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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
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Gas Analysis Emerges from a
Confluence of Science and Technology

HP 40 GHz MW Spectrometer(1974)

Physics Always Favorable (1955)

MICROWAVE SPECTROSCOPY

C. H. TOWNES
Professor of Physics
Univer:

Columb sity

A. L. SCHAWLOW

Bel! Telephone Laboratories

CHAPTER 18

THE USE OF MICROWAVE SPECTROSCOPY FOR
CHEMICAL ANALYSIS

McGRAW-HILL BOOK COMPANY, INC.
New York Toronto London

1955

Microfabrication => small, inexpensive in quantity

x3 multiplier W-band amplifier x8 multiplier

Enablers

Growth in computing power
to handle information

Broadband wireless market

CMOS
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Spectroscopic and Analytical Background

A Fast Scan Submillimeter Spectroscopic Technique, Rev.
Scient. Instrum. 68, 1675-1683 (1997).

FASSST: A new Gas-Phase Analytical Tool, Anal. Chem. 70,
719A-727A (1998).

Fast analysis of gases in the submillimeter/terahertz with
"absolute" specificity, Appl. Phys. Lett. 86, 154105 (2005).

Chemical analysis in the submillimeter spectral region with a
compact solid state system, Analyst 131, 1299-1307 (2006).

A new approach to astrophysical spectra: The complete
experimental spectrum of ethyl cyanide (CH;CH,CN) between
570 and 645 GHz, Ap. J. 713, 476 (2010).

Submillimeter spectroscopy for chemical analysis with
absolute specificity, I. R. Medvdey, C. F. Neese, G. M. Plummer,
and F. C. De Lucia, Opt. Lett. 55, 1533 (2010).
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Radiation and Interactions: Orders of Magnitude

In In
100 GHz 1 MHz

108 1010 1012 1014 106 1018
Frequency [Hz]

1
1000 1500 2000
Frequency (GHz)

The SMM/THz — broadly defined
Jumping the ‘gap in the electromagnetic spectrum’ is not the same as closing it
Bandwidth matters: Spectral Brightness and Figures of Merit

Spectral distribution as function of molecular size at 300 K

SMM and small
static samples are
favorable
combination

For samples in thermal equilibrium, Doppler broadening is proportional to frequency
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Spectrum of a Mixture of 20 Gases

Three seconds of data acquisition expands to 1 kilometer
at scale of lower panel
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Broad Coverage of TIC Gases

