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ptical ﬁelds are measured using sequential arrangements
of optical components such as lenses, ﬁlters, and beam
splitters in conjunction with planar arrays of point
detectors placed on a common axis1 . All such systems are
constrained in terms of size, weight, durability and ﬁeld of view.
Here a new, geometric approach to optical-ﬁeld measurements
is presented that lifts some of the aforementioned limitations
and, moreover, enables access to optical information on
unprecedented length and volume scales. Tough polymeric
photodetecting ﬁbres drawn from a preform2 are woven into
light-weight, low-optical-density, two- and three-dimensional
constructs that measure the amplitude and phase of an
electromagnetic ﬁeld on very large areas. First, a threedimensional spherical construct is used to measure the direction
of illumination over 4π steradians. Second, an intensity
distribution is measured by a planar array using a tomographic
algorithm. Finally, both the amplitude and phase of an optical
wave front are acquired with a dual-plane construct. Hence, the
problem of optical-ﬁeld measurement is transformed from one
involving the choice and placement of lenses and detector arrays
to that of designing geometrical constructions of polymeric,
light-sensitive ﬁbres.
The arrays are constructed of photodetecting ﬁbres produced
by a recently developed fabrication process that enables the
incorporation of insulators, conductors, and semiconductors in
mesostructured ﬁbres combining both optical and electrical
functionalities2 . Speciﬁcally, the ﬁbres we make use of in this paper
are constructed of a photoconductive glass core which is in intimate
contact with metal electrodes that run along the length of the ﬁbre
and is surrounded by a protective, transparent polymer cladding,
as shown in Fig. 1a (see the Methods section). The resulting ﬁbres
are arbitrarily long, light-weight, ﬂexible, one-dimensional (1D)
light-sensitive elements that produce an electrical signal in the form
of a change in current in an external circuit when light impinges
on their external surface, as illustrated in Fig. 1b,c (refs 2,3). It is
interesting to note that each ﬁbre is an omnidirectional detector
in the sense that it detects an incident light beam regardless of
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the relative angle between the ﬁbre and the beam. This is in sharp
contrast with traditional optical detectors that can detect light
incident from (at best) one-half of ambient space. Nevertheless, a
single ﬁbre is not able to determine the angle of incidence, a task
that is accomplished through arranging a multiplicity of ﬁbres in
an array.
The ﬂexibility of these ﬁbres allows us to design a directional
light-detection arrangement through the construction of an optical
array or ‘web’ with a novel topology: that of a closed-surface
sphere (see the Methods section). In the limit of geometric optics,
any beam of light (with a cross-section larger than the separation
between the ﬁbres) incident on the array must intersect the array
again on exit (except for tangential beams). Such an array, as shown
in Fig. 2a, provides directional detection over a full 4π solid angle.
Figure 2a highlights several distinctive features of our approach.
The ﬁbres are mechanically tough, yet very ﬂexible, such that
the array is near self-supporting from a mechanical standpoint.
Furthermore, the array is suﬃciently sparse, and the ﬁbres are
suﬃciently thin that the array is rendered near transparent: the
incident beam is only partially absorbed on entrance, propagates
to the exit point where it is partially absorbed again, traversing
the structure with little overall impediment. The distribution of
the detected electrical signals from the ﬁbres across the sphere
is shown in Fig. 2b for three diﬀerent incident light beams that
are shown in Fig. 2c, clearly demonstrating the directional lightdetection capability of this topology.
We now proceed to demonstrate a more sophisticated task,
namely the detection of an arbitrary optical intensity distribution
using a planar ﬁbre web. An important observation brings to the
fore which body of theoretical work is of relevance to this problem.
As each ﬁbre detects the incident intensity distribution along
its whole length, the intercepted power (and, consequently, the
electrical signal produced) is therefore a line integral of the intensity
distribution along the ﬁbre. A ﬁbre of length Λ and photodetecting
diameter Δ (Δ  Λ) placed along the line x cos θ + y sin θ = t1 in an
optical ﬁeld with a 2D intensity distribution I (x, y), as illustrated
in Fig. 3a, generates a photocurrent that is proportional to the
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Figure 1 Photodetecting ﬁbres. a, Scanning electron micrograph of a photodetecting ﬁbre cross-section. b, A schematic diagram of a 1D ﬁbre photodetector with light
(green arrow) incident on the external surface. c, The ﬁbre electrodes are connected to an external circuit and the associated electric ﬁeld lines (yellow arrows) are shown.
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Figure 2 Omnidirectional light detection. a, A closed spherical ﬁbre web is an omnidirectional photodetector which detects the direction of the beam throughout a solid
angle of 4π. The spherical web is sufﬁciently transparent to see through and for a beam of light to traverse unimpeded. b, The distribution of the electrical signals detected
by the ﬁbres for a light beam incident in three different directions. The arrows indicate the direction of the beams, and the dashed portion of each arrow corresponds to the
beam’s path inside the sphere. c, Photographs of the three beam trajectories that resulted in the signal distributions shown in b.

