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Mid-Infrared Absorption Spectra



5Absorption Spectroscopy and Beer’s 
Law

Beer Lambert law of absorption
𝐴𝐴𝜆𝜆 = − ln 𝐼𝐼𝜆𝜆

𝐼𝐼𝜆𝜆,0
= 𝑘𝑘𝜆𝜆𝐿𝐿𝐿𝐿

𝐼𝐼𝜆𝜆,0 𝐼𝐼𝜆𝜆

𝐿𝐿

𝑘𝑘𝜆𝜆,𝜒𝜒

Test Cell 
(containing gas sample)

𝐴𝐴𝜆𝜆 = spectral absorbance
𝐼𝐼𝜆𝜆 = transmitted radiation at 𝜆𝜆
𝐼𝐼𝜆𝜆,0 = incident radiation at 𝜆𝜆
𝑘𝑘𝜆𝜆 = spectral absorption coef.

𝐿𝐿 = path length
𝜒𝜒 = mole fraction of target gas

Presenter
Presentation Notes
Time: <1min
Agg Time: 6.5min
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Source

𝑰𝑰𝞴𝞴,𝟎𝟎 at 
Detector

How Does Absorption 
Spectroscopy Work?

Absorption Spectroscopy is an application of  the 
Beer-Lambert Law

𝑨𝑨 𝞴𝞴 = 𝒍𝒍𝒍𝒍
𝑰𝑰𝞴𝞴
𝑰𝑰𝞴𝞴,𝟎𝟎

= �
𝒊𝒊

�
𝒔𝒔𝒋𝒋

𝒔𝒔𝒋𝒋+𝟏𝟏
𝒌𝒌𝞴𝞴·𝒙𝒙𝒊𝒊 𝒅𝒅𝒅𝒅

𝑨𝑨 𝞴𝞴 - Spectral absorbance

𝑰𝑰𝞴𝞴,𝟎𝟎 - Incident spectral intensity of 
electromagnetic radiation

𝑰𝑰𝞴𝞴 - Transmitted spectral intensity of 
electromagnetic radiation

CO2

𝒔𝒔𝟏𝟏 𝒔𝒔𝟒𝟒
𝑠𝑠

𝒌𝒌𝞴𝞴 - Spectral absorbance coefficient
function of pressure, temperature,

& species
𝒔𝒔 - Path variable
𝒙𝒙𝒊𝒊 - Molar fraction of ith species

𝑰𝑰𝞴𝞴,𝟎𝟎

Source
Sample Cell

Detector𝒔𝒔𝟑𝟑𝒔𝒔𝟐𝟐 𝑰𝑰𝞴𝞴
Detector

CO2

N2O

CO

CS2

SO3

CH3SH
NO2

NO

CH4

HCN

C2H2

 Many 
Near/Mid 
IR active 
pollutants
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Sensor Design Using LEDs

• Three MIR LEDs centered at
• 3.6𝜇𝜇m (for reference)

• 4.2𝜇𝜇m (CO2)
• 4.7𝜇𝜇m (CO)

• LEDs amplitude modulated at 
different frequencies

• Band pass filters
• Collimating lenses

• Pellicle beam splitters
• Thermo-electrically cooled photovoltaic detector

Presenter
Presentation Notes
Time: 1.5min
Agg Time: 8min



9Broad spectrum of LEDs and 
absorption features of targeted gases

CO2

CO

LED 
output 
profile

Filter profile

Presenter
Presentation Notes
Time: 1.5min
Agg Time: 10min
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Sensor Overview and Operation
Sensor

Power
DAQ

Pitch Catch Probe

4.2LED4.7LED 3.6LED
Detector

BP FilterBP Filter BP Filter

Launch Lens

Combine Lights

Lens
Mirror

Light Guide 1

Window

Lens

Light Guide 2

Collimate Collimate Collimate

Presenter
Presentation Notes
The sensor we have developed uses absorption spectroscopy to make time-resolved measurements of CO/CO2. The overall system will be broken into three major components: The pitch, the catch, and the probe. The overall system will be connected, monitored, analyzed and powered through a DAQ device.
 