USACHPPM Toxic Industrial Chemicals [27] Info Card - Updated last: hauschildvd PAGE 1 of 2 11/1/01
Toxicity . -
. Field Detection
Persists | Thresholds Decontamination
Chemical Rate of in | (ppmihour) | 5':3': Odar Related hazards! Source/ ‘.riﬂztnu:;; clermal and
Enwviren |, ; . B (from
Onset "":::t" mp el Effective Use Sensigyne |204senes contact) Treatment
fatality fube (%) SapphiRE
Rapidly absorbed through skin Mot Mot General Mild Health Effects:  [Decontamination:
" Diays- . highly flammmable with caustic . . - Nausea, dizziness; - Flush (15 min) eyes &
Immediate ? Mustard-like - available | available
* Allyl alct?ht?l weeks, + (1.7 fumes; used as contact pesticide, {liquid) liquid) headaches; chills; coughing, skin with water;
‘colorless liguid) 22 plastic/perfume manufacture choking, throat imritation - Soap optional after
' Acrolein |mmediate Minutes 0. Poor 1 ppm -sharp, | Toxic and cor!'u_vs'r\'e fumes; #GijfgiUT Nat  |Specific and More Severe initial water rinse
Sow lig) to hour 14 acrid, sweet Herbicide fion) standard [Effects: ) )
* Minutes 17 ppm - Flammable gas; used in Plastics, Eyes: Treatment & DI§ nolahc
Acrylonitrile Immediate to Poor unpleasant, | coatings, adhesives industries; #101 Standard | _ -Irr'italion' tearin tesing: procedures/ options:
‘clearpale yelow fig) HOURS 75 sw:e;ll:peachjl dyes; pharmaceuticals: pain; inmleranc:eg to light (e.g. [Eye injuries:
. ppm - i - from Hydrogen Sulfide
* Ammonia immediate | Minutes | 11 Poor |sharp,suffocati E.XP:EIT'\:E manlﬁaqmdre, #IM Standard yd } - Saline wash
coloriess gas) 1100 ng.dry urine | PEShEides: detergents indusiry Skin (particularly if iquid contacfl: | - Antibiotic cintments
P - R - - Iritation; buming; blisters (eg
Arsine Immediate | Minutes 0.2 0.5 ppm - | Reacts with H20 (don't use H20 Mot . A, . ) s
‘coloriess gas to 24 hours | to hours 0.5 Bood garlic-like in fire); Used in electronics ind #1061 standard Mh Hy\d!'ngen_F!unnde}. _ [Fkin buma/blister=/imitation
gas) vesiculation (nitric & sulfuric
3.5 ppm-  |Imitating corr fumes; heavier than acid); dermatitis; and frasthite| - topical corticosteroids
I Chlorine Immediate | Minutes Good pungent air; Cleanerfdisinfectant in many #20 Mot eg. .Acr)runilﬁle:} and/or antihistamines
iah— to hours | to hours bleach). industries; water treatment; WWI standard - Inject Mg504 at
‘greenizh-yellow gas) ) g
2 suffocating war gas; Respiratory TractLungs: affected site (Hydregen
Diborane - Minutes | =1 2 5 ppm -sickly| Very flammable; Intermediate Mot |-  Breathing ) fiuaride)
colorless gas) Immediate to hours 15 Good sweet chemical manufacturing; #22 standard difficulty.respiratory distress: . . .
425 ppm - \ery Alammable; Rocket laryngeal spasm (e.g., from mmg pirstory dlslreas:
- ; 3 i - en & ventilation
' Ethylene oxide Immediate g'ﬂi‘i 45 Poor | swest, ether- | propellant; fumigant; sterlization | #163L |Standard mgﬁ:; :Iu?iﬁ?r - Prophylactic antibiotics
coloriezz gasiig) 200 like ;r:;ﬁ:;geislind usti:|l pulmonary ed _ ;ITYS iy
. \Disinfect - ulse ox/blood gas
* Formaldehyde Immediate | Hours 10 Poor ! ppmﬁ F;!J:gl germicide; fungicide; textile; g[:s?} Standard | ChestMeart:
clear- white gasfig) 25 9 health care (tissue fixing) - :har;zair;: tachardia (rapid  [MOTE: avoid mouth to
. i . ; it i earbeat Imouth to protect against cross
Hydrogen bromide | |mmediate Minutes 3 Good 2 pm lsharp Chemical manufactu nng imdustry| #15L Mot ] eomtamintion
' pale yelow lig) to hours a0 stinging WEry COmosive standard | Systemic; Blood
Hydrogen chloride Minutes 0.77 ppm - |Comosive liquid; Ore, other metal Mot - gﬁr:guti[i::ﬁ:t;ﬁf?:sl?z [Broncospasm/Pulm Edema
' hydrochloric acid) Immediate to hours Good P:EEHL refining/ cleanri\;g: foodipickling: #30 standard SO NOD. eth:.-l'e;-ne p | . inhale corcosterids
How-colonless I ] X . - :
[paie ye fig) 104 ! g e |::‘t euml - Conwulsionsiseizures BetaZ agonist
eak acid except in water or - Hemolytic anemia; kidney - Endoiracheal intubation
i 1-5 ppm- mucous membranes — then i
* Hydrogen Cyanide 7.0 Mot damage {Arsine)
‘coloress-white-pale 'mmadial.e Minutes |~ 550 Good bitter’swesat | comosivelimitating; used as War #121 Standard lerm is fe.g. Arsine)-
lue gas; liquid =75F) a almond-like | gas, pesticide, Herbicide; other Additional Chemical Specific cly=ia {e.g C
v L " = - IV, transfusion
industries Symptoms:
. ) Cormosive lig; Aluminum and ) i ) Seizures:
=1 11y drogen fluoride | Mmediste | Minutes | o Good |, D4PPM |t metal industries: insecticide|  #17 Mot |pinicfroth sputum:  Ammonia 75
R stron: o L sputum: .
Nicoloriess gasfuming lig) & Delayed | to hours 44 g Imitating manufacturing standard \mucoid frothy 502,503
MOZ
Highly flammable/explosive; can |peculiar taste: Ethylene oxide
* Hydrogen selenide - R 0.3 ppm- cause bums/frostbite; iw Acrylonitrile
Ncoioriess gas) Immediate M':':Tf FPoor decayed decomposes rapidly to form av::l‘:ltble st;:gta.rd ?:‘Zz;mhm & N
0. horseradish elememg.l selenium Metals or garlic breath:Hydrogen Selenide
1.5+ &semiconductor prep;
. MINUTE Disinfectant lubricantioils; interm
* Hydrogen sulfide g“l:r}"jd'a;; Sto Good (01 ppm -ratten for HC manufaciure; deadens #44 sta.:g;rd
Neoloriess gas) Ay hours 100 =09 sense of smell P See page 2 -—-—- e
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Simultaneous Recovery with
‘Absolute Specificity’ in Mixture

