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An excellent candidate molecule for the measurement of the electron’s electric dipole moment
(eEDM) is thorium monofluoride (ThF+) because the eEDM-sensitive state, 3∆1, is the electronic
ground state, and thus is immune to decoherence from spontaneous decay. We perform spectroscopy
on X 3∆1 to extract three spectroscopic constants crucial to the eEDM experiment: the hyperfine
coupling constant, the molecular frame electric dipole moment, and the magnetic g-factor. To
understand the impact of thermal blackbody radiation on the vibrational ground state, we study
the lifetime of the first excited vibrational manifold of X 3∆1. We perform ab initio calculations,
compare them to our results, and discuss prospects for using ThF+ in a new eEDM experiment at
JILA.

I. INTRODUCTION

The electron’s electric dipole moment (eEDM) is
strongly linked to our understanding of the universe [1–5].
One of the most successful models we have to describe
the universe is the Standard Model of particle physics,
and yet it is known to be incomplete. There has been
a substantial effort on the theoretical front to introduce
new physics through extensions of Standard Model [6, 7].
These new physics models make varying predictions for
the values of the eEDM [8–13]. A measurement of (or an
improved limit on) the eEDM would place constraints on
these new theories.

Sensitivity to the eEDM depends on three main factors
in the experiment: (i) effective electric field strength that
couples to the eEDM, (ii) coherent interrogation time
of the eEDM-sensitive state, and (iii) total number of
counts in the experiment for statistics. Groups with the
world’s best limits on the eEDM [14–16] take advantage
of the large effective electric field [17–23] in molecules to
enhance their eEDM sensitivities. One of the ingredients
for success in ACME [15, 24] and Imperial College [16]
experiments is the large number of molecules that they
probe in their neutral molecular beam experiments. On
the other hand, our recent eEDM measurement at JILA
[14] takes advantage of the long ion trapping times to
tap the long coherence times of the eEDM-sensitive state.
At present, we are enhancing our sensitivity through im-
provements in the trap design to accommodate more ions
in addition to innovations for common-mode noise rejec-
tion [25]. New eEDM measurements with the improved
setup are in progress, with the results due soon.

Looking beyond our in-progress measurement, we plan
to replace the molecule of choice, HfF+, with 232ThF+.
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The latter keeps all the benefits of using molecular ions
in an ion trap, and it also boasts a larger effective electric
field and longer coherence times than the former [18–21,
26], both of which promise a direct increase in the eEDM
sensitivity. Previous spectroscopic work [26–29] shows
that we can use similar experimental techniques across
both molecular species, including multi-state detection
[25, 30]. Hence, the molecule switch presents no new
immediate experimental complexity, and promises higher
eEDM sensitivity.

Borrowing wisdom and experimental techniques from
similar spectroscopic work performed on HfF+ [31–34],
ThF [27], and ThF+ [26], we (i) perform spectroscopy on
the eEDM-sensitive state in ThF+, X 3∆1, (Section II)
to extract spectroscopic constants of concern, and dis-
cuss theoretical calculations of aforementioned spectro-
scopic constants; and (ii) study the lifetime of the first
vibrational excited state in ThF+ (Section III) and its
implications on the expected coherence time of X 3∆1.

II. eEDM-SENSITIVE STATE SPECTROSCOPY

Using ThF+ in our eEDM experiment requires knowl-
edge of the details of X 3∆1, namely its responses to ex-
ternal electric and magnetic fields, and the frequencies of
lasers required for state preparation and detection. We
thus need to determine certain spectroscopic constants
in our effective Hamiltonian governing our system. The
effective Hamiltonian is very involved, and the interested
reader is encouraged to consult our previous publication
(Supplementary Material of Ref. 14) for more details. We
shall introduce the relevant constants in context, below.

The following sections detail the spectroscopy pro-
cess to extract the spectroscopic constants crucial to
the eEDM experiment. We begin with an overview of
the state preparation process in Section II A, then we
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touch on the details of the measurement of the hyperfine
coupling constant (Section II B), molecular frame elec-
tric dipole moment (Section II B), and the magnetic g-
factor (Section II C). We compare our experimental val-
ues with theoretical calculations in Section II D. Finally
we present a summary of the results in Section II E.

A. State preparation and readout for
eEDM-sensitive state spectroscopy

The energy level of a diatomic molecule like ThF+ has
nested progressively finer structure. The eEDM-sensitive
states are labeled by the quantum numbers X 3∆1(v =
0, J = 1, F = 3/2,mF = ±3/2), which correspond to the
electronic, vibrational, rotational, hyperfine, and Zeeman
manifolds, respectively, with increasing fineness in their
structures. We first prepare ThF+ in the X 3∆1(v = 0)
vibrational manifold through resonance-enhanced–multi-
photon ionization of neutral ThF [27], and usher them
into the finer energy structures with optical pumping via
an excited electronic state Ω = 0− (Figure 1). The Ω =
0− electronic state lies approximately 14600 cm−1 above
X 3∆1 [26]. The full process to prepare our ions in the
X 3∆1(v = 0, J = 1, F = 3/2,mF = −3/2,Ω = 1) is
illustrated in Figure 1, where Ω is the quantum number
for the Ω-doublets.

