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Consider the proverbial monkey generating random text at a typewriter. Rather than waiting the vast
time required for the monkey to type a page of Shakespeare's Macbeth, suppose that one only waits the
time needed to type a thousand pages of random text. Can one view these thousand pages of random
text as a basis over which to decompose an arbitrary text? Stated differently, can one form a linear
combination of random texts, to synthesise a particular desired text such as a page from Macbeth [1]?
Replace the set of random monkey-generated texts with random two-dimensional speckled intensity
fields, and consider this ensemble of random speckle fields as a basis from which one can synthesise
arbitrary signals such as the real transmission function of a thin object. This is the key concept of ghost
imaging. The random-speckle basis may be generated using e.g. shot noise from individual electron
bunches in an X-ray synchrotron [2], or scattering of X-rays from a spatially random mask [3, 4]. A
series of transverse translations of the speckle mask results in an ensemble of 𝑀 linearly independent
speckle fields 𝐼# (𝑥, 𝑦) that serve as the basis from which the X-ray ghost image is synthesised.
Figure 1 shows our experimental setup for practical X-ray ghost imaging in two spatial dimensions. Xrays (pink beam with mean energy 26.3 keV) at beamline ID19 of the European Synchrotron illuminate
a 1 cm thick slab of glass powder, which generates a spatially random speckle field that is measured as
the “reference image” over the surface of a position-sensitive detector 5.8 m downstream of the mask
(speckle contrast 14%). A Si beam splitter in Laue geometry generates a diffracted beam (220 reflection)
passing through the sample (a lead sheet in which three circular holes have been drilled), before striking
the surface of the detector. This diffracted beam is integrated over the area denoted “synthesised
bucket”, to give a so-called “bucket signal” 𝐵# . Only photons that do not pass through the object are
registered by a position-sensitive detector. The reference speckles measured by the detector are taken to
be the same as the speckles illuminating the object when each bucket signal is acquired.
In its simplest form, the intensity transmission function 𝑇(𝑥, 𝑦)of the object can be reconstructed using
/
/
5
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the intensity–intensity correlation 𝑇(𝑥, 𝑦) ≈ (1/𝑀) ∑0
#12 𝐵# 𝐼# (𝑥, 𝑦), where 𝐵# = 𝐵# − 𝐵 and 𝐵 is the
average of the bucket values 𝐵# [5, 6]. Thus 𝑇(𝑥, 𝑦) is expressed as a linear combination of the randomspeckle basis elements. This reconstruction (see Fig. 2(b)) may be refined using Landweber iteration
[7], using 𝑀 = 5000 bucket measurements, yielding the reconstruction in Fig. 2(c).
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Figure. 1. Schematic diagram of the experimental setup.

Figure. 2. (a) Direct image of three-hole lead stencil; (b) conventional ghost imaging reconstruction
using 𝑀 = 5000; (c) reconstruction refined using 300 Landweber iterations with smoothing prior.
The ghost-image resolution is limited only by the speckle size (width of auto-covariance of the specklemap ensemble [8]). More precisely, the resolution is limited by the smallest spatial frequencies present
to a non-negligible degree in the reference speckle images. The method may be viewed as a form of
scanning-probe microscopy for which the probe covers the entire sample; again, resolution is governed
by the speckle size, rather than the probe size. From another perspective, the method may also be
viewed as a form of parallel intensity interferometer. Compressive sensing can improve efficiency [9].
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