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1. INTRODUCTION

In a 2018 article [1], Henry Schek wrote, “Like other applications, fluorescence microscopy wants the tan-
talizing flexibility of solid-state lighting. But adapting low-cost lighting to the ubiquitous compound micro-
scope requires innovation.” He is right! Today, a continuing problem requiring innovation when using solid-
state lighting is the generation of uniform “top-hat" or “flat field” illumination with incoherent sources,
such as light emitting diodes (LEDs). In contrast to this, the solution is relatively straightforward for coher-
ent sources — such as lasers — where TEMgg Gaussian beams have zero étendue at the beam waist [2 —
10]. For the incoherent case, if the source is small relative to an optical system’s entrance pupil, then the
source’s étendue may be considered approximately zero, and it becomes possible to generate flat irradi-
ance distributions at a distant screen using a small LED with aspherical lens elements [11], or even with
spherical elements [12 — 14]. If the LED is large, then there are many published techniques using aspherical
and freeform lenses [15 —19]. Recently, | developed a special technique using a combination of “condenser
and shaper” spherical lenses for the case of large LED sizes [20]. | now briefly describe its application to
producing flat field illumination for fluorescence microscopy.

2. FLAT FIELD ILLUMINATION USING OFF-THE-SHELF SPHERICAL LENSES AND A LED
SOURCE FOR FLUORESCENCE MICROSCOPY

The technique that is described in my earlier study [20] uses a combination of custom-designed spherical
lenses comprising a condenser group and a shaper group (Fig. 1). The result is an irradiance distribution
(flux per unit area) at a plane that is uniform and also does not contain any localized structures that may
be present on the source’s surface, which is evident if one notices that the source’s intermediate image
lies inside the shaper group. Additionally, even if the source is non-circular, the shape of the perimeter of
the irradiance distribution is approximately circular. This is due to the “heavy” amount of spherical
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aberration induced by the spherical elements. These properties seem to be just nice for applications in-
volving illumination in the compound microscope, because a microscope’s objective lens is often designed
to have a circular field of view, and, as Schek [1] mentioned, there is interest in applications involving fluo-
rescence microscopy to use LEDs as illumination sources. Moreover, it seems highly desirable to have uni-
form illumination (i.e., uniform “globally” in the sense of having an overall flat top distribution, and uniform
“locally” in the sense of having no visible source structures) across the field of view.
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Fig. 1 All-spherical lens system comprising “condenser” and “shaper” groups and a 9-mm diam-
eter LED, producing top hat illumination at a screen located 250 mm from the last element.

In order to apply the system depicted in Fig. 1 to illumination in fluorescence microscopy, one needs to
couple light into a microscope objective. Usually, such objectives are infinity-corrected. This implies that,
since the desired uniform illumination must be at the plane of focus of the objective, the plane having top
hat illumination shown in Fig. 1 must be imaged onto the focal plane of the objective. This is achieved by
mounting a field lens near the flat field plane to roughly collimate the rays, followed by another lens to
couple light into the objective. The result is an optical system layout depicted in Fig. 2.
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Fig. 2 lllumination system producing a uniform top hat distribution at the focus of a microscope
objective. All lenses in the illumination system are spherical commercial off-the-shelf lenses.
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In Fig. 2, the condenser-shaper lens groups were first scaled down in size, followed by re-optimization
(using Zemax® OpticStudio®) and iterating between replacing the lenses with commercial off-the-shelf
(COTS) spherical elements. For confidentiality, the part numbers and system prescription are not revealed
here. The field lens and coupler lens are both also COTS lenses, and both are plano-convex. The microscope
objective was adapted from US Patent 4231637 by scaling (it is provided by Zemax's Zebase lens catalog,
which | used). The LED is assumed to be square (1 mm x 1 mm), with a Lambertian emission profile. Even if
a LED does not have a Lambertian emission, as long as its radiant intensity (flux per unit solid angle) is
rotationally symmetric, one can numerically determine the right design solution [20]. However, it should
be noted that if light guides are used to channel light from a LED, the output of the light guide is potentially
highly non-Lambertian and likely to have angular ray distributions that change the irradiance profile as the
beam propagates from the exit of the fiber. For such systemes, it is highly desirable to characterize the out-
put from the fiber before attempting the beam shaping technique described in this white paper.

