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Project Description
The product is a high efficiency flat illumination backlit projectile imaging system designed for fast moving
projectiles.

Product Requirement Document
(See digital document 001)

System Block Diagram
Overall System Block Diagram (1-D and 2-D):

Illumination Design 1: Excimer Laser Beam Homogenizer
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Illumination Design 2: RPC Beam Shaper

Illumination Design 3: LightTools Software Modeling
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Illumination Design 4: Code V Diffraction Grating

Illumination Design 5: Microscope Objectives in Lab Setup
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Optical Design
Illumination Design 1, Excimer Laser Beam Homogenizer:
The first design we attempted was the excimer laser beam homogenizer design. This was more of a
research idea than an actual design. The idea is to take a number of optical elements and shape the
output of a number of laser diodes so that there is a uniform output. According to the paper we
researched, this design was an imaging system. By imaging, we mean that it creates a plane in space that
has an optically uniform field. However, for the application of this project, a plane is not sufficient to fulfill
our customer’s needs. We found out, through researching this design and the next design, that this
project needs a collimated solution, to cover the entire focal volume over the 8’ to 20’ distances required.

Illumination Design 2, RPC Beam Shaper:
The second design was the RPC Beam Shaper design. Four laser diodes with divergence angles of 15° and
30° (see PRD, Document 001, for part numbers) illuminate two cylindrical lenses that collimate the light.
Next, the beam goes through an RPC Photonics beam shaper with a divergence angle between 40° and
50°. The beam then gets re-collimated using a large diameter Fresnel lens.

However, as we found out through the course of researching and building this setup in the lab, the RPC
beam shapers only create a uniform imaging plane of light (and even further, the elements are optically
uniform in angle instead of space)8. That means we need to image an optically uniform plane of light, and
this will create large divergence angles over the long distances required for this project. See experimental
results for final result of this lab setup.
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Illumination Design 3, LightTools Software Modeling:
The third illumination design was derived from software modeling in LightTools. There were three
different designs tested in LightTools, the final one being the closest to achieving the specs required. The
first LightTools design consisted of optimizing for collimation, with the idea of folding four Gaussians from
the beams.

The top left figure is a single Gaussian beam profile, and the top right figure is the same Gaussian beam
folded on itself (left and right halves in both dimensions are added together to create a flat output). The
bottom left figure shows four Gaussian beams (as is the case with four ideal laser diodes). The bottom
right figure shows the four Gaussian beams folded on each other, in the same way as the single Gaussian
beam. This idea was initially used to optimize the first LightTools software model.
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As shown in the figure, the beams coming from the diodes are collimated to hit the final detector plane,
where the projectiles will be shot. However, the beams do not propagate as Guassians:

The initial idea of the Gaussian folding did not work, since the beams do not propagate as Gaussians. The
next design attempted the use of slightly divergent beams and fold mirrors. The idea was to add up the
slightly divergent beam profiles in a way to create an optically uniform field:
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The mirrors were initially used to throw the beams from the sides to add up the beams uniformly. This
design put out about 36% of the flux onto the final receiver, while being somewhat optically uniform. This
addresses the problem of having an imaging solution, as the slightly divergent angles would propagate
smoothly throughout the necessary focal volume needed for the project.

The figure above shows the overall system, with the divergent beams throwing the light to the detector
from the sides. The figure below shows the optical power at the final detector plane.
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This design was an “in-between step” to the final LightTools software design, one which has the mirrors
removed and achieved a higher flux onto the detector:

The figure above shows close-up view of the four diodes and the near-field Gaussian beam profiles before
too much propagation. Cylindrical lens powers were slightly weakened to achieve the divergent angles to
create an optically uniform field, shown in the figure below.
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This design was relatively close to achieving the specs required in our PRD, having a final flux onto the
detector of about 43%. The field was also relatively uniform at the detector plane.

