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High-harmonic generation (HHG) offers better coherence1,
shorter pulse durations2 and far greater accessibility than
synchrotron sources3. These factors make HHG an increasingly
important source of soft X-rays and an excellent resource in
many emerging areas, for example, the time-resolved study of
conformational changes in single biological molecules4. Here, we
demonstrate a novel technique that enables us to reconstruct
spectral information spatially across an X-ray beam. As only
a single diffraction image is required per measurement, this
technique is well suited to time-resolved studies. This technique
is applicable to many types of X-ray source3,5–7 and can be adapted
for different spectral regions. Here, results are obtained using a
capillary high-harmonic source8, revealing detailed information
that brings new insight into the physical processes occurring
inside the source and enabling us to show the first measurement
of radial variation of harmonic order in the emission from an
HHG capillary.

Capillary high-harmonic generation (HHG) has the potential
to be a very efficient source of soft X-rays because it offers an
extended interaction length between the laser and the generating
medium9. However, this potential has not yet been realized10

because the propagation11,12 and phase-matching13,14 processes
inside the capillary are complex and not fully understood. The aim
of this work is to gain further insight into these complex processes
by studying the variation of spectral output spatially across an
HHG beam.

The HHG beam used was generated by a chirped-pulse-
amplified Ti:sapphire laser as it was guided along the length
of an argon-filled capillary. The spectro-spatial information was
obtained through analysis of the diffraction pattern created by
a nickel wire mesh inserted into the X-ray beam (see the
Methods section).

Figure 1 shows an example of the diffraction pattern recorded
on the CCD (charge-coupled device) camera. The overall
spatial intensity profile of the beam is visible, although here
we are more concerned with the effect of the nickel mesh.
The X-rays are clearly diffracted by the grid of apertures,
and on close inspection it is possible to observe different
patterns at different positions across the beam, as seen
in the insets in Fig. 1. The observed spatial variations in
the diffraction pattern are due to spatial inhomogeneities

4 mm

Figure 1 Measured diffraction pattern for an argon pressure of 80 mbar. The bar
at the top of the image is 4mm long in the plane of the CCD. The insets show
regions of the measured diffraction pattern enlarged ×4 to clearly show the
difference in the diffraction pattern at different locations across the X-ray beam. The
integration time for this image was 100ms.

in the X-ray beam spectrum, as can be confirmed with a
grazing-incidence spectrometer (see Supplementary Information,
Figs S1 and S2).

The diffraction pattern observed is the coherent sum of all
photons passing through the grid. With the typical experimental
parameters used here however, light taking the direct path through
an aperture to a point on the screen is at least three orders of
magnitude more intense than light that has been diffracted via an
adjacent aperture to arrive at the same point. This allows us to
simplify the calculation considerably, by neglecting the effect of
light from neighbouring apertures and considering the diffraction
pattern created by each aperture separately. We have confirmed
that this approximation is not the dominant source of error in
our results.

The harmonic structure of our X-ray source enables us to
make a further simplification; we neglect the spectral width of the
harmonic peaks and calculate only the diffraction patterns due to
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Figure 2 High-harmonic X-ray spectra for argon in a capillary. a,b, The
spectrometer measured spectra (dashed line) and the reconstructed harmonic
intensities (solid line) for argon pressures of 60 mbar (a) and 80 mbar (b). The
integration time for the spectra was 20 s, the diffraction image used in the
reconstruction was recorded in only 100 ms.

the centre wavelength of each harmonic order. Each diffraction
pattern is calculated separately using standard Fresnel diffraction
theory15. An incoherent sum may then be used to add these
diffraction patterns (intensities rather than amplitudes) with a
weighting factor proportional to the spectral intensity of each
harmonic order (see the Methods section). The use of an incoherent
sum to add the contributions from different harmonics is valid
because the beat frequency between adjacent harmonics has a
period of approximately 1 fs and interference between harmonics
will therefore average out over the exposure time of the CCD.

A reconstructed X-ray spectrum is obtained by summing
the harmonic-intensity coefficients of all of the apertures. The
reconstructed spectrum for the whole beam is compared with
the spectrum as measured using a grazing-incidence spectrometer.
Note, however, that the spectrometer is only capable of sampling a
thin slice of the beam with its slit. In addition, the diffraction and
spectrometer measurements could not be recorded simultaneously.
Nonetheless, there is an encouraging level of agreement between
the measured and reconstructed X-ray spectra, see Fig. 2.

The reconstruction algorithm is not artificially weighted in
any way and is free to allocate intensity into any odd harmonic
of the laser up to the 51st; this limit is above the theoretical
cutoff (imposed by the ionization potential of the gas and the
ponderomotive potential of the laser) and can be arbitrarily
extended simply by calculating more diffraction patterns. As can
be seen in Fig. 2, the algorithm not only predicts intensity in the
correct harmonic orders but the ratios of these intensities also
show good agreement with the spectrometer data. This illustrates
the power of our technique; although we are able to sample the
entire beam with a single image in 100 ms, the spectrometer takes
60 s to integrate a single slice of the beam (see the Supplementary
Information). Although the spectrometer can be translated across
the X-ray beam, maintaining consistent alignment is challenging.
In practice, the beam properties can substantially change while such
an extended measurement is being made.

