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Panoramic full-field imaging is demonstrated by applying spatial multiplexing to Fourier transform holog-
raphy. Multiple object and reference waves extend the effective field of view for lensless imaging without
compromising the spatial resolution. In this way, local regions of interest distributed throughout a sample
can be simultaneously imaged with high spatial resolution. A method is proposed for capturing multiple ul-
trafast images of a sample with a single x-ray pulse. © 2007 Optical Society of America

OCIS codes: 180.7640, 090.4220, 320.2250.

Lensless Fourier transform holography (FTH) is an
imaging technique well suited for high resolution
x-ray microscopy [1-5]. In FTH the reference and ob-
ject waves originate from adjacent sites on the scat-
tering plane which is perpendicular to the optical
axis. When the scattering plane is illuminated by a
coherent wavefront, interference between the object
and reference waves are detected in the far field as
fringes which form a hologram. The two-dimensional
(2D) Fourier transform of this hologram is the auto-
correlation of the two waves in the scattering plane
and thus contains a reconstructed real space image of
the object. Because the image is the convolution of
the reference and object wave amplitudes, a delta
function-like reference is desired for high spatial
resolution, and a large object profile is preferred for a
wide field of view. Realizing high spatial resolution
requires a large numerical aperture for the hologram.
However, a large object generates high spatial fre-
quency fringes in the hologram, which must be re-
solved by the detector pixels to successfully recon-
struct the entire field of view. This balance is
characteristic of full-field imaging, where the field of
view and spatial resolution are competing quantities.
However, by using multiple object and reference sig-
nals, the effective field of view can be extended with-
out compromising the numerical aperture of the de-
tected hologram [6].

Here we demonstrate multiple object FTH at soft
x-ray wavelengths which allows us to simultaneously
record images of isolated areas on a sample. We show
that this method is capable of imaging local areas of a
sample with high spatial resolution, and envision its
application to record images of ultrafast processes by
combining it with a cross-beam pump probe illumina-
tion.
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Fig. 1. (Color online) (a) SEM of the FTH transmission
mask. An x-ray opaque 1.4 um Au layer was sputter depos-
ited onto a 100 nm SizN, membrane. (b) The soft x-ray
Fourier transform hologram shown was recorded with a
momentum transfer range of ¢==0.09 nm~!. The base ten
logarithm of the intensity is shown in false color with the
number of photons detected specified by the colorbar. (c)
The squared magnitude of the spatial Fourier transform of
the hologram in (b) is the autocorrelation reconstruction
that presents the intensity transmission profile of the
sample.
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The methodology for acquiring high resolution im-
ages of specific regions on a sample is introduced
with the transmission mask structure shown in Fig.
1(a). The Au nanostructure is composed of three cir-
cular isolated regions of interest each containing a
block letter shaped structure with an intensity trans-
mittance of 12% at A=1.58 nm. The focused ion beam
(FIB) fabrication techniques for this structure were
recently reported for a similar sample [7]. The 120
X 160 nm elliptical reference holes have unity trans-
mittance and are strategically placed adjacent to the
letters.

To record the coherent diffraction pattern dis-
played in Fig. 1(b), the sample was illuminated with
a properly filtered soft x-ray beam originating from
an undulator source. The wavelength for the experi-
ment, A=1.58 nm, was selected by a spherical grating
monochromator with energy resolution, A\/AN>5000,
thus providing a longitudinal coherence length, &
=\?/(2AN) >4 um, sufficient for interference. After
spatial filtering the transverse coherence width of the
beam incident on the sample was & >20 um. The pat-
tern was recorded with an in-vacuum, back side illu-
minated, thermoelectrically cooled CCD camera [8].

The interference fringes formed by scattering from
the longest length scales on the sample (11 um) were
resolved on the detector because the spatial periodic-
ity of these fringes exceeded the CCD pixel pitch,
which defines the detected momentum transfer incre-
ment of the hologram g;,.. For the hologram in Fig.
1(b) @inc=0.15 um~'. As a result the Fourier trans-
form reconstruction, Fig. 1(c), contains the autocorre-
lation of all scattering structures. In particular, the
block letters appear as “FTH” above and below the
center of the reconstruction, due to the strategic ref-
erence hole placement. Therefore by augmenting the
detected ¢ and thus undersampling the coherent dif-
fraction pattern it is possible to realize additional
spatial resolution without sacrificing field of view in-
formation for the isolated regions.

