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The excitation and collection of optical signals using lenses form the basis for many applications in imaging, nephelom-
etry, fluorometry, and spectroscopy. While lenses are needed for imaging systems, their use is not so obvious for volume
sensing applications. Here, we study the excitation and collection of fluorescence signals to show that lensless systems
generally provide a stronger signal compared to lensed systems for the case of extended Lambertian-like sources, such
as LEDs. To elucidate this result, we provide a foundational framework to analyze the signal collection efficiency from
an arbitrary detection volume with and without lenses when extended sources and detectors are used. A combination
of factors, including the limited numerical aperture, the use of extended sources/detectors, and the requirement of a
finite imaging distance between the source/detector, lenses, and the sample, limits the performance of the lensed system
compared to the lensless system. Our theoretical and experimental results indicate that conventional wisdom based on
the assumption of point-like sources and detectors should not always be followed. We provide a systematic approach
for analyzing and simplifying the design of low-cost, lensless fluorometers and nephelometers without sacrificing their
performance, reporting a sub-ppb level detection limit for measuring tryptophan-like-fluorescence in drinking water.
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1. INTRODUCTION

Optical methods, such as fluorescence spectroscopy, fluorimetry,

Use of lenses has a number of advantages, such as collimation for
typical dichroic filters, or localizing sample volume when specific
sample regions are of interest. However, excitation and collection
for a lens depends on the numerical aperture (NA) of the lenses.
For simplicity, we assume that all the lenses have the same NA,
then the overall dependence on the efficiency of excitation and
collection of the signal scales with NA? [see Eq. (3)]. This strong
dependence on NA implies that lenses with high NA and high
transmission are required for high-efficiency systems. High-NA
lensed systems also require precise optical alignment. These are
challenging requirements in terms of cost and complexity, particu-
larly for fluorometers operating in the UV regime required for the
microbiological assessment of drinking water. We exemplify these
challenges with a fluorometer that measures tryptophan-like fluo-

and nephelometry, are emerging as new sensing paradigms for
assessing microbial contamination in drinking and environmental
water [1-3]. Such optical methods have been shown [4] to be more
rapid and robust than the traditional approach of plate count-
ing of indicator organisms, which can take 12-48 h to produce
results and requires trained personnel. Additionally, the optical
techniques are inherently reagentless, which reduces cost and
complexity, eliminating a specialized supply chain for the reagents,
thereby simplifying implementation in resource-limited settings.
The instrumentation often uses LED:s as the excitation source and
measures the optical signal using an optical filter and a photodiode

(PD). Due to the availability of efficient and low-cost components,
these systems can be made practical as well as cost-effective.
Current fluorometers or nephelometers typically use a pair of
lenses to collimate and focus the excitation light onto the target
sensing volume, such as a water sample in a cuvette. The corre-
sponding optical signal (e.g., fluorescence or scattered light) is then
collected and focused onto the detector using lenses (see Fig. 1).
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rescence (TLF) [3], with the excitation centered around 280 nm
and the fluorescence centered around 340 nm.

In addressing these challenges, two important aspects need to
be considered. First, since we utilize the fluorometer to measure
concentration of tryptophan in aqueous solution as an exem-
plar, the total optical power is the quantity of interest, for which
imaging optics are not essential. Second, in line with the low cost
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(a) Schematic of a lensed setup typically used in a fluorometric or nephelometric system. The system operates with extended source and detector;

(b) schematic of a lensless setup, highlighting the large excitation and collection (measurement) volume encompassing the field of view of both of the source
and detector. The dots in both images represent fluorescent or scattering particles; black dashed lines represent light rays (some of which undergo total inter-
nal reflection) that do not contribute to the signal in our analysis, as they exit at an angle § > acceptance angle (~24° for lensed, ~27° for lensless system in
our experiments). (c) Details in (b) showing positional variables used in this paper.

requirement, we use an LED for the 280 nm excitation and a sil-
icon PD for the detection; both source and detector extend over
a finite area. These characteristics suggest that one should apply
the principles of non-imaging optics [5,6] to this problem. We
note that most of the literature on non-imaging systems is centered
on applications such as solar concentrators [7], displays [8], and
computer graphics [9,10], while fluorometric or nephelometric
applications are rarely considered. Therefore, we first develop a
theoretical framework for studying the efficiency of a fluorometer
with an extended source and detector, then compare the conven-
tional lensed approach with a lensless approach. Informed by this
model, we then provide experimental evidence that the lensless
approach outperforms the lensed approach when considering
practical limitations. This result has the added benefit of simplicity
and robustness, all of which are essential for translation into a
high-performance system that can be used in a resource-limited
setting.