A further point to note about Fig. 2 is that the measured
harmonic peaks do not correspond exactly to harmonics of the
driving laser centre wavelength. We attribute this to blue-shifting
of the input laser as it propagates through the capillary8. This
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Figure 3 An example of the spatially resolved reconstructed spectrum. The
pressure is set to 60 mbar and odd harmonics between the 17th and 31st orders
are visible.

blue-shift has been accurately modelled by considering the time
variation of the apparent refractive index caused by changing the
ionization fraction throughout the pulse. The highest harmonics
are generated when the laser field is most intense near the centre
of the capillary. This region of the capillary also has the highest
ionization fraction at the time of emission and consequently the
highest harmonics undergo a proportionally larger blue-shift. This
blue-shifting is however a relatively subtle effect and we make no
attempt to fit to it in the reconstruction.

The spectral reconstruction from a single diffraction image
yields a wealth of information about the beam. We extract the
two-dimensional (2D) spectral intensity (intensity versus harmonic
order) as a function of spatial position across the beam. Figure 3
shows a visualization of this 4D spatio-spectral data as a stack
of planes. On each plane is a 2D contour line plot showing
the variation of spectral intensity in the two spatial dimensions.
Each plane represents a different harmonic order, with the highest
harmonics at the top. In this way, it is possible to show spectral
intensity of each harmonic spatially across the beam. The base
plane of the plot also shows the measured diffraction image.
Visualizations such as this provide a very useful tool during
data analysis.

This technique requires only a single image, thus it is possible to
extract all of the spatio-spectral data from a single laser shot. (The
images shown here were integrated over 100 laser shots in 100 ms to
provide improved signal to noise.) The technique is therefore well
suited to the study of transient properties of the HHG system or for
eliminating shot-to-shot noise sources such as laser amplitude or
carrier-envelope phase noise.

Figure 4 shows 2D plots of the data extracted from two
diffraction images recorded at different pressures. The top row
of the figure shows the spatial intensity distributions of the
most intense harmonics generated with 60 mbar of argon in the
HHG capillary. The data in the bottom row were extracted from
the diffraction pattern recorded for 160 mbar of argon. Both
sequences clearly show transverse spatial intensity profiles for
each harmonic that are (approximately) cylindrically symmetric.
The lower harmonic orders exhibit an annular intensity profile,
whereas the higher energy harmonics occur as a spot whose
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Figure 4 Transverse spatial intensity profile as a function of harmonic order. Two sequences are shown, each reconstructed from a single diffraction image. The argon
pressure is 60mbar (top row) and 160mbar (bottom row). The numbers below the plots indicate the harmonic order.

radius decreases with increasing harmonic order. These intensity
profiles are extremely sensitive to capillary alignment and pressure
fluctuations. This is especially evident in the profiles at the lower
left of Fig. 4 (15th and 17th harmonics at 160 mbar), where the
intensity shifts to one side of the annulus.

Additional figures included in the Supplementary Information
show the spatially resolved spectra as measured along the slit of our
grazing-incidence spectrometer. These images show clear variation
in the spectrum between different spatial positions and follow the
same trends as observed in the sequences of Fig. 4.

The present work is the first to map the spatial and
spectral profile of capillary-generated X-rays. This mapping gives
information about the generation process that has until now been
unavailable. The length over which X-rays are generated is limited
both by the phase-matching coherence length and the absorption
length in the generating gas. In argon, we are therefore limited to
only a few millimetres of contributing path length even with perfect
phase matching. Thus, X-rays are generated over a length less than
the confocal parameter (∼2 cm), meaning that spatial information
about generation is not smeared out because of propagation effects.
We therefore have a method that provides a quantitative measure of
the spatial and spectral profile with which the X-rays are generated.

There are at least three possible mechanisms for the observed
spatial variation of harmonics: radial changes in phase-matching
conditions; non-collinear phase matching; or variation of the X-ray
dipole phase with intensity giving a curved X-ray wavefront across
the capillary6. As discussed below, the first of these generates
collinear X-rays with a spatial variation, whereas the latter two
generate X-rays with an angular distribution.

In capillary HHG, the factors affecting phase matching
are neutral gas dispersion, plasma dispersion and waveguide
dispersion. Previous work has shown low divergence for capillary-
generated X-rays when they are phase matched, and high
divergence when the phase-matching criteria are not met9. When
high harmonics are generated in a gas, in general two possible
electron trajectories contribute to each generated energy16. (Only
one trajectory exists for X-rays generated at an energy close to
cutoff.) These two trajectories are referred to as the long (where the
electron takes approximately one optical cycle between tunnelling

and recollision) and the short (in which the electron recollides after
much less than one optical cycle) trajectories. In this experiment, as
in most capillary generation, we are limited by phase matching to
harmonics below the cutoff (which would be at the 49th harmonic
in our case) and so both trajectories can contribute. For collinear
phase matching, we assume a flat phase front for the generated
X-rays, that is, the phase is locked to that of the driving laser
and is not affected by the intensity of the fundamental. This
is a good approximation for the short trajectories, but in the
case of the long trajectories, the dipole phase is modified by the
intensity of the driving laser leading to a curved wavefront and
therefore an angular distribution of the generated X-rays. The long
trajectories also have reduced coherence times compared with the
short trajectories, so those X-rays that diverge most may exhibit less
temporal coherence than the central beam17. Further experiments
will be required to determine which mechanism produces the
spatial variation in the X-ray spectrum observed in this experiment;
however, this technique provides valuable new information with
which to understand the variation.

