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Design and Simulation of a Uniform Irradiance Photochemical 
Platform 
Dylan J. Walsha, Timo N. Schneidera, Bradley D. Olsena, Klavs F. Jensen*a 

The growth of photochemistry and high throughput experimentation in well plates and flow drives interest in photochemical 
platforms that provide spatially uniform irradiation of reactions. Here, we present a design of a versatile, uniform light 
platform for photochemistry to enable increased performance and reproducibility for high throughput experimentation in 
shallow well plates, in-plane flow reactors, and droplets. The design of the platform is driven by the development of an 
open-source ray tracing light simulation package. Radiometry provides experimental validation of the system’s irradiance 
and irradiance uniformity. The usefulness of the approach is demonstrated by application to the photoinduced electron 
transfer–reversible addition-fragmentation chain transfer polymerization of methyl acrylate.

Introduction 
The increasing access to low-cost LEDs has rekindled interest in 
photochemistry with a particular focus on the development of 
new catalytic systems that perform well under visible light.1–4 
These systems enable new chemical transformations under 
mild conditions, which have made them useful in many 
applications from pharmaceutical synthesis1,4,5 to 3D printing6–

9 to disease diagnostics through signal amplification.10–12 
However, variations in performance of these systems with the 
configuration of experimental setups have created 
challenges.5,13–15 The number of photons absorbed by the 
reaction mixture depends on several factors including light 
intensity, emission profile of the light source, distance from the 
light source, geometry of the light, vessel, and surrounding 
environment and how fast the reaction is mixed.13,16–22 This 
complexity challenges the transferability of reaction conditions 
and reproducibility of photochemistry experiments. The issue 
becomes even more important in high throughput 
experimentation in which well plates, multiple vials, and flow 
reactors are used to run large numbers of reactions at high 
photon flux.5,13,23  

In order to address these issues, several custom 
photochemical platforms tailored for high throughput 
experimentation have been reported by commercial vendors as 
well as research labs.13,15,16,19,21,22,24–34 A large fraction of these 
platforms are designed for vials and seek to maximize photon 
flux by placing LEDs as close as possible to vials and/or coating 
all surfaces with reflective material.13,27,29 Common approaches 
for flow reactors have focused on matching LED position to flow 
paths, wrapping the reactor around a light source, or placing the 

light source around the reactor.16,26,35 Photochemical platforms 
for well plates most commonly place a single LED above/below 
every well or use light diffusers above a small number of lights.30 
A few recent approaches have sought to provide more versatile 
platforms that can illuminate multiple different setups.24,25,28 
While there have been many photoreactors reported before 
and shown to perform well for specific photochemical 
transformations, these designs did not fully address our 
research needs at the time our project started. 

Herein, we present and validate a versatile photochemical 
system for reactions done in well-plates or in-plane channels 
with uniform illumination from above. The design consists of 
high-powered LEDs arranged in an array surrounded by mirrors 
on all four sides (Fig. 1). The optimal configuration of the design 
is driven by open-source ray tracing Python programs we 
developed. The uniform irradiance of the platform is validated 
experimentally by radiometry. Finally, the new photochemical 
platform is applied to the photoinduced electron transfer–
reversible addition-fragmentation chain transfer 
polymerization of methyl acrylate in well plates, continuous 
droplet flow, and droplet stop-flow.  

Results and discussion 
Design of Photochemical Platform 
We set out to design a general photochemical platform to 
uniformly irradiate well plates, flow, and droplet stop-flow 
reactors (Fig. 1). For well plates, the platform needs to provide 
reproducible reactivity across all wells and handle any well plate 
design or well count. For flow reactors, the platform needs to 
be able to support the reconfiguration of the flow path for 
different reactor lengths or diameters in a plane. For stop-flow 
reactions, the droplets may be stopped anywhere within the 
reactor flow path and need to produce equivalent results in all 
locations. Additionally, the photochemical platform should be 
compatible with automated systems, such as a robot arm to 
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exchange well plates, or be integrated into a larger (stop-)flow 

system. Given that the desired reactor configurations of the 
system can all be aligned on a single plane, a planar light source 
was proposed. Specifically, multiple LEDs arranged in a grid-like 
pattern would irradiate directly down to the well plate, flow 
reactor, or droplet system (Fig. 1). This design is simple and 
enable easy access for a robot arm and provides ample room for 
cooling solutions to minimize the effect of energy given off by 
the LEDs and absorbed in the reactors. To guide the design of 
the photochemical platform further, the following additional 
design criteria were set: 

 Highly uniform irradiance: The platform is designed for 
well plates, flow chemistry, and stop-flow chemistry. 
Given the diversity of situations, the platform will be 
used for, uniform irradiance is needed to ensure 
reproducible reactions. 

