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Millimeter and Submillimeter (MM/SUBMM) 

Gas Sensors  

 

 

There are widely publicized   
      

     Optically based Terahertz (THz) gas sensors 
      

      Infrared and optical gas sensors  

 

 

Will show today that the electronic technology familiar to 

those in attendance here is VERY competitive 



x3 multiplier x8 multiplier W-band amplifier 

Gas Analysis Emerges from a  
Confluence of Science and Technology 

                      Physics Always Favorable (1955)                                                                               HP 40 GHz MW Spectrometer(1974) 

Microfabrication => small, inexpensive in quantity                                                                Enablers 

Growth in computing power 
to handle information 
 
Broadband wireless market 
 
CMOS 



Spectroscopic and Analytical Background 
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Scient. Instrum. 68, 1675-1683 (1997). 
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Fast analysis of gases in the submillimeter/terahertz with 
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Chemical analysis in the submillimeter spectral region with a 
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A new approach to astrophysical spectra:  The complete 
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Submillimeter spectroscopy for chemical analysis with 
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and F. C. De Lucia,  Opt. Lett. 55, 1533 (2010). 
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Radiation and Interactions:  Orders of Magnitude 

Jumping the ‘gap in the electromagnetic spectrum’ is not the same as closing it 
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Bandwidth matters:  Spectral Brightness and Figures of Merit 

For samples in thermal equilibrium, Doppler broadening is proportional to frequency 

The SMM/THz – broadly defined 

Spectral distribution as function of molecular size at 300 K 

SMM and small 
static samples are 

favorable 
combination 



Spectrum of a Mixture of 20 Gases 

Three seconds of data acquisition expands to 1 kilometer 
 at scale of lower panel 

Spectral Brightness 
Spectral Purity 

Absolute Frequency Calibration 
Frequency Agility 



HCl 

Broad Coverage of TIC Gases 



Simultaneous Recovery with 
 ‘Absolute Specificity’ in Mixture 



Low Atmospheric Clutter Background 
[The miracle of the SMM] 

Nitric acid at ~ 1ppb is first SMM ‘clutter molecule’ 

Major Infrared Clutter 



1 ppb Acrylonitrile in Atmospheric Clutter* 

1 ppb acrylonitrile 

* I. R. Medvedev, C. F. Neese, G. M. Plummer, F. C. De Lucia, Applied Optics 50, 3028 (2011) 

Detailed simulations show that the SMM clutter limit is around 1 ppt without preselection 



Sensor and Analysis Trade Space 
 

•  Very complicated for spectroscopic sensors 
 
• First:  Show particular optimization 
• Second:  Consider trades from this locus 

 
•  Trades 
 
•  Speed 
•  Sensitivity 
•  Specificity 
•  Generality 
•  Size – Cost  

    

   
    



An Implementation as a Point in Trade Space 

Synthesized snippets to 
 optimize photon use 

‘absolute’ specificity on mixture of 32 

2 ppt sensitivity demonstrated on one gas 

Goals: 
1 Cubic Foot Self-contained Box 

<10-4 PFA on >30 gas mixture 
<100 ppt on one gas 



Intensity Calibration 

            CH2CHBr / C2H4Cl2  Snippets                                                      ClCN Snippets          

Subtraction of spectra due to 
four other species in ClCN 

snippets 
 

Requires overlapping gases be 
in library 



Results of Numerical Analysis 



DARPA Requested Comparisons 

Optical Comb/Cavity: 
•  Similar ppx sensitivity 
•  requires 104 more sample – sorbent difficult 
•  has >104 lower resolution 
•  orders of magnitude more atmospheric clutter 
•  much larger and more complex 
 

THz-TDS: 
•  has >103 less ppx sensitivity 
•  requires 106 more sample – sorbent difficult 
•  has  >104 lower resolution 
•  very sensitive to water interference 
•  somewhat larger and more complex 
 

THz Photomixer: 
•  has >104 less ppx sensitivity 
•  requires 108 more sample – sorbent difficult 
•  demonstrates > 1000 less resolution 
•  orders of magnitude more atmospheric clutter 
•  somewhat larger and more complex (8 cu ft) 
 

 



Comparison Requested by IEEE Sensors 



How Can This Be? 

 
The Physics is very favorable for electronic sensors in 

the MM/SUBMM 
    

   Source brightness of ~1014 K 

  Synthesized frequency agility 

  Rotational matrix elements >> Vibrational matrix elements 

  Doppler width proportional to frequency 
   Absorption strength goes as n3 - peaking at ~0.2 – 1 THz 

  The 1 ppt atmospheric clutter ‘miracle’  

 

How Can the Literature Be So Unaware? 



