
Ablation yield 

Reaction yield 

•  Use high temperature reaction 

 
•  Reaction begins taking place at ~2000K [1] 
•  Advantages over ablation: 
•  (Potential) higher peak and time-averaged 

yields 
•  Higher duty cycle 
•  Greater experimental timing control 
•  Fewer unwanted byproducts 
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Abstract: A slow high-flux beam of  thorium monoxide (ThO) is an 
essential component of  the ACME collaboration experiment to measure 
the electric dipole moment of  the electron. The experiment currently 
employs a buffer gas cooled pulsed beam source of  ~1013 molecules sr-1 
s-1 at 170 m/s in a single rovibrational level.  We present progress toward 
the realization of  a continuous source of  ThO via a high-temperature 
reaction between Th and ThO2. This source offers many potential 
advantages over the current pulsed ablation source, including higher 
fractional, peak, and time-averaged yields.  

For More Information: 

 Hutzler et al., “A cryogenic beam of  refractory, chemically reactive 
molecules with expansion cooling,” PCCP, vol. 13, pp. 18976-18985, 
June, 2011. 

 Hutzler et al., “An intense, cold, and slow source for atoms and 
molecules,” Chemical Reviews, 112 (9), 4803-4827 2012. 
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ACME eEDM Experiment Preview 
See posters 25 and 28 for more information! 

•  A nonzero electron EDM would be the 
first empirical evidence of  CP violation 
that cannot be explained by the Standard 
Model. 
•  The electron EDM precesses around the 
internal electric field of  ThO. ACME 
performs a Ramsey fringe experiment to 
read out the precession angle. 
•  The experimental sensitivity scales as:  

where �c is the precession time, Emol  is the 
internal electric field of  the molecule and 
dN/dt is the number flux of  molecules. 

New beam source offers potential for 
significant sensitivity improvements.  

Electron EDM 
interacting with fields 

in ThO 

Species Beam type Intensity [s-1 
sr-1] 

Velocity 
[m/s] 

ThO Buffer gas 3 × 1013 170 
ThO Effusive 1 × 1011 540 
SrF Buffer gas 1.7 × 1012 140 
SrF Effusive 5 × 1011 650 
YbF* Supersonic ~5 × 1010 290 
BaF Supersonic 1.3 × 1010 500 
CaH Buffer gas 5 × 109 40 

Beams of  reactive polar molecules 

Generation I Beam Source 
ThO is introduced into 
the cryogenic buffer gas 
cell by laser ablation of  
ThO2, the stable solid 
oxide of  thorium. ThO2 is 
a highly refractory ceramic 
with a melting point of  
3400˚C, so we use a 
technique for low-
temperature sintering of  
thoria based on a recipe 
from Oak Ridge National 
Lab. 

Wet mill thoria + 
0.25% niobia 

sintering aid + 5% 
PEG binder 

Precompact at 18.5 
kpsi 

Mesh to 1 mm, 
calcine at 1000°C 

Dry ball mill with 
PEG binder 

Press at ~30-130 
kpsi 

Sinter at 1200°C, 
more than once if  

necessary 

Activated sintering – Point defects 
facilitate diffusion of  ions across grain 

boundaries  

ThO2 matrix 

Nb+ ion 

Finished Target Stats: 
• Tough ceramic 65-85% of  
theoretical density 
• Single ablation spot lasts 
for ~104-5 shots (50 mJ 
pulses) 
• 5 gram target lasts for 
>107-8 shots (~5 months at 
typical duty cycle). 

Buffer Gas Beam: 
A General Cold Molecule Source  
For ACME experiment, molecule 
beam should be: 
•  Slow – reduces requirements for 
experiment length scale 
• Achieved: ~170 m/s 

•  Cold – improves per-quantum 
state fluxes  
• Achieved:  ~3 K 

•  Intense – improves count rate 
for precision measurement 
• Achieved:  ~1013 s-1 sr-1  

Solution: Use a buffer gas 
beam 
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Generation II: Thermochemical Source 

= 3 × 1013 sr-1 s-1 per quantum state  ThO Beam 
Intensity 

Eeff

lab
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such a system, the eEDM de lies along Je on average. The
total angular momentum of the molecule J = Je + R is the
sum of the electronic angular momentum Je and the nuclear
rotation R. In the lab frame, the projection ! ! Je · n̂ of
the electronic angular momentum onto the internuclear axis
of the molecule n̂ is a good quantum number. In a molecular
state with a definite value of !, the expectation value of the
relativistic eEDM Hamiltonian Hd [10] has the following form:

"Hd# = $deJe · Emol = $deEmol !. (1)
The internal electric field Emol = n̂Emol is directed along the
internuclear axis of the molecule. Note that the internal electric
field Emol as defined above is related to the effective electric
field Eeff that appears elsewhere in the literature (see e.g. [10])
as follows: Eeff = Emol !.