 High irradiance intensity: A high photon flux shortens 
reaction times, which enables high throughput 
experimentation. Additionally, some chemistries 
require a high level of irradiance for productive 
catalysis.  

 Tunable irradiance: A high level of irradiance can be 
deleterious for some chemistries, thus the ability to 
control the level of irradiance offers flexibility in 
performing different chemistries.  

 Multiple wavelengths: Multiple wavelengths increase 
the platform’s flexibility to run different chemistries 
and catalysts.  

 Computer control: Computer control enables the light 
setup to be integrated into larger automation 
platforms. 

 Safe: High-power LEDs can generate a large amount of 
heat which requires the incorporation of cooling 
systems and engineering safety measures. Only visible 
light LEDs are used to avoid the dangers of UV light.   

With a planar light source, there are several design parameters 
such as the number and spatial position of the LEDs that need 
to be determined to maximize irradiance and irradiance 
uniformity (Fig. 1). Additionally, understanding the effects of 
adding optical elements such as diffusers or mirrors on 
irradiance and irradiance uniformity will be important to 
achieve an optimal design.  

We considered performing ray tracing analysis on possible 
configurations to gain insights into the optimal design of the 
photochemical platform. While there is commercial software 
available to perform this analysis, we aspired to support the 
growth of open-source software and created a ray tracing 
Python software package (see the supplementary information 
(SI) for details).36 The ray tracing algorithm works by casting rays 
of light from each light source and tracing their path through 
the 3-dimensional environment until they are absorbed by a 
surface. The ray tracing package has support for reflective 
surfaces, transmitting surfaces (with scattering), and non-
uniform light sources. The code has several optimizations for 
performance and implements Numba to allow for ‘just-in-time’ 
compiling to accelerate computations.37 With the optimizations 
in place the algorithm typically runs in about a minute. The ray 
tracing Python package was validated against the inverse 
square law, cosine law, and the irradiance profiles for a uniform 
point source and a non-uniform point source with mirrors on a 
flat surface with analytical solutions (see ray tracing code in SI 
for details).  

The first photochemical platform parameter to determine 
for the planar light source design is the optimal xy-LED position. 
Prior literature focused on placing LEDs strategically above the 
flow path or directly centered on individual wells in a well plate, 
but this approach locks the setup to a single configuration, 
limiting the versatility.16,26,35 Four generic LED light patterns 
were explored: concentric circles, spirals, a grid, and an offset 
grid (see SI grids for more details). However, to make a 
conclusion about the best LED pattern, the other parameters 
must also be simultaneously considered as there are dependent 
effects. The parameters that were explored were the number of 
lights [4, 16, 36, 49, 81], light height [10, 20, 30, 50, 100, 150] 
mm, and light pattern width [75, 100, 125, 150] mm with no 
additional optical elements (like mirrors). A total of 480 ray 
tracing simulations were performed. For each simulation, 5 
million rays were traced through the simulation, and the mean 
and standard deviation (std) of rays absorbed on the 100 mm x 
100 mm surface were calculated. The plot of the convex 
hull/envelope in std/mean space for each of the grid patterns 
(Fig. 2a) provides a visual representation of the space covered 
by each grid pattern. In the std/mean space, the lower bound of 
the convex hull is the area of the most interest as this bound 
represents the more uniform illumination for a given mean 

Fig. 1 Overview of the design parameters of the photochemical system to be 
optimized. The design parameters include LED pattern, pattern width, number of 
LEDs, height of the LEDs, and the addition of reflective surfaces. 
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irradiance. All four patterns have similar lower bounds in low to 
mean irradiance range, and at the higher mean intensity range 
the grid and offset grid perform slightly better. Thus, the grid 
pattern does not make a significant difference, with the 
assumption that the other parameters are optimized. 

