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1. Materials:
A. Laser light source (laser): Class 3B, continuous wave, diode-pumped solid-state, wavelength 532nm, max power level 170mW, beam diameter <1.2mm, beam divergence <1.5mrad – this laser system was chosen to represent the laser striking the aircraft window.
B. White light source (WLS): 
100W halogen bulb, collimated – chosen to represent a collimated source of broad spectrum white light.
slide projector halogen bulb – chosen to illuminate a large area and represent a source of broad spectrum white light.
C. Neutral density (ND) filters: 0.4ND; 0.9ND; 2.5ND – neutral density filters were used to evenly knock down the amount of laser light measured by the spectrometer to prevent overloading.
D. Red flashing light: bicycle warning light – used on the lab’s door to warn passersby of laser work being conducted within the lab.
E. Laser safety glasses: Laser Glow, AGF5322XX, OD2+, wavelengths 400-532nm – these glasses were worn as personal protective equipment to prevent eye damage from the laser beam.
F. Spectrometer: Ocean Optics HR4000 spectrometer w/ cosine corrector – this spectrometer was chosen because it could measure the spectrum of the light source (approx. 190-1110nm), the absolute irradiance, and the radiant power all at once.
G. Camera: Galaxy Note 5 built-in front camera – this camera was chosen for its Bluetooth ability for wireless photo taking, and for its high resolution photographs.
H. Camera remote: Bluetooth camera remote – this remote was chosen to perform wireless photo taking, so the laser chamber may be fully closed while taking photographs.
I. Scenario photographs – these photographs were chosen because they represent scenarios that USCG pilots may encounter during normal operations.
J. Color reference card – this card was chosen because it is an industry standard for photographers, and may be considered a control for color distortion.
K. 1.0m and 2.0m rails – aluminum triangle rails – used to mount optical carriers and provide a straight, level surface to conduct laser work on.
L. Carriers and mounts – used to ensure all optical equipment (test samples, light sources, etc.) are at the same height during data gathering.
M. Test chamber – 5/8in thick plywood, 2ft high, 8ft long, 1.5ft wide – this chamber was designed to keep out nuisance light and protect any lab workers from laser beam exposures.
N. flat uncoated test samples x3 (FTS): 2x2in square, plexi-glass, Test Samples 2, 3, and 4 – all test samples were cut from the same aircraft window, the 3 flattest test samples were used for this experiment.
O. curved uncoated test samples x3 (CTS): 2x2in square, plexi-glass, Test Samples 13, 14, and 16 – all test samples were cut from the same aircraft window, the 3 most curved test samples were used for this experiment.
P. 532nm notch filter test sample (NF): 25mm diameter, OD4 – this notch filter was chosen due to its properties to reflect/absorb a wavelength of 532nm.
Q. Cotton gloves: required according to Appendix A for cleaning lens filters and test samples without smudging and/or leaving lint or dust.
R. Canned compressed air: required according to Appendix A to be sprayed on all lens filters and test samples prior to each measurement or photograph.
S. Lens cleaning solution: required according to Appendix A to be sprayed on all lens filters and test samples to prevent smudging or leaving finger prints.
T. ImageJ software: this photographic software was used to provide color histograms for Aims 2 and 3.
2. Testing Procedures
A. Light Transmission Measurements
i. The 2.0m rail shall be used for this section of testing with equipment in the following order starting from the lab door: the light source (pointing away from the door), the test sample, the ND filter(s), and the measuring device.  See Figure 1 for setup example.
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Figure 1: Example of setup for light transmission measuring.
ii. Testing shall be done in the following order (28 shots):
1. Light source – first the laser, followed by the WLS
2. Measuring device – spectrometer
3. Test sample type – first the FTSs, followed by the CTSs, and finally the NF
4. Test sample angle – first at 00°, followed by 60°
iii. Prior to use of the laser, all personnel shall review the Laboratory Laser Safety Procedure (Appendix B).  The laser shall be setup first, with the front of the laser at 0.8m.  Before use of the laser, the red flashing light shall be placed outside the lab door, all persons in the lab shall wear laser safety glasses of the appropriate type, and the laser key shall be placed into the laser’s power supply.  Turn on the power supply, wait for the system to power up (approximately 5 minutes), then turn the laser key to “On.”  The laser is active when the green LED light on the power supply is lit.  Ensure the laser is properly aligned with the center of the test sample, the ND filter, and the measuring device (see Laser Lab Safety Procedures on how to properly align the laser).