The spatial resolution of this technique could be improved
significantly by using a much finer pitched grid, as currently
the aperture size is significantly greater than the shortest X-ray
wavelengths we wish to probe (optimizing the diffraction grid
design and the source-to-grid and grid-to-camera separations is the
subject of further work). The reconstruction algorithm discussed in
the Methods section makes use of prior knowledge that the output
of an HHG soft X-ray source is composed of discrete spectral peaks
at known wavelengths; this constrains the fit allowing a more robust
reconstruction. Similar constrained algorithms could be produced
for other types of source, however we are currently developing a
more general algorithm that can be applied to a variety of sources
without the need for a priori knowledge. In this experiment, we
have demonstrated that spatially resolved spectral information can
be recovered both rapidly and accurately from Fresnel diffraction
patterns. We believe that this technique could be adapted for
application in many other areas, however, in the case of HHG, these
measurements provide vital experimental input into the testing of
3D phase-matching models and yield new insight into the physical
processes of capillary HHG.
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METHODS

A Ti:sapphire chirped-pulse amplifier operating at 1 kHz is used to produce
1 mJ, 30 fs pulses centred at approximately 780 nm. These pulses are focused
into a fused silica capillary of 75 μm bore radius which is 7 cm long but has a
central active region 3 cm in length defined by two micromachined holes drilled
through the side of the capillary. The ends of the capillary and the subsequent
beam path are held under vacuum (∼10−6 mbar) while argon gas is allowed to
flow through the holes and into the active region at a controlled pressure. With
this set-up, we observe generation of the odd harmonics, collinear with the
driving laser field, up to the 31st harmonic at approximately 50 eV. A thin
(200 nm) aluminium foil is used as a filter that transmits in the soft X-ray
region but attenuates very strongly the infrared and visible light. (A useful
source of X-ray transmission data is the Lawrence Berkeley National Laboratory
Centre for X-Ray Optics website, which can be found at
http://www-cxro.lbl.gov/.) In this experiment, a nickel wire mesh was used as a
diffraction grating. This Ni grid is manufactured to high precision using
electro-deposition through a lithographic resist mask, and consists of
38-μm-thick bars crossing perpendicularly to define an array of 335 μm square
apertures (measured error in aperture size is ∼ 1%). The mesh is inserted into
the beam 50 cm after the end of the capillary and the diffraction pattern this
produces is recorded on an X-ray CCD camera positioned a further
1 m downstream.

For the diffraction pattern calculation, we use an incoherent sum to add
the diffraction patterns of each single aperture with a weighting factor
proportional to the spectral intensity of each harmonic order, h, in the
(i, j)th aperture.

Pm(x,y, i, j) =
∞∑

h=1

Pc (x,y, i, j,h)I(i, j,h). (1)

Here x and y are the spatial coordinates within the (i, j)th aperture and h
is an odd integer, as only odd harmonics are generated. If we begin with
knowledge of the measured diffraction pattern due to one particular aperture
Pm(x,y, i, j), it is possible to use linear algebra to determine the set of
harmonic intensity weighting coefficients I(i, j,h) that produce the best fit
between the measured data and the calculated data Pc (x,y, i, j,h). The set of
weighting coefficients I(i, j,h) for any individual aperture (i, j) and all
harmonics h give the reconstructed harmonic-peak spectral intensities. We
used standard non-negative least-squares constraints to fit equation (1) to our
measured diffraction patterns18.

In practice, it is necessary to symmetrize the measured diffraction pattern
of each aperture Pm(x,y, i, j) before applying the fitting algorithm, thus
eliminating the effect of small intensity gradients across the aperture. Each
pattern is symmetrized by averaging the original image with its reflected
counterparts in both axes. A background subtraction is also carried out.

The spatial resolution of this technique is most strongly dependent on the
number of apertures illuminated by the beam. The spectral resolution is
determined by the number of diffraction patterns (in the desired wavelength

range) that can be uniquely distinguished by the CCD pixels. Inevitably there is
a trade off to be made between these two factors. For a given aperture size and
given source and CCD separations from the aperture, resolution is improved by
moving to shorter wavelengths and larger beam diameters (provided that the
interference fringes can still be resolved on the CCD pixels). However, the
aperture size and the distances from the source and CCD to the aperture can be
scaled to extend the validity of our approximations to quite a broad range of
wavelengths while still remaining within the bounds of practicality.
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