USACHPPM Toxic Industrial Chemicals [27] Info Card - Updated last: hauschildvd PAGE 2 of 2 11/1/01

Toxicity
Persists | Thresholds Field Detection Decontamination
- Rate of in (ppmihour sDo/ Source/ ] Sym!}to ms
Chemical Onset | Environ | i Mask Odor Usefother hazard P54 serias (from inhaktion and dermal and
mpal Effective i contact Treatment
t Sensidyne L6
e Fatality tube (%) | sapphire
) Immediate | 10 1-10 ppm- Irritating vap-urS:_Flammabl&_ Mot [jeeneral Mild Health Effects: o
Methyl hydrazine & Delayed E Poor? T Once ignited continues to burm; #1885 - Mausea, dizziness; Decontamination:
LUNGS days 30 ammonia like Used he fuel: standard 8 . e e
i } as solvent, rocket : headaches; chills; coughing. | . Flush {15 min) eyes &
Hydrazine Immediate Flammable- Once ignited choking. throat imitation skin with water;
¥ Golortess, oi & Delayed | N1OUS- Poor? [, 34 P continues to bum, imitating #0 | standard [Specific and More Severs - Soap optional after
fﬁ.ﬁmrng') D'qll;rra'ud-"waxy (LUNGS) days 13 s * | Ammenia -like | vapors; Used;z:ulvent, rocket | (Dosi) fecis: initial water rinse
jzalid or cry=tals 2
yes:
. . : . Mot Mot PP . N _ .
- X Minutes i} 2 1 ppm -sharg| Intermediate in manufacturing; h - Imitation; tearing/watering; | Treatment & Diagnostic
*Mﬁ::u"z" '30:?3'3_“3“3 Immediate | Lo - Poor pungent  |reacts with H20 (don't use in fire) a‘;'_a"a_:"'-‘ s"la_”di:“ pain; intolerance to light { | procedures/ options:
L less figuid) (liquid) (liguid) e.g. from Hydrogen Sulfide) Eve inuri
0.002 ppm- . . i .  |Eve injuries:
Methyl mercaptan § Minutes rotten cabbage) From decayed organic r_na.mer - Mot Skin (particularly if liquid contact): - )
- dowid Immediate 1o hours [5.0 Poor 1 ppm odor pulp mills, oil refineries: highty #71 standard - Irritation; bumning; blisters (eg Saline wash
f;usbrfesﬂ 2 gas; ligu : - ( tZigue} flammable; liquid bums/frosthite with Hydrogen Fluoride); - Antibictic aintments
I p— F of it vesiculation (nitric & sulfuric
ntermedi T Manut of nitrc id ) iis; Skin burns/biisfersfmitation
. —_ Delayed |MINUTES - anut ot #BD Mot acid); dermatitis; and
* Nitrogen dioxide | o =2 B e 12 Poor | 1ppm-7 acid & sulfuric acid; (Dosi) | standard frostbite (e.g. Acryonitrile) . : .
(colorless gasipale lig) 20 explosivesirocket propellant - topical ml‘_n'fmerprds
i - ndio tihistal
~1 ppm- Used in many industries; Very l?emaﬁrm;izms _ :ljeclrha'lagsol-: ar‘llnes
* Hitric Acid Immediate ::::; 4.0 Poor Choking, menﬁ:::;f;: :'gﬂl‘zu:ng 5| #80 sta'::;rd difficulty respiratony distress; affected site (Hydrogen
ﬁrﬁes&,wj » orred ' 274 sweet — acrid other materials: laryngeal spasm (e.g.. from flucride)
ing liquid) — e hydrogen chioride or ) ; ; .