3.IT IS NOT REALLY A KOHLER ILLUMINATION SYSTEM

Contrary to popular belief, when coupling illumination into a microscope that uses an infinity-corrected
microscope objective, it is not necessary to image the source onto the back (or entrance pupil) of the ob-
jective in order to homogenize the illumination (to avoid seeing localized structures at the source). An in-
finity-corrected objective is a well-corrected lens, which means that pairs of rays traversing a line from
infinity will meet at the focal plane of the objective. Therefore, if it is desired to have a plane of uniform
irradiance be imaged onto the objective’s focal plane, then that uniform plane just needs to be at infinity
from the perspective of the objective. Don’t worry about the source plane, because as long as it is not
conjugate with the field plane, then no matter what you do, the source can’t make it to the objective’s focal
plane, due to fundamental geometrical optics. All that is needed is that the numerical aperture of the cou-
pling lens match the half-angle field of view of the objective (which is determined by the semi-diameter of
the objective’s field of view and the objective’s effective focal length). This concept was applied to the
system shown in Fig. 2, where no attempt was made to focus the image of the source onto the aperture
stop of the objective (which lies inside the objective). Shifting the objective towards and away from the
coupler lens does nothing to the irradiance distribution at the sample plane, other than vignetting. Due to
the concept explained, the illumination system shown in Fig. 2 is not strictly of the Koéhler type, nor is it of
the Abbé or Nelson (critical) type. It is quite distinct from any of these illumination concepts (I have been
calling it “Ronian Illlumination” for amusement).
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Fig. 3 The half-angle field of view 6 for an infinity-corrected microscope objective determines the
acceptable numerical aperture for illumination rays coupling into the objective.
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4. CONCLUSION

Generation of “locally” and “globally” uniform “top hat” irradiance distributions from LED sources is possi-
ble using only spherical lenses, and, under some conditions, it is even possible to use commercial off-the-
shelf spherical lenses. Of course, customized lens designs offer optimum performance, especially for a
wider set of conditions (such as if using larger size LEDs, or LEDs with a non-Lambertian radiant intensity).
Additionally, it is also possible to replace any of the spherical lenses with aspherics, where needed. But
spherical lenses are the simplest and most cost-effective lenses for design and manufacture, and they are
available in many commercial lens catalogs. Therefore, the technigue and system presented in this white
paper is expected to be of interest to anyone involved in fluorescence microscopy applications.

REFERENCES

[1] H. Schek, “SOLID-STATE LIGHT SOURCES/FLUORESCENCE MICROSCOPY: Hybrid approach lets solid-state sources
light up fluorescence,” BioOptics World (Vol. 8, Issue 2, March 23, 2015):
https://www.laserfocusworld.com/biooptics/bioimaging/fluorescence/article/14190718/solidstate-light-sourcesflu-
orescence-microscopy-hybrid-approach-lets-solidstate-sources-light-up-fluorescence.

[2] B. R. Frieden, "Lossless Conversion of a Plane Laser Wave to a Plane Wave of Uniform Irradiance," Appl. Opt. 4,
1400-1403 (1965).

[3]J. L. Kreuzer, “Coherent light optical system yielding an output beam of desired intensity distribution at a desired
equiphase surface,” US Patent 3,467,463 (11 May 1965).

[4] P. W. Rhodes and D. L. Shealy, “Refractive optical systems for irradiance redistribution of collimated radiation:
their design and analysis,” Appl. Opt. 19, 3545-3553 (1980).

[5]J. A. Hoffnagle and C. M. Jefferson, “Beam shaping with a plano-aspheric lens pair,” Opt. Eng. 42, 3090-3099
(2003).

[6] N. Kim, “How to design a Gaussian to Top Hat beam shaper,” Zemax Knowledge Base Article, available online at
https://my.zemax.com/en-US/Knowledge-Base/kb-article/?ka=KA-01672.

[7]1 D. Shafer, “Gaussian to flat-top intensity distributing lens,” Opt. Laser Technol. 14, 159-160 (1982).

[8] D. Shafer, "Gaussian to Flat-top in Diffraction Far-field," Appl. Opt. 36, 9092-9092 (1997).

[9] H. Schimmel and F. Wyrowski, “Designing Beam Shaping Systems basing on Spherical Catalog Lenses,” Proc. SPIE
6663, 66630C (2007).