Illumination Design 4, Code V Diffraction Grating:
The fourth design was a Code V design, including a diffraction grating to combine the laser diode beam
profiles. With this idea in mind, a point to point imaging system was then modeled in lens design software.
NBK7 was the only used material in this design, and the diffraction grating was a linear transmissive
13:26:40
grating. The following diagram shows the details of this design in Code V.
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Surface numbers are labeled above. Surface 8 is the plane including the four sources and the focus point
on the left is the combined output. The combined output ideally should have the Gaussian beam profile
as one of the laser diodes, which is 30° divergence in one direction and 15° in the other direction. Surface
3 is a linear grating with 0.02 mm spacing. All surfaces of elements are aspheric. The design specifications
and requirements are listed in the following table:

Number of Diodes
Linear Grating Spacing
Linear Grating Order
Object NA
Half Field of View
Aberration Spot Size

Nominal
Design
4
0.02 mm
1st and 3rd
0.35
35°
0.8 mm for
30° x
0.5 mm for
15° y
70%

Relative Illumination
(optical efficiency)
Separation Between Each 2.1 mm
Position
Overall System Length
100 mm

Requirement

Comments

4
30° in x and 15°
in y
-

SPL_LL90_3
Not blazed
Overdesign in both x and y directions

> 50%

Relative illumination only calculated in
software
Space constraint due to laser diode
physical dimensions
From the first element vertex to last
element vertex

2.1 mm
-

-

Before we actually built this design, we examined this design in LightTools by simulation. The following
diagram shows the same design modeled in LightTools:

This simulation traces 1,000,000 rays. As we can see from in the figure above, we lose a lot of light due
to the diffraction grating. In fact, the optical efficiency is calculated to be 11% instead of the 70% we found
in the Code V simulation. Nevertheless, the intensity profile is quite uniform as we evaluate it at 1.5’’ after
the last element. The output of this diffractive design is then collimated by an aspheric lens and intensity
analysis is performed at 5.25’ after the last element. The intensity analysis results are shown below.
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Left analysis is performed at 1.5’’ from the last element (near field). The right analysis is performed at
5.25’ from the last element (far field). The analysis shows about 10% variation in intensity in the near field
and larger intensity variation in the far field.

Illumination Design 5, Microscope Objectives in Lab Setup:
The fifth design included four laser diodes propagating through four microscope objectives. The
microscope objectives collimated the four beams. Next, 45° folding mirrors direct three of the beams so
that they are propagating parallel to the fourth and are as close together as they can be to create a
rectangular region in the system output that can be used for imaging.
The images below show in theory what could be achieved from the design:
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The four beams overlapped (left) so that there is a collimated rectangle in the middle that can be used to
obtain an image. What we would actually expect to see (right) where the overlapping sections would not
be visible due to clipping by the fold mirrors. For the beams to be parallel and close together, the beams
would have to hit the very edges of each folding mirror causing clipping. This would result in light loss, but
also improved uniformity as can be seen above.

(Left) Lab setup with two laser diodes, two 0.65 NA microscope objectives and a fold mirror. (Right) A
view down the optical axis of the lab setup. The method of beam clipping can be seen as the outputs from
the two microscope objectives appear to overlap in the mirror. The fold mirrors can be followed by
cylindrical lenses to expand the beam to the desired output rectangle size.
002

Rev D

P a g e | 14

Flat Output Backlit Strobe 002 Design Description Document

First Order Calculations
Laser Speckle (General):
We would like to calculate speckle size for the laser diodes, so we will calculate coherence length and
compare it to the surface roughness of the surface on which we are illuminating. If the coherence length
is longer than the surface roughness, we expect to see strong speckle. If it is shorter, then we do not
expect to see strong speckle.
The spectral width (FWHM) of the laser diodes we are using is 7 nm. The emission wavelength is 905 nm. 1
Coherence length is defined as follows:2
𝑙𝑐 =

𝜆2
Δ𝜆

(1)

where 𝑙𝑐 is the coherence length, 𝜆 is the wavelength of the source, and Δ𝜆 is the spectral width (FWHM)
of the source. Using this equation, our laser diodes have a coherence length of 0.12 mm, or about 120
μm. Ordinary printer paper has a surface roughness of about 3 μm,3 so we would expect to see strong
speckle on printer paper.
Depending on the magnification of our system, and how the laser diode light is sent through the system,
we may see a change in the speckle size. Ideally, we would want to map the speckle onto the sensor to
see if it will affect the uniformity measurements on a small scale.

Divergence Angle (RPC Beam Shaper):
We are currently thinking about using two cylindrical lenses to roughly collimate the light to use in the
potential RPC beam shaper. Since the laser diodes cannot act as a perfect point source, we need to see
how much divergence will affect the optical efficiency. Our customer has specified for us to use 4 laser
diodes in a square pattern:
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There is a roughly 1 mm distance vertically between the laser apertures, and a 2 mm distance horizontally
between the apertures (as seen in the diagram above). Using this, we can calculate a rough idea of the
divergence angle using two potential cylindrical lenses. We can assume that the aperture size is small
enough to not be needed in a simple first order calculation.
One cylindrical lens has a focal length of 50.8 mm, and the other has a focal length of 75.60 mm. We are
planning to put the shorter focal length lens first to collimate in the fast axis, and the longer focal length
second in the slow axis to ideally achieve a rounded spot that is collimated. Assuming we put the sources
exactly at the focal planes of the lenses (best case scenario), there will be some beam divergence because
the sources are not perfect point sources. We can use the simple equation
ℎ = 𝑓 ∗ 𝑡𝑎𝑛𝜃

(2)

to calculate the approximate divergence angle.