From Optical Society of America  
Toronto, June 2011 



The Really Good News for Electronic Technologies: 
 

Advances in Electronic Technology 
 
 

Size and Cost Drivers from the Wireless Communications Industry 
 
 

Because the brightness of low power, high spectral purity sources is 
very high the ‘physics’ to support low cost, small size, and low 

power is very favorable 



Experimental demonstration at 
600 GHz of spectral purity of chip 

level synthesizer 

Broad Line of Chip Level IC Through 100 GHz 
Commercially Available in Large Quantity 



Transmitter:  Kenneth O (UT-D)  

Receiver:  Bhaskar Banerjee (UT-D) 

  

CMOS Integration for 240 GHz* 

Antennas:  Rashaunda Henderson (UT-D) 

_________________________________________________ 
*Sponsored by the Semiconductor Research Corporation 



• Dominates a significant portion of spectroscopic sensor space 
  
•  Absolute specificity 
•  Extremely small samples with good sensitivity 
•  Low atmospheric clutter limits (1 ppt) 
•  Favorable trades of sensitivity for speed (agility of electronic synthesis) 
 

• Clear path to small and inexpensive implementations 
 
•  Wireless technology and CMOS  
•  Electronic synthesis provides size independent resolution 
•  Small sample requirements allow less elaborate vacuum systems 
 

• Challenges and opportunities 
 
•  Limits on applicability to larger molecules – unclear bounds – not as general as MS or GC 
•  Vacuum requirements 

•  Significant up side potential – fundamental limits very favorable – infant development 

Summary:  Submillimeter Sensors of Static Samples 



Consequences of the Physics 
 

Optimum pressure is ~ 10-5 atmospheres (Doppler) and sample is static 
  => very small sample requirements 
  => small sampling volumes for large preconcentration gains (1 liter STP - 105 gain) 
  => vacuum requirement greater than in IR/Op 
  => atmospheric clutter limit ~1 ppt (aided by spectroscopic specifics as well) 

 

Electronic sources are  
  =>  essentially delta functions, even in Doppler limit 
  =>  frequency agility to optimize photon use 

 
Small Power provides very high brightness 
  => path to very small and inexpensive technology 

 

Spectral density strong function of molecular size 
  =>  large molecule limit with static ambient samples  

 



The THz is VERY Quiet even for CW 
Systems in Harsh Environments 

Experiment:  SiO vapor at 
~1700 K 

All noise from 1.6 K 
detector systemm 

1010 Misconception 





Sub-Millimeter Wave Introduction 

 

Technique ideal for gas phase 
detection 

– High specificity 

– High sensitivity 

– Low false alarm rate 

– Fast measurement and 
analysis 

– Broad range of analytes 

– Small, low power technology 

•High resolution SMM spectroscopy exploits rotational transitions of molecules 
•100 000 resolution elements and complex thermally excited signature provides  
‘absolute’ specificity 

Rapid technology  commercialization in the MM/SMM makes this long held 
promise a practical foundation for a entirely new sensor approach 

300 K Static Equilibrium Sample 



System Numbers 
 
For a receiver noise temperature TN = 3000 K and b = B = 106 Hz, PN = 5 x 10-14 W. Pc = 10-3 W 
  
 
 
If we have a carrier power of Pc = 1 mW, we must also consider the noise  associated with the 
adding of the blackbody noise voltage with the carrier.   
For this case  
 
 
 
This is about five orders of magnitude above the receiver noise. 
 
For 1 msec integration the system S/N is then 
 
 
 
 
This is the impact of the so called ‘Townes Noise’. 
 
Impact is only large when we are looking to detect a small change in a large Pc 



P n  kTnPc  (51014)(103) 108W
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~ 1010

Five  
Orders of 
Magnitude 



Sensitivity Comparisons1,2 
 

•  For variety of Op/IR experiments 
 
•  Similar in terms of ppx sensitivity with wide variation according to  
•  Choice of molecule  
•  Technical implementations 
•  Generality 
•  Specificity  
 

•  Because the optimum pressure is proportional to Doppler width 
 
•  100 – 1000 less sample smaller sample in the SMM 
•  ~10-14 moles for HCN, ~ 5 x 10-14 moles for CH3CN, and 10-12 moles for C2H4Cl2   
 

•  For radicals (strong electronic transitions) detection limits in the 
ppt range have been reported. 
_____________________ 
1.  Without sorbant collector  
2.  “Submillimeter spectroscopy for chemical analysis with absolute specificity,” Ivan R. Medvedev, Christopher F. Neese, Grant M. 
Plummer, and Frank C. De Lucia, Opt. Lett. 35, 1533 (2010). 
 

 


