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Optimal signal-to-noise ratios for soft x-ray
lensless imaging
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We propose and demonstrate a method to gauge and optimize the signal-to-noise ratios (SNRs) in lensless
imaging using partially coherent sources. Through spatial filtering we tuned the coherence width of an in-
coherent soft x-ray undulator source, and we deduce that there exists an optimal spatial filter setting for
imaging micrometer-sized objects, while high-resolution imaging is best executed without spatial filtering.
Our SNR analysis, given spatial coherence, allows for an estimation of the required exposure time at syn-
chrotron sources and pulse fluence at x-ray laser sources. © 2009 Optical Society of America
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Coherent scattering (speckle) x-ray imaging has be-
come widely used because of the increased brightness
offered by third-generation synchrotron sources and
x-ray lasers [1–4]. In particular, soft x-ray speckle
imaging offers micrometer-sized fields of view (FVs)
combined with resolutions of a few nanometers.
Many absorption edges (C ,N ,O ,K edges, transition
metal L edges, rare-earth M edges) allow elemental
specificity and higher-scattering cross sections [3,5].
The basic requirement for speckle imaging is suffi-
cient spatial coherence [6]. Conventionally, spatial
coherence is measured using a series of Young’s
double-slit fringe visibilities [7,8]. However, a coded
aperture, such as a nonredundant array (NRA), is a
more advantageous method to accomplish this task
in a single shot [9,10]. Synchrotron undulators emit x
rays from uncorrelated bunched electrons, where
only each single-electron radiation cone (SERC) is
fully coherent. As a result, the spatial coherence
width is only a fraction of the total beam width.
Through spatial filtering [11], e.g., cutting the SERC
divergence, the coherence width is increased in the
image of the source at the cost of overall transmis-
sion. One can therefore trade photon flux density for
spatial coherence, and it is important to know which
combination maximizes the speckle signal-to-noise
ratio (SNR). In this Letter we address this question
for area amplitude interferometers, such as lensless
imaging. We use a semiempirical approach, measur-
ing horizontal coherence functions and flux densities
in a demagnified image of an undulator source fol-
lowed by SNR analysis for generic samples posi-
tioned in this image.

The experiment was performed at SSRL’s coherent
scattering beamline 5-2. The undulator’s period is
�u=6.5 cm, and the magnetic field strength param-
eter is K�0.88. A 3 GeV electron radiates at wave-
length [11] �=�u�1+K2 /2+�2�2� /2�2, where � is the
ratio of the electron energy to the rest energy and � is
the half angle of the SERC. A grating monochromator

selects a photon energy of 924 eV (�=1.34 nm, 80% of
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the undulator peak intensity) with an energy resolv-
ing power of E /�E�600. The transmitted SERC has
a half angle divergence of ��33 �rad. Even though
bunches of 1010 electrons pass through the undulator,
the photon degeneracy �c [12] of each emerging
multielectron radiation pulse is smaller than
unity. Hence, the spatial coherence of each pulse
is still dominated by the characteristics of
each SERC. Projected onto the horizontal plane, the
SERC has a probability distribution of p��x�
=2/ �2�� sin�arccos��x /���� with an rms uncertainty of
��x=0.68�, implying a Heisenberg electron position
uncertainty or source spatial coherence width of at
least �u	� / �4���x��5 �m. A horizontal focusing
mirror creates an image of the source at the sample
with a magnification factor of M=0.37 [13–15]. The
ab initio SERC spatial coherence �
 at the sample is

�
 	 M
�

�4���x�
� 2 �m. �1�

For sample length scales (LSs) smaller than �
, no
spatial filtering is required. The optimal SNR is lim-
ited by the maximum photon flux density at the
sample. For larger LSs, spatial filtering is used to op-
timize the SNR by introducing slits at zs=10.8 m
from the undulator. Since the multielectron radiation
(MER) has a Gaussian shape with a horizontal width
2�e�870 �m�2�zs and a horizontal angular diver-
gence of �e��43 �rad��, the MER at the slits will be
a superposition of many displaced and distorted
SERCs. For slit widths Ws	2�zs�710 �m, we cut
MER and photon flux density in the image, without
restricting many SERCs. However, for slit widths
Ws2�zs�710 �m, all remaining transmitted
SERCs will be cut. We expect the experimental MER
spatial coherence width �
� to increase rapidly as the
SERC transmission probability is reduced.

We measured the spatial coherence and flux densi-
ties for five spatial filter settings by placing an NRA

at the sample position and recording their scattering
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patterns on a CCD detector. The NRA is an array of
apertures, where each aperture pair has a distinct
LS, thereby allowing the simultaneous measurement
of various spatial coherence function values [16]. The
NRA used is shown in Fig. 1(a), allowing interference
up to LSs of 23 �m [17]. Its interference patterns are
shown in Figs. 1(b) and 1(c) for unfiltered and filtered
radiation. Based on Schell’s theorem [12], its inten-
sity distribution ICCD�qx�� �F����x�A��x��� is given by
a Fourier transform of the NRA autocorrelation,
A��x� and the complex coherence function at the
sample, ���x� [18]. We determined A��x� by sam-
pling one spatial coherence function using a set of
double pinhole (DPH) visibilities �����Imax
−Imin� / �Imax+Imin� as in Figs. 1(d) and 1(e). A��x� is
then given by the deconvolution of the interpolated
sampled coherence function from the NRA diffraction
pattern. Once A��x� is known, the spatial filter width
Ws can be varied and the spatial coherence functions
�����x ,�
���� are deconvolved from the NRA diffraction
patterns ICCD�qx ,�
�� as shown in Figs. 2(a) and 2(b).
We arbitrarily define the experimental MER spatial
coherence width �
� as the full width 70% maximum of
our measured spatial coherence functions, since this
value is clearly defined for all measured datasets, de-
spite the 23 �m limitation of our NRA. For the unfil-
tered source, we find �
��4 �m, which is roughly con-
sistent with our ab initio rms estimate of �
	2 �m
[19].

