
AIR FORCE RESEARCH LABORATORY 
AEROSPACE SYSTEMS DIRECTORATE 

WRIGHT-PATTERSON AIR FORCE BASE, OH  45433-7542 
AIR FORCE MATERIEL COMMAND 

UNITED STATES AIR FORCE 

AFRL-RQ-WP-TM-2023-0002 
 

 
 

 

Optical Fuel-Air Sensor 
 
Carter Campbell 
High Speed Propulsion Branch 
 
 
JULY 2023 
Interim Report  
 
 

DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited; 
AFRL/PA-2023-3608; Cleared 07-25-2023. 

 



NOTICE PAGE 

Using Government drawings, specifications, or other data included in this document for any 
purpose other than Government procurement does not in any way obligate the U.S. Government. 
The fact that the Government formulated or supplied the drawings, specifications, or other data 
does not license the holder or any other person or corporation; or convey any rights or 
permission to manufacture, use, or sell any patented invention that may relate to them.  

This paper was cleared for public release by AFRL Public Affairs, AFRL/PA and is available to 
the general public, including foreign nationals.  

Copies may be obtained from the Defense Technical Information Center (DTIC) 
(https://discover.dtic.mil).   

AFRL-RQ-WP-TM-2023-0002 has been reviewed and is approved for publication in accordance 
with assigned distribution statement. 

This paper is published in the interest of scientific and technical information exchange and its 
publication does not constitute the Government’s approval or disapproval of its ideas or findings. 



REPORT DOCUMENTATION PAGE 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION. 
1. REPORT DATE 

20082021 
2. REPORT TYPE 

Interim 
3. DATES COVERED 

START DATE 

20092020 
END DATE 

20082021 
4. TITLE AND SUBTITLE 

OPTICAL FUEL-AIR SENSOR 

5a. CONTRACT NUMBER 

In House 
5b. GRANT NUMBER 

 
5c. PROGRAM ELEMENT NUMBER 

 
5d. PROJECT NUMBER 

 
5e. TASK NUMBER 

 
5f. WORK UNIT NUMBER 

Q2CU 
6. AUTHOR(S) 

Campbell D. Carter 
 
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Air Force Research Laboratory 
High Speed Propulsion Branch 
 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

Aerospace Systems Directorate 
Air Force Research Laboratory  
Air Force Materiel Command  
Wright-Patterson Air Force Base, OH 45433-7542 

10. SPONSOR/MONITOR'S 
ACRONYM(S) 

AFRL/RQHP 

11. SPONSOR/MONITOR'S 
REPORT NUMBER(S) 

AFRL-RQ-WP-TM-
2023-0002 

12. DISTRIBUTION/AVAILABILITY STATEMENT 

DISTRIBUTION STATEMENT A. Approved for public release. Distribution is unlimited; AFRL/PA-2023-3608; 
Cleared 07-25-2023.. 
13. SUPPLEMENTARY NOTES 
This technical memo summarizes the work effort and includes a bibliography of reports, presentations, and papers produced under the effort.   

14. ABSTRACT 
LIBS, or laser-induced breakdown spectroscopy, is a widely used diagnostic enabling “stand-off” detection of atomic components of parent 
constituents; it involves the use of a pulsed laser that induces dielectric breakdown of the target media/sample and collection of the emitted 
radiation from the laser spark.  Typically, LIBS is employed to analyze solid samples.  The focus of this project is advancement of LIBS for 
analysis of gaseous media for the specific purpose of Fuel-Air (F/A) sensing, to derive the local F/A ratio within a high-speed combustor.  For 
this program, our goals are to 1) improve the accuracy of the measurement technique (i.e., of the F/A ratio) and 2) improve the usability of the 
technique.  To improve accuracy (and satisfy Goal 1), we are focusing on the use of Machine Learning to analyze the emission spectra.  For 
Goal 2 we are exploring various improvements to the technique that include miniaturization of the needed equipment (e.g., the laser) and 
approaches to shutter the laser pulse to reduce the pulse energy for dielectric breakdown and thus the likelihood of window damage. 
15. SUBJECT TERMS 

fuel-air sensing; LIBS; laser-induced breakdown spectroscopy; stand-off detection; optical diagnostics; high-speed combustors 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF ABSTRACT 