The WLS will be used second.  The red flashing light and laser safety glasses will not be necessary for this portion of the testing.  The WLS for this section is a collimated 100W halogen bulb.  The front of the WLS shall be placed at 0.8m.  Ensure the WLS is properly aligned with the test sample, the ND filter, and the measuring device.  Use the shadow of the WLS on the back of the test chamber to ensure the spectrometer is at the very center of the WLS.
iv. Ensure all test samples and ND filters are clean and free of dust. Follow lens cleaning guidelines set by Edmund Optics (Appendix A).  All test samples shall be placed in order of testing within the test chamber to minimize smudging, scratching, and/or attracting dust.  There are three test samples per FTS and CTS, and one test sample for the NF.  All persons who handle test samples shall wear cotton gloves.  Prior to placing each test sample onto the square lens mount, the test sample shall be sprayed with canned compressed air.  The front of the test sample will be placed at 1.3m, or 0.5m from the light source.  For curved test samples, the concave side shall be considered the front of the test sample.
v. The 2.5ND and 0.9ND filters shall be used when measuring laser light transmission with the spectrometer, to ensure the spectrometer is not overloaded.  The ND filters shall be mounted flush against each other, and shall be placed at 1.4m, or 0.1m after the front of the test sample.  NDs are not needed when using the WLS.
vi. The front of the spectrometer’s light collection lens shall be placed at 1.5m, or 0.2m after the front of the test sample.  Each test sample spectrometer reading shall be saved as a separate file from the spectrometer software.  
vii. Each light transmission reading shall be completed with each test sample mounted at an angle of 00 degrees, followed by each test sample mounted at an angle of 60 degrees.
viii. Steps for light transmission data collection:
1. Take a spectral reading without any light source.
2. Turn on laser system.
3. Align the laser system, test samples, ND filters, and spectrometer in accordance with Appendix B.
4. Ensure the test chamber is fully closed prior to each spectral reading.
5. Take a spectral reading with the laser on, but without a test sample.
6. Place the Test Sample 2 in its mount angled at 00 degrees, and take the spectral reading.  Complete this step with Test Sample 3, followed by 4, 13, 14, 16, and the 532nm NF.
7. Complete step 6 with each test sample at 60 degrees in the same order.
8. Complete steps 2-7 with the WLS in place of the laser.
B. Glare Production
i. The 2.0m rail shall be used for this section of testing with the following equipment in order starting from the lab door:  the light source (pointing away from the door), the test sample, and the camera.
ii. Testing shall be done in the following order (14 shots):
1. Light source – only the laser
2. Test sample type – first the FTSs, followed by the CTSs, and finally the NF
3. Test sample angle – first at 00°, followed by 60°
iii. Prior to use of the laser, all personnel shall review the Laboratory Laser Safety Procedure (Appendix B).  The laser shall be setup with the front of the laser at 0.8m.  Before use of the laser, the red flashing light shall be placed outside the lab door, all persons in the lab shall wear laser safety glasses of the appropriate type, and the laser key shall be placed into the laser’s power supply.  Turn on the power supply, wait for the system to power up (approximately 5 minutes), then turn the laser key to “On.”  The laser is active when the green LED light on the power supply is lit.  Ensure the laser is properly aligned with the center of the test sample, the ND filter, and the measuring device (see Laser Lab Safety Procedures on how to properly align the laser).
iv. Ensure all test samples are clean and free of dust. Follow lens cleaning guidelines set by Edmund Optics (Appendix A).  All test samples shall be placed in order of testing within the test chamber to minimize smudging, scratching, and/or attracting dust.  There are three test samples per FTS and CTS, and one test sample for the NF.  All persons who handle test samples shall wear cotton gloves.  Prior to placing each test sample onto the square lens mount, the test sample shall be sprayed with canned compressed air.  The front of the test sample will be placed at 1.3m, or 0.5m from the light source.  For curved test samples, the concave side shall be considered the front of the test sample.
v. The camera will be placed at 2.0m, or 0.7m from the front of the test sample.  The laser shall be aligned with the camera so that the beam hits 1mm below the camera’s aperture.  Ensure the camera remote is Bluetooth connected to the camera, so that the test chamber may be fully closed for each picture taken.
vi. All test samples’ glare production from the laser shall be recorded via a photograph at a normal angle of 00° and at an angle of 60°.
vii. Steps for glare production data collection:
1. Take a picture without any light source.
2. Turn on laser system.
3. Align the laser system, test samples, and camera in accordance with Appendix B.
4. Ensure the test chamber is fully closed prior to each picture taken.
5. Take a picture with the laser on, but without a test sample.
6. Place the Test Sample 2 in its mount angled at 00 degrees, and take the picture.  Complete this step with Test Sample 3, followed by 4, 13, 14, 16, and the 532nm NF.
