
R2-C.3: Chaotic Cavity Gas Cell for Optical Trace 
Explosives Detection

Abstract— This project investigates the development of a compact, chaotic cavity gas cell with sta-
bilized optical trajectories for mid-infrared optical trace explosives detection.  Mid-infrared light 
interacts strongly with the fundamental and vibrational modes of many molecules, enabling specifi c 
and sensitive detection.  Optical absorption detection is accomplished by monitoring the power of 
light that is transmitted through a gas thought to contain the molecules under test, triacetone trip-
eroxide (TATP) for example.  The detection sensitivity of the system can be improved by increasing 
the interaction length of the light and the gas using a multipass cell.  The chaotic cavity gas cell in 
this project is constructed from a single highly-refl ective, closed surface that is designed by deform-
ing a sphere.  In this project, we focus on designing cavities with stabilized ray trajectories that have 
long optical path lengths.  The single-surface design of the gas cell and the stabilized orbits mitigate 
alignment issues and fl uctuations in the environment that limit more common multipass gas cells 
and reduce total product costs.  This project was added to ALERT in September 2013.  In the past 
7 months, we have developed effi cient computer code to simulate ray trajectories inside of the cha-
otic cavity. We used this code to explore the complex phase space for these cavities and developed 
methods for designing cavities.  Currently, a cavity is in the process of being manufactured using 
high precision milling techniques.  Characterization of the cavity will occur in the coming months.  
The low cost and autonomous nature of the proposed system enabled by this project will allow de-
ployment in areas not currently possible due to cost, space and personnel limitations.  These sensors 
will ultimately expand and enhance explosive detection capabilities with improved sensitivity and 
portability, improving safety of citizens and law enforcement personnel, while reducing cost and 
complexity.
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II. PROJECT OVERVIEW AND SIGNIFICANCE

This project pursues development of a compact, high performance optical detection system, utilizing a sta-
bilized chaotic cavity gas cell and mid-infrared quantum cascade lasers.  The novelty of the program is in 
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the use of mid-infrared technologies for increased detection sensitivity and the creation of an inexpensive, 
robust gas cell that supports long optical path lengths.  This project incorporates into the broader goals of the 
ALERT Program by exploring an additional mode for detection of explosives.  The societal impact is increased 
safety for citizens and law enforcement professionals by improving and expanding the detection capabilities 
in airports, major event venues and large buildings.  The low cost and autonomous nature of the proposed 
system enabled by this project will allow deployment in areas not currently possible due to cost, space and 
personnel limitations.  The scienti ic impact of this project is the creation of a multipass cell with myriad uses 
in spectroscopic and sensing applications, including: environmental monitoring, process control and medical 
diagnostics.  

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

The mid-IR is suited particularly well for both direct detection of explosives [1] and the gas byproducts 
formed via pulsed laser fragmentation on explosives [2].  Direct absorption optical detection is achieved by 
monitoring the power of light that interacts with a gas thought to contain the explosive.  Often, to increase 
the detection sensitivity, a multipass cell is used to effectively increase the interaction length of the light and 
the gas.  For unattended ield deployment, it is highly desired that a multipass cell be robust to the mirror 
alignment.
Direct optical absorption detection is accomplished by monitoring the power of light that is transmitted 
through a gas thought to contain the molecules under test.  The wavelength of light is chosen to overlap with 
the spectral ingerprint of the explosive and a reduction in the transmitted power indicates the presence of 
the targeted molecules. The detection sensitivity of the system can be improved by increasing the interac-
tion length of the light and the gas under test.  Typically, this is accomplished using a multipass gas cell.  For 
relevant-time detection and unattended ield deployment, it is desirable that the multipass cell be low-vol-
ume, robust to the mirror alignment, and stable against perturbations in the sensing environment, such as 
temperature luctuations and vibrations.  This project seeks improvements over conventional multipass cells 
in performance and cost by using a compact, stabilized chaotic cavity gas cell.
The chaotic cavity gas cell in this project is constructed from a highly-re lective, closed surface that is de-
signed by deforming a sphere.  For appropriate deformations, the ray trajectories of the sphere can become 
chaotic, quasi-chaotic, destabilized or stabilized.  In this project, we focus on designing cavities with stabi-
lized ray trajectories that have long optical path lengths.  To use the cavity as a gas cell, small optical ports 
for the laser beam are opened in the fabrication process; likewise, gas ports that do not interfere with beam 
trajectories are also created.  The single-surface design of the gas cell and the stabilized orbits mitigate align-
ment issues that limit more common spherical and astigmatic mirror multipass gas cells and reduce total 
product costs.  A schematic of such a gas cell is shown in Figure 1. 