The pitch houses our lights source. LEDs centered at three unique spectral emission will be collimated, filtered, combined, and focused into a light guide. While lasers are more traditionally used in absorption sensors they're cost is prohibitive for practical implementation. LEDs on the other hand allow for a more affordable and rugged design.
 
The light is guided from the pitch to a probe where the gases are non-intrusively sampled then guided to the catch.
 
The catch houses the singe detector that meets our full absorption range and focusing lenses to focus the oncoming light from the optical cable into the detector.
 
In implementation, each LED will be driven with a continues wave signal at different frequencies. Once the light is transmitted and detected, each wavelength will be separated using a fast Fourier transform giving us three magnitudes, one for the 3.6, 4.3, and the 4.7micron wavelengths. This information will be interpreted using the Beer-Lambert law to give us the fraction CO and CO2.
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Pitch

Presenter
Presentation Notes
Here you see the layout of the pitch setup. There are four LEDs total, one centered at 3.6um, one at 4.26um, and two centered at 4.67um. The 4.7um needed for CO proved most challenging for us since it provided the smallest amount of power, being 83 to 96% less powerful than the others. Our immediate solution was to add a 2nd 4.7um LED to the system which gave us more power, but required more components. Each of the LEDs with a unique wavelength will be driven by a function generator. The light is passed through a band pass filter, collimated, combined using Pellicle beam splitters, then focused into a hollow waveguide.



12

Simulations using Zemax (Optic Studio)

Presenter
Presentation Notes
In order to obtain the best performance of the sensor we took advantage of the Radiant Zemax optical-design simulation software. With this we were able to simulate the lens design of our entire setup. This software is capable of modeling the effects of optical elements such as simple lenses, aspheric lenses, gradient index lenses, mirrors, and diffractive optical elements, and can produce standard analysis diagrams such as spot diagrams and ray-fan plots. It can also perform standard sequential ray tracing through optical elements, non-sequential ray tracing for analysis of stray light, and physical optics beam propagation and has built in optimization capabilities.
 
 As I mentioned previously, we have four LEDs we must combine into a single beam. Each LED must be collimated, combined with the other lights, then launched into the optical cabling; while each LED has different collimated beam path lengths depending on how many beam splitters it must pass through. This has been a vital part of our designing processes given the inherent difficulties in focusing to a point an incoherent source such as LEDs; a significant amount of power can be loss when attempting to focus the light into the HWG.
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Simulations: Collimation
Single Collimation Lens / Single Launch Lens (Design 1)

Two Collimation Lenses / Two Launch Lenses (Design 2)

Presenter
Presentation Notes
The simulations I am going to discuss will showcase our most significant findings. Here we see a one collimating lens, one launch lens setup vs. a two collimating lens/two launch lens setup. You can clearly see that with design 2 a much more collimated beam was achieved, which resulted in less power loss as the light is transmitted through the beam splitters and combined with the other LEDs. The squares here shows the incident radiation on the entrance of the HWG. Each square is 6mm by 6mm and display the power density of the incident radiation. Notice that with design 2 we were able to focus the beam to a smaller, more power dense point. With a 1mm inner bore diameter of the HWG most of our signal is being lost at the entrance of the light guides, so the smaller point is desired. Going from design 1 to design two we were able to increase our efficiency at the HWG entrance from 84% to 98%.
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Simulations: Launch Lens FL
Focal Length: 15mm

Focal Length: 5.95mm

56% Efficiency on HWG Exit

Presenter
Presentation Notes
Here we see simulations showing the effects of the launch lens focal length. In these simulations all lenses, and distances were the same except for the last launch lens. These simulations use design two from the previous slide. With the top lens we have a focal length of 15mm and the bottom lens having a very small 5.95mm focal length. The square we see here are of a detector face approximately 5mm from the exit of the HWG, so we are seeing the light after it has been transmitted through the light guide. You can clearly see that one side effect of the smaller focal length is an increase numerical aperture which gives us the large spot diagram. However, we also have much less loss achieving an efficiency of 56% with the short focal length vs an efficiency of 40% with the longer focal length at the HWG exit. Here it is less clear which approach would be better so we plan to test both these designs. I would also like to point out that, as you recall, we had a 98% efficiency at the light guide entrance so we are losing half our signal there, at the entrance.
 
