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High-resolution X-ray imaging techniques using optical elements
such as zone plates are widely used for viewing the internal
structure of samples in exquisite detail. The resolution attain-
able is ultimately limited by the manufacturing tolerances for
the optics. Combining ideas from crystallography and hologra-
phy, this limit may be surpassed by the method of coherent dif-
fractive imaging (CDI)1. Although CDI shows particular promise
in applications involving X-ray free-electron lasers2, it is also
emerging as an important new technique for imaging at
third-generation synchrotrons. The limited coherent output of
these sources, however, is a significant barrier to obtaining
shorter exposure times. A fundamental assumption of coherent
diffractive imaging is that the incident light is well-approxi-
mated by a single optical frequency. In this Letter, we
demonstrate the first experimental realization of ‘polyCDI’,
using a broadband source to achieve a factor of 60 reduction
in the exposure time over quasi-monochromatic coherent
diffractive imaging.

Over the past decade, the extension of crystallographic tech-
niques to the high-resolution imaging of non-crystalline objects3

has proved enormously successful in a wide variety of applications4.
Iterative retrieval of the phase of the far-field diffraction pattern
permits reconstruction of the diffracting object with a spatial resol-
ution that is limited, in principle, only by the wavelength of the inci-
dent illumination. In crystallography, the periodic arrangement of
atoms amplifies the signal diffracted from the unit cell, making
detection of the Bragg peaks straightforward. A main goal for coher-
ent diffractive imaging (CDI) is to develop it into a form of high-
spatial-resolution microscopy that can be routinely applied using
synchrotron sources. In this endeavour it must compete with the
very successful results obtained using zone-plate-based full-field
transmission X-ray microscopy5. A fundamental issue for both
forms of imaging is that higher spatial resolution requires that the
sample be illuminated with a greater number of photons per resol-
ution element, scaling approximately as the fourth power of the
desired spatial resolution6. Although it has been asserted that CDI
is able to achieve equivalent resolution to zone plate microscopy,
but with fewer photons7, the two techniques are limited to precisely
the same degree by the spectral bandwidth (longitudinal coherence
length) of the incident light. Significant increases in the spatial
resolution require brighter sources, much longer exposure times
or the capacity to increase the acceptable limits on the bandwidth.
A pathway to achromatic zone plates has been proposed8 that
claims a potential for two orders of magnitude improvement in
the allowed bandwidth. In the present Letter we experimentally
demonstrate a comparable improvement in the acceptable spectral
bandwidth for CDI.

CDI generally assumes full temporal and spatial coherence, and
even relatively small deviations from full coherence can prevent the
algorithm from converging correctly9,10. In spite of the recent
success of CDI, the assumption of full coherence is only an approxi-
mation to the experimental situation. Recent developments in the
field of table-top X-ray sources, for example, would benefit signifi-
cantly from techniques that use the full bandwidth of the source11.
In addition, many non-resonant structural problems, particularly
biological applications where the dose-optimal energies are well
above the edges of low-Z elements, could take advantage of broad-
band light. The approach could also be used to take advantage of the
full bandwidth of a self-amplified spontaneous emission (SASE)
pulse (E/dE≈ 1,000) from an X-ray free-electron laser (XFEL) in
cases where the path-length difference would otherwise be prohibi-
tive for CDI. An important example would be the imaging of large
molecules at high resolution. For sources with partial spatial coher-
ence, the effects can be accommodated provided the coherence
properties are well-characterized10. Here, we address another under-
lying coherence assumption of CDI, namely that the far-field dif-
fraction data must be formed using a quasi-monochromatic
incident wave-field. Our results show that an X-ray source compris-
ing a relatively broad continuous frequency distribution can be used
for diffractive imaging provided a priori knowledge of the power
spectrum is included in the reconstruction. The approach yields a
60-fold reduction in exposure time.