intercepted optical power P θ (t1 ), given by


P θ (t1 ) =

dx dyI (x, y)
ﬁbre area


≈ Δ

dx dyI (x, y)δ(x cos θ + y sin θ − t1 ),

where t1 is the distance from the ﬁbre to the origin and δ is the
Dirac-delta function. The approximation used in this equation is to

consider the incident intensity constant across the photoconductive
core thickness Δ (but not along the length Λ).
Consequently, the measurements carried out by a set of
parallel photodetecting ﬁbres form a ‘parallel projection’ of the
incident intensity distribution, a term used in the literature on
computerized axial tomography (CAT)4 . In that context it refers to
the measurements carried out by a linear array of point detectors
placed on one side of a 2D object of interest, when a linear array
of point sources (for example, X-rays) is placed on the opposite
side of the object. In our case, each ﬁbre records the line integral
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Figure 3 Reconstructing an arbitrary optical intensity distribution with a planar ﬁbre web. a, A photodetecting ﬁbre of thickness Δ detects the line integral of the
arbitrary incident optical intensity distribution, I(x, y). b, An image of the letter ‘E’ is projected onto a 32× 32 ﬁbre web of dimensions 24× 24 cm2 . The detected electrical
signals from the web rows and columns (constituting 2 orthogonal projections) are also shown. The image of the letter ‘E’ seen here is formed on a white sheet placed behind
the transparent web. c, Reconstructions of the incident intensity distribution, obtained using the backprojection algorithm, are shown with increasing number of projections.
The projections are obtained by rotating the object transparency. 1 angle: 0◦ ; 2 angles: 0◦ ,45◦ ; 3 angles: 0◦ ,30◦ ,60◦ ; and 18 angles: 0◦ to 85◦ in 5◦ steps. Note that each
angle corresponds to two projections obtained by the ﬁbre rows and columns independently.

of the intensity distribution of the optical ﬁeld along its length. An
example of a parallel projection produced by a ﬁbre web is shown
in Fig. 3b, where a 32 × 32 ﬁbre web (of dimensions 24 × 24 cm2 )
intercepts an image of a letter ‘E’ and two orthogonal projections
obtained by the rows and columns of the web are displayed. The
image is produced by a white-light lamp (Xe–Hg) illuminating a
transparency with dimensions 14 × 14 mm2 placed at a distance of
1.2 m from the web. No lens is needed to form an image of the
object in this case because of the large dimensions used (relative
to the wavelength of light), highlighting a unique advantage of a
detector array with such a large area.
The description of these two apparently diﬀerent arrangements
(CAT and our ﬁbre webs) are, surprisingly, mathematically
isomorphic, allowing us to import the theoretical foundations of
CAT for use in the problem at hand. In particular, we use the
backprojection algorithm (Radon transform)4 , commonly used in
CAT, to reconstruct an estimate of the impinging optical intensity
distribution from a set of rotated projections. In the case of
ﬁbre webs there are several strategies to obtain these projections:
(i) rotating the ﬁbre web; (ii) using adjacent or interleaved
ﬁbre webs rotated with respect to each other; or (iii) rotating
the object that is being imaged. In Fig. 3c, we show the image
reconstructions with increasing number of projections recorded by
rotating the object. Increasing the number of acquired projections
improves the ﬁdelity of the reconstructed image to the incident
intensity distribution.
Although a single planar ﬁbre web can detect only the intensity
of an incident optical ﬁeld, two such webs can be used to
reconstruct both the ﬁeld amplitude and phase, which constitute
a complete representation of a scalar optical ﬁeld in the waveoptics regime. We now proceed to demonstrate this capability by
using two planar ﬁbre webs to reconstruct an object from intensity
measurements of the diﬀracted ﬁeld by using the phase-retrieval
algorithm5–7 . In its simplest form, this algorithm iteratively obtains
the phase of a wave front if the amplitude is known in two diﬀerent
planes (see the Methods section). The object used was a letter ‘E’
with an overall size of 750 × 750 μm2 (with feature sizes of 150 μm;
the object was a chrome mask on a glass substrate) illuminated with
laser light at a wavelength of 830 nm (see the Methods section and
Fig. 4a). The 2D intensity distribution data obtained by a ﬁbre web
in two diﬀerent planes in the far-ﬁeld of the object is shown in
Fig. 4b. We implemented the phase-retrieval algorithm on the two