In our experiment, molecules in a J = 1 state are
first polarized in a laboratory electric field E = E ẑ, which
orients the internuclear axis n̂ parallel to E . The molecular
angular momentum J is then prepared such that it is aligned
perpendicular to n̂. A small applied magnetic field B % E
induces a torque on the magnetic moment µ = µJ of the state
and causes the angular momentum vector J to precess at the
Larmor frequency "p. At the same time, the interaction of de
with Emol results in a shift of the precession frequency by an
amount #"p = 2deEmol!. By changing the direction of Emol
relative to B, this shift will change sign if de &= 0. The internal
electric field Emol can be reversed either by reversing the
laboratory field E that polarizes the molecule, or by populating
a molecular state with the opposite value of ! (using the !-
doublet structure in the ThO molecule, as detailed below).
After the molecule precesses in the electric and magnetic fields
for a duration $c, the direction of J is analysed, yielding a signal
proportional to the precession angle.

The shot noise-limited uncertainty in a measurement of
an eEDM-induced shift #"p of the precession frequency is
given by

%"p = 1/$c'
N

, (2)

where N is the number of molecules detected during the
measurement. The statistical uncertainty in an eEDM
measurement, %de, is therefore given by

%de = 1/$c

2 Emol

'
ṄT

, (3)

where Ṅ is the detection rate of molecules and T is the
integration time of the experiment. It is evident that
the statistical sensitivity can be improved by increasing
the coherence time $c, the internal electric field Emol
in the molecular state or the detection rate Ṅ of molecules
in the experiment. We will point out how a molecular beam
experiment with ThO can be used to gain in eEDM sensitivity
by achieving high values for all of these quantities.

This paper is structured as follows. After an overview
of the measurement scheme in section 2, we describe how
a cold beam of ThO molecules can be used to improve the
statistical uncertainty of an eEDM measurement in section 3.
Then in section 4 we discuss the features of ThO that
enable the rejection of a number of known systematic errors.
Section 5 contains a description of some of our preliminary
measurements on ThO.

Figure 1. Electronic states in the ThO molecule, shown
schematically (based on [14]). Bold arrows indicate transitions that
we have observed using laser absorption or used to induce
fluorescence. Dotted lines indicate transitions where spontaneous
decay has been detected by laser-induced fluorescence or inferred
from optical pumping effects. Dashed arrows indicate transitions
that we hope to use in the future. Numbers on the arrows indicate
their wavelengths in nanometres.

Figure 2. Schematic of a molecular beam experiment to measure
the eEDM using ThO. Cold molecules from the beam source enter a
magnetically shielded interaction region where parallel electric and
magnetic fields are applied. After freely precessing in the electric
and magnetic fields over a 30 cm long flight path, the spin of the
molecule is analysed by coupling it to two orthogonal polarizations
of the detection laser and detecting the resulting laser-induced
fluorescence.

2. Details of the measurement scheme

Figure 1 shows some of the electronic states in the ThO
molecule. The paramagnetic H 3#1 state is the locus of the
eEDM measurement: it arises from a favourable combination
of atomic orbitals in the constituent Th atom, and has a large
value of the eEDM-enhancing internal electric field Emol. (Use
of such 3#1 states for eEDM measurements was first suggested
in [10, 13].) As shown schematically in figure 2, molecules
from the beam source enter the interaction region and are first
intercepted by an optical pumping laser tuned to the X ( A

transition. Excitation by this laser and subsequent A ! H

spontaneous decay populates the H state. All the states

2

1

w0 = 125µm

Time to 2000 K⇠ 100s of µs

w0 ⇠ 30µm
kT h ⇡ 7kT hO2
Th(s)+ThO2(s)$2ThO(g)

A new buffer gas loading technique 
CW laser (10W) heating of  

thermochemical source in cyrogenic 
buffer gas cell 

[1] Darnell, McCollum. Atomics International, (1961). 

Our estimated yields compare 
favorably with ablation yields above 

2000 K. 

We have seen evidence that 
thermochemical source results in 

higher peak and time-averaged ThO 
yields 

Current Status:  
In the process of  
characterizing and 
optimizing new beam 
source. 

ThO2 has been shown to dissolve in 
molten Th metal, so we plan to sinter Th
+ThO2 targets slightly below the melting 
point of  Th (1755º C). 

Source: Hutzler et al., Chemical Reviews, 112 (9), 4803-4827 2012., *Hinds, private 
communication 
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Phase Precession 

State Detection 

10W CW 
Fiber Laser 

Th+ThO2 Target 

50 Hz pulse repetition rate 