Immediate Organophosphate (insecticide]: / \ hydrogen bromide): Breathing/respiratory distress:
but ofe Days to similar symptoms {and thus Mot Mot pulmonary edema - Omygen &_\'E"Ul_m?n!"
arathion .04 ppm treatment) as nerve gases; wailable | Available -
Parath Delam;‘ ;‘;‘ks Good 0.04 Available | Availabi Prophylactic antibiotics
{pale yellow to brown e 0. penetrates leather/canvas an (liquidy | (liquid) A ChestHeart: _ ) - Krays
fiquid) (weeks) 08 plasties/ubber coatings N - ?e:st pallr;: tachardia (rapid | -  Pulse oxblocd gas
* Phosgene . Immediate Minutes - 0.5ppm- . D:"E'. pe_sh_cnde. and other i NOTE: avoid mouth to
(coloriezs — light yellow | & Delayed HOURS 0. Good musty hay indusfries; history as war gas, #18 Standard | Sy=temic; Blood mouth to pratect against cross,
gas) [LUNGS) 0.5-5 comosivelimtating - Cyanotic (blue skin from lack | .o 0eo e 2vien
Immediate | . 0.9 ppm- |Insecticide; used in manufacture Oy to blood) (2.9, from SO2,
’ Phosphine & Delayed Minutes- 0.3 Good? rotten fish of flame retardants and #TLA Hot 503, NO2, ethylene oxide): |Broncospasm/Pulm Edema
LUNGS ours 1.1-30 i N - diaries: Standard -  Convulsions/seizures ) i
colorless gas) [ ) - garic Incendianes, - - ke - Inhale corticosteroids
- Hemaolytic anemia; kidney Beta? 3
Sulfuric Acid H Odorl Toxic fumes when heated m m damage (Arsine) (suffuric : E::W:g;;:inmbamm
uliuric Ack Immediate dcurs, b5 Good _:tes:e Batiery/dyesipaper/glue/metal{ | available | Available acid, hyrdazine)
c:.lea.r cohd'ess— Brown ays ) (acrid taste) indusiries; wolcanic gas; (liquid) (liquid ) i . N
oy liguid) 75 N / Additional Chemical Specific  |Hemotysis fe.g. Arsine):
Sulfur dioxide; -3 Good 1 ppm: Disinfectant and p ingin ~—11—" W A ) - IV, transfusion
ioxide; - Immediate [MINUTES| S02); ¥ cta =senn - sputum: mmania
* S;L“.'Ir T.r_l;):l(lde, form ;E)nela:ad to hours h::argir?:al pungent; breweries and food/canning; #6L Standard Bmucoid frothy spufum: 502,503, |Seizures:
EUS)”C acid (coloriess 15-100 {503) metallic taste textile indusiry; batteries poz - Diazepam
jpeculiar taste: Ethylene oxide|
l2sphyiar Acrylonitrile
M Imetsl taste &
_|o.o8 . Skin imitant Polyurethane (woorl Mat Mot : ) .
T?Iuene Immediate Haurs Good 0.4-2 ppr- coatings , foam), nylon Available | Available )wlga.m:hvea.b‘l.Hydmgen Selenide
diisocyanate (2,4) weeks sharp pungent industries: iquid liquid) /gMiosis, sweating,
kwater-white fo pale neusines: (lquid) | (iquid) Il ACHe Parathion
w liguid, or talg 0.51 | | cxﬁﬁﬁmund womit — sulfur acid
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Low Atmospheric Clutter Background

[The miracle of the SMM]

Table II1.1 Molecular Concentrations in the Clean
Troposphere and the Polluted Urban Air (ppb).”