The far-field propagated wave can be described by the Fourier
transform of the fully coherent exit surface wave. When the illumi-
nation contains a continuous frequency distribution, the contri-
bution from all wavelengths within the spectrum must be
considered (Step 5 of the polyCDI algorithm in the Methods).
Provided the observation time is much longer than the coherence
time of the incident wave-field, the polychromatic far-field diffrac-
tion pattern can be described as a spectrally weighted incoherent
sum over the intensity distribution produced by each incident wave-
length. This is, in a sense, a generalization of the modal formulation
of the cross-spectral density given in ref. 12. This representation
assumes that the distribution does not span any absorption edges,
that it is sufficiently narrow that dispersive effects within the
sample can be ignored, and that the scattering angle is small.
Within these assumptions, the different wavelengths simply act to
rescale the diffraction pattern (Step 6 of the PolyCDI algorithm in
the Methods). Multiple-wavelength diffractive imaging using a
high-harmonic generation (HHG) X-ray source has previously
been demonstrated13. In that case, however, only six modes corre-
sponding to the six well-separated narrow harmonics (each rep-
resented by a single optical frequency) were propagated to the
detector plane to retrieve the phase of the diffraction pattern.
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The 512 samples mentioned in ref. 13 were only used to reconstruct
the spectrum and not for the phase retrieval. This situation is quite
different to the present case, where a finely sampled, broadband
continuous spectrum is used. The method described here is a
much more general approach, and could also be used for phase
retrieval based on a discrete spectrum. The multiple-wavelength
method13 could not, however, be used to analyse data produced
by a continuous spectrum.

The experiment was carried out at the 2-ID-B undulator beam-
line at the APS14 using a conventional plane-wave CDI setup. A
1.4 keV X-ray beam with a bandwidth of ≏0.08% was selected
with a 5.5 cm period (U5.5) undulator and spherical grating mono-
chromator (SGM). The widths of the entrance and exit slits were
40 mm and 5 mm, respectively; the spatial and temporal coherence
lengths at comparable slit settings and energy have been measured
previously10,15. The diffraction data were collected using a peltier-
cooled charge-coupled device (CCD) with 2,048× 2,048 pixels,
each 13.5× 13.5 mm, placed 1.3 m downstream of the sample. For
the polyCDI experiment, the zero order of the monochromator
was used so that the full first undulator harmonic (peak energy,
≏1.4 keV) was available.. The undulator spectrum was calculated
using SPECTRA software16, which relies on analytical expressions
derived for undulator radiation in the near-field using the
known parameters for 2-ID-B17. The bandwidth derived from the
full-width at half-maximum (FWHM) of this spectrum (Fig. 1) is
Dl/l≈ 2.8%, which is comparable to the value of 2.3% obtained

directly from the number of magnetic periods. The factor of 60
quoted for the improvement in exposure time is the ratio of the
time to detector saturation, limited by the detector dynamic
range, with a polychromatic beam compared to a quasi-monochro-
matic beam. This factor may be readily explained in terms of the
ratio of the areas under the monochromator peak compared to
the full undulator peak and the efficiency of the SGM
(Supplementary Data S3). The minimum sampling frequency for
the incident spectrum depends on the detector pixel size and the
range of frequencies present in the spectrum (Supplementary
Fig. S1). For the present geometry, a sampling frequency of
40 Å21 of the spectrum was found to be sufficient to represent
the polychromatic diffraction pattern.

According to Abbé18, the highest obtainable resolution G in a
fully coherent CDI reconstruction is given by G¼ l/2 sin u,
where u is the largest half-angle out to which the diffraction
pattern can be reliably phased4. For a finite longitudinal coherence,
the maximum path length over which interference may be observed
will limit the resolution to a value given by

G =
�lD

2lc
(1)

where D is the largest characteristic dimension of the object (15 mm
in the current experiment), �l is the central wavelength of the

1.0

a b

0.8

0.6

0.4

0.2

0.0

0 2,000 4,000 6,000 8,000 10,000 12,000

Energy (eV)

1,300 1,350 1,400 1,450 1,500

Energy (eV)

N
o

rm
al

iz
ed

 fl
u

x 
(p

h
o

to
n

s 
s−

1 
m

r−
2
)

1.0

0.8

0.6

0.4

0.2

0.0

N
o

rm
al

iz
ed

 fl
u

x 
(p

h
o

to
n

s 
s−

1 
m

r−
2
)

c d

1 μm−1
5 μm

Figure 1 | Polychromatic data and sample. a, Undulator spectrum for beamline 2-ID-B at the APS generated using SPECTRA software. b, First harmonic with

peak energy at ≏1.4 keV. Green circles indicate the 51 points at which the spectrum was sampled for input into the polychromatic CDI reconstruction code.

c, SEM image of the test object (D¼ 15mm), which was prepared using focused ion beam machining from a 1-mm-thick gold film. d, Measured intensity

(logarithmically scaled) at the detector using the illumination characterized in b.
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incident light (see Methods) and lc is the longitudinal coherence
length. This expression assumes the paraxial approximation. In
terms of the FWHM of the incident beam, the longitudinal coher-
ence length is defined as lc = �l