obtained intensity distributions to reconstruct the complex ﬁeld
at an arbitrary plane. To verify the ﬁdelity of the ﬁeld estimation,
we back propagate the ﬁeld computationally to planes receding
from the ﬁrst web towards the object. A set of these computed
distributions is shown in Fig. 4b. The estimates are blurred until
we approach the location of the object whereupon a clear image
is formed. The performance of this approach is compared with
a theoretical model in which we calculated the diﬀracted ﬁelds
of the letter ‘E’ modulated by a gaussian beam (representing the
illuminating beam proﬁle of the laser) at the two measurement
planes. The resulting amplitude distributions were truncated to the
array size and discretized on 32 × 32 grids shown in Fig. 4c. We
then applied the phase-retrieval algorithm to these two theoretical
images to reconstruct the object, and good agreement between
experiment and theory is observed (compare Fig. 4b and c).
This approach may eventually become useful in optical imaging
when a larger number of ﬁbres are included in the web to form
images of objects with more detail. Note that this system has an
inﬁnite depth of focus, that is, an image of the object is formed
regardless of the distance of the object from the webs, provided that
the diﬀracted ﬁeld at the locations of the two webs is intercepted.
Furthermore, the image reproduces the object with its physical
dimensions and also determines its physical distance from the webs.
In principle, by virtue of obtaining a complete description (both the
amplitude and phase) of the electromagnetic ﬁeld, this approach
may be used to image 3D objects that are translucent enough such
that excessive occlusion does not occur. A distinct approach relies
on the use of a single dense array with a higher ﬁll factor that
acquires a single intensity measurement8 . This procedure requires
that an over-sampling condition be satisﬁed: the sampling of the
diﬀracted ﬁeld must be dense enough to enable the reconstruction
of the object autocorrelation function9,10 .
Finally, we comment on the physical dimensions of such arrays.
A 40-mm-diameter, 30-cm-long preform can be drawn down to a
48-km-long ﬁbre with a 100-μm diameter. A low-optical-density
15 × 15 m2 array can then be formed with 1-cm spacing providing
2,250,000 detection points. The total photosensitive area of this
array is approximately 4.5 m2 . With the average density of the ﬁbre
materials being about 2 g cm−3 , the overall weight of this array is
approximately 700 g, which is negligible when compared with the
weight of any traditional optical component of comparable size.
This in turn enables the assembly of very large optical detection
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Figure 4 Non-interferometric lensless imaging using two ﬁbre webs. a, An object (letter ‘E’) is illuminated with a laser beam (the image of the object is captured with a
Vidicon camera) and the propagating diffracted ﬁeld amplitude is obtained at two different locations using 32× 32 planar ﬁbre webs. The Fresnel number1 NF is also given.
b, Two intensity distributions are measured. The phase-retrieval algorithm is used to obtain back-propagated images in the direction receding from the webs towards the
object (the object reconstruction is at 0 cm, shown on the left). The reconstructed images are blurred, but an image is obtained at the location of the object. c, The second
row shows the results of theoretical reconstructions with the phase-retrieval algorithm when using the calculated diffraction patterns that were obtained from the measured
illuminated object distribution.

systems that could sample electromagnetic ﬁelds on unprecedented
length scales.
The ﬁbre arrays discussed in this paper may acquire intensity
distributions, identify the direction of propagation, and even
extract the amplitude and phase of the optical ﬁeld, and they
can also be designed to access additional electromagnetic ﬁeld
attributes, such as wavelength2 and possibly polarization, by
modifying the geometry of the ﬁbre. In addition, changing the
composition of the semiconducting glass will enable sensitivity to
other wavelength regions in the electromagnetic spectrum and even
to other physical quantities, such as acoustic waves, temperature11 ,
or chemical contaminants. Webs constructed of such ﬁbres, using
the same principles outlined above, will yield ‘images’ in these
parameter spaces, and can thus be said to see, hear, sense heat,
and smell.
It is important to note that the optical imaging systems
carrying out the tasks all consist solely of these ﬁbres with no
other optical components or detectors required. Light traverses
an array of such ﬁbres essentially unhindered and may be
considered to be transparent. In his 1897 novel, ‘The Invisible
Man’, H. G. Wells explores the consequences and possibilities of
a human rendered invisible to others. Understandably, the novel
roused many objections, one being that a truly invisible man would
necessarily be blind. Our approach provides an intriguing new

insight into this problem, as the ﬁbre arrays could be made to be
nearly transparent yet possess simple ‘vision’ capabilities; such a
system seems to be the closest realization to Wells’ fantasy.