Figure 1: Schematic of a gas cell containing a gas under test with an external quantum cascade laser source and 

detector; the ports at the top and bottom of the cell are used to fl ow the gas/air under test through the cell.
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The project’s technical approach compliments efforts within the ALERT COE.  For example, Prof. Hernandez-
Rivera of Thrust 3 is using mid-infrared quantum cascade laser arrays for standoff detection.  Our work on 
improved gas cells offers a complimentary mode of detection using the same source technology, the quantum 
cascade laser.  Professor Hoffman is an expert in quantum cascade lasers and both projects will bene it from 
his expertise.  Likewise, both projects will bene it from the optical sensing and detection expertise of Prof. 
Hernandez-Rivera.
Sensing using mid-infrared quantum cascade lasers outside of the ALERT COE has a strong focus on health, 
industry and environmental applications [1-6].  Efforts related to the detection of explosives focus primarily 
on methods involving laser photoacoustic spectroscopy (LPAS) [7-9].  The work in this project is differenti-
ated by the method of detection—LPAS versus direct optical absorption—and the ability implement multiple 
wavelengths in our project, thus enabling the detection of several explosives simultaneously.
The technical approach that we are employing is to develop ef icient models of the ray trajectories inside of 
the multipass gas cells.  In this technique, we use standard ray optics to describe the ray trajectory inside 
spherical cavity that is deformed using dipole and quadrupole terms.  Figure 2 shows the calculated trajec-
tory for 200 re lections inside of a rotationally asymmetric cavity.

The calculated real-space trajectories are useful for visualizing the distribution of light inside of the gas cell, 
and are used in the design process to ensure that the beam trajectories do not overlap with the seam between 
the two halves of the gas cell.  A phase-space representation of the trajectories is more appropriate for explor-
ing the complex phase space.  Such a representation is shown below (Fig. 3).  Here, χ is the angle of re lection 
and θ is the azimuthal angle.  The solid orbits generate “butter ly” orbits similar to those shown in Figure 2 
and the regions illed with dots represent chaotic regions.  In these chaotic regions of phase space, the beam 
trajectory changes substantially, with small changes in the input parameter.

Figure 2: Calculated ray trajectories for 200 refl ections inside of a rotationally asymmetric cavity.

Figure 3: Calculated phase-space plot for a cavity with a similar design to that shown in Figure 2.
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A signi icant accomplishment of the work in the past year has been the development of methods for analyzing 
the stability of the multipass gas cell.  For a properly designed multipass cell, the beam can be forced to focus 
over a global focusing time.  During this global focusing time, the envelope of the intensity distribution of the 
wavefront is bounded.  By designing the cell such that the beam is continually focused, the stability of the cell 
is improved because during focusing the trajectories are less susceptible to perturbations at the input.  Figure 
4 demonstrates how the envelope function is bounded by plotting the spatial distance between the peak of 
the Gaussian beam and the 1/e point for different input beam perturbations.

In addition to de ining a metric for the beam stability, we also determined methods for engineering the global 
focusing time by changing both the input beam parameters and the dipole and quadrupole deformations.
We have used these models to design a multipass gas cell with stabilized trajectories that is in the process 
of being fabricated using high-precision milling.  Once the fabrication process is complete, we will coat the 
interior of the cavity with gold.  The inal assembly will be characterized in the following year and the mea-
surement results will be used to verify the models we have developed.

