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Abstract

A novel configuration for concentrating diffuse, based on a reflective curved diffractive element, is proposed and
demonstrated. Such an aplanatic element satisfies the Abbe sine condition, and hence can achieve diffuse light con-
centration close to the thermodynamic limit. In our experiments, a thin, cylindrically shaped diffractive element with a
numerical aperture of 0.86 yielded a one-dimensional concentration ratio that was 80% of the thermodynamic

limit. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Concentration of diffuse light has many appli-
cations including solar energy concentration [1-6],
light collection for optical instruments [7-9], effi-
cient light coupling into fiber optics [10]. The
amount of concentration is limited to 1/sina« in
each transverse dimension, where o is the incoming
half-divergence angle. This so-called ‘“‘thermody-
namic limit” arises from the conservation of op-
tical brightness, or étendue [1]. The most widely
used non-imaging concentrators, the compound
parabolic concentrators approach the thermody-
namic limit. However, since their length to width
ratio is ~1/sin [1], they tend to be extremely long
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for small «. Thus, their use is limited to either
highly diffuse beams (large o) or as a secondary
stage concentrator, following a first stage concen-
trator. With the combination of several elements it
is possible to considerably reduce the length of
non-imaging concentrators [11].

High numerical-aperture (NA) imaging con-
centrators, in particular those that use simple
parabolic mirrors [5], are simpler and more com-
pact than the non-imaging concentrators. How-
ever, most imaging concentrators violate the Abbe
sine condition, and hence suffer from large first-
order aberrations such as comma and astigmatism.
These aberrations reduce the concentration ratio
far below the thermodynamic limit (for example,
by a factor of 2 for one-dimensional and a fac-
tor of 4 for two-dimensional parabolic mirrors).
Aplanatic imaging systems that obey the Abbe sine
condition and hence suppress first-order aberra-
tions, such as microscope objectives, the Luneburg
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lens and the Schmidt camera, are often too com-
plicated and expensive for large area concentrators
[1].

In this paper we propose and demonstrate a
novel configuration for a diffuse light concentra-
tor, based on a reflective curved diffractive element
(CDE). By independently controlling the shape
and grating function of the CDE, we found it
possible to form a large area concentrator which
exactly fulfills the Abbe sine condition at ex-
tremely high NA [12] and hence concentrates dif-
fuse light at the thermodynamic limit. Experiments
with such a CDE, recorded as a simple two-wave
interference pattern on a curved surface, yielded
much higher concentration than a comparable flat
element.

Throughout the paper we resort only to geo-
metrical optics, since for our experiments the dif-
fraction-limited angles and spot sizes are much
smaller than the diffusive ones. Moreover, we limit
ourselves to quasi-monochromatic diffuse light to
suppress the large chromatic aberration of diffrac-
tive elements. Finally, we illustrate our approach
for a “cylindrical” concentrator that concentrates
light in one dimension only. The extension to a
“spherical” concentrator that concentrates light in
two dimensions is straightforward.

2. Geometrical arrangement
The geometrical arrangements for recording and

readout of a cylindrically shaped concentrator are
schematically shown in Fig. 1. Fig. 1(a) shows the

(@)

CDE

recording arrangement of the interference of a
plane wave and a counter-propagating diverg-
ing spherical wave. Fig. 1(b) shows the readout
arrangement with a counter-propagating plane
wave, where £ is the distance of the incoming ray
from the optical axis, 0 its focusing angle and R is
the focal distance which in our case is also the
radius of the cylinder. In readout, the first-dif-
fraction-order yields the exact conjugate of the
diverging spherical wave and hence a diffraction-
limited spot at its origin. Note, that such a dif-
fraction-limited spot would also be obtained when
the recording is done on a flat surface. However,
only the cylindrical shape [12] exactly fulfills the
Abbe sine (or aplanatic) condition [13] of

h=Rsin0, forall h <R (1)

The aplanatic condition of Eq. (1) ensures that
aberrations which normally grow linearly with the
off-axis angle are zero and hence the concentration
ratio is expected to be as for ideal imaging, given
by

CRigeal = Xin/Xout = Sin Oy / sin o
= NA/sin «, (2)

where X;, and X, are the input and output lateral
beam sizes, respectively. Note, that as the NA
approaches one, Eq. (2) approaches the thermo-
dynamic limit for one-dimensional concentration
CR,ux = l/sina.

