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What Is Chirality?:

Enantiomers: Optical isomers that are mirror images of each 
other that are non-superimposable

• Same molecular weight
• Identical in many physical and chemical properties 

making them challenging to distinguish
• Only act differently in chiral environments
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Image Source: https://en.wikipedia.org/wiki/Chirality_(chemistry)
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1. https://www.khanacademy.org/test-prep/mcat/chemical-processes/stereochemistry/a/chiral-drugs
2. https://www.chem.ucla.edu/~harding/IGOC/D/dna.html
3. https://cen.acs.org/analytical-chemistry/separations/Magnetic-fields-fish-enantiomers/96/i20

Motivation:

Homochiral Origins of Life:
• In nature, chiral molecules used by 

organisms are predominately homochiral

• Can this be used as a chemical ‘biomarker’?

Goal:
• Instrument for detecting and quantifying enantiomeric 

excess (EE) for use on a rover or probe mission.
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Where to Look?: 

Right: www.nasa.gov/image-feature/jpl/pia21904/contrasting-crescents
Left: https://www.bbc.com/news/science-environment-44952710
Middle: https://solarsystem.nasa.gov/moons/saturn-moons/enceladus/in-depth/
Bottom: https://europa.nasa.gov/resources/29/europas-stunning-surface/ 
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Where to Look?: 
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Comparative Technologies for Planetary Science:

4msh6yz@virginia.eduMartin Holdren

Technology Methodology Sensitivity Comments

ChiralSpec Rotational spectroscopya

Targets in gas phase

Gasb: 109 molecules/cm3

with 1L volume 

Solid: ppm level 
with 0.2mg sample

Non-invasive

Insensitive
to non-polar molecules

GC-MSc Gas chromatography
Targets in gas phase

ppm Need separating sample 
mixtures before 
measurements

MILAd Laser induced fluorescence
Targets in aqueous phase

Liquid: 100 pM (10-10 mol/L)

a based on gaseous molecules absorbing or emitting light at fingerprint frequencies due to their free rotation
b Sensitivity varies with molecular line strength; The estimation was done with 1 minute INT time and typical
line strengths in mm-wave

c Implemented in Rosetta/COSAC and Curiosity/SAM

dMicrofluidic Life Analyzer, capillary electrophoresis based laser induced fluorescence



The sign of the product of 
dipole vector components 

are opposite for 
enantiomers

Three-Wave Mixing: Measurement Principle
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Lobsiger, S.; Perez, C.; Evangelisti, L.; Lehmann, K. K.; Pate, B. H., Molecular Structure 
and Chirality Detection by Fourier Transform Microwave Spectroscopy. J Phys Chem
Lett 2015, 6 (1), 196-200.

Three-Wave Mixing: Measurement Principle
The sign of the product of 
dipole vector components 

is opposite for enantiomers

cm-Wave Regime Demonstration:

Differs in phase by π radians

Chiral Signal Emission
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Wave Antennae:

1-12GHz
~2kg
~ 11’’x 6’’x 9’’

60.5-91.9GHz
~100g
~ 4’’x 1’’x 2’’

Amplifiers:

0.8-2GHz, 10W
+28V, 5A

75-110GHz
+8V, 110mA

SWaP Reduction - Centimeter-Wave to Millimeter-Wave: 
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Use off-axis parabolic mirrors to 
have better control on beam sizes

Possible	Measurement	Geometries:

*Excluding	collimating	mirrors
(Reference	– TinkerCad)

C.

ChiralSpec	Chamber	Design:

9Ideal	Vacuum	cube	and	accessories

Transmitter and mirror 
mounted together

Chamber for gas

+

ChiralSpec (without the resonators)

Top view: horns and mirrors 
are outside
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ChiralSpec Measurement Scheme:
Y

X
Z

Vacuum Chamber 
Top View
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ChiralSpec Measurement Scheme:
Y

X
Z
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ChiralSpec Measurement Scheme:

G-band Source

Y

X
Z

9msh6yz@virginia.eduMartin Holdren



ChiralSpec Measurement Scheme:
Y

X
Z

Free Induction Decay 
(FID)
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ChiralSpec Measurement Scheme:
Y

X
Z

Free Induction Decay 
(FID)

QRabi = tpulse * ωRabi

ωRabi =  <μ> ∗ Ē
ℏ
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ChiralSpec Measurement Scheme:
Y

X
Z
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ChiralSpec Measurement Scheme:
Y

X
Z

W-band Source
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ChiralSpec Measurement Scheme:
Y

X
Z

Free Induction Decay (FID)
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ChiralSpec Measurement Scheme:
Y

X
Z

Free Induction Decay (FID)

QRabi = tpulse * ωRabi

ωRabi =  <μ> ∗ Ē
ℏ
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ChiralSpec Three-Wave Mixing:
Y

X
Z

G-band Source
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ChiralSpec Three-Wave Mixing:
Y

X
Z

G-band Source

W-band Source
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ChiralSpec Three-Wave Mixing:

G-band Source

W-band Source

Detect / Listen

Y

X
Z

The chiral signal is:
• Proportional to enantiomeric excess
• Proportional to population difference in states of first excitation
• Proportional to its transition dipole component
• Has mutually orthogonal polarization to the excitation pulses
• ‘Background-free’
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G-band (175-200GHz) set up and tested:
• 50-80mW

W-band (75-90GHz) set up and tested:
• 150-200mW

Detection W-band set up and tested:
• Low noise amplifier, low noise figure mixer, filters

