 )

(3)
(4)
(5)

The ∂ /∂ x term represents autocorrelations of o and r that are localized in the middle of the
image. The derivative in the x direction of the Fourier-transformed far-field intensity contains 4
replicas of the unknown object o(x, y), offset vertically by distance y0 (distance from reference
slit to object) and horizontally by L/2 (half-width of reference slit).
The reconstruction procedure is as follows: If I f ar (u, v) is the measured far-field intensity
distribution, then F −1 (iuI f ar ) contains 4 images of the object. The reconstructed object is
shown in Fig. 5 for each harmonic order. At each frequency, the letter F is seen with varying
degrees of fidelity. There are four copies of the object due to the holographic reconstruction.
The apparent magnification of each image is inversely proportional to the wavelength of the
radiation.
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