2. THEORETICAL MODEL

To avoid confusion due to different notations and definitions
used in the literature, we use radiometric terminologies and
symbols based on ISO standard 9288:2022 on Heat Transfer
by Radiation [11] (please see Supplement 1, Table I for a list of
radiometric quantities used in this paper). We model the excita-
tion source as a collection of infinitesimal Lambertian emitters
with a constant radiosity (or, radiant exitance) Jo, such that the
irradiance at an arbitrary point 7 in the sample space is given by
the radiator view-factor Fx(7), which provides the sum of con-
tributions from all of the elements on the emitter surface to that
point (see Supplement 1, Section 1). View-factor is closely related
to the acceptance angle of an optical system or the solid angle
subtended by the optical rays, with a relationship Qz = 7 Fr(r)
for a Lambertian radiator in a free-space. Similarly, we model the
detector as a collection of infinitesimal Lambertian detection
elements to determine the detector view-factor Fp(7), which is the
sum of the optical powers detected by each detection element from
an arbitrary emitting volume element with unit radiant intensity
in the sample space (see Supplement 1, Section 2). We then define

the effective volume Vg as the overlap integral between the two
view-factors in the sample volume. The Vg describes the collected
power and is therefore the figure of merit of the system.

To describe the fluorescence signal, we consider isotropically
absorbing and emitting fluorophores that are uniformly distrib-
uted in the sufficiently large sample space with number density
0 and fluorescence cross-section o [12]. In what follows we will
only consider the linear scattering and fluorescence process and
ignore any non-linear effects. The signal power ® , detected by the
detector is then given by (see Supplement 1, Section 3)

1
dp= 8]0'00 Verr, (1)

where the effective volume Vi is given by the integral of the view-
factor overlap defined as Frp(7) = Fz(¥) Fp(7) over the whole
sample or cuvette volume Vo,

Veff:/ Fro(F)dV (7). )
Veuy

Similarly, for lensed setups the view-factor overlap Fjp(7)
calculated for the images Fj(7) and F7,(7) of the source and the
detector in the sample volume provides the effective volume (see
Supplement 1, Section 4):

= (NAw, 2)*(NAw, p)* / FppMdV@). ()

Veuy

Here, NA, g and NAy, p are the “working numerical aperture” of
the imaging system used respectively at the radiator and detector
sides. The working numerical aperture NAy accounts for the
distances between the lens, the object, and image to achieve a mag-
nification 7 with a lens of an object-side numerical aperture NA,
and is given by (see Supplement 1, Section 4 for details; see also

[13,14])

B NA _ NA
VNAZ + (1 +m)P(1-NAY)  1+m

NAy (4)
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The approximation in Eq. (4) is valid for NA < 1. Since we
wish to compare the detected optical power for two systems using
identical excitation sources, detectors, and samples, the following
ratio between their effective volumes corrected by the transmission
75 of the optical filters and transmission 7 of the lenses used is the
quantity of interest:

Vi
=2 7 )

- ’
TRTL Ve

For both lensed and lensless systems, we are comparing the exci-
tation using the same source, emission from the same material with
the same optical properties, and using the same cuvette. Therefore,
we neglect the dependence of the effective volumes on refractive
indices of the cuvette and the liquid, excitation wavelength, or
emission wavelengths. Similarly, we will not consider total internal
reflection (TIR) at the cuvette-air interface and the cuvette-water
interface, because in most practical scenarios the critical angle for
TIR is larger than the acceptance angle of the optics [as is the case
in our experiments; see also Fig. 1 and Supplement 1, Section 3,

Fig. S6(a)].

3. THEORETICAL RESULTS

Let us consider the two representative setups illustrated in Fig. 1,
namely, the lensed setup and the lensless setup, with an LED emit-
ter ofarea I mm X 1 mm, a PD of area of 2.4 mm X 2.4 mm, and
a sufficiently thin cuvette with size 10 mm X 10 mm X 40 mm.
These dimensions are realistic and consistent with the sizes used
in our experiments and in typical setups. Further, for simplicity, in
this first study, we neglect transmission losses (i.e., Tr =1, =
7, = 1), obscuration, and aberrations. We assume that the
LED and PD are placed at the center of the cuvette wall
(i.e., xp =25 =0 and zp = xz =5 mm; air gap is assumed to
be negligible).

Figures 2(a) and 2(b) show the corresponding view-factor over-
lap Frp(7) profiles calculated numerically for lensless and lensed
(m =1, NA = 1) systems, respectively. We note that Frp(7) for
the lensless setup is distributed over a larger volume with lesser
magnitude while F}(7) for the lensed system is concentrated
in a small sample volume with higher magnitude near the center
of the cuvette. This trade-off between the measurement volume
and the Frp () magnitude is a consequence of two facts. First, for
optical systems with negligible loss, the etendue G is conserved
[15],1e., Gr=ArQp = Ar(w F_, ) = AsQs, such that when
the light is concentrated in a smaller area A, it must diverge to a
larger solid angle Q5 losing its radiant intensity outside the small
volume near As. Second, unlike the lensless system where the LED
and PD are physically separated by a finite distance, in the lensed
system they can be imaged at the center of the cuvette to obtain
enhanced overlap with the required magnification by design. For
the ideal condition (i.e., NA = 1, m = 1), the VgratioisI' = 0.13
for a lensed system, providing about 7.7 times more signal than a
lensless system.