Test case molecule:
• Propylene Oxide, 3-5mTorr vapor pressure, room 

temperature

300K

9K

ChiralSpec Instrument Progress:

RS

Propylene Oxide
|μa| : 0.95D
|μb| : 1.67D
|μc| : 0.56D
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ChiralSpec Measured Transitions:

Frequency (MHz) Type Pulse Length (ns) Signal to Noise
181168.31** b 600 12
182844.28 b 700 12
182856.21 c 700 3
183051.37 c 1000 7
190337.02 a 700 2200
191226.31 a 700 1000
193804.41** b 1000 50
193805.50** c 1400 4
195257.60 b 700 12

G-Band:
**Multiple lines here

Frequency (MHz) Type Pulse Length (ns) Signal to Noise
81653.37 b 850 32
81695.88 b 600 ----
101298.26 a 800 2
101306.20 a 700 2
101355.49 a 500 13
101599.36 a 600 12
102268.05 c 600 3
105253.48** c 900 5

W-Band: 
**Multiple lines here

Frequency 
(MHz)

Type Pulse Length (ns)

183051.37 c 1000ns
81695.88 b Vary
101355.49 a

195257.60 b 900
80764.80 c Vary
114492.80 a

182844.28 b 750
81244.93 c Vary
101599.36 a

190337.02 a 700
102268.05 c Vary
88068.97 b

183051.37 c 700
101298.26 a Vary
81753.11 b

88068.97 b 700
102268.05 c Vary
190337.02 a

101599.36 a 700
81244.93 c Vary
182844.28 b

103157.33 c 700
88068.97 b Vary
191226.31 a

Three-wave Mixing Trials:

RS

Propylene Oxide
|μa| : 0.95D
|μb| : 1.67D
|μc| : 0.56D
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Our Chiral Signal? More test undergoing

Spurs from pin diode switches

Three-Wave Mixing Experiment:
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W-Band Cavity Testing: Cavity mirrors fixed at ~80mm and frequency scanned to find 
modes – the mode at ~94GHz has a Q-factor of ~6800

• Combines three-wave mixing with cavity resonance for signal 
enhancement in a three axis resonator 

• Challenges due to higher frequencies and the need to down convert signals

Cavity Enhancement
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Image Source: www.nasa.gov/image-feature/jpl/pia21904/contrasting-crescents 

Conclusion and Future Work:
• W-band (75-100GHz) and G-band sources (175-200GHz) as well as detection 

chains have been designed, tested, and optimized

• ChiralSpec is currently underway to detect chiral signals

• Improving signal to noise with new synthesizers, quieter mixers, and new signal 
processing in future work
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Optimization:
• Vary pulse duration for optimal π/2-pulse condition
• Vary second pulse for optimal π-pulse condition by monitoring 

chiral signal while keeping π/2 pulse duration fixed
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Appendix - Measuring Enantiomeric Excess (EE):



Appendix - Optimizing Cycles – Rabi Curves:

QRabi = tpulse * ωRabi

ωRabi =  <μ> ∗ Ē
ℏ

Pratt, D. W.; Pate, B. H., Chiral Imprinting in the Gas Phase. Angew. Chem. Int. Ed. 2017, 56, 
16122-16124 Angew. Chem. 2017, 129, 16338-16340

J.-U. Grabow, Angew. Chem. Int. Ed. 2013, 52, 11698-11700; Angew. Chem. 2013, 125, 11914-
11916; J.-U. Grabow, International Symposium on Molecular Spectroscopy, Plenary Lecture, 
2015.



• Phase matching

K B        E

Ey
K1  

K2   
π

Ex

|K| is proportional to ωlight

π
2

Appendix - Challenges for ChiralSpec:

K3 (measured)

K1  K2   

Kmatch

Kmatch

K3

∆K: Phase Mismatch 
|∆K|  →  𝟐 |K2|

as |K2| → 0 , |∆K| →  0 

K1  

K2   

Kmatch

K2   

∆K: Phase Mismatch 



X-polarized

Y-polarized

QRabi = tpulse * ωRabi

ωRabi =  <μ> ∗ Ē
ℏ

Appendix - Step by Step 3WM:

J.-U. Grabow, Angew. Chem. Int. Ed. 2013, 52, 11698-11700; Angew. Chem. 2013, 125, 11914-11916; J.-U. Grabow, International 
Symposium on Molecular Spectroscopy, Plenary Lecture, 2015.

Pratt, D. W.; Pate, B. H., Chiral Imprinting in the Gas Phase. Angew. Chem. Int. Ed. 2017, 56, 16122-16124 
Angew. Chem. 2017, 129, 16338-16340

Traditional Rotational Spectroscopy

Three-Wave Mixing

1.

2. 3.

S:
-μa

μb
μc

R:
μa

μb
μc



X-polarized

Y-polarized

Z-polarized

QRabi = tpulse * ωRabi

ωRabi =  <μ> ∗ Ē
ℏ

Appendix - Bloch Sphere Diagrams:

J.-U. Grabow, Angew. Chem. Int. Ed. 2013, 52, 11698-11700; Angew. Chem. 2013, 125, 
11914-11916; J.-U. Grabow, International Symposium on Molecular Spectroscopy, Plenary 
Lecture, 2015.

Pratt, D. W.; Pate, B. H., Chiral Imprinting in the Gas Phase. Angew. Chem. Int. 
Ed. 2017, 56, 16122-16124 Angew. Chem. 2017, 129, 16338-16340


