Characterization of Irradiance in
Light Microscopes that use the
Villuminator™ Module

Ronian Siew*

*Optical Consultant
Venture Biotech Modules Business (V-BMB) Pte. Ltd.

V-BMB

Copyright © 2024 V-BMB Pte. Ltd. All rights reserved.



Acknowledgements V-BMB

« We are grateful to Nathalie Gaudreault* and Laurent Gelman** for their kind invitation

« Thanks also to Stanley Schwartz* for introducing us to QUAREP-LiMi

* Director Microscopy Pipeline at Allen Institute for Cell Science
** Head of Facility for Advanced Imaging and Microscopy
T Consultant, (Former) Senior Advisor at Nikon Instruments

3/17/2024 Copyright © 2024 V-BMB Pte. Ltd. | https://v-bmb.com 2


https://alleninstitute.org/
https://www.fmi.ch/platforms/platform.html?plt=110

Irradiance measurement at the specimen
plane of an objective (example)

4-color LED
Light Engive

Villuminator™
Wodules

Power
WMeter

Thorlabs
AM42C

.....
.....
.....

......

Measure total flux at the
specimen plane using
power meter

1

Nikow 0.2NA Camera
10x Objective

« . - o

.....

'''''

Capture beam profile at
specimen plane using an
Image sensor (focus by first
reducing iris at the field stop)

V-BMB

This is for the 430 v illumivation
(surface plot is across 250 x 250
pixels, each pixel is 2.4 um square)
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Scaling of pixel digital intensities V'BMB
(method 1)

Resized raw image into 250 x 250 WS Excel® Spreadsheet WS Excel® Spreadsheet
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Scaling of pixel digital intensities

(method 2)
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Imaged 3D Plot
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yield scaling factor
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Caveat 1 V-BMB

Field wvamber divided
by magmification
/ This is a
Flux in the FOV relative term

| . | \
We assume that the signal to background ratio is “high”

\ J
|

WMeaw flux from light scatter
that's been integrated by
power meter and image sensor

3/17/2024 Copyright © 2024 V-BMB Pte. Ltd. | https://v-bmb.com 6



Caveat 2

V-BMB

What if you don’t have space to mount a camera at

the specimen plane?

In this case, one option is to try this experimental setup I_

The flat mirror can be any high quality ‘first surface’ mirror. To focus onto the flat mirror,
close the iris but leave sufficient opening so as to see the iris’s inner rim, then focus until
the rim appears sharp. Let the camera record the irradiance distribution. Note that the
irradiance profile at the camera may not necessarily be the same as the irradiance at the
mirror. In this case, perhaps you can ‘baseline’ your measurement by first mounting a
Villuminator module as the light source to obtain a top hat irradiance profile with > 95%
uniformity at the mirror plane. Then, let V(x, y) be the irradiance at the mirror from the
Villuminator, and V’'(x,y) be its image in the camera. If T(x,y) is the ‘transmittance
function’ of the imaging system, then V'(x,y) = V(x,y)T(x,y). So, if I'(x,y) is the
image of your original irradiance profile and I(x,y) is your original irradiance at the
mirror, then I'(x,y) = T(x,y)I(x,y). Thus, your original irradiance at the mirror is
1, y) =[V'(x,v)/V(x,y)]I'(x,y). But since V(x, y) is a top hat, it is spatially constant
(within 5% error). Therefore, I(x,y) = V'(x, y)I'(x,y).