Species Clean Troposphere Polluted Air

N 780,840,000 780,840,000

0, 209 460 000 209,460,000
@ variable E

Ar 9,340,000 9,340,000

Ne 18,000 18,000

He 5200 5200

Kr 1100 1100

Xe 90 90

H» 580 580

CHa 1650 1650+
O 332000 332000

N-0 330 330+

SO; 1-10 20-200

co 120 1000 - 10000

NO 0.01-0.05 50-750

NO; 0.1-05 50-250

03 20-80 100 - 500
< HNO; 0.02- 0.3 3-50

NH3 T 10-25

H.CO 0.4 20-50

HCOOH 1-10

HNO, 0.001 1-8

CH3C(0)02NO; (PAN) 5-35

Non-Methane Hydrocarbons 500 — 1200

* Data from Seinfeld*

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

Major Infrared Clutter

Concentration (Log ppm) Ambient Air - TIC
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1 ppb Acrylonitrile in Atmospheric Clutter*

—— Acrylonitrile

107 o
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s
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2
2
T
S
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a2
e
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107" ‘ ’ ‘
|
10 220 230 240 250 260 270
eeeeeeeeeee
1 ppb acrylonitrile o
. —— Acry] itrile gé‘z
1077 = co
v NS,
O
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10° 2 v e
. NO.
1=
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=
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=
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E
E
=
10"’
° } l “ M x ‘ } ‘ I ‘ ‘ \ ‘
o L. ol LD [N ‘ll.h | \'I
230.0 230.5 231.0 231.5 232.0

Frequency / GH=z

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

*|. R. Medvedev, C. F. Neese, G. M. Plummer, F. C. De Lucia, Applied Optics 50, 3028 (2011)
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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
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An Implementation as a Point in Trade Space

Goals:
1 Cubic Foot Self-contained Box

‘absolute’ specificity on mixture of 32

Pressure
/utorr S/N
-4 . 006 5.0
<10 PFA on >30 gas mixture
002 13
6179  598.2
002 05
<100 ppt on one gas
v M’ e 1] 000 01
{ 66.09 4325
ol e 000 9| 5413 3238
. 10| 012 12
5 008 004 11| 13010 4042
S 14 25 5.0 430 432 434 436 438 440 ig 8051064 32%4
2> 14| 002 01
,,,,, B 15| 7005 2730
/{ % 16| 5893 2812
: £ 04 17| 6061 3217
; ; £ 18| 012 08
Wire Grid 1 = ) a) 015 19| =sEer—19s
Attenuator 1 i ‘5 1 0.10 20| 4031 1613
. 1 . v g1 02 20 15 e 21| 055 20
a : Folded Absorption Cell 1 m R B 10 ) g 38»83 902-38
0.0- 0.00 ‘ ~0.1 ..
: 2 s o 24| 016 05
00 - 25| 468 95
' Anfatec Herotek o L 210 %| 090 18
27| 010 02
2| AMU 2.x |«—|DHMA18AB G M T o o & 95 500 505 50 28| 081 15
5 . ¥ 29| 027 06
£ : PCl Lock in detector 215 220 225 230 ) . 30| -063 11
= F Y f t t t 31| 7178 1232
x24 |5E |4 H 3 [} 100 S 0o 400 500 32| 7312 826
= g : i Band-pass Snippet Scan / MHz =08 mtorr
o
=1 "
filter
- Computer LO
i
]
]
L

Filtered | Micro Lambda | 3 2 ppt sensitivity demonstrated on one gas
1
Upper Wireless i Power
Sideband | MLFP YIG Filter i I Splitter
AD9910 Micro Lambda
100 £3 MHz| gy nthesizer Wireless 9-11.25 GHz
T MLSL Synthesizer "\ 1
| |
Herley PCRO | ! fh; {
1 GHz | Phase Lock 10 MHz i
Oscillator

Synthesized snippets to
optimize photon use

¥k
H
H
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Intensity Calibration

Zi‘MMW

0.0+

T T T T
580 600 620 640
0.25 - Frequency / GHz

580 600 620 640

495 500 505 510
CH,CHBr / C,H,Cl, Snippets

Subtraction of spectra due to
four other species in CICN
shippets

Requires overlapping gases be
in library

.