The photon flux density at the sample for each spa-
tial filter setting, d�0 /dA��
��, was deduced from the
integrated photon count rate in the NRA diffraction
pattern divided by the transmissive NRA area of
1.8 �m2. For unfiltered illumination we obtained
d�0 /dA�2�107 photons s−1 �m−2, consistent with
storage ring current and beamline efficiency.

The figure of merit describing the flux-coherence
trade-off is the amplitude interferometer SNR. Let us
assume for simplicity that there is only a single non-

Fig. 1. (a) NRA micrograph [17]. (b) Filtered NRA diffrac-
tion ��=1.34 nm�. (c) Unfiltered NRA diffraction ��
=1.34 nm�. (d) DPH micrograph [17]. (e) Filtered DPH dif-

fraction ��=1.34 nm�.
periodic LS L to be imaged that is represented by two
small scatterers separated by distance L on a trans-
parent background. The fringe visibility SNR is then
given by [12]

SNR �
���K

�K
� ����K, �2�

where K is the total photon count. Assuming the typi-
cal individual scatterer’s size to be a quarter of the
distance to its neighbor, the scatterer’s effective area
is A���L /4�2, where � is the scattering contrast. The
area-integrated photon count during exposure time �
is estimated to be K��d�0 /dA���L /4�2�, using the
measured photon flux density d�0 /dA��
��.

Given that ��� and K ��=1�, the SNRs are calcu-
lated from Eq. (2) over a range of LSs L, for each of
the spatial coherence functions [Fig. 2(b)], and plot-
ted against the coherence width �
� in Fig. 3. The op-
timal SNR for a single LS is directly given at the co-
herence width where the SNR is maximal, e.g., the
optimum for resolving a 3 �m DPH is �
��9 �m. The

Fig. 2. (a) Fourier transform of NRA diffraction for five
different spatial filters. (b) DPH fringe visibilities (circles)
interpolate the first spatial coherence function. The re-
maining coherence functions were deconvolved from their
diffraction patterns given the NRA autocorrelation.

Fig. 3. SNRs for selected LSs as a function of five coher-
ence widths (colored circles). Cubic splines interpolate be-
tween them. The optimum curve through the maxima of
the splines maps an LS of interest to the spatial coherence

width (brown curve and squares).



652 OPTICS LETTERS / Vol. 34, No. 5 / March 1, 2009
optimal SNR curve (brown curve) connects between
each of these single LS maxima. At short LSs the op-
timal SNR increases with signal strength �K�L2�. At
longer LSs, the optimal SNR levels off and descends,
governed by spatial filtering that cuts the incident
photon flux density, d�0 /dA��v��. Finally, beyond
16 �m LSs the optimal SNR declines vertically as it
becomes more efficient to exploit the coherence func-
tion’s first side maximum [Fig. 2(b)] rather than fur-
ther stretching the central coherence disc.

Since real samples contain many LSs simulta-
neously with a variety of effective areas and absorp-
tion cross sections, a precise SNR analysis would be
sample specific. We approximate a generic real
sample by a superposition of N displaced double scat-
terers covering various LSs. For N=2 the optimum
spatial filter is found, where the minimum of the two
SNR curves is maximal as shown in Fig. 3. For N
�1, e.g., all LSs between 3 and 21 �m, the N SNR
curves cannot be considered independently; at the op-
timal coherence width of 17 �m, the 9 �m LS has the
highest signal and the highest noise, therefore the 3
and 21 �m signals need to overcome the 9 �m noise.
The resulting SNR can hence be lower, and Fig. 3
provides an upper bound for the realized SNR.

For imaging nanometer sized objects smaller than
the unfiltered spatial coherence width, the SNR can
be scaled according to SNR�L����. Scaling an
SNR�1600 s−1/2 for a 3 �m LS down to 10 nm and
assuming a reduced scattering contrast of ��10%, as
is common with nanosized samples whose absorption
length is larger than their thickness, we expect a
high-resolution (HR) SNR on the order of 1.7 s−1/2.
However, HR imaging within a larger FV requires
that the nanoscale HR signal overcomes the larger
FV noise. The relevant SNR becomes [20]

SNR � KHR/�KFV. �3�

Assuming a 100% scattering contrast for LSs of up to
500 nm, the SNR is only 0.01s−1/2 for resolving 10 nm
features, requiring an estimated 24 h of exposure to
reach an SNR around 3. The various LSs involved
give insight into why imaging low contrast nanosized
objects is superior to imaging large objects with
nanosized features or nanosized objects defined by
large apertures.

In summary, we have demonstrated an efficient
procedure to optimize spatial filtering for amplitude
interferometers using incoherent sources, such as
soft x-ray synchrotron undulators, and showed opti-
mal imaging conditions for micrometer sized objects.
The subsequent simple SNR analysis allows estima-
tion of required x-ray fluences and sheds light on the
feasibility of high resolution imaging.
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