Overall we were able to increase the efficiency from our original design, before any simulations, at 28% at the exit of the hwg to 40 to 56% efficiency.
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LED temperature control

3.6𝜇𝜇m LED w/TEC

Features Far-Field Pattern Axis Deviation Emissions Size

All 3 LEDs ≤20, deg ≤7, deg 3.3mm (radius)

4.2𝜇𝜇m LED w/TEC 4.7𝜇𝜇m LED w/TEC

Presenter
Presentation Notes
From these three diagrams we see a known interesting feature occurring in the temperature sensitivity of light sources. As the temperature of the lights source (or any matter) changes, the spectral emission and spectral bandwidth also changes. Taking advantage of the temperature feature allows us to “dial” in on different peaks and ranges for each of the LEDs. As a disadvantage we have to control temperature in order to maintain the spectral emission range needed for detecting CO, CO2, and Ref. The diagram shows the normalized intensity and peaks for each wavelength as a function of temperature and so each LED has its own optimal temperature that needs to maintained to “dial” into our needed peak spectral frequency emission of 3.6, 4.26, and 4.67um. This feature influenced us to buy the LEDs w/ TEC cooling and respective heat sinks.
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Filters Selection

Presenter
Presentation Notes
An inherit drawback of using LEDs is their broad spectral bandwidth. Typically, with the use of monochromatic sources such as laser, one spectral line will be targeted. However, our LEDs span multiple bands and even overlap with bands of other gases which can cause noise in our measurements. To reduce this bandwidth we utilize band pass filters. Here you can see our filter profile, in blue, selected for the reference signal centered on 3.6um and the emission profile of its corresponding LED in red, overlaid on the spectral absorption bands we are targeting. Note that the lines for H2O are multiplied by 50 for clarity. The LED will be temperature controlled so that its center wavelength will overlap with the center wavelength of the filter. This is the profile, again in blue, for the filter that will be used for our CO2 signal and the profile of the corresponding LED, which is centered at 4.26um. Notice that there is some overlap for the spectral lines of CO however they are very minimal, with the transmissivity of the filter being below 2.5% there. Finally, we have the profile of the CO filter centered at 4.67um. Again, we have some overlap with the adjacent gas absorption lines but the transmissivity is below 2.5% in this area. This is our area of most concern since our absorption lines are the smallest here and we will have the most interference from water in this range.  And here is a final look at all three of the selected filters.
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• Lenses: 2x BD-2 Aspheric Lens
– Effective Focal Length: 5.95mm

• Detector: VIGO Systems PVI-2TE-5
– Two stage, thermoelectrically cooled

Detector & Catch Optics

Presenter
Presentation Notes
The catch optics design is a simple design incorporating a detector and two focusing lenses, focusing what’s left of the absorbed light into the detector. The catch design includes thermoelectric cooling to maintain the operating temperature of the detector as well as an insulated and coated housing to prevent any infra-red or heat interference. The overall catch design wasn’t too complicated as it is heavily based on the selection of our detector and how the overall pitch and probe optics work. The detector was selected for sensitivity to capture the low power output of the LEDs in the spectral range we are using.
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Light Guiding

Hollow Silica Waveguide from Molex

Presenter
Presentation Notes
Lastly was the selection of the light guide. The requirements for selection of the light guide was the transmission in our wavelength and a large inner bore diameter. As I have shown a large portion of our losses occur at the entrance of the waveguide.  For our wavelength range, the hollow silica waveguides (HWEA) from Molex have attenuation between 0.75 and 1.00 decibels per meter. The IR chalcogenide, selenide glass fiber from CorActive has attenuation of 0.4 decibels per meter for our wavelengths. However, we went with the HSWG since it had the largest diameter.
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Assembly