SNR* is independent of the
beamsplitter’s %R/%T split ratio
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The Villuminator™ modules produce very
flat irradiance distributions

Irradiance Distribution in mW/cm”2
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So, 1t I1Is of Interest to characterize

the irradiance profile in terms of
analytic formulas
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Analytic expressions relating irradiance V-BMB
distribution with total flux and ‘width’

Rotationally Symmetric Rotationally Symmetric

Gaussian ‘ ‘Super-Gaussian’
Approximate
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p
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Gamma function

In both formulas, P is the total flux in the distribution
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Properties of the ‘super-Gaussian top-hat’ V'BMB
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Why irradiance matters to us V-BMB

« Asource’s ‘brightness’ is proportional to the irradiance” in the image of that source
» Fluorescence emission is proportional to the irradiance from the illumination
 Given a spatial irradiance distribution E (x, y), the integral [[ E(x, y)dxdy yields flux in the ‘Area’

Area

 The flux delivered to an area is at least partially absorbed by matter in that area
 If a distribution is ‘top hat’, then the irradiance times any area yields flux in that any area v

This is what
Globally non-uniformirradiance profile Globally uniformirradiance profile )
(but locally uniform) (but locally non-uniform) we're after
P i Hot o Globally AND locally
Spots uniform profile
o o /N ®
S S S “Top Hat’
o T \ / ©
© Dark Dark ® Cold o
= = Spots Dark =
> >
Transverse Space Transverse Space Transverse Space

*R. Siew, Eur. J. Phys. 29, 1105 (2008); R. Siew, Eur. J. Phys. 43, 035304 (2022)
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I JUST NEED A
LITTLE SHADE.

A LITTLE 'SLOPE’
ON THE SIDES
IS OK.
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Producing top hat illumination using the V'BMB
Villuminator ™ module: principle of operation

Villuminator Module
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Example V'BMB
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Fluorescence Microscope Setup

(Nikon 10x Plan Fluorite, 0.3 NA)
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Fluorescence Microscope Setup
(Edmund Optics 10x 1201 Plan Apo, 0.28 NA)
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Tunability of the irradiance distribution V-BMB

> Decreased workivg

B distance By varying the working distance, the irradiance
g / profile can be made to change from a dome to
| a top hat and to an inverted-dome.

> Normal working

________ . This means that the FINAL profile at the
. distance

j camera can be made flat even if the ‘response’
| of a fluorescent sample (or the transverse
transmittance function of the imaging system)
has either a dome-shaped or inverted-dome
shaped profile.

______

+— Twncreased working
e distance
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Example of tuning the profile V-BMB

(Villuminator with Edmund Optics 10x 1201 Plan Apo, 0.28 NA)

Working Distance = 1% mm Working Distance = 26 ymm

Vertical Plot
Vertical Plot

Horizontal Plot Horizontal Plot
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e Precision Controt Soktions
Made Simple

Introduction to Using Villuminator™
Modules for Producing Uniform
“Top Hat” lllumination

V

1. INTRODUCTION beams are in the red, green, and blue. Other designs
In the Jan/Feb 2023 issue of Biophotonics, Advanced e smaller, such as the four modules shown in figure
Products Corporation (APC) described how biotech-  1- These compact standard designs have dimensions
nology applications are benefiting from using special ©f 40 mm (diameter) x 78 mm (length). The four mod-
devices called Villuminator™ modules, which are com-  ules in figure 1 produce output beam colors in green,
pact optical systems that produce output beams with  blue, red, and white. Other colors (wavelengths) are
also available, ranging from the near ultraviolet
through the visible (including white) and near infrared.

2. PRIMARY COMPONENTS OF A

VILLUMINATOR MODULE

Figure 2 shows the components of a Villuminator
module. A module consists of a LED, heatsink, power
cord, and a patent-pending optical system that pro-
jects a non-divergent beam out of the module.

Figure 1. Compact standard Villuminator modules.

ex uniform light [1). Soon after,
the Venture Biotech Modules Business (V-BMB) was Optical System
formed, offering a variety of precision control solu- (patent pending)

LED

tions, and expanding the Villuminator module product
line, providing analytical instrument developers and re-
searchers with unparalleled uniform illumination Heat Sink

Villuminator modules have been offered in a variety
of sizes and designs. For example, the three modules
shown at the top right of this page have diameters be-
tween 50 and 60 mm, and length of roughly 130 mm
(inclusive of a heat sink for the source). Their output

FPower
Cord

Figure 2. Components of a Viluminator module.