Focusing on the offset grid, we investigated the effect of 
height of the lights off the surface, and a clear decrease in mean 
intensity is observed (Fig. 2c). This decrease in mean intensity 
falls in the transition regime between an area light source and a 
point light source (see SI Fig. 13). The std of irradiance decreases 
with increasing height due to each light irradiance being spread 
over an increasing area. However, looking at the std normalized 
to mean irradiance shows that a minimum occurs at 20 mm. This 
minimum can be explained by very intense hot spots when the 
lights are too close to the surface, whereas when the lights are 
far from the surface the intensity drops rapidly and outpaces 
the improvement in uniformity. Lastly, with an increasing width 
of the light pattern both the mean and the std irradiance 
decrease. If we once again look at std normalized to the mean 
irradiance, the trend suggests that wider patterns result in more 
uniform irradiance, but this also has diminishing returns. To 
conclude these results, its apparent that there is an ideal height 
to put the light source above the surface, increasing the number 
of lights is always beneficial, and increasing the width of the 
lighting pattern results in a tradeoff between irradiance 
intensity vs uniformity.  
 

To investigate the possible benefit of optical elements for 
the photochemical platform, we explored the use of light 
diffusing layers and reflective surfaces. For a light diffusing 
layer, we choose ground glass as it is common in many light 
setups and has data characterizing its optical behavior (see SI 
emission and transmittance profiles for more details).38,39 To 
determine the effect of the diffuser, a 300 mm x 300 mm 
diffuser was placed in between the lights and a 100 mm x 100 
mm absorbing surface. Ray tracing simulations were performed 
revealing that height of the diffuser layer only had a minor 
effect (<1% change) on mean and std with a placement closer 

Fig. 2 a) Convex hull for each grid type in the std/mean irradiance space. b) Dependance of mean and std on number of lights for the offset grid light pattern at a light height 
of 50 mm and with a pattern width of 125 mm. c) Dependance of mean and std on height of lights for the offset grid light pattern with 46 lights and a pattern width of 125 
mm. d) Dependance of mean and std on the width of the light pattern for the offset grid light pattern with 46 lights at a height of 50 mm. (std: standard deviation) 

Fig. 3 Convex hull for the offset light grid with and without diffuser or mirrors in the 
std/mean irradiance space. The arrow indicates the region that is most beneficial 
(high uniformity and light intensity) for the convex hull to expand into. 
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to the lights preferable. To determine if the diffuser layer was 
beneficial, the convex hull of std/mean was calculated with and 
without the diffuser layer. Fig. 3 shows that the diffuser does 
not significantly change the lower bound of the convex hull. A 
deeper analysis of 2D heat maps shows that at a given light 
setup, adding the diffuser layer does indeed improve 
uniformity, but at a huge cost to light intensity effectively 
resulting in no improvement.  

To evaluate the effectiveness of reflective surfaces, we 
investigated mirrors placed on all 4 sides of the light setup. A 
mirror efficiency of 85% was used as that is typical for low-cost 
materials. 40 Results reveal that placing mirrors as close to the 
lights as possible maximizes the mean irradiance, and std 
irradiance is not significantly affected by changes in the mirror 
offset. The convex hull over the std/mean irradiance space for 
the mirrors was found to significantly decrease the lower bound 
of the convex hull (Fig. 3). This result shows that adding mirrors 
significantly improved the uniformity of the irradiance for a 
given mean irradiance. Looking at the simulation results more 
closely, the non-mirror heat maps (see SI Fig. 18) revealed that 
the corners and edges of the surfaces had lower irradiance than 
the center. Thus, the addition of the mirrors enables light that 
otherwise would have missed the surface to be reflected to 
illuminate these areas, as well as the center, but to a much 
lesser effect. With the addition of mirrors, there is a significant 
reduction in the effect of irradiance with respect to the height 
of the lights which provides flexibility in light placement in the 
photochemical platform design. Moreover, the reflected light 
redirected back to the surface is quite significant resulting in 
nearly a doubling of intensity in many of the cases studied. To 
evaluate the benefits of a higher quality mirror, a perfect 100% 
efficiency mirror box was simulated (see SI Fig. 21). The increase 
in reflecting efficiency resulted in a ~15% increase in mean 
irradiance at the optimal light height, with the irradiance 
uniformity not significantly affected. Overall, mirrors both 
increase mean irradiance and improve irradiance uniformity 
making them a must for experimental setups.  