(b)

Fig. 1. The geometrical arrangements for recording and readout of a CDE that satisfies the Abbe sine condition: (a) recording ge-

ometry; (b) readout geometry.
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3. Numerical simulations

To confirm the validity of our approach we
calculated, using numerical ray tracing, the nor-
malized concentration ratio (NCR) for the cylin-
drical CDE as a function of its NA for R = 3.5 cm
and o = 1° (the same parameters as subsequently
used in our experiment). The NCR is defined as
CR/CR ux = (Xin/Xout) sin o, where at the thermo-
dynamic limit, NCR = 1. The results are shown in
Fig. 2, together with results from two other con-
centrators: a flat diffractive element (FDE) and a
one-dimensional parabolic mirror (Fig. 2 also
contains experimental data that will be discussed
later). As evident, for high NA, the CDE has the
highest concentration ratio, whereas the FDE has
the worst one. In particular, the calculated con-
centration ratio for the CDE is practically indis-
tinguishable from that of the ideal imaging system
of Eq. (2), and can approach the thermodynamic
limit at high NA. The maximum concentration

Normalized Concentration Ratio (NCR)

ratio for the one-dimensional parabolic mirror and
the FDE is 50% and 38% of the thermodynamic
limit, respectively. Note that the results in Fig. 2
confirm the well-known fact [5] that the highest
concentration (50% of the thermodynamic limit)
of the one-dimensional parabolic mirror occurs at
NA = 0.71, when 0., = 45°. Also note that for
three-dimensional concentrators the best concen-
tration ratio for the parabolic mirror and the FDE
would be even lower, namely 25% and 14%, re-
spectively, of the thermodynamic limit, whereas
for the CDE the thermodynamic limit would still
be reached.

The failure of the parabolic concentrator at high
NA can be understood by noting that at each
point an incident light cone with (half) angle « is
reflected as an identical cone towards the focus.
However, as the cone intersects the optical axis at
an angle 0 the focal spot includes an inclination
factor 1/cos @, which diverges for large NA (and
reaches an optimum at NA = 0.71 [5]). For the
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Fig. 2. Calculated NCR as a function of NA for CDE (solid line), FDE (dotted line) and parabolic mirror (dashed line), obtained from
ray-tracing analysis. Also shown are the experimental NCR values for CDE (O) and FDE (X). The error bars are estimated from the

data.



144 N. Bokor et al. | Optics Communications 191 (2001) 141-147

Computer

CCD

Fig. 3. Setup for measuring the performance of the CDE and FDE.

CDE the reflected light cones for high 0 are actu-
ally narrower than the incident cones by exactly
cos 0, ! thereby canceling the effect of the inclina-
tion factor 1/cos 6, and yielding identical spot size
regardless of the NA (and hence a higher concen-
tration ratio). Finally, the reflected light cone from
each point on the FDE is 1/cos 6 times wider than
the incident cone, resulting in an even worse con-
centration.

4. Experiment

For our experiments, we used the arrangement
shown in Fig. 1(a) to record a 6 cm wide cylin-
drical CDE with radius R =3.5 cm and NA =
0.86. A microscope objective of 60x, whose focal
point was located exactly at the center of the cyl-
inder was used to generate the spherical wave.
The spherical and plane waves were derived from
an argon-ion laser operating at a wavelength of
488 nm. The recording material was a 20 um thick
photopolymer which was glued to a thin glass half
cylinder. After exposure and development the re-
sulting phase DOE had a diffraction efficiency of
~70%, with uniformity better than +10% over the
entire aperture. For comparison, a FDE was also
recorded with the same parameters. The FDE has
the same width (6 cm) and focal distance (3.5 cm)
as the CDE, but NAgpg = sin(tan~!(3/3.5)) =

! Remark: this surprising result is directly obtained from the
diffraction relations of the grating for small o, and is an
excellent approximation even for large o.