Introduction 1o Using Villuminator Modules for Producing Unform Top Hat® Bumination
©2023 V-BMB | https /iv-bmb com

s://v-bmb.com

4 Precision Control Sokutions
Made Simple

WHITE PAPER

Selecting Commercial Off-The-Shelf
Coupler Lenses for Villuminator™

Modules Used in
Fluorescence and
Bright-Field
Microscopy

E

1. INTRODUCTION

Villuminator™ modules are compact optical systems
that produce output beams with exceptionally uniform
light distributions [1-4]. When applied to fluorescence
and/or bright-field microscopy, a coupler lens must be
used to focus the output from a Villuminator module
into the objective lens, as illustrated in figure 1

To ube lew

Coupler

Figure 1. Use of a coupler lens to focus light from
a Villuminator module into an objective lens.

Selectng Commercial Off-The-She¥
©2024 V-BMB | hitps:/iv-bmb. com

Generally, for standard Villuminator modules [S], any
commercial-off-the-sheif (COTS) AR-coated achro-
matic doublet lens having an effective focal length
(EFL) of 150 mm (and diameter in the range between
40 to 50 mm) can be used as a coupler lens (e.g., the
lens with part number 49-285 from Edmund Optics, or
part number AC508-150-A from Thorlabs, can be used
as a coupler lens). However, there may be instances
where a coupler lens with a different EFL is desirable
In the next section, we provide basic rules for selecting
coupler lenses.

2. HOW TO SELECT A COUPLER LENS

2.1 Condition of using objectives from different
manufacturers

Figure 2 illustrates the basic rule for coupler lens se-
lection in situations where you may be using objec-
tives from different manufacturers (note that a fluo-

rescence filter cube has not been included in the figure,

s it would be a redundant component for the current
discussion). The idea Is that, at any specified

Coupler Lenses for Viluminator Modules Used in Fluorescence and Bright-Field Microscopy

3/17/2024
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Top Hat lllumination Provides Even Light
Distribution Across Samples

LEDs and geomemcal optics pnnc:p(es combine to provide effective lighting profiles for

5Y RONIAN SEEW AND UHAO TAN,
ADVANCED PRODUCTS COR FTE 11D

ven illumination patterns are of great
E portance when applied to biomedi-
cal imaging because they prevent
lighting artifacts that could distort the
picture of the sample being analyzed.
‘Therefore, suppliers of microscopy solu-
‘made the integration and rep-
lication of these even patterns a priority
in their commercial products™=. With this
goal in mind, any bright or dark features
of 2 specimen on 2 microscope slide must
be accurately reproduced for purposes of
examination, whether by the human eye
or by capturing the specimen’s image via
a camera sensor contained within 2 digital
‘microscope. Clarity is particularly impor
ant when analyzing conditions in cells,
nssues embiyos,orotber speciimens for
h or clinical diagnostics
‘Two common illumination techniques

able for 2 variety of biophotonics applica-
tions. A new lighting method that uses
lenses with LEDs to produce flat, top hat
illumination has emerged, yielding even

‘namic and intricate samples.

Classical il

chain reaction, and other forms of analysis

And yet, globally uniform iradiance pro-
files can shh have hot and cold spots —
smal ns of the illumination profile

mage
structural properties of the source, such
asthe coils of tungsten filaments, or even

o appreciate the nuances of how
illumination problems can manifest
hemseives i3 bomedica imaging, itis
important to understand what uniform or
even illumination represents (Figt

this context. In optical sy:

nation profiles is the irradiance distribu-
tion, which refers to the flux per unit area
across the plane of illumination.
me-shaped irradiance distribution
may be considered globally nonuniform
across the sample, but it may be locally
uniform in specific areas of the sample.

from wires 2 hanical joints that ren
across LED surfaces
Figure 2 illustrates the basic optical
Iayout of five well-known classical tech-
niques of illumination. For comparison,
each system is depicted to project equal
flux across equal illumination areas a
screen. Typically, the technique of criti-
calillumination enables projecting a flat
irradiance distribution, provided that the
source is locally uniform. But sources
often do not possess such uniformity.