7. Complete step 6 with each test sample at 60 degrees in the same order.
C. Color Distortion
i. The 1.0m rail shall be used for this section of testing with the following equipment in order starting from the lab door:  the light source (pointing away from the door), the camera and test sample (with the camera pointing away from the door), and the scenario photograph.
ii. Testing shall be done in the following order (28 shots):
1. Light source – only the WLS
2. Test sample type – first the FTSs, followed by the CTSs, and finally the NF
3. Scenario photographs – first scenario 1, second scenario 2, third scenario 3, and finally the color reference card
iii. The WLS for this section is a slide projector bulb. The front of the WLS shall be at 0.5m. The WLS shall be aligned with the scenario photograph, so that the entire scenario photograph is illuminated.
iv. The front of the camera shall be at 0.6m and mounted just above the WLS, so that it does not cast a shadow on the scenario photograph.  
v. Ensure all test samples are clean and free of dust. Follow lens cleaning guidelines set by Edmund Optics (Appendix A).  All test samples shall be placed in order of testing within the test chamber to minimize smudging, scratching, and/or attracting dust.  There are three test samples for FTS and CTS test sample types, and one test sample for the NF.  All persons who handle test samples shall wear cotton gloves.  Prior to placing each test sample onto the camera, the test sample shall be sprayed with canned compressed air.  The side of the test sample shall be taped flush with the side of the camera, ensuring the test sample completely covers the camera’s aperture.  The front of the test sample shall be facing towards the scenario photograph.  For curved test samples, the concave side shall be considered the front of the test sample.
vi. The scenario photograph shall be taped on an optical mount at 0.8m, or 0.2m from the front of the camera lens.  The mount shall be angled at 65 degrees to the rail; this is to prevent a glare from showing in the picture taken by the camera.
vii. All test samples’ color distortion with the WLS shall be recorded via a photograph at an angle of 00 degrees.
viii. Steps for color distortion data collection:
1. Take a picture without any light source.
2. Turn on the WLS.
3. Align the WLS, camera plus test sample, and Scenario 1.
4. Ensure the test chamber is fully closed prior to each picture taken.
5. Take a picture with the WLs on, but without a test sample.
6. Tape Test Sample 2 on the camera angled at 00 degrees, and take the picture.  Complete this step with Test Sample 3, followed by 4, 13, 14, 16, and the 532nm NF.
7. Complete step 6 with each test sample with Scenario 2 in the same order.
8. Complete step 6 with each test sample with Scenario 3 in the same order.
9. Complete step 6 with each test sample with the Color Reference Card in the same order.
3. Analysis
A. Light Transmission
i. Absolute Irradiance:
1. Open SpectraSuite.  Follow guidance provided by Spectrecology to measure each desired spectrum in units of absolute irradiance.
2. Copy graphical data and paste into an Excel spreadsheet.
3. If neutral density filters were used, correct for the amount of light transmission reduction.
ii. % Transmission:
1. Divide each test sample’s absolute irradiance per wavelength by the light source’s irradiance.  For example, TS 16’s absolute irradiance at 526.87nm is 0.49 mW/cm2 (once corrected for neutral density filters) and the laser’s absolute irradiance is 0.67 mW/cm2 (once corrected for neutral density filters), so the % transmission for TS 16 at 526.87nm is 72.29%.
iii. Radiant Power:
1. Multiply the surface area of the spectrometer’s sensor and the absolute irradiance of each test sample per wavelength.  Since the beam of the laser was smaller than the spectrometer’s sensor, the absolute irradiance for all laser data points are multiplied by a surface area of 1.0cm2.  For example, TS 16’s absolute irradiance at 526.87nm is 0.49 mW/cm2 (once corrected for neutral density filters) when struck by the laser at 00°; therefore, the radiant power is 0.49mW.
2. The beam diameter of the WLS was larger than the spectrometer’s sensor, so the absolute irradiance of each test sample will be multiplied by the spectrometer sensor’s surface area of 0.1195cm2.  For example, TS 16’s absolute irradiance at 526.87nm is 0.13 µW/cm2 when struck by the white light source at 00°; therefore, the radiant power is 0.0152µW.