The distances are shown in the diagram above. We will calculate the divergence angle in two dimensions,
one each for the fast and slow divergence axis of the laser diode. The setup will be the same, but with
different dimensions for each axis.
Using Equation 2, a height of 1 mm, and a focal length of 50.8 mm, we get a divergence angle of 1.13
degrees in the fast divergence axis. Using the same equation, a height of 0.5 mm, and a focal length of
75.60 mm, we get a divergence angle of 0.38 degrees.
Making the assumptions we have, this should not cause a significant amount of light loss due to this
specific divergence into the RPC beam shaper aperture.
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Grating Spacing (Code V Design):
The diffraction grating equation is known as:
m λ = d (sinθ𝑖 + 𝑠𝑖𝑛𝜃𝑟 )

(3)

where m is the diffraction order, λ is the wavelength, θ𝑖 is the incident angle of the beam, and 𝜃𝑟 is the
reflective angle of the beam.
In our case, we want the reflective angle to be 0° . The distance from the diffraction grating to the laser
diodes is 37.57 mm. In order to have the linear separation of 2.1 mm, we need an angular separation of
θ = tan−1

2.1
37.57

= 3.2°

(4)

Using Equation 3, we know the grating spacing is needed to be at least:
d=

905
sin 3.2°

= 0.016216 𝑚𝑚

(5)

We use this grating spacing as our starting point. Because there are lens elements between the laser
diodes and the diffraction grating, larger than anticipated angular separation is needed. We thus use the
± 1st and the ± 3rd order of the diffraction grating rather than the ± 1st and the ± 2nd order as we originally
expected.

Microscope Objective NA (Microscope Objective Lab Setup):
Each laser diode has a maximum angle of divergence of ± 30°. In order to capture all of this light we need
microscope objectives with a specific numerical aperture (NA). The NA can be calculated with the
following equation:
𝑁𝐴 = 𝑛 𝑠𝑖𝑛(Ɵ)

(6)

Where Ɵ = 30° and n = 1. Solving this equation we find that the NA = 0.5, but any microscope objective
with an NA > 0.5 can work in the system. An NA > 0.5 means that the microscope objective is capturing
light at angles up to and greater than 30°. If the NA is greater than or equal to 0.5, the microscope
objectives would capture all of the light from the laser diodes and collimate it when aligned correctly.

System Output Divergence Angle (Microscope Objective Lab Setup):
There will likely be a small amount of divergence out of the microscope objectives. This can be calculated
with a triangle relating the height of the system output to the distance it is measured at. The equation is:
ℎ

Ɵ = atan( )
2𝑑
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where h is the height of the image, d is the distance the height is measured at and Ɵ corresponds to half
of the total divergence angle. This means that the beam diverges at ± Ɵ°. In the experimental results
section below, the divergence angle was calculated to be ± 1.1°.

Photon Budget (Microscope Objective Lab Setup):
We can calculate a rough photon budget with the elements that we have specified thus far and an
estimate of the clipping caused by the fold mirrors.
The microscope objective transmission can vary significantly with the specific objectives that are used,
but a 90% transmission estimate will be used. The fold mirrors have about 99% reflectivity and the imaging
camera system has a transmittance of about 90%.7 Also, we will assume that the fold mirrors allow 80%
of the beam power to pass while 20% is clipped. If we multiply all of these transmissions together, we can
get the worst case optical efficiency for this system:
(0.90)(0.80)(0.99)(0.90) = 0.64

(8)

This system design can achieve a > 64% optical efficiency. Our spec was > 50% from our final PRD.

Experimental Results

Final experimental result from RPC beam shaper element. Notice that the intensity line-out is not optically
uniform. This image was taken through a point and shoot camera with the IR filter removed and was
replaced with a visible light filter.
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(Left) Collimated outputs from the two microscope objectives in the lab setup. The left output has speckle
caused by dust or dirt in the objective. (Right) Overlapping outputs from the lab setup. The patterns in
the images are just under 4 cm high. At a distance of 110 cm, that equates to a divergence angle of about
± 1.1°.

