
time, usec
0 2 4 6 8 10 12 14 16

Figure 3: Simulations
854 MHz; this triangl
stronger lines up to
actual frequencies ar
chirality dependent signal

ISMS 2017
David Patterson
UCSB

High sensitivity 1-D and 2-D spectroscopy 
via cryogenic buffer gas cooling

collision complex(es) initially formed in the recombination of
two propargyl radicals may isomerize ultimately forming
benzene which decomposes to the phenyl radical plus a

(Fig. 2). 33,43,67–77 These isomers present also important building
blocks in the formation of PAHs and related molecules due to
the equilibrium reaction with hydrogen atoms, which access
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Our favorite (but unusual) source of cold molecules:

DeLucia,  1989
Doyle,  1995
Egerov,   2006
Campbell,  2008

~4K closed 
cycle fridge

0 1000 2000 3000 4000
−1

−0.5

0

0.5

1

V
/c

m

traditional FTMW spectroscopy

Ez

0 1000 2000 3000 4000
−1

−0.5

0

0.5

1
x 10−5

y 
po

l.

D

B

11.36 GHz

e resonant suggestion. In this case the RF applied is a rather aggressive
ecause it is J = 0=¿ 1, which makes it numerically easier to simulate;

A: The applied fields. All fields shown are mixed down for viewing;
axis is in absolute V/cm; all fields are modest. B: The induced,

radiates at 11363 MHz. C,D: Applied fields and induced signal for a 1-d
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Figure 3: Simulations
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Phase controlled, 1-500 MHz 
RF source, ~10 watts (?)

Vacuum can 
probably about 10 mTorr
pump, molecule source not shown

Figure 4: A sketch of the proposed apparatus; this is essentially what I propose for our commercializable
prototype as well. Microwaves are introduced and detected in two polarizations via a dual polarization horn.
These microwaves cross the chamber and are reflected directly back into the horn via a spherical mirror.
[Designs with two horns are also quite reasonable.] The microwaves pass through an annular electrode; this
electrode and the spherical mirror can be subjected to a rather high frequency rf. Care must be taken to
keep the capacitance of this mirror low; 10 pF is borderline ( Z = 30 Ohms). The phase of both rf and
microwave inputs must be considered carefully. We should think harder about grounding; for example, the
electrode could be grounded, and the RF would be applied across just the spherical mirror to ground [Jim’s
suggestion]
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These microwaves cross the chamber and are reflected directly back into the horn via a spherical mirror.
[Designs with two horns are also quite reasonable.] The microwaves pass through an annular electrode; this
electrode and the spherical mirror can be subjected to a rather high frequency rf. Care must be taken to
keep the capacitance of this mirror low; 10 pF is borderline ( Z = 30 Ohms). The phase of both rf and
microwave inputs must be considered carefully. We should think harder about grounding; for example, the
electrode could be grounded, and the RF would be applied across just the spherical mirror to ground [Jim’s
suggestion]
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Our high repetition rate (~50 kHz) and 
cryogenic noise temperature give us un-
precedented sensitivity
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Figure 3: Simulations of the new double resonant suggestion. In this case the RF applied is a rather aggressive
854 MHz; this triangle was picked because it is J = 0=¿ 1, which makes it numerically easier to simulate;
stronger lines up to J=5 are available. A: The applied fields. All fields shown are mixed down for viewing;
actual frequencies are labeled. The Y axis is in absolute V/cm; all fields are modest. B: The induced,
chirality dependent signal, which radiates at 11363 MHz. C,D: Applied fields and induced signal for a 1-d
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Bu�er gas cooling is “gas phase matrix isolation”. 
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collision complex(es) initially formed in the recombination of
two propargyl radicals may isomerize ultimately forming
benzene which decomposes to the phenyl radical plus a
hydrogen atom.47,48 The models suggest further that consecutive
reactions of the phenyl radical with unsaturated hydrocarbons
can form more complex structures, possibly bicyclic aromatic
hydrocarbon molecules like indene (C 9H 8) and naphthalene
(C 10H 8).

49–52

Although the propargyl radical represents the most studied
RSFR due to its potential role in the formation of the first
aromatic ring in hydrocarbon flames, its stability and hence
unimolecular decomposition has been poorly understood so
far. 42,44,48,53–65 Here, the unimolecular decomposition of
propargyl66 has been suggested to form predominantly C3H 2

isomers cyclopropenylidene (c-C 3H 2; X 1A 1), propargylene
(HCCCH; X 3B), and vinylidene carbene (H 2CCC; X 1A 1)

(Fig. 2). 33,43,67–77 These isomers present also important building
blocks in the formation of PAHs and related molecules due to
the equilibrium reaction with hydrogen atoms, which access
the C3H 3 surface via the generic process C3H 2 + H 2
C3H 3.

78 In this context it is very important to highlight that
Hansen et al. assigned propargylene (HCCCH) and cyclo-
propenylidene (c-C3H 2) in cyclopentene flames via photo-
ionization mass spectrometry. 79 A re-analysis of previous
flame studies80–83 suggested that the nature of the C3H 2

isomers formed critically depended on the hydrocarbon fuel.
Besides flame studies, the formation of C 3H 2 isomers was

also studied experimentally and theoretically by investigating
the unimolecular decomposition of chemically activated C 3H 3

molecules formed in the reaction of methylidyne radicals,
CH(X 2P ), with acetylene, C 2H 2 (X

1S g
+ ), and of ground state

carbon atoms, C( 3Pj), with the vinyl radical, C 2H 3 (X 2A 0).

hydrocarbon molecules like indene (C 9H 8) and naphthalene
10H 8).