Combining the conclusions obtained from the ray tracing 
studies, we chose a specific design of 46 LEDs in an offset grid 
pattern with a width of 125 mm and mirrors on all four sides 
(Fig. 4). To get a high level of irradiance, LUMILEDS Luxeon C 
Color Line LEDs were used because the small size (2 mm x 2 mm) 
allows for a high density of lights. They are high power and come 
in 13 color options ranging from violet to far red. We specifically 
chose 6 different color LEDs as this provides sufficient coverage 
of wavelengths from 420 nm – 670 nm (full visible spectrum). 
To support the 6 colors of LEDs in an offset grid pattern, a 
custom aluminum PCB (printed circuit board) was made with 
each grid position containing a cluster of the 6 colors. The 
aluminum PCB was chosen to help dissipate the significant 
amount of heat generated by the LEDs. The LED PCB is attached 
to an aluminum plate with thermal paste to further facilitate the 
dissipation of heat from the LEDs. Water blocks (water 
circulation system) were used on the back side of the aluminum 
plate to actively remove heat away from the LEDs. The PCB 
contains 3 additional connections for surface-mounted 
thermocouples to monitor the temperature. To drive the high-

power LEDs, the PicoBuck LED driver from Sparkfun was used as 
it provides the ability to control the current delivered to the 
LEDs with the use of a PWM (pulse wave modulation) signal, 
thus satisfying the tunable irradiance design criteria. The LED 
drivers are capable of driving 7 LEDs in series at 36 V, up to 1 
Amp. To provide DC power to the LED drivers 36 V (10 Amps) 
Mean Well DC power supplies were used. A Raspberry Pi Pico 
microcontroller was used to provide the PWM signals to for the 
LED driver, and the built-in analog-to-digital (ADC) converter is 
used to read the thermistors on the LED PCB. The Pico was 
chosen for its low-cost, support for Micropython, and the 
presence of a hardware watchdog. The Pico is programmed to 
shut off the LEDs in the case of overheating as the first 
engineering fail-safe. The hardware watchdog is the second 
engineering control, which will automatically reset the 
microcontroller and LED array in the case of a software or 
hardware failure. All the electronics were packaged into a 
custom 3d printed box, and the whole LED assembly was 
mounted and supported with 2020 aluminum extrusion. The 
aluminum extrusion enables the height of the LEDs and the 
position of the mirrors to be quickly adjusted and easily 
swapped. Additionally, the aluminum extrusion construction 
supports the incorporation of the photochemistry platform into 
larger automated systems. The use of mirrors enables the 
chemical system to be placed further from the LEDs to reduce 
the effect of heat generated by the LEDs. Additionally, the setup 
has plenty of space for air to be blown up one side of the mirror 
box and out the other to further reduce the effects of heat 
generation of the LEDs. While we have chosen a specific design 
here, if a larger or smaller, higher power, etc. platform is 
needed, the system can be re-scaled, and ray tracing 

Fig. 4 a) Computer aid design renderings of the photochemical platform. b) 
Photograph of the assembled photochemical platform with red LEDs on. c) Photograph 
from the bottom of the photochemical platform to show the array and mirrors. 
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calculations can be rerun to determine the optimal design for 
that scale.  
 
Experimental Validation 
Radiometry was used to provide a quantitative analysis of the 
light irradiance and uniformity of the photochemical platform. 
To use a radio-spectrometer to evaluate the irradiance and 
uniformity, the lens of the radio-spectrometer was attached to 
a computer-controlled x-y stage to enable raster scanning (see 
SI radiometry for more details). The analysis was performed 
over a 180 mm x 180 mm square area with data points every 10 
mm (324 points total) both with and without mirrors. A light 
height of 90 mm and mirrors of 80 mm in length were used so 
that the radio-spectrometer lens clears the bottom of the 
mirrors during rastering. For the experimental setup without 
mirrors, a smooth 2d gaussian-like distribution with a maximum 
(5.5 W/m2) in the middle was observed (Fig. 5a). Simulating 
irradiance for the same setup with the ray tracing algorithm 
produced a nearly identical result (Fig. 5b).  For the setup with 
the mirrors, uniform irradiance is observed within the area 
within the mirrors (Fig. 5c), and simulations give nearly identical 
results to the experiment. Additionally, the maximum 

irradiance increased from 5.5 W/m2 in the no-mirror situation 
to 12 W/m2 with the mirrors. This drastic improvement is in-line 
with the conclusion provided by the simulation. The maximum 
values between the mirrors and no mirrors situation for the 
experiment (12 W/m2) / (5.5 W/m2) = 2.18 and the simulation 
yields (16,600 / 7,500) = 2.21 are in good agreement.  