2
/Dl. For the present experiment,

equation (1) gives the maximum allowed bandwidth as Dl/l¼
1.4× 1022. For a full undulator harmonic Dl/l≈ 3.7× 1022,
suggesting that, without compensation, a substantial loss in resol-
ution will result. The above estimates indicate that the FWHM of
a full undulator harmonic is three times larger than the maximum
value that can be tolerated using quasi-monochromatic CDI; in
practice, we expect this factor to be considerably larger because
equation (1) is probably an idealized limit not achievable in prac-
tice19. An analytical expression for the maximum allowed band-
width using polyCDI is derived in Supplementary Data S2. The
theoretical limit on the bandwidth using polyCDI for this exper-
iment is 11%, eight times larger than the maximum theoretical
bandwidth for quasi-monochromatic CDI. Note that although the
spatial coherence length will likely change with wavelength, the
bandwidth of the incident light is sufficiently small that the conse-
quent change in spatial coherence length is within experimental
errors for its measurement, and well within the tolerances
required for the application of our treatment of the effect of
spatial coherence10.

The reconstructed sample exit surface wave (ESW) for quasi-
monochromatic (total exposure time, 25 min) and polychromatic

data (total exposure time, 25 s) is shown in Fig. 2. To make a direct
comparison between the results, an identical reconstruction procedure
was carried out for each (Supplementary Data S3). Iteration
between the sample plane and detector plane was carried out using
a combination of the hybrid input–output (HIO) and error reduction
(ER) algorithms20. The three reconstructions based on the polychro-
matic data show varying levels of quality depending on the method
used. Both CDI, using quasi-monochromatic data and polyCDI
with the power spectrum explicitly included in the reconstruction
algorithm, converged to a solution after 700–1,000 iterations.

Figure 3 shows the broadband diffraction data; the polychromatic
data are clearly less sharp than the quasi-monochromatic data. The
resolution lineouts in Fig. 3 show that quasi-monochromatic and
polyCDI nonetheless give indistinguishable profiles; both yield an
experimental resolution of 150+5 nm consistent with the Abbé
fully coherent diffraction limit of 117 nm.

However, when a single wavelength was used to propagate the
ESW to the far-field for the broadband data the algorithm failed
to converge. To try and drive the single-wavelength CDI algorithm
to a recognizable solution, the ESW phase recovered from the quasi-
monochromatic data was used as a starting guess for a reconstruc-
tion of the polychromatic data. Applying ER saw the initial high-
quality reconstruction of the object rapidly degrade. As a final
test, a support corresponding to the outline of the quasi-monochro-
matic reconstruction was used to constrain the ESW in the sample

a b

c d

5 μm

Figure 2 | Reconstructed amplitude of sample ESW from the test object shown in Fig. 1c multiplied by the final sample support (identical for each

reconstruction). All reconstructions presented here use known spatial coherence information (multimodal propagation) for illumination. a, Reconstruction

from quasi-monochromatic data, collected with 500× 3 s exposures, assuming full temporal coherence. b, Reconstruction from polychromatic data,

collected with 500× 50 ms exposures, assuming full temporal coherence; that is, using an identical procedure to a, the data could not be reconstructed.

c, Reconstruction from polychromatic data assuming full temporal coherence but using the exact dimensions of the object (obtained from a) as the initial

support. d, Reconstruction from polychromatic data using an identical procedure to a and b but using the polychromatic diffraction algorithm.
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plane and single-wavelength CDI then used to reconstruct the
object. However, the quality of the image in this case was compara-
tively poor, though recognizable, and the spatial resolution (320+
7 nm) significantly reduced. After relaxing the support the recon-
struction rapidly degraded until it was unrecognizable. We conclude
that the broadband data would not be reconstructed using any
algorithm that assumes quasi-monochromaticity. When the inci-
dent spectrum is sampled sufficiently finely, however, polyCDI
recovers the sample ESW without loss of spatial resolution and, in
our experiments, produced essentially identical image quality with
an exposure time reduced by a factor of 60.

The ability to extend CDI to wide-bandwidth sources allows
more than an order of magnitude reduction in the time taken to
acquire the equivalent image using a quasi-monochromatic beam.
This method will thus find immediate application in most forms
of CDI and, in particular, has profound implications for coherent
diffraction tomography for which large data sets are necessary9.

Methods
The polyCDI algorithm used here fundamentally assumes that the cross-spectral
density of an optical planar wave field cl(ri , zi) may be decomposed into a series of
mutually incoherent modes12. The details of the modal propagation and phase
retrieval of the polychromatic wave-field are given in the following.