B. Glare Production
i. Open ImageJ.
ii. Perform the following for a green histogram: 
1. Image – Adjust – Color Threshold – 
2. Color Space = RGB, 
3. Threshold Color = white, 
4. Thresholding method = default, 
5. Check “Dark Background” (except for when there is no light source), 
6. Uncheck the red and blue “pass” boxes, 
7. Move the green minimum to “18,” 
8. Move the green maximum to “255,” 
9. Click the “select” button;
10. Analyze – Histogram – 
11. Hit “RGB” twice to get on green,
12. Save the histogram;
13. Go to the histogram – 
14. Press the “copy” button,
15. Paste onto an Excel spreadsheet.
iii. Perform the following for a grayscale histogram: 
1. Image – Type – 32-bit;
2. Analyze – Histogram – 
3. Type “18” into the minimum and “255” into the maximum,
4. Save the histogram;
5. Go to the histogram – 
6. Press the “copy” button,
7. Paste onto an Excel spreadsheet.
iv. Cumulative Percentages:
1. Find the total sum of pixels per test sample.
2. Divide the number of pixels per intensity level per test sample by the respective test sample’s total sum of pixels.  Be sure to add the previous intensity level’s percentage to calculate a cumulative percentage.
v. Contrast Ratios:
1. Tabulate the 15% and 95% cumulative percentages per test sample.
2. Divide the 95% cumulative percentage by the 15% cumulative percentage per test sample to calculate the contrast ratio.
vi. T-tests:
1. Flat vs Curved Test Samples:
a. Tabulate the 25%, 50%, and 75% cumulative percentages for the window test samples (TS 2, TS 3, TS 4, TS 13, TS 14, TS 16), as well as their contrast ratios.
b. Perform a t-test comparing the flat test samples’ (TS 2, TS 3, TS 4) to the curved test samples’ (TS 13, TS 14, TS 16) cumulative percentage of pixels at 25%, 50%, and 75%, as well as the contrast ratios.  Use two-tail distribution and unequal variances.
2. 532NF vs Average TS:
a. Tabulate the 25%, 50%, and 75% cumulative percentages for the window test samples (TS 2, TS 3, TS 4, TS 13, TS 14, TS 16) and the 532NF, as well as their contrast ratios.
b. Perform a t-test comparing the window test samples’ to 532NF’s cumulative percentage of pixels at 25%, 50%, and 75%, as well as the contrast ratios.  Use two-tail distribution and unequal variances.
C. Color Distortion
i. Open ImageJ.
ii. Click on the far left button shaped like a rectangle.
iii. Click the mouse at the following x,y coordinates and drag to the w,h coordinates:
1. CRC - x=1164, y=642; w=2490, h=1422
2. S1 -	x=1272, y=642; w=2688, h=1422
3. S2 - x=1322, y=659; 2674, h=1555
4. S3 - x=1251, y=631; w=2445, h=1523.
iv. Image – Crop.
v. Save the cropped picture.
vi. Perform the following for color histograms: 
1. Image – Adjust – Color Threshold – 
2. Color Space = RGB, 
3. Threshold Color = white, 
4. Thresholding method = default, 
5. Check “Dark Background” (except for when there is no light source), 
6. Uncheck the red and blue “pass” boxes, 
7. Move the green minimum to “18,” 
8. Move the green maximum to “255,” 
9. Click the “select” button;
10. Analyze – Histogram – 
11. Hit “RGB” twice to get on green,
12. Save the histogram;
13. Go to the histogram – 
14. Press the “copy” button,
15. Paste onto an Excel spreadsheet.
16. Repeat steps 1-15 for a red histogram, with a minimum of “20,” instead of 18.
17. Repeat steps 1-15 for a blue histogram, with a minimum of “21,” instead of 18.
vii. Cumulative percentages:
1. Find the total sum of pixels per test sample.
2. Divide the number of pixels per intensity level per test sample by the respective test sample’s total sum of pixels.  Be sure to add the previous intensity level’s percentage to calculate a cumulative percentage.  
viii. Contrast Ratios:
1. Tabulate the 15% and 95% cumulative percentages per test sample.
2. Divide the 95% cumulative percentage by the 15% cumulative percentage per test sample to calculate the contrast ratio.
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