B. Major contributions

This project was added to the ALERT program in September 2013 and has impacted the overall ALERT re-
search and education program in several ways.  Below is a breakdown of the research and educational con-
tributions this project has made to the ALERT program.
First, this program has strengthened the optical detection technologies in the ALERT COE, particularly mid-
infrared technologies, and enhanced the synergy between Thrusts 2 and 3.  
• Used ef icient models to create prototype multipass cell for optical characterization and validation of ray 
trajectory models.  Prototype cell will be used for explosives sensing measurements in Year 2.
• Developed ef icient models for simulating the ray trajectories and phase space of chaotic cavity gas cells.
• Provided an additional platform for the inclusion of mid-infrared technologies into the ALERT COE.  The 
addition of this project enhances the synergy between Thrusts 2 & 3, as well as synergy with commercial 
partners, particularly with Eos Photonics.  
Education Program
• Undergraduate students actively participate in research in Prof. Hoffman’s laboratory.  The students attend 

Figure 4: Spatial distance between the peak of the Gaussian beam and the 1/e for diff erent input perturbations as a 

function of refl ection number; the global focusing time corresponds to the minimum in the curves.
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weekly meetings where they learn about research being carried out by the graduate students and also par-
ticipate in smaller-scale projects.  
• Professor Hoffman has actively engaged the local, alumni and Notre Dame communities by participating in 
Junior Parents’ Weekend, Northern Indiana Science and Engineering Fair and the University of Notre Dame 
Robotics Week.  Each of these events was used to communicate and explain material relevant to the ALERT 
Program and showcase the ALERT COE.  
• In collaboration with Prof. Scott Howard, a new graduate-level course, Fundamentals of Photonics, was 
developed and offered during the spring 2014 semester.  The addition of the course will improve the overall 
ALERT program by providing better-trained students and attracting more students to research relevant to 
the ALERT mission.

C. Future plans

Phase 1 (months 1-5) of the project focuses on characterization of the cavity designed previously.  The initial 
characterization will be performed at visible wavelengths because mid-infrared light is invisible to the un-
aided eye, thus complicating experiments.  The optical path length as a function of beam input angle will be 
measured using a pulse delay measurement at visible wavelengths and compared with the model developed 
in Year 1.  Other beam parameters such as exit angle and beam divergence will also be measured and com-
pared.  The same characterization at mid-infrared wavelengths will follow the visible measurements using a 
quantum cascade laser available from the laboratory.  For this project, to keep costs low and meet the time 
constraints of the program, the wavelength of the laser will not necessarily overlap with the spectral inger-
print of targeted explosives.  The goal of Phase 1 is demonstration of a stabilized chaotic cavity gas cell at 
mid-infrared wavelengths with an optical path-length greater than 2 m, a total cell volume less than 150 cm3 

and greater than 90% re lected power per re lection.
Phase 2 (months 6-12) of the project will be used to demonstrate optical absorption measurements of the 
gas cell characterized in Phase 1.  Direct optical detection will be performed using pulsed and continuous 
wave devices.  Initial optical absorption measurements will be performed using devices available and may 
not spectrally overlap with the spectral ingerprint of targeted explosives.  