METHODS
FIBRE PREPARATION

The photoconductive glass used was the amorphous chalcogenide
semiconductor As40 Se49 Te11 Sn5 . This tin-doped AST chalcogenide glass has a
transparency window between 1.2 and 16 μm, and is prepared from high-purity
(5–6N) As, Se, Te, and Sn elements using sealed-ampoule melt-quenching
techniques. The materials were weighed and placed into a quartz tube under a
nitrogen atmosphere. The tube was heated to 330 ◦ C for 1 h at a rate of
1 ◦ C min−1 under vacuum to remove surface oxide, As2 O3 , and cooled to room
temperature at the same rate. The ampoule was formed by sealing the tube
under vacuum (∼10−5 torr). It was then heated to 800 ◦ C at a rate of
2 ◦ C min−1 in a rocking furnace, while being held vertical, for 24 h and then
rocked for 6 h to increase mixing and homogenization. The glass liquid was
cooled to 600 ◦ C in the furnace, and then quenched in water. Subsequently, it
was annealed for 30 min near the glass-transition temperature, Tg = 180 ◦ C,
before being cooled gradually to room temperature.
The hundreds of metres of ﬁbre were obtained from a macroscopic
cylindrical preform, 33-mm in diameter and 25-cm in length, which consists of
the Sn-doped AST glass core2 contacted by four alloy (Sn–5% Ag) conduits that
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are encapsulated in a protective polymer (polysulphone) cladding, which is
transparent in the visible and near-infrared wavelengths. The preform was
consolidated for 60 min at 230 ◦ C under vacuum in a three-zone horizontal
tube furnace while rotating the preform around its axis. Subsequently, the
preform was drawn in a three-zone vertical tube furnace with the top-zone
temperature between 165 and 200 ◦ C and the middle-zone temperature 270 ◦ C.

rect (x/Δ) = 1 when |x| ≤ Δ/2 and is 0 elsewhere; 2N + 1 ﬁbres are assumed
along one direction. We assume that the ﬁrst ﬁbre array is large enough to
capture most of the incident ﬁeld E1 (x, y). This allows us to let N formally
become inﬁnite, and the Fourier transform of T1D becomes
FT{T1D }(u)/2π = δ(u) −

CONSTRUCTION OF FIBRE WEBS

The distribution of the photodetecting ﬁbres arranged on the spherical array
has the familiar geometry of longitudes and latitudes on a globe, except that
each latitude consists of two ﬁbres each forming half a circle. There are 20
ﬁbres, of equal length, equally spaced on the longitudes. The 22 latitudinal
ﬁbres have diﬀerent lengths (from the equator to the two poles). Each planar
ﬁbre web is constructed of 64 photodetecting ﬁbres arranged on a 32 × 32
square grid with clear dimensions of 24 × 24 cm2 . The frame used to hold these
ﬁbres is a multilayer printed circuit board with accommodation for electrical
connection to the ﬁbre and mechanical support. Two electrodes running along
the core of the ﬁbres are electrically contacted, using silver paint and two wires,
to the external circuit. The ‘dark’ impedance of each ﬁbre is approximately
140 M. The circuitry of the planar and spherical webs is similar. Each ﬁbre is
connected to a high-input-impedance operational ampliﬁer (precision
low-power JFET ampliﬁer, AD8625) in a current-ampliﬁer conﬁguration. The
ampliﬁed signals are multiplexed (using high-speed complementary
metal-oxide semiconductor 16-channel multiplexers, CD74HCT4067), and
then digitized by an 8-bit multichannel analog-to-digital converter on a
Microchip microcontroller (PIC16C745) before being converted to a universal
serial bus (USB) format. All of these electronic components are located on the
printed circuit board used as a frame. A USB cable then connects the ﬁbre web
to a personal computer that activates the web and collects the detected signals.
No power supply is needed for the ﬁbre webs, and power to operate the
circuitry is derived from the USB ports on the personal computer.
PHASE-RETRIEVAL ALGORITHM

 