We now consider more practical scenarios, starting with the
numerical aperture. Here, we note that the benefits of small mea-
surement volume and high view-factor overlap for a lensed system
quickly diminish as the NA of the lenses is reduced, due to the
fourth-power dependence on NA. This can be seen in Fig. 2(c),
where the F}, (7) is plotted for a more practical lens of NA = 0.4,
providing I = 61.7 times more signal for lensless systems than for
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Fig. 2.  Distribution of the view-factor overlap Fyp(7) for: (a) the
lensless configuration where the LED and the PD are placed next to the
cuvette wall (zz =xp =0) at the center (xz = zp =5 mm); (b) ideal
lensed setup with NA=1t;, =1 =m =1 for both excitation and col-
lection sides; (c) lensed setup under realistic conditions with NA = 0.4,
m =1 demonstrating significant reduction in the overlap; (d) effect of
the NA of the lenses and the photodiode distance (xp) from the cuvette
wall on the ratio I' between the effective volumes for lensed and lensless
systems. The black line corresponds to the values where the lensed and
lensless systems perform equally. To the left of this line, the lensless system
performs better than the lensed system. We also include the operating
point of our system, with all parameters described in Section 4, where the
efficiency ratio between the two systemsis I' = 13.5.

lensed systems. More generally, as shown in Fig. 2(d), for the LED,
PD, and cuvette sizes considered here, a lensed system provides
a higher signal than a lensless system only for NA > 0.83. If, in
addition, we consider the distance between the cuvette and the
LED or PD, which typically has to be greater than zero for practical
reasons, we note that the boundary shifts to slightly lower NA.

4. EXPERIMENTAL RESULTS

To put our model into a practical context, we first measure the
emission profile of the LED (see Supplement 1, Section 6) used in
our experiments. For the plano-convex lenses used in our exper-
iments (NA=0.384+0.02, m =1=+£0.01, t; =0.81), we also
account for the obscuration due to finite lens size, cuvette walls,
and the transmission of the optical elements. Correspondingly, for
the lensless system, we account for the transmission of the band-
pass filter (7 = 0.38) and the distances of the LED/PD from the
cuvette (summarized in Fig. S4 in Supplement 1, Section 6), which
are the limiting factors for the signal collection. Using these exper-
imentally determined values, we numerically evaluate Frp(7)
and F},(7) shown in Figs. 3(a) and 3(b) and numerically deter-
mine the ratio between the lensless and the lensed system I'yym to
be I'yum = 2.07 £ 0.38; so we predict that the lensless system is
superior by a factor of ~2.1.

Next, we compare the two systems experimentally by meas-
uring the fluorescence signal obtained from aqueous tryptophan
(Trp) solutions of various concentrations. The results are shown in
Fig. 3(c), where we consistently observe a ratio 'y, = 2.0 0.2
between the two systems, for a wide concentration range between
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Distribution of the view-factor overlap Fy, (7) for experimental cases: (a) lensed system with NA =0.38 £ 0.02, m» =1 +0.01, t; = 0.81;

accounting for the obscuration due to the cuvette wall and the lens tube leads to shadowing of the conical section near the wall (see Supplement 1, Fig. S5);
(b) lensless system with filter transmission t7 = 0.38, xz =2 mm, zz = 4.3 mm, xp = 9.5 mm, and zp = 4 mm [refer to Fig. 1(c) for the parameters; see
also Supplement 1, Fig. S4]. Effective volumes and transmissions shown in (a) and (b) numerically provide the signal ratio I'yym = 2.07 £ 0.38. (c) The
fluorescence intensity ratios from Trp solution as a function of concentration as measured by the lensless and lensed systems, providing I'e,, = 2.0 0.2 in
very good agreement with the numerical calculations. Error bars represent input errors in the fitting algorithm to obtain reduced-x? ~ 1; (d) variation of
fluorescence signal amplitude (normalized to maxima, for 15.625 ppb concentration of Trp in the cuvette) as the distance between the cuvette and detector
xp iIsvaried while x; = 4 mm, zr = 1.3 mm, zp = 6.5 mm are kept fixed [please refer to Fig. 1(c) for the parameters; see also Supplement 1, Fig. S4].

1 ppband 100 ppb, agreeing with our numerical evaluation within
the experimental error.