1
a) [ @
0.21 20

-04

48 52 56 6(

CICN Snippets
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Results of Numerical Analysis

Name Partial Pressure Uncertainty o
1 Hydrogen Cyanide (HCN) 0.00005887 0.00001177 5.0
2 Cyanogen Chloride (CICN) 0.00000373 0.00000863 0.4
3 Cyanogen Bromide (BrCN) 0.00001529 0.00001190 1.3
4 Acetonitrile (CHiCN) 0.06179212 0.00010329 598.2
5 Carbonyl Sulfide (OCS) -0.00002180 0.00004785 0.5
6 Methyl Fluoride (CH3F) 0.02696802 0.00008850 304.7
7 Methyl Chloride (CH5Cl) 0.00000402 0.00006642 0.1
8 Acrylonitrile (C;H3CN) 0.06608506 0.00015278 432.5
9 Sulfur Dioxide (SO;) 0.05412899 0.00016715 323.8
10 Dichloromethane (CH,Cl,) 0.00011741 0.00009868 1.2
11 Methyl lodide (CHal) 0.13009995 0.00032185 404.2
12 Methyl Bromide (CH3Br) 0.08504046 0.00021784 390.4
13 Difluoromethane (CH;F;) 0.00015923 0.00015236 1.0
14 Ethylene Oxide (C,;H40) -0.00002183 0.00016894 0.1
15 Trifluoromethane (CHF3) 0.07005161 0.00025661 273.0
16 Acrolein (C3H40) 0.05893068 0.00020953 281.2
17 Propionitrile (C;HsCN) 0.06061219 0.00018844 321.7
18 Pyridine (CsHsN) -0.00011725 0.00014392 0.8
19 1,1 Difluoroethene (CH,CF,) 0.05567078 0.00028872 192.8
20 Vinyl Fluoride (C;H;F) 0.04030862 0.00024987 161.3
21 Vinyl Chloride (C;HiCl) -0.00055029 0.00027035 2.0
22 Oxetane (C3Hg0) 0.03009420 0.00032445 92.8
23 1,1,1 Trifluoroethane (C,H3F3) -0.00007049 0.00021531 0.3
24 Propyne (CsHa) -0.00016353 0.00034151 0.5
25 Carbonyl Fluoride (COF,) 0.00467462 0.00048952 9.5
26 Thietane ((CH,)3S) -0.00089690 0.00049489 1.8
27 Methyl mercaptan (CHiSH) 0.00009574 0.00060512 0.2
28 Methyl isocyanate (CH;NCO) 0.00080489 0.00052955 1.5
29 Methanol (CH3;0H) 0.00026869 0.00046662 0.6
30 Thionyl fluoride (F,SO) -0.00063312 0.00058645 1.1
31 Vinyl bromide (CH,CHBr) 0.07177855 0.00058255 123.2
32 1,2 dichloroethane (C;H,Cl,) 0.07311919 0.00088521 82.6

2 =0.888408
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DARPA Requested Comparisons

Optical SMM THz-TDS
Comb/Cavity 1.5m Cell 5 m White Cell
100 Torr! 10 mTorr 7.5 mTorr?
AvVem 1600 MHz 0.5 MHz 3000 MHz
Avinstrumem 800 MHz 0.001 MHz 3000 MHz
NH 18 ppb 52 ppb .
3 9.6x10"" mole 2.7 x10"* mole
900 280 ppb
co 4 8x10gm01e 15 210 mole
10p
HCN o 5.3 x10 ]pmole o
. 50 ppb .
(CLGO] 2.7 x10* mole
10°/10* ppb°
CH,CI 4x 10710
mole

+ Laptop control 1.6 o8
sy Pil7 12K
x 0.6 Pyl15)
. 12K 04 )\f‘/[(q i

(Llﬁ} U "iU \\/\

f\\

0.0
765.0_765.5

818.0  819.0 8200

Absorption (a. u.)

H,0
p— 0:
NH,

N “ J‘MMMM

0.0 ,‘)
760 770 780 790 800 810 820 830 840 850
Wavelength (nm)
N \"ﬂ
- Entire system is contained within 8 “,Cd SR Ctindicl v ool
cubic feet.