The key to extending the effective field of view is
the strategic arrangement of each reference hole with
respect to the neighboring object region. Images of
the isolated regions should tile, not overlap, in the
autocorrelation [6,7]. Furthermore, for the highest
spatial resolution, the reconstructed field of view
should be matched to the extent of the largest local
region on the sample. Since these requirements are
compatible with single shot illumination from a
pulsed x-ray source, isolated regions on a sample can
be imaged with a single pulse.

We further extend the field of view with the trans-
mission mask illustrated in Fig. 2(a). This nanostruc-
tured Au absorption mask contains 40 nm features
spanning 180 um. The scanning electron microscopy
(SEM) image in Fig. 2(b) shows one of the four arrow-
shaped object and reference pairs that spans the dis-
tance A,,=6.1 um. Both the reference and the arrow
were milled through 1.0 um of Au and 100 nm of
SigN, using the FIB and thus have unity transmis-
sion.

The coherent diffraction pattern displayed in Fig.
2(c) was recorded at A=1.56 nm with &>4 um. For
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Fig. 2. (Color online) (a) Scale illustration of the extended

field of view absorption mask spanning 180 um. Transmis-
sion structures appear black while the opaque Au is gray.
(b) SEM of an isolated region of the illustration is enlarged,
displaying both a ~70 nm diameter reference hole and ar-
row structure. (¢) The hologram is a composite of data re-
corded with and without a beamstop. To cope with the di-
rect beam a Gaussian high pass filter was applied to the
hologram thus minimizing the ringing in the reconstruc-
tion as suggested by Chapman et al. [12]. (d) Fourier trans-
form reconstruction of the hologram where the <50 nm
spatial resolution is limited by the size of the reference.
The weak contrast in the diagonal arrows results from re-
duced high frequency fringe visibility. One possible source
is the presence of charge in multiple adjacent CCD pixels
upon detection of a single photon.

this experiment the transverse coherence width &,
>10 um did not span the spacing between local
sample regions, and the reconstructed field of view
was matched to the local length scales on the sample
(e.g., A,,). As a result the coherent diffraction pattern
shown in Fig. 2(c) contains only the superposition of
the four independent holograms which were recorded
concurrently. All four of the arrows are clearly visible
in Fig. 2(d), which displays the squared magnitude of
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Fig. 3. (Color online) Illustration of the envisioned cross-
beam time resolved single shot imaging experiment. (a)
The pump pulse propagates along the sample to excite it
and establish time scale ¢,=(A cos a)/c. (b) The x-ray probe
pulse simultaneously illuminates the entire sample thus
storing the temporal evolution of the sample in the holo-
gram. (c) The relative delay between the pump and probe is
defined by each arrow’s orientation. The horizontal arrow,
t1, has the shortest delay and ¢, the longest (the contrast in
this image has been enhanced for clarity).

the 2D Fourier transform of the hologram in Fig.
2(b). We note that this is similar to multiple exposure
holography, which has been studied at visible wave-
lengths [9].

The ability to precisely capture ultrafast temporal
evolution across a single spatial dimension can be re-
alized with a cross-beam pump probe experimental
geometry [10,11]. Such a configuration is illustrated
in Fig. 3, where an ultrafast optical pump pulse with
incidence angle a excites the samples separated by A.
The evolution of the system is captured by a subse-
quent probe pulse from an ultrafast x-ray source at
normal incidence. Since the entire mask is simulta-
neously illuminated by the x-ray probe pulse, the re-
sulting hologram contains instantaneous diffraction
patterns from each position along the sample and
their respective temporal delays. This temporal evo-
lution would be visible in the Fourier transform re-
construction of the scattering pattern shown in Fig.
3(c). In the illustrated geometry the arrows function
as the hand on an ultrafast clock, pointing toward a
given time delay, ¢,. Longer delays result when « is
small, with the longest possible delay set by the
transverse width of the x-ray probe pulse.

The key feature of applying FTH to a cross-beam
geometry is the achievable temporal resolution of the
time delay t,. Since ¢, is calculated from A, higher
spatial resolution implies improved temporal preci-
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sion. The spatial resolution in FTH is set by the size
of the reference aperture, therefore femtosecond tem-
poral precision is viable. However, this geometrically
calculable temporal precision may be limited by the
pulse duration. Since the image is detected by the
probe pulse its duration defines the temporal uncer-
tainty. Additionally, depending on the experiment
and geometry the rising edge and duration of the
pump pulse may also augment the temporal uncer-
tainty.

In conclusion, we have demonstrated a method for
an effective extension of the field of view for FTH. Re-
markably, isolated regions distributed about a
sample can be imaged simultaneously without com-
promising spatial resolution. An experimental geom-
etry applicable to ultrafast single shot imaging was
suggested that is especially relevant in light of ex-
periments planned for x-ray lasers.
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