SAR 
18. NUMBER OF PAGES 

4 a. REPORT 

Unclassified 
b. ABSTRACT 

Unclassified 
C. THIS PAGE 

Unclassified 
19a. NAME OF RESPONSIBLE PERSON 

Campbell D. Carter 
19b. PHONE NUMBER (Include area code) 

(937) 255-7203 

Page 1 
PREVIOUS EDITION IS OBSOLETE. STANDARD FORM 298 (REV. 5/2020) 

Prescribed by ANSI Std. Z39.18 



Distribution Statement A: Approved for Public Release; Distribution is Unlimited. 
AFRL/PA-2023-3608; Cleared 07-25-2023 

 

Optical Fuel Air 
Sensor 

 
Abstract 

LIBS, or laser-induced breakdown spectroscopy, is a widely used diagnostic enabling “stand-
off” detection of atomic components of parent constituents; it involves the use of a pulsed laser 
that induces dielectric breakdown of the target media/sample and collection of the emitted 
radiation from the laser spark. Typically, LIBS is employed to analyze solid samples. The focus 
of this project is advancement of LIBS for analysis of gaseous media for the specific purpose of 
Fuel-Air (F/A) sensing, to derive the local F/A ratio within a high-speed combustor. For this 
program, our goals are to 1) improve the accuracy of the measurement technique (i.e., of the F/A 
ratio) and 2) improve the usability of the technique. To improve accuracy (and satisfy Goal 1), 
we are focusing on the use of Machine Learning to analyze the emission spectra. For Goal 2 we 
are exploring various improvements to the technique that include miniaturization of the needed 
equipment (e.g., the laser) and approaches to shutter the laser pulse to reduce the pulse energy 
for dielectric breakdown and thus the likelihood of window damage. 

Progress as of Aug 2021 

LIBS stands for laser-induced breakdown spectroscopy and is a widely used method used for 
“stand-off” detection of atomic components of parent constituents. It is often used to analyze 
solid samples rather than gaseous samples, which is our focus. 

Three results from the first year of progress are summarized below. 

1. A concerted effort was made to complete a study employing LIBS and advanced 
numerical simulations from our Research Cell 19 cavity flameholder. The end 
results of this study are summarized as follows. 

a. We showed that two LIBS datasets employing different laser systems were 
almost identical. 

b. We showed the relative importance of the density of “calibration points” on the 
derived fuel-air ratios and density. 

c. We demonstrated good (even excellent) agreement in comparison with the high-
fidelity simulations under non-reacting conditions (but some disagreement in the 
shear layer). 

d. We showed that four reduced kinetic models produced a substantial range of 
results (e.g., temperatures and reaction progress), highlighting the importance 
of a validated diagnostic technique like n-LIBS for model testing. 

2. A principal goal of this program was to improve analysis approaches of the LIBS spectra 
in deriving fuel-air ratios and gas density. While a few methods for improved analysis 
were discussed, a completely new method arose from our partners at Seoul National 
University: use of machine learning to reduce spectra. This approach was tested on 
sample data collected previously in the Room 14 variable pressure combustion chamber, 
and the results demonstrated the efficacy of the approach. Indeed, in previous work, we 
routinely subtracted broadband plasma emission before attempting to analyze the spectra 
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(composed of atomic lines from the original parent molecules), but via machine learning 
it was shown that the broadband emission intensity is strongly related to the gas density. 
The predictive performance of the machine- learning model was validated by predicting 
both fuel-air ratio and density in the sample data. 
This represents the first time machine learning has been applied to LIBS analysis of 
gaseous samples. 

3. An old 30-Hz Nd:YAG laser system (that was not working originally) acquired from 
RQT was repaired and then upgraded with an injection seeder (to improve the 
uniformity of pulses produced by the laser). As our other LIBS laser systems operate 
at 10 Hz repetition rate, this repaired/upgraded system will be a valuable addition to 
our LIBS instruments. 

Papers published from this effort are as follows. 
1. McGann, B., Ombrello, T.M., Peterson, D.M, Hassan, E., Hammack, S.D., Carter, C.D., Lee, 

T., and Do, H., Lean fuel detection with nanosecond-gated laser-induced breakdown 
spectroscopy, Combust. Flame 224 (Special Issue), 209 (2021). 

2. Lee, J., McGann, B., Hammack, S.D., Carter, C., Lee, T., Do, H., Bak, M.S., Machine learning 
based quantification of fuel-air equivalence ratio and pressure from laser-induced plasma 
spectroscopy, Optics Express 29, 17902 (2021). 
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