2
We deﬁne an error metric Θ = dr n=1,2 |G n (r)|2 − I n (r) describing the
2
functional distance between an estimate |G n | and a measured intensity
distribution I n in both diﬀraction planes, n = 1, 2. The distributions in the two
diﬀraction planes are related to the object distribution g (x, y) through the
Fresnel transform , G n (u, v) = {g}(u, v). The Nyquist frequency for such a
system is 1/L, where L is the size of g (in one dimension) and the sampling rate
corresponds to ﬁbre spacing <lD/L, where l is the wavelength and D is the
distance between the object and the array. The array size sets a cutoﬀ for the
spatial frequencies and therefore determines the sharpness of the reconstructed
image. The phase-retrieval algorithm used requires the minimization of the
metric Θ with respect to the set of 2D variables {g (n, m)}, where n and m are
discretized spatial coordinates. The minimization is carried out iteratively by
repeating the following steps. (i) Calculate G n in both planes using the previous
estimate of g (an initial guess for g is needed in the ﬁrst iteration). (ii) Calculate
Θ and its partial derivatives with respect to g (n, m). (iii) Using the
gradient-search method, ﬁnd the next estimate of g (with smaller error). These
steps are repeated until the change in the error metric is below a threshold
limited by the system noise.
We comment on the extent of the disturbance to the optical ﬁeld produced
by absorption of a portion of the impinging optical power by the ﬁbre array.
Consider the general situation shown in Fig. 4a, where an optical ﬁeld E1 (x, y)
incident on the ﬁrst array is perturbed by the ﬁrst planar array before
propagating to the plane of the second array where the ﬁeld is E2 (x, y). To
investigate the limits placed on this procedure owing to diﬀraction caused by
the ﬁbres in the ﬁrst array, assume that all of the ﬁbres in the ﬁrst array are
identical, have an eﬀective width Δ and are arranged on a uniform square grid
with separations d . The incident ﬁeld E1 (x, y) is modulated by the 2D transfer
function of the array T2D (x, y), such that the ﬁeld directly after the array is
E1 (x, y) · T2D (x, y). The array transfer function is separable,
T2D
(x, y) = T1D (x) · T1D (y), with T1D (x) = 1 − rect (x/Δ)
⊗ Nn=−N δ(x − nd) where ⊗ stands for the convolution process;

∞

Δ sin uΔ/2 
n
δ u − 2π ,
·
d
uΔ/2 n=−∞
d

(1)

where δ(u) is the Dirac-delta function. Note that the zeroth-order component
in the second term (n = 0) on the right-hand side of equation (1) is weighted
by a factor of Δ/d with respect to the ﬁrst term. After propagating a distance d
to the second array, the diﬀracted ﬁeld E2 (x, y) is given by the Fresnel integral
of the modulated incident ﬁeld, E2 (u, v) = {E1 T2D }(u, v) = {E1 }(u, v)
⊗ FT{T2D }(u, v) (we have ignored an unimportant overall phase term). Two
conditions need to be met: (i) the size of the second array should be smaller
than the separation between the delta functions in the second term on the
right-hand side of equation (1), and (ii) Δ/d  1 (by using ﬁbres of thickness
much smaller than the ﬁbre spacing) such that the contribution of the
zeroth-order second term in equation (1) becomes negligible; E2 (x, y) becomes
approximately the Fresnel transform of E1 .
A gaussian beam, from a Ti:sapphire laser tuned to a wavelength of
830 nm, is incident perpendicularly on an amplitude mask with the letter ‘E’,
generating a Fresnel diﬀraction pattern 12 cm away from the mask with size of
∼1 mm, and a Fraunhofer diﬀraction pattern 80 cm away with size of
∼6.5 mm. In this proof-of-principle experiment, we magniﬁed those patterns
to match the array size. We implemented the above-described phase-retrieval
algorithm using an optimization routine from MATLAB, and optimized the
error function to obtain the reconstructed ﬁeld at the plane of the mask. The
iterative process converged after less than 20 iterations to an error of less than
1%. An estimate of the amplitude and phase of the ﬁeld in one plane can be
used to propagate the ﬁeld to any other plane, and a ‘focused’ image is observed
at a distance that matches the location of the object. We compared these results
with a theoretical model that numerically propagates the ﬁeld from the object,
using the object distribution modulated by the incident laser beam (as captured
by a Vidicon camera) and taking into consideration the 32 × 32 discretization
of the diﬀracted ﬁelds at the measurement planes. The reconstructed ﬁelds and
calculated images are shown in Fig. 4b and c, respectively.
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