[10] C. J. Rowlands, F. Strohl, P. P. Vallejo Ramirez, K. M. Scherer, and C. F. Kaminski, “Flat-Field Super-Resolution
Localization Microscopy with a Low-Cost Refractive Beam-Shaping Element,” Scientific Reports 8, 5630 (2018):
https://doi.org/10.1038/s41598-018-24052-4.

[11] J. Sasian, "Formulae for the geometrical propagation of a beam of light," Appl. Opt. 59, G24-G32 (2020).

[12] G. Gao, L. Li, and Y. Huang, “Using spherical aberrations of a singlet lens to get a uniform LED illumination,”
Proc. SPIE 5638, Optical Design and Testing Il, (10 February 2005): https://doi.org/10.1117/12.571577.

[13] R. Siew, “Uniform illumination using spherical lenses,” (open-access technical note):
https://doi.org/10.6084/m9.figshare.13040282.v1.

[14] R. Siew, “How to use spherical optics to create uniform top hat illumination,” Zemax Envision 2020 conference,
open-access at: https://doi.org/10.6084/m9.figshare.13220585.v1.

[15] Y. Ding, X. Liu, Z. Zheng, and P. Gu, "Freeform LED lens for uniform illumination," Opt. Express 16, 12958-12966
(2008).

[16] Z. Zhenrong, H. Xiang, and L. Xu, "Freeform surface lens for LED uniform illumination," Appl. Opt. 48, 6627-6634
(2009).

[17] M. A. Moiseev, S. V. Kravchenko, and L. L. Doskolovich, "Design of efficient LED optics with two free-form sur-
faces," Opt. Express 22, A1926-A1935 (2014).

R. Siew | https://doi.org/10.6084/m9.figshare.15073053

4/5


https://doi.org/10.6084/m9.figshare.15073053
https://www.laserfocusworld.com/biooptics/bioimaging/fluorescence/article/14190718/solidstate-light-sourcesfluorescence-microscopy-hybrid-approach-lets-solidstate-sources-light-up-fluorescence
https://www.laserfocusworld.com/biooptics/bioimaging/fluorescence/article/14190718/solidstate-light-sourcesfluorescence-microscopy-hybrid-approach-lets-solidstate-sources-light-up-fluorescence
https://my.zemax.com/en-US/Knowledge-Base/kb-article/?ka=KA-01672
https://doi.org/10.1038/s41598-018-24052-4
https://doi.org/10.1117/12.571577
https://doi.org/10.6084/m9.figshare.13040282.v1
https://doi.org/10.6084/m9.figshare.13220585.v1

[18] R. Wester, G. Mller, A. Voll, M. Berens, J. Stollenwerk, and P. Loosen, "Designing optical free-form surfaces for
extended sources," Opt. Express 22, A552-A560 (2014).

[19] S. Hu, K. Du, T. Mei, L. Wan, and N. Zhu, "Ultra-compact LED lens with double freeform surfaces for uniform illu-
mination," Opt. Express 23, 20350-20355 (2015).

[20] R. Siew, “Uniform Top Hat Illumination for Extended Sources Using Only Spherical Lenses,” Inopticalsolutions
White Paper (Nov. 14, 2020, Rev. 5): https://doi.org/10.6084/m9.figshare.13237994.

AUTHOR

RONIAN SIEW IS A CONSULTANT IN OPTICAL ENGINEERING WITH MORE THAN 20
YEARS OF PROFESSIONAL EXPERIENCE. HIS OPTICAL DESIGNS HAVE INVOLVED FLUO-
RESCENCE DETECTION SYSTEMS FOR DNA ANALYSIS (SUCH AS QPCR AND DIGITAL
PCR INSTRUMENTS), AND VARIOUS IMAGING AND ILLUMINATION SYSTEMS. HE IS
ALSO THE AUTHOR OF SEVERAL JOURNAL PAPERS AND BOOKS ON OPTICAL DESIGN.
FOR MORE INFORMATION, PLEASE VISIT THE WEBSITE BELOW.

www.inopticalsolutions.com

R. Siew | https://doi.org/10.6084/m9.figshare.15073053

5/5


https://doi.org/10.6084/m9.figshare.15073053
https://doi.org/10.6084/m9.figshare.13237994
http://www.inopticalsolutions.com/