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Prof. Hoffman is actively involved in community outreach, particularly to K-12.  While the programs that he 
participates in are sponsored by other organization, he uses these opportunities to introduce and explain 
material relevant to the ALERT Program and showcases the ALERT program as part of these interactions.  
Since the beginning of this project in September 2013, Prof. Hoffman has engaged students and parents at the 
Northern Indiana Science and Engineering Fair, University of Notre Dame Robotics Week and Junior Parents’ 
Weekend.
Profs Howard and Hoffman have also worked to implement changes to the Notre Dame Department of Elec-
trical Engineering PhD program to include material relevant to the projects Howard and Hoffman are pursing 
as part of the ALERT Program.  This has included the creation of a new graduate course on the Fundamentals 
of Optics and the addition of an optics question to the Ph.D. qualifying examination taken by all irst-year stu-
dents.  These changes have resulted in a large increase in the number of students with experience in optics 
and exposure to the projects being pursued in the ALERT Program.
Owen Dominguez is an incoming Electrical Engineering PhD student.  Mr. Dominguez is working in my labo-
ratory as part of a summer research program.  It is planned that he will spend a part of the summer working 
on this project. 
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V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The relevance of this research to the DHS enterprise is in the creation of a detection system with improved 
sensitivity and reduced system complexity and cost.  The small footprint of the anticipated system enables 
expansion and enhancement of multi-mode detection networks for continuous monitoring of areas of inter-
est.  Agencies such as the United States Coast Guard and the Transportation Security Administration (TSA) 
can both bene it from detection networks based on optical sensing.  In addition to the detection of explosives, 
mid-infrared technologies are also appropriate for the detection chemicals used in the manufacturing of il-
licit drugs.  This potential for dual use is particularly useful to the United States Coast Guard, as was indicated 
during the annual review.  

B. Anticipated end-user technology transfer

The project seeks to develop a high-performance, cost-effective multipass gas cell.  As such, the anticipated 
end-users include persons and companies engaged in gas phase absorption spectroscopy.  We have not con-
tacted any companies directly, but we expect that a company such as Southwest Sciences Inc. would be both 
a good end-user and commercialization partner.  Larger companies such as Raytheon or Lockheed may also 
be possible avenues for technology transfer.

VI. LEVERAGING OF RESOURCES

We have initiated conversations with two companies.  Discussions are ongoing and pending upon the results 
of this project, but there is a possibility to pursue external funding in collaboration with either or both com-
panies to develop a detection platform.  One of the companies we have discussed collaborations with is EOS 
Photonics, an industrial member of the ALERT Center.  During our last conversation with Dr. Mark Witinski, 
we discussed the possibility of EOS Photonics sending our lab group one of the mid-infrared sources created 
at his company for use with our cavity.  This collaboration will continue to develop over the next year.
We are also leveraging internal funding sources to help fund the research program, pursue new areas of rel-
evance to the ALERT community and DHS, and increase training and outreach.  This summer, Luis Enrique 
Cortes Herrera from Tecnologico de Monterrey will work on this project as part of a research experience for 
undergraduates (REU) program supported fully by NDNano at Notre Dame.  We are seeking similar funding 
to support additional students (particularly undergraduates), monies for community outreach and funds to 
support exploratory research relevant to the ALERT COE.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

Pending-
1. M.P. Harter and A. J. Hoffman, “Engineering quasi-chaotic gas cells for continuous-wave spectros-

copy with long optical pathlengths,” in preparation, will be submitted to Optics Express

B. Other presentations

1. A. Hoffman, “Role of Interface Roughness in Mid-infrared and Nonlinear THz Quantum Cascade La-
sers,” University of Notre Dame Condensed Matter and Biophysics Seminar, April 11, 2014 – This 
presentation covered an overview of the research in my group, including fundamental concepts of 
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quantum cascade lasers, nonlinear generation of THz radiation and how to use this light for detec-
tion of explosives or other materials of interest.

2. Seminars
a. A. Hoffman, “Mid-infrared and THz Sources and Technologies,” IBM TJ Watson, May 2, 2014.

3. Brie ings
a. A. Hoffman, “Mid-infrared Technologies for Optical Detection of Explosives.” Indiana Economic Devel-

opment Council, June 4, 2014.
b. A. Hoffman, “Mid-infrared Technologies for Optical Trace Detection.” Consultant for General Electric, 

June 24, 2014.

C. New courses developed and student enrollment

1. New Course(s)
a. New graduate-level course on the fundamentals of photonics developed at University of Notre Dame 

with Prof. Scott Howard. 

D. Software developed

1. Models
a. Cavity Ray Dynamics Numerical Model – We have developed a Matlab-based numerical model for 

simulating the ray dynamics of quasi-chaotic gas cells.  The software will eventually be available and 
suitable for transition to interested parties, but it is currently not in a state for public or private dis-
tribution as new functionality is still being added.
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