0.65 is smaller than NAcpg = 3/3.5 = 0.86. Note
that by careful control of the recording and de-
velopment parameters, diffraction efficiencies ex-
ceeding 90% can be obtained with photopolymers
[14].

The performance of the CDE and FDE con-
centrators were measured using the setup shown
schematically in Fig. 3. The diffuse source was
simulated by passing a uniform beam from an
argon laser with a wavelength of 488 nm through a
rapidly rotating diffuser (RD) located at the back
focal length of the lens L; (focal distance f| = 56
cm). An aperture of diameter 4 was placed adja-
cent to the RD for controlling the diffusive angle.
A horizontal slit of about 1 cm width (not shown
in the figure) ensured that our setup is approxi-
mately one dimensional (alternatively, we could
have replaced the microscope objective during the
recording with a cylindrical lens). The focus was
obtained on a 5 mm wide screen (S) located at
the focal plane of the CDE or FDE, and imaged
onto a calibrated CCD camera and digitized to
a computer. The resolution of the entire system
(concentrator + diagnostics imaging and CCD
pixel resolution) was measured to be better than
0.1 mm by setting the diameter of the aperture to
A <1 mm. Next by setting 4 =20 mm, we ob-
tained a diffuse (half) angle of a«=4/2f; =1°
(much smaller than the Bragg-selectivity angle of
the CDE and FDE, to ensure high diffraction ef-
ficiency).

Some representative experimental concentrated
spots for the CDE and FDE are shown in Fig. 4.
The relevant parameters for the results were the
following: element aperture = 6 cm, focal length
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Fig. 4. Experimental concentrated spots (a) with CDE; (b) with FDE. Element aperture = 6 cm, R = 3.5 cm and o = 1°.
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Fig. 5. Measured intensity cross-sections of the concentrated spots of Fig. 4, CDE (dashed line) and FDE (solid line).

R =3.5 cm and o = 1°. The corresponding inten-
sity cross-sections are shown in Fig. 5. As evident,
the CDE yielded a narrower spot than the FDE,
with clearly observable sharper edges. The results
for the corresponding calculated intensity cross-
sections — obtained from numerical ray tracing —
are presented in Fig. 6. They reveal a very good
agreement with the experimental results. In par-
ticular, the measured ratio of peak intensity of
the concentrated spot by the CDE to that con-
centrated by the FDE is 1.36, very close to the
calculated ratio of 1.42. We repeated these mea-
surements as a function of the NA for the CDE
and FDE. For these measurements we varied the
width of an aperture placed adjacent to the ele-

ments in order to limit their effective width. The
experimental results are shown in Fig. 2. As evi-
dent, the experimental results agree quite well with
the calculated results for both the CDE and FDE.
They confirm the superiority of the CDE over the
FDE, especially at high NAs. Specifically, the
maximal NCR for the CDE was 0.79 at NA of
0.86, whereas that for the FDE was only 0.37 at
NA of 0.58.

5. Conclusion

To conclude, we proposed and demonstrated an
aplanatic imaging concentrator based on a thin
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Fig. 6. Calculated intensity cross-sections of the concentrated spots with the same parameters used to obtain the results in Fig. 5; CDE

(dashed line) and FDE (solid line).

diffractive element with a cylindrical shape, that
allows concentration at the thermodynamic limit.
Our experimental results verified nearly ideal con-
centration for a large (6 cm diameter) element
up to the maximal NA of 0.86 we could record.
CDEs with even higher NA can be of course re-
corded by resorting to either stronger microscope
objectives or several exposures of the same two
beam interference pattern while rotating the ele-
ment around the center of the cylinder. We esti-
mate that using two exposures with the same 60 x
objective we used, NA = 1 can be obtained. Such
an element can achieve concentration at the ther-
modynamic limit. Such relatively simple recording
arrangements could be extended to very large
scale, whereby the quality of concentration de-
pends only weakly on the exact shape of the CDE,
as long as it is identical during recording and
readout. Finally, the approach can be readily ex-
tended to spherical concentrators that concentrate
light in two directions by simply using a thin CDE,
shaped as a spherical surface. This can be done by

dip-coating photopolymer, photoresist or dichro-
mated gelatin on thin half-spherical substrates.
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