Pitch Catch HWG from Probe

HWG to Probe

Presenter
Presentation Notes
Here you see how all the components come together.  During operation the assembly is contained in a tent that is purged with nitrogen so to reduce noise from atmospheric gases.
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Validating

From Pitch

CO

CO2

N2Exhaust

To Catch

Presenter
Presentation Notes
We have constructed a simple flow cell, as seen here, for assessment and verification of the sensor’s functionality. The cell was designed so that it can function as a static and a flow cell so that we may test the sensors detectability limit and its responsiveness to fluctuations in CO and CO2. This will also allow us to validate and calibrate our spectroscopy strategy. The cell will be loaded with a variation of gases comprising CO, CO2, and a diluting species such as N2. We may also put a small concentration of fuel to observe if this causes any interference. The green box you see there is a solenoid valve to allow us to fluctuate the CO and CO2 gases. Later we will be using a high temperature absorption cell that is currently being design to test our sensor more in the temperature ranges of exhaust gas.




21Detection limit and time resolution 
characterization

• Early evaluation testing done at ORNL
• Measurements were taken using a flow cell with a path length of 8cm

• Neat CO2 measurements
• Neat CO measurements
• Simultaneous measurements/evaluation of cross-interference

• Time resolution testing
• Chopper wheel with plastic to simulate absorption

Span GasN2 100%

Output to Test Cell

Presenter
Presentation Notes
Time: 1min
Agg Time: 11min

-Briefly discuss time resolution
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Neat CO2 Results: 30ppm

− ln
𝐼𝐼
𝐼𝐼0

= 𝑘𝑘𝑘𝑘𝑘𝑘

Detection Limit: 30ppm (function of path length L)

Presenter
Presentation Notes
Time: 1.5min
Agg Time: 13.5min

Note
Nonlinear because not just one line but rather broad profile
Still follows trends
L increasing will lower detection limit
Absorbance increases with increasing concentration
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Neat CO Results: 400ppm

Detection Limit: 400ppm (function of path length L)

Presenter
Presentation Notes
Time: <1min
Agg Time: 14min
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No cross-interference observed
Simultaneous measurements of CO and CO2

Presenter
Presentation Notes
Time: <1min
Agg Time: 14.5min
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Image Credits NASA

Image Credits NASA Image Credits NASA

Need for Gas Sensors on 
Spacecraft

Spacecraft cabin air is 
confined aboard spacecraft 
and toxic gases may 
accumulate

Toxic gas sources                  
include
Human activity
Astroculture
System malfunctions

Rapid detection is                                        
necessary to ensure               
safety of crew & experiments

CO
CO2Urea

Ethylene

N2O

NH3

Formaldehyde
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Tabletop Sensor

 Light emitted from LED’s
 Filtered & Columnated
 Beams aligned using 

beamsplitters
 Light passes through gas sample 

cell
 Filled with gas for calibration

 Beam is collapsed & directed to a 
photodiode

Beam 
Splitter

3.6 μm
LED

4.7 μm
LED

4.2 μm
LED

Bandpass 
Filter

Bandpass 
Filter

Bandpass 
Filter

Photodiode
CO2

CO

Sample Cell

3.6 μm
LED

Beam 
Splitter

4.7 μm
LED

4.2 μm
LED

Bandpass 
Filter

Bandpass 
Filter

Bandpass 
Filter

Photodiode

Sample Cell
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Wavelength (μm)
5.03.4 3.8 4.2

A
bs

or
pt

io
n 

C
oe

ffi
ci

en
t (

cm
-1

)