To further verify our theoretical model, we measured the col-
lected Trp fluorescence signal as a function of the distance xp of
the PD from the cuvette (see Fig. S4, Supplement 1, Section 6 for
complete geometry). Other distances and the concentration were
kept fixed. The comparison of the experimental results with the
normalized values of Vg calculated numerically using our model
[Eq. (2)] again demonstrates good agreement between experiments
and the proposed model [Fig. 3(c)]. A similar relationship between
zp and signal is expected due to a similar (inverse-square) relation-
ship with the distance for both radiator and detector view-factors

[see Eq. (S6) and Eq. (S§12)].

5. DISCUSSION

The key result we report here is that a lensless fluorometer generally
outperforms a lensed system when practical boundary conditions
are considered. The reason for this result is the trade-off between
the measurement volume and optical power concentration as a
consequence of the conservation of etendue, which in an optical
system is characterized by the inverse relationship between the
divergence of the radiation or acceptance angles (which are directly
related to the view-factor) and the area of the source. Lensless

systems, using large-area sources and detectors, typically exhibit
smaller divergence, but they may operate over a large measurement
volume. Conversely, a lensed system of sufficiently large NA may
exhibit a large acceptance angle but only in a small detection vol-
ume. As a consequence of this trade-off, a lensless system collects
nearly as much power as an ideal lensed system, and more optical
power than a practical lensed system. This trade-off is not apparent
when the sources are assumed to be a point-source (where the
entendue is almost zero), as is assumed in many scenarios for sim-
plicity. In fact, larger LED/PD sizes provide an even higher signal
for lensless systems (see Supplement 1, Fig. S8).

Please note that unity magnification, as considered here, repre-
sents the best case scenario for the lensed system. A magnification
m > 1 for a fixed object distance and NA requires longer image dis-
tance, thereby reducing the working NA as per Eq. (4). Similarly,
a magnification 7 < 1, for a fixed image distance requires a longer
object distance, which reduces the NA of the effective lens system
and the measurementvolume (see Supplement 1, Fig. S8).

A lensed system becomes necessary when a small sensing vol-
ume is desired, or when a very small source/detector is used, or
when collimated light such as from a laser needs to be focused
to as small an area as possible. Note that even in the case of laser
illumination, the lenses need to have an NA of 0.7 — 0.8 to break
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even, which is much higher than the NAs used in most practi-
cal fluorometer instruments. Smaller detectors are sometimes
also preferred for their lower noise-equivalent power (NEP). In
Supplement 1, Section 8 we provide experimental results with
dilution experiments for a smaller PD of area 1.1 mm x 1.1 mm
and NEP = 6.8 x 1071 W/+/Hz and compare it with the PD
of area 2.4mm x 2.4mm and NEP=2.5x 10~"° W/+/Hz.
We observe that the signal collection efficiency is approximately
proportional to the increase in the area of the PD, and that the
detection limit is given by the signal collection efficiency, not the
NEP, so there is no obvious penalty for using a larger photodiode.

Lensless systems are limited by the cuvette size, LED/PD sizes,
and the distance between the LED/PD with the cuvette. Due to the
inverse-square relationship of the view-factors with the distances,
one expects a higher overlap if the source and detector are placed
near to one another (see Supplement 1, Fig. S9c). However, the
geometry is limited by practical considerations such as cuvette
size, thermal and optical cross-talk (due to possible direct optical
paths) between the LED and the detector, and the space required
for optical filters. Additionally, the sensing volume for a lensless
system can also be limited due to the inner-filter effects (e.g., strong
absorption by the fluorophores, which for lensed systems can be
managed by imaging a smaller volume near the surface). A hybrid
configuration, e.g., where lenses are used for the LED source and
no lenses are used for the detector, presents a compromise, which
is illustrated in Supplement 1, Section 9 for the interested readers.
Lensed systems are limited by their NA, obscurations, aberra-
tions, and other losses. In addition to requiring a near-perfect
lens, a lensed system of higher NA also requires more precise
alignment (see Supplement 1, Section 7), losing ~30% of light
for a misalignment of 1 mm. Lensless systems lose ~5% for same
misalignment. Consequently, apart from higher performance for
practical parameters, the lensless system may be made more com-
pact and robust and may be realized with lower-cost components
and manufacturing tolerances.

To conclude, we have introduced and experimentally verified a
theoretical framework to study and optimize the efficiency of exci-
tation and collection of optical power from a sample volume for
non-imaging sensing applications, such as fluorometers or neph-
elometers. Our numerical and experimental results demonstrate
that a lensless fluorometer/nephelometer generally outperforms a
realistic lensed system. Moreover, we demonstrated a lensless fluo-
rometer that can achieve the level of sensitivity required (<1 ppb)
for detecting fecal contamination in drinking water as stipulated
by the WHO; this important result paves the way for realizing a
low-cost, high-performance system for drinking water assessment
inaresource-limited setting.
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