This image was taken at 305 cm away, after aligning the system a second time. The diffraction lines still
appear, and the dirty microscope objective is more prevalent in this image.
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Risk Analysis
The biggest risk from both the LightTools and Code V software models was the manufacturability of each
design. None of the software designs were toleranced, so more design will be needed before attempting
to order optical elements and assemble these systems.
At this stage, the largest amount of risk in the microscope objective setup comes from both achieving
smooth enough optical uniformity across the output and system alignment sensitivity. With a very small
amount of misalignment, the system output can dim or change shape. One of the main issues that caused
misalignment was that we did not have a sturdy mount for the laser diodes so they were able to move
easily. With a sturdier laser diode mount we believe alignment would be less of an issue. The output
uniformity appears very poor in the experimental result images. The speckle on the left beam came from
dust or dirt inside one of the microscope objectives. This could be improved with a clean or new objective.
The right beam has some visible vertical lines. The lines are most likely from diffraction caused by the
beam hitting the edge of the fold mirror. We also could not mount more than two diodes with this setup,
because the wires were not long enough with the diodes we used.

Customer Recommendation
The three main illumination designs were the LightTools software models, a Code V Diffraction Grating
software model, and the microscope objective lab setup. We recommend different paths forward for
each design, depending on which path the next person/group working on this project may want to take.

LightTools Modeling:
The designs have been tested in software, but have not been toleranced. The next step in the designing
process would be to tolerance the design and perhaps make a design with commercial optical elements.
After a suitable design has been created, the next step would be to order the parts and assemble the
setup in the lab. After assembly, test the design and check the main specs of optical uniformity and
efficiency. If system needs improvement, go back to design phase and repeat the process as necessary.

Code V Diffraction Grating:
Improvements on relaying the near field intensity profile to the far field are necessary. In this design, we
only use a single plano-aspheric element for collimation. More elements can be used to relay the flat
intensity profile to the far field while maintaining collimation. It is also possible to replace the transmissive
diffraction grating with a fan-out system. The fan-out system creates multiple copies of the input beams
with equal intensity and higher efficiency. Implementing the fan-out system will increase the efficiency of
the system while maintain the uniformity of the output. A different approach to improve this design is to
use the diffraction grating blazed at a specific diffraction order and uses four laser diodes with slightly
different wavelengths. A high efficiency holographic grating could be used at greater than 95% efficiency.
Different wavelength laser diodes can be achieved by temperature tuning the laser diodes or purchasing
tightly specified laser diodes from the manufacturer.
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Microscope Objective Lab Setup:
Modeling the system in LightTools should be the next step. From the LightTools model, more information
can be obtained about the maximum uniformity and efficiency of the design. After software modeling is
done and it is verified that the design can meet specifications (mainly the uniformity spec.) the other two
laser diodes with corresponding microscope objectives and fold mirrors can be added to the lab setup. To
achieve the best system output, we would also suggest using microscope objectives with a 0.5 <= NA <
0.65 as our design with 0.65 NA objectives caused the laser diodes to be in contact with the objectives. It
is also important to get longer wires so that more than two diodes will be compatible with the design at
one time.

002

Rev D

P a g e | 21

Flat Output Backlit Strobe 002 Design Description Document

References
1. SPL LL90_3 Laser Diode Spec Sheet
http://www.osram-os.com/Graphics/XPic1/00083640_0.pdf/SPL%20LL90_3.pdf
2. Coherence Length Calculation
http://optics.hanyang.ac.kr/~shsong/5-Coherence.pdf
3. Surface Roughness of Paper
http://www.nanovea.com/Application%20Notes/paperroughness.pdf
4. Transmission of Cylindrical Lenses, Thorlabs
http://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=2798&pn=LJ1728L1-B
5. RPC Photonics Engineered Diffusers Transmission
http://www.rpcphotonics.com/engineered.asp
6. Edmund Optics, Fresnel Lens Transmission
http://www.edmundoptics.com/optics/optical-lenses/fresnel-lenses/fresnel-lenses/32-593
7. Schneider Tele-Xenar 2.2/70 Camera Lens
http://www.schneiderkreuznach.com/uploads/tx_curoproduktdb/Tele-Xenar_2.2-70.pdf
8. Fred M. Dickey, Laser Beam Shaping: Theory and Techniques, Second Edition, Chapter 9

002

Rev D

P a g e | 22