The free-space propagation of cl(ri , zi) a distance zij¼ zj2 zi to cl(rj , zj) is
given within the far-field approximation as

cl(rj, zj) = −
i

lz
exp

2pizij
l

( )

exp
ipr2j

lzij

( )

∫ ∫

cl(ri, zi) exp

× −
2piri · rj

lzij

( )

dri (2)

where l is the wavelength and ri and rj define the position perpendicular to the beam
in the sample planes zi and detector planes zj , respectively. In terms of the Fourier
transform operator F , equation (2) is defined as

cl(rj, zj) = −
i

lz
exp

2pizij
l

( )

exp
ipr2j

lzij

( )

ℑ[cl(ri, zi)] (3)

The intensity distribution at zj for polychromatic diffraction is given by the modulus
squared of cl(rj , zj) for each value of l weighted by the fractional contribution jl to

the entire spectrum at that wavelength:

I(rj, zj) =

∫

jl cl(rj, zj)
∣

∣

∣

∣

∣

∣

2
dl (4)

Defining Dl to be the separation between neighbouring sampling points of the
spectrum, we find that a physical scaling of the intensity distribution at one value of
l is sufficient to obtain the distribution at an adjacent wavelength if Dl is sufficiently
small. For example, if the largest wavelength sampled, lmax , is used to propagate the
sample ESW according to equation (3), then changing between the intensity
distribution for lmax and that of the next smallest wavelength is achieved by rescaling
rj according to rj(lmax2 Dl)/lmax.

Algorithm. The image reconstruction for polyCDI is be performed using the
following algorithm:

(1) An initial guess is made for the sample ESW: c(ri , zi).
(2) The result is propagated to the far-field via equation (3) to give the central

wavelength distribution cc(rj , zj) and scaled by a factor appropriate to lmax to
yield c(rj , zj)lmax.

(3) The positions rj for the other sampled wavelengths are rescaled according to
rj(lmax2 Dl)/lmax.

(4) The diffraction patterns from each sampled wavelength are calculated via
interpolation onto the new set of points defined by the rescaled values for rj.

(5) The intensity distribution from each pattern is multiplied by a weighting factor
determined by the relative contribution of each wavelength to the frequency
spectrum: jl|cl(rj , zj)|

2.
(6) The sum of the distributions for each sampling point approximates the integral

in equation (4), which gives the calculated polychromatic diffraction pattern:
I(rj , zj)¼

�

jl|cl(rj , zj)|
2 dl.

(7) The modulus constraint is imposed using |cc(rj , zj)| *
												

I(rj, zj)meas

√

/
								

I(rj, zj)
√

where I(rj , zj)meas is the measured intensity from the experiment.
(8) With the amplitude updated, the phase of cc(rj , zj) is retained and the ESW

propagated back to the sample plane to give c(ri , zi), after which the support
constraint is imposed.

(9) Steps 1 to 9 are repeated and the progress of the reconstruction monitored using

an error metric defined as x2 =
											

I(rj,zj)meas

√

−
							

I(rj,zj)
√

( )2
/I(rj, zj).

The standard ‘recipe’ adopted for the reconstructions was four cycles of 100
iterations of ER followed by 50 of HiO, after which the polyCDI algorithm would
generally converge and the remainder of the iterations (up to a maximum of 1,000)
were carried out using ER with a fixed support. Using the method described in ref. 9,
the effects of partial spatial coherence can be included in the polyCDI algorithm by a
multimodal propagation of the central wavelength to the far-field. This requires full
knowledge of the coherence characteristics of the source in order to specify the
modal occupancies. Owing to the additional blurring caused by partial spatial
coherence, however, the effective bandwidth that can be tolerated using polyCDI will
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Figure 3 | Comparison of reconstructed image resolution and data. Example resolution lineout comparing the results from Fig. 2a, c and d. The data show

that the reconstruction from quasi-monochromatic data (500× 3 s exposures) gives a virtually identical profile to the polyCDI algorithm reconstruction

(500× 50 ms exposures). The experimentally determined resolutions measured from both sets of data are 150+5 nm. The result obtained from broadband

data using just a priori knowledge of the sample to generate the support gives a significantly lower resolution of 320+7 nm. b, Comparison of the

quasi-monochromatic and broadband data for the region bounded by the white box in Fig. 1d. The polychromatic diffraction pattern is significantly more

blurred than the monochromatic equivalent, meaning that it cannot effectively be used to reconstruct the sample ESW without accounting for the

spectral distribution.
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be reduced. The criteria for being able to retrieve the phase of the diffraction pattern
are outlined in Supplementary Data S2.
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