. Subsystems include two lasers, ‘ = /' E '\V«;’ 24 H
control el y [ Pressure 1 Chok

+ THz output tunable from 100 GHz to

and sample cell.

1.4 THz with 1.1 MHz resolution

Optical Comb/Cavity:

* Similar ppx sensitivity

* requires 10* more sample — sorbent difficult

* has >10* lower resolution

* orders of magnitude more atmospheric clutter
* much larger and more complex

THz-TDS:

has >103 less ppx sensitivity

requires 10 more sample — sorbent difficult
has >10% lower resolution

* very sensitive to water interference
somewhat larger and more complex

THz Photomixer:

has >10% 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)
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Comparison Requested by IEEE Sensors

A Comparison with an Optical THz Sensor

This Work Ref. [1] Ratio
Source Width 0.01 MHz 11000 MHz ~10°
Frequency Accuracy | ~0.01 MHz ~5000 MHz ~10°
Measurement time/pt | 0.01s 60 6000
Signal/Noise ~50000 ~10 5000
(Opt pressure)
Working Pressure 0.0001 Torr 100 Torr 10°
Optimum Pressure | 0.01 Torr 100 Torr 10
Sensitivity 3x10° 1 3x 10°

| (ppx normalized)

Sensitivity 3x10° 1 3x10°
(mole normalized)

H. Sun, Y. J. Ding, and I. B. Zotova, "THz Spectroscopy by Frequency-Tuning Monochromatic THz

Source: From Single Species to Gas Mixtures," IEEE Sensors, Vol. 10, pp. 621-629, 2010.
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How Can This Be?

The Physics is very favorable for electronic sensors in
the MM/SUBMM

Source brightness of ~10%4 K

Synthesized frequency agility

Rotational matrix elements >> Vibrational matrix elements
Doppler width proportional to frequency

Absorption strength goes as v3 - peaking at ~0.2 -1 THz
The 1 ppt atmospheric clutter ‘miracle’

How Can the Literature Be So Unaware?
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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



Department of Physics MICRO
Microwave Laboratory [WAVE

Broad Line of Chip Level IC Through 100 GHz
Commercially Available in Large Quantity
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'.T L |
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>
j | |
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Passive x3 Frequency Multiplier
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> >
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74.4 - 80.4 GHz
Experimental demonstration at
600 GHz of spectral purity of chip
level synthesizer
HMC-MDB277
DBL-BAL Mixer Chip,
70 -90 GHz In
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Summary: Submillimeter Sensors of Static Samples

* 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
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Consequences of the Physics

Optimum pressure is ~ 10> atmospheres (Doppler) and sample is static

=> very small sample requirements

=> small sampling volumes for large preconcentration gains (1 liter STP - 10° 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
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Sub-Millimeter Wave Introduction

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

300 K Static Equilibrium Sample

Technique ideal for gas phase
detection

— High specificity

T ¥ T
330 340 3 360
GHz
C,HsCN M | h I} I

— High sensitivity s S P 5, O O 5 T O
Av
— Low false alarm rate SR — ) s

L Ll

| f \
U J‘f‘\{'\/}'\,—J\\\VJ‘,N ‘. “ M‘ M ~\I- ' ‘M ‘

— Fast measurement and
analysis | |

A \ [}
i \\/ ,,,\W_Wmm“ IPSEENR R | ISy

— Broad range of analytes ; [/ [

T T T T T T T T T T T T T T T 1
331.55 331.60 331.65

— Small, low power technology

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

For a receiver noise temperature T, =3000 K and b =B =10°Hz, P, =5 x 101 W. P_ =103 W
PC
Py

If we have a carrier power of P, = 1 mW, we must also consider the noise associatedwith the
adding of the blackbody noise voltage with the carrier.
For this case

~10"

r o . —14 =3\ ~ -8 Five
P!~ [kTAVP, =~/(5 x107)(107) = 10° W ive

This is about five orders of magnitude above the receiver noise. Magnitude

For 1 psec integration the system S/N is then

-3
SN =L ~10_8W ~10°
P, 10°W

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 P,
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Sensitivity Comparisons2

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
~10-4 moles for HCN, ~ 5 x 10" moles for CH;CN, and 1012 moles for C,H,Cl,

* 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).