0

20

40

70

10

30

50

60

4.84.64.44.03.63.23.0
0

0.4

0.6

1.0

0.8

0.2

N
or

m
al

iz
ed

 E
m

is
si

on
/F

ilt
er

 T
ra

ns
m

itt
an

ce

3.6 μm
LED

4.7 μm
LED

4.2 μm
LED

Bandpass
Filter

Bandpass
Filter Bandpass

FilterCO2
Feature

CO
Feature

 Significant spectral overlap of LED emissions Bandpass transmittance is nonuniform
 Across pass band & between each passband

 Variations in emission intensity occur
 3.6 μm - 135±25 μW, 4.2 μm - 25±5 μW, 4.7 μm - 5±1 μW

 As temperature increases
 Emission intensity ↓, 𝞴𝞴max →

 Poor Overlap of CO feature and filter

Spectral Considerations of 
Tabletop Sensor

 Sensor uses 3 channel amplitude modulation to 
discern signal
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Calibration of Tabletop Sensor
 Calibration study performed while CO and CO2 were flowed 

through a test cell
 Test was performed with simultaneous CO/CO2 test gas
 No interference was observed

 Calibration Curves as shown
 OSHA permissible exposure limits (PEL) shown for reference
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Tabletop Model

Flight Test



32Flight Test Sensor Electrical 
System

+
-

30V
DC

NI-cRIO DAQ24V
DC

Photodiode

12V
DC

6V
DC

LED/TEC 
Subsystems

Component TDP, W
Photodiode 5.5W
LED 1.215W
TEC for LED 8.34W
Driving Elec. 24W
cRIO-9031 10W
Total 49.055W

LED/TEC Subsystems

WLD
3343

WLD
3343

WLD
3343

3.6 μm 
LED

4.2 μm 
LED

4.7 μm 
LED

TEC 
Ctrl

7 
kH

z

11
 k

H
z

5 
kH

z

 ISS spacecraft and balloon test flights use 
30V DC power, designed for such

 DC/DC converters used to drop power to 
appropriate levels

 cRIO then interfaces with Photodiode and 
LED/TEC Subsystems Thermal Design Power 49 W LED subsystem uses pulse generation from WLD 
3343 drivers and independent TEC controller



33Pre Flight Testing at the UCF 
Environmental Chamber Testing

Test 
Conditions
Duration 4 

hours
Tmin -20°C 
Tmax 23°C
Pmin 0.27 kPa
Pmax 101 kPa

No observed 
issues with 
operation



34High Altitude Balloon Flight 
Test

 NASA Columbia 
Scientific Balloon 
Facility Ft. Sumner, 
NM

 Sensor packaged 
and mounted
 Aluminum enclosure 

for sensor electronics
 Sensor mounted 

externally

 Autonomous 
operation test

 Fixed gas 
composition      
 N2 89.51%  
 CO 4.97%                  
 CO2 5.52%

Electronics 
Enclosure

Optical 
System

UCF 
Payload

Balloon

Payloads

386 mm

271 mm

142 mm

 Distance Over Ground: 787 km
 Total Flight Distance: 940 km

 Launch Time:9/1/2016 16:03 MDT
 Impact:9/2/2016 10:27 UTC

Flight Tracking Courtesy of NASA CSBF

 Maximum Altitude: 37.6 km
 Float Duration: 15 hr, 9 min
 Tmin -48°C, Tmax 12°C

 Pmin ~0.5 kPa, Pmax 91 kPa
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 Intensity-temperature pairs correlated
 Correlation does exist between intensity & ambient temperature
 Low SNR on 4.7 μm LED

High Altitude Balloon Flight 
Results
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36Learned Lessons from 
Beamspliter Balloon Flight