Radiometry was used to quantify the irradiance for each 
color of LED (Fig. 6). Measurements were taken starting at the 
lowest power setting and increasing until the signal grew larger 
than the radiometer max limit. Irradiance appeared to be linear 
with respect to the power setting, thus a line was fitted and 
projected to the max power setting (for more details see SI 
radiometry). The use of high-power LED in our platform yields 
maximum irradiances ranging from 671 W/m2 for green up to 
1,830 W/m2 for violet. This is considerably more powerful than 
an equivalent 30 nm swatch of sunlight (42 W/m2 for 500-530 
nm), and significantly more powerful than many reported 
photochemical setups. Combining the radiometric results 

Fig. 5 Plots of the radiometry data for the experimental setup and simulation with and without mirrors. Red LEDs were used in the experiment at 1% power. a) 
experimental results with no mirrors. b) simulation results with no mirrors. c) experimental results with mirrors. d) simulation results with mirrors. The black ‘x’s 
signify the locations of LEDs. The gray ‘box’ signifies the location of the mirrors. 
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confirm that the design criteria for a high level of uniform 
irradiance at high power were successfully achieved. 
 
 
Application to Photo-Polymerization 
The photoinduced electron transfer–reversible addition–
fragmentation chain transfer (PET-RAFT) polymerization served 
to demonstrate the utility of the photochemical platform (Fig 
7a).41 Specifically, 52 identical polymerizations of methyl 
acrylate in the presence of zinc tetraphenylporphine (ZnTPP) 
and 2-(((butylthio)carbonothioyl)thio)propanoic acid (BTPA) 
dissolved in DMSO (see SI polymerizations for more details) 
were performed. The reactions were patterned across a 384 
well plate to test the reproducibility of reactions. The well plate 
was set 80 mm below the lights and irradiated with green light 
(523 nm, 134 W/m2, 20 % setting) for 10 minutes. The 
polymerizations were analyzed by size exclusion 
chromatography (SEC) yielding an average Mn of 11,000 g/mol 
with a dispersity of 1.10. Taking a closer look at the polymer’s 
molecular weight as a function of the polymerization’s position 
(Fig. 7b) shows no significant variation. The standard deviation 
of Mn across all reactions was 253 g/mol or 2.3 %. The 
polymerizations were exposed for an additional 5 minutes, and 
a sample was taken producing an Mn of 12,700 g/mol with a 
dispersity of 1.11 which matches literature values (Mn: 12,700 
g/mol and a dispersity of 1.09 at full conversion).41 A second set 
of identical polymerizations was setup and irradiated for 15 
min. The second set of polymerizations yielded an average 
polymer Mn 12,800 g/mol with a dispersity of 1.11, showing the 
good reproducibility of the platform between plate runs. Note 

that the literature example took 2 hours under a 5 W light in 
vials, whereas the reaction was done in 15 mins in the new 
system showcasing the benefit of higher light intensity. With 
high-intensity light, the concentration of radicals increases 
which can lead to side and termination reactions.42 To 
demonstrate the retention of trithiocarbonate end-groups, the 
chain extension of poly(methyl acrylates) (PMA) was carried out 
to yield homo-diblock copolymers (PMA-b-PMA). SEC revealed 
a complete shift of the starting block to lower retention time 
with low dispersity (<1.12) (see SI Fig. 36) supporting the high 
fidelity of the end-group at high light intensity. The high 
reproducibility of the polymerization across the well plate and 
the high quality of the material produced support the uniform 
radiometry results and the utility of the experimental setup.  
 To explore the effects of heterogeneous illumination, the 
mirrors of the photochemical platform were removed to create 
a 2d gaussian-like distribution of irradiance. In a 384 well plate, 
38 identical PET-RAFT polymerizations were performed by 
irradiating the reactions with green light (523 nm, 134 W/m2, 20 
% setting) for 10 minutes. The polymerizations were analyzed 
by size exclusion chromatography (SEC) yielding an average Mn 
of 5,740 g/mol with a dispersity of 1.09. The significantly lower 