49–52

Although the propargyl radical represents the most studied
RSFR due to its potential role in the formation of the first
aromatic ring in hydrocarbon flames, its stability and hence
unimolecular decomposition has been poorly understood so
far. 42,44,48,53–65 Here, the unimolecular decomposition of
propargyl66 has been suggested to form predominantly C3H 2

isomers cyclopropenylidene (c-C 3H 2; X 1A 1), propargylene
(HCCCH; X 3B), and vinylidene carbene (H 2CCC; X 1A 1)

propenylidene (c-C3H 2) in cyclopentene flames via photo-
ionization mass spectrometry. 79 A re-analysis of previous
flame studies80–83 suggested that the nature of the C3H 2

isomers formed critically depended on the hydrocarbon fuel.
Besides flame studies, the formation of C 3H 2 isomers was

also studied experimentally and theoretically by investigating
the unimolecular decomposition of chemically activated C 3H 3

molecules formed in the reaction of methylidyne radicals,
CH(X 2P ), with acetylene, C 2H 2 (X

1S g
+ ), and of ground state

carbon atoms, C( 3Pj), with the vinyl radical, C 2H 3 (X 2A 0).

Fig. 2 Geometries of C 3H 2 (a) and C 3H (b) isomers; singlet and triplet spin states of the C 3H 2 isomers are grouped in the left and right column,
respectively. The enthalpies o�ormation of the C 3H 2 and C3H isomers are indicated relative to the lowest energy isomers (cyclopropenylidene and
cyclopropynyl). Bond lengths are in angstroms and bond angles in degrees. Geometries and energies are compiled from Mebel et al.89 Dimensions
with asterisk (*) are taken from Peeters et al.86
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Opposite enantiomers have:
The same rotational constants A, B, and C, 
The same magnitude of dipole moment components |μa|, |μb|, and |μc|, 
Opposite sign of the combined quantity μaμbμc (independent of choice of axes)  

The Hamiltonian of an asymmetric top molecule in an external electric �eld is enantiomer dependant. The Hamiltonian of a chiral asymmetric top is enantiomer dependent
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All rotational transitions are of a-type, b-type, or c-type, 

with matrix elements proportional to μa, μb, or μc respectively.
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physics sensitivity is now about .0003 in one minute
..cleanliness is an issue



signal would be clearly visible in figure 2B
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Figure 4: A sketch of the proposed apparatus; this is essentially what I propose for our commercializable
prototype as well. Microwaves are introduced and detected in two polarizations via a dual polarization horn.
These microwaves cross the chamber and are reflected directly back into the horn via a spherical mirror.
[Designs with two horns are also quite reasonable.] The microwaves pass through an annular electrode; this
electrode and the spherical mirror can be subjected to a rather high frequency rf. Care must be taken to
keep the capacitance of this mirror low; 10 pF is borderline ( Z = 30 Ohms). The phase of both rf and
microwave inputs must be considered carefully. We should think harder about grounding; for example, the
electrode could be grounded, and the RF would be applied across just the spherical mirror to ground [Jim’s
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So far, we can analyze chiral compounds
but can we separate opposite enantiomers?
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Readout with another transition 
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Can we retain the speci�city of microwave 
detection, but with single molecule sensitivity?

Step 1: trap (and collisionally     
cool) the suspect 

Step 2: selectively promote R- or S- 
rotationally via three wave mixing

Step 3: detect in a sensitive, 
state-dependent way
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c-type
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To date we cannot prepare or read out 
polyatomic molecules in single quantum states.

Molecules are perfect quantum machines..

  ..but we treat them as if they are stu�

or



ΔE≈300 Hz

ΔνVIB≈30 Hz
ΔνROT≈.01 Hz

Parity violating terms from the nuclear weak 
force perturb molecules

Motivation - 1



Encedalus: the most interesting mixture in the solar system?

Motivation - 2
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far-detuned IR 
optical lattice laser
modulated at ωRot ≈ 10 GHz
to drive E2 transitions and 
motional sidebands

Sr+ laser cooling to
ultracold regime

E1 rotational transitions at  
ωRot ≈ 10 GHz driven by mi-
crowave voltages on to trap 
electrodes

Linear ion trap provides 
deep con�nement for mo-
lecular ions and Sr+

Our ongoing research at UCSB: learn to prepare manipulate, 
and detect molecular ions in single quantum states
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The postdocs and students who make this possible

Sandra Eibenberger
Joined 2015
 from Vienna

Christian Hallas
Harvard 

class of 2017 

Kenneth Wang
Harvard 

class of 2017 

Garrett Drayna
PhD. Jan. 2016

Sophie Herscovici
Brookline HS
class of 2017

Not shown:
Matt Nava, MIT PhD 2017
Jessie Porter�eld, UC Boulder PhD 2017 
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