 Low SNR
 45% Intensity loss at each 

beamsplitter
 Test cell is too small

 Band pass filters limit 
versatility
 Poor overlap of CO feature 

with 4.7 μm filter
 Gases outside of bands 

are nondetectable
 High signal variance from 

calibration 
 LED temperature 

regulation was sub par
 Nested ground loops 

caused increased noise
 Sensor is too big

 High TDP
 Large volume
 Heavy



37Rethinking & Improving 
the Sensor Design

• Weight Reduction: Laser cut acrylic enclosure
– Test cell no longer needed

External Ribs
6mm Wall

3mm internal 
Reinforcement

Butyl Gasket

2 Layer 
Acrylic Plate

Electrical 
Passthroughs Sensor Mounted to Acrylic 

Sliding Chassis

Interlocked 
Joints

300

100

0

101 kPa
0 °C

22 °C

40 °C
𝜶𝜶
𝝀𝝀,
𝑪𝑪𝑪𝑪

𝑪𝑪
(c

m
-1

)
200

𝞴𝞴 (𝞵𝞵m)
4.20 4.24 4.28 4.32

• Weight Reduction: Laser cut acrylic enclosure
– Test cell no longer needed

• Optical System Simplification: Is a reference LED needed?
– 15% change in absorbance of CO2 between 0°C and 40°C
– If 22°C is nominal; -25% irradiance at 40°C, 218% irradiance at 0°C
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(a

.u
.)

2.5

0
3 5𝞴𝞴 (𝞵𝞵m)

1.0

0

22 °C
0 °C

40 °C

• Weight Reduction: Laser cut acrylic enclosure
– Test cell no longer needed

• Optical System Simplification: Is a reference LED needed?
– 15% change in absorbance of CO2 between 0°C and 40°C
– If 22°C is nominal; -25% irradiance at 40°C, 218% irradiance at 0°C

• What else can be included in the sensor?
– Frequency modulation based temperature measurements

• How can low end sensitivity be enhanced?
– Increase the optical path length

34.43 mm

8.65 mm

4.2 μm Filter

Secondary Condenser
Lenses

Condenser Lens

Collimating Lenses

Photodiode
4.2 μm 

LED

9.28 mm

11.38 mm

20.46 mm 68.42 mm

52.76 mm

8.91 mm
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Condensed Electrical Systems

Maximum power draw reduced to 17W, 10.6 of which is cRio
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• Launch at Ft. Sumner 9/4/17
– 138 min ascent to AltAvg

105,000’
– Float for ~10.5 hrs
– AltMax 110,000’
– Total fight time 820 min
– Pmin 1.6 kPa, Pmax 90 kPa
– Tmin -64°C, Tmax 23°C

High Altitude 
Balloon Flight Test

Launch t=0

t=200 min

t=400 min
t=600 min

t=800 min
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• Air at 90 kPa packaged into the 
enclosure with sensor

– Fixed CO2 concentration
• Flight testing examines signal drift 

and noise floor under real conditions
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• Photodiode output 
spectrums

– 216 data points 
sampled at 100 kHz

– FFT applied to each 
sample set

• Locus of maxima 
corresponds to CO2
measurements
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Condensed Flight Data
• Photodiode output 

spectrums
– 216 data points sampled at 

100 kHz
– FFT applied to each 

sample set
• Locus of maxima 

corresponds to CO2
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𝑭𝑭𝒎𝒎𝒎𝒎𝒎𝒎 𝑻𝑻𝑻𝑻𝑻 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎 �𝒌𝒌𝒌𝒌𝒌𝒌
°𝑪𝑪 · 𝑻𝑻(°𝑪𝑪) + 𝟑𝟑.𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐

𝑨𝑨𝒎𝒎𝒎𝒎𝒎𝒎 𝑻𝑻𝑻𝑻𝑻 = −𝟎𝟎.𝟐𝟐𝟐𝟐𝟐𝟐 �𝒎𝒎𝒎𝒎
°𝑪𝑪 · 𝑻𝑻 °𝑪𝑪 + 𝟏𝟏𝟏𝟏.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑
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Conclusions & Future Work
 LED based gas 

sensor is to be used 
for the detection of 
toxic compounds in 
spacecraft air

 Both amplitude and 
frequency modulation 
are simultaneously 
used in the sensor

 Next iteration will use 
multiple LEDs and 
variable path optical 
system to enhance 
species selectivity 
and LDL
 MHz modulation 

instead of kHz
 Sounding rocket test

Image Credit
Bristol 

Aerospace
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