For instance, if the source is a tungsten
filament, then the image of the filament is
projected onto the plane of illumination.

imates courtaey of dvanced Products Corporation . 1a.  BioPhotonics + January/February 2023

Courtesy of Laurin Publishing

1f an LED is used, then wires and other
electrical and mecha‘n(al structures that
run across the emitter’s surface are pro-
jected tothe mintion plane. Examples
these obstructions
has in fluc

c
cence images of cells, are discussed in
several technical white papers
In critical illumination, sometimes
x collector
lens (or 2dding 2n engineered diffuser)
sufficient to homogenize the local
nonuniformities, but this depends on the
spatial dimensions and gaps between
Tocalized structures of the source. Kahler
illumination — which is the most com-
mantechnique used in bright field and
py — eliminates
rmities. But if

2 small emitter, then the result is often 2
globally nonuniform profile, even if edg:
s not present. However, in

patterns in Kahler illumination can also
appear in an image’
Collimated illumination typically does

ifor
Gistbutons,due  the cosine fourth 1w
asit applies to 2 lambertian LED source
a LED séhose datashs
tes that its sity
0% of ts peak at an output 1
60° normal to the LED’s surfac
indicates that when such
an LED is located at the back focal plane
of 2 lens, the irradiance across a distant
screen in front of the lens can take on
globally nonuniform profile. Butif the
LED is sufficiently large and locally
, then it is possible to produce a
uniform illumination profile, provided
that the plane of illumination is extended
farther away.
This is known 2 the “searchlight”
condition.
Finally, the last two techniques shown
oduce uniform irradi-
ance disebations on a plae, but at
expense of using exotic componeats, such
as fly’s eye arrays and light pipes, which
xpanded system footprints
o extended lengths or add to design
complexity and cost
For example, Terou Ichimura and his
colleagues have explored the use of £ly’s

tion at the specimen plane of a so-called
ulticellular) imaging micro-

scope possessing a large field of view. But

their system layout appears rather long*

Globally Nonuniform
Profile, but Locally Uniform

L

Imadiance

Globally Uniform Profil
but Nonuniform

/\

Hilumination Plane

Ulumination Plane

Figure 1. Global and locol nonunformity of an ilum profile across a plane.

Flux Collectar and Pame ot

,  Source
Humination L

Projection Lens Wlumination

{Fiux Collector #

Koner  Source -
umination <

Projection Lens™

Collimator Lens

Collimated
Tumination

Flux Colloctor

Lignt Pipe
Hikumination

Fly's Eye
Wlumination

Relay
e g Projection

igure 2. Five wall knawn classicol teckrigues of llaminatar

By distilling the effects of sy:

length into 2 mathematical formul

can be shown that a purely g

first-onder equation governs the condition
of equal flux projected onto equal areas
of illu

illumination techniques:

1 1 +
R p'H
Here, R is the semidiameter of 2

projection lens (shown in me second
system from the top in Figure 2), p is the

the size of the projec-

mination such that
the total flux and size of the illumination
area are the same in both the critical and
Kahler techniques.

Since theprjecton s s conugate
to the source — thatis, the projection
lens's plans i the location of the image
of the source, which is formed by the flux
collector — the formula also dictates the
focal length of the flux collector for any
choice of distance between the source
and the flux collector. Finally, since the
flux collector is conjugate to the area

and H is the radial height of the illumina-
tion profile measured from the optic axis.
For 2 specified source size, flux collector
size, and size of the illuminated area, this

BioPhotonics * January/February 2023

thatis, the pl
Miniaations s Tl o e g
of the flux collector, which is formed by
the projection lens — this determines the
system length.

3/17/2024
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Precision Control Solutions
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