Fig. 6 a) Normalized emission spectra for each color LED on the photochemical 
platform. b) Irradiance vs power setting for all 6 LED colors. Measurements were 
taken at 80 mm below the light setup with mirrors. Data points were taken starting 
at the lowest power setting and increasing until the detector reached its max 
irradiance limit. Linear fits were applied to the data collected and projected to the 
max power setting. 

 

Fig. 7 a) Reaction scheme for the PET-RAFT polymerization of methyl acrylate. b) 
Diagram of the Mn/mean(Mn) results for the PET-RAFT polymerization in 384 well 
plate. c) Diagram of the Mn/mean(Mn)  results for the PET-RAFT polymerization in 
384 well plate with the mirrors removed from the photo-platform. The white color 
indicates empty wells. 
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Mn is consistent with radiometry and simulation results, which 
suggested a ~2.2 drop in irradiance with the removal of the 
mirrors. Taking a closer look at the polymer’s molecular weight 
as a function of the polymerization’s position in the well plate 
(Fig. 7c) shows a decrease in Mn that corresponds with the 
decreasing light intensity, which is to be expected from the 
kinetics of PET-RAFT.42 The dispersity remained narrow (>1.1) 
for all wells, which can be rationalized by the fact that irradiance 
does not vary significantly across a single well and the wells are 
small enough for diffusion to minimize any minor 
heterogeneities that arise. 

To illustrate the versatility of the platform, the PET-RAFT 
polymerization was performed in droplet continuous-flow and 
droplet stop-flow (Fig. 1, SI Figure 37). A flow reactor was 
constructed from PFA (perfluoroalkoxy alkane) tubing and two 
syringe pumps. One syringe pump was used to feed air or N2, 
while the second syringe pump was used to flow the same PET-
RAFT polymerization reaction mixture used for the well plate 
experiments, except at a higher dilution of 1M (based on 
monomer) to avoid viscosity issues.43–45 The continuous-flow 
experiments were performed by feeding the reaction mixture 
and gas at 50 µL/min (10 min residence time) into the reactor 
being irradiated with green light (523 nm, 134 W/m2, 20 % 
setting). At steady state, samples were collected and analyzed 
every 2 minutes for a 10-minute period. Analysis of the 5 
samples yielded an Mn of 8,180 g/mol with a standard deviation 
of 60 g/mol and a narrow dispersity of 1.07 supporting the high 
reproducibility of the platform for flow.  An additional 
experiment was conducted where the light intensity was varied 
between 13.2 and 670 W/m2 to demonstrate how the platform 
can be used for kinetic experiments (see SI Fig. 39). The droplet 
stop-flow experiment was performed by creating droplets using 
the continuous-flow droplet conditions and stopped when a 
steady state was reached. The stopped droplets were then 
exposed for 10 minutes to green light (523 nm, 134 W/m2, 20 % 
setting) and 10 samples were collected. Analysis of the samples 
yielded an Mn of 7,930 g/mol with a standard deviation of 160 
g/mol and a dispersity of 1.07. The low standard deviation of 
molecular weight provides additional support for uniform 
irradiance as each droplet was stopped in a different location in 
the photochemistry platform, and thus could have experienced 
different amounts of light intensity if the light intensity varied. 
These results demonstrate the photochemistry platform’s 
ability to switch between various experimental setups and 
provide uniform levels of irradiance.  

Conclusions 
We have presented the design of a versatile uniform 
photochemistry platform. The use of a custom open-source ray 
tracing software was used to determine the optimal design of 
the platform. Among the key findings was the benefit of mirrors 
for both increasing the light irradiance as well as significantly 
increasing light uniformity. This conclusion held up well when it 
was experimentally validated with radiometry. Finally, we 
demonstrated the utility of the platform for photo-
polymerizations. We are making the techniques and designs 

available for other experimentalist to implement 
photochemistry platforms.    
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