State preparation involves two pulsed lasers at 304 nm
and 532 nm for resonance-enhanced–multi-photon ioniza-
tion, multiple cw lasers at 685 nm for optical pumping
[Figures 1(a-c)], a cw repump laser at 717 nm [Figure
1(a)], and microwave channels at 29 GHz and 43 GHz
[Figure 1(b,d)].

We perform our state readout by dissociating our
molecular ions state-selectively with methods used in our
previous work [25, 27, 33]. In summary, the state readout
consists of the following steps:

1. We excite our molecular ions on a bound-to-bound
transition with a pulsed laser. This laser is able
to resolve electronic, vibrational, and rotational
states, but not the hyperfine, parity, and Zeeman
manifolds.

2. We dissociate our state-selectively excited molecu-
lar ions with a second pulsed laser to excite them
past the dissociation energy into Th+ and F.

3. Finally, we detect the dissociated Th+ by kicking
our ion cloud onto our time-of-flight multi-channel
plates, with sufficient temporal resolution to distin-
guish between dissociated Th+ and residual ThF+.

B. Microwave spectroscopy on the J = 1 to J = 2
transition; Hyperfine coupling constant and

molecular electric dipole moment

A schematic diagram of the energy levels of the J = 1
and J = 2 rotational states in X 3∆1(v = 0) is shown

Ω = 0−

v = 1

X 3∆1(v = 0)

Ω = 0−

Ω = 0−

J = 1
2

3
≥ 4

mF = − 3
2

− 1
2

1
2

3
2

(c) Zeeman sub-level

(b) Rotational cooling(a) Overview

P(2)

Q(1), σ−J = 2

(d) Doublet selectivity

mFΩ = − 3
2

Laser
µwave
Spon. em.

v ≥ 2

O
p
ti

ca
l

p
u
m

p
in

g

R
ep

u
m

p

mFΩ = + 3
2

FIG. 1. State preparation sequence (not to scale). (a)
All our optical pumping lasers connect from the X 3∆1(v = 0)
vibronic manifold to the Ω = 0−(v = 0) vibrational manifold
[26]. We have a vibrational repump laser from the X 3∆1(v =
1) manifold. (b) Within the X 3∆1(v = 0) vibronic manifold,
we perform rotational cooling by optically pumping the J =
2 state through the Ω = 0− state. We use microwaves to
couple the J = 2 and J = 3 states together to transfer J = 3
population eventually into J = 1. (c) Within the J = 1
manifold, we pump all the ions into a single Zeeman mF state
using circularly polarized light on the Q(1) line. We also
introduce a magnetic field to prevent the Zeeman levels from
mixing through rotation coupling (refer to Section II C). (d)
Ω-doubling gives rise to two closely spaced states with the
same mF number. We can deplete one of these states by
coupling it with microwaves to J = 2. The state preparation
process is shown as a sequence of steps for clarity, but all the
steps involved occur at the same time in our experiment.

in Figure 2. We use state preparation steps shown
up to panel (b) in Figure 1 to prepare our ions into
X 3∆1(v = 0, J = 1). We then perform microwave spec-
troscopy on the detailed structure of the J = 1 to J = 2
rotational transition. Our observable is the appearance of
population in the J = 2 state, detected by state-selective
photodissociation. No external magnetic fields are ap-
plied for the microwave spectroscopy experiments in this
section.

At near-zero external electric field, selection rules and
energy degeneracies result in just six distinct resonant
frequencies (refer to Figures 2 and 3), from which we
perform a fit to the spectroscopic constants A|| (hyper-
fine coupling constant) and ωef (Ω-doubling splitting con-
stant). We obtain a J = 2 to J = 1 separation of
29.09733(4) GHz, which is consistent with 29.093(9) GHz
obtained in our previous work [26]. Figure 2 illustrates
how the spectroscopic constants fit into the energy level
structure.

By repeating the above experiment with a non-zero
external electric field strength, we can see the Stark
shifts in the spectral lines (illustrated in Figure 2), shifts



3

ωef

3
4

∣∣A||
∣∣

F = 1/2

F = 3/2

F = 5/2

F = 3/2

J = 1

J = 2

F = 1/2

F = 3/2

F = 5/2

F = 3/2

J = 1

J = 2

Without an external electric field With an external electric field

− 5
2

− 3
2

− 1
2

1
2

3
2

5
2

mF =

Energy

(U)(L)

ωef

5
12

∣∣A||
∣∣

3ωef

3ωef

(a) (b)

FIG. 2. Energy landscape (not to scale) of the neighborhood of the eEDM-sensitive state X 3∆1(v = 0), showing
only the first two rotational levels. In the absence of external electric field, the eigenstates are states of good parity. The
energy levels with positive (negative) parity are denoted by black (grey) lines in the energy level diagram on the left. Selection
rules for E1 transitions only allow for transitions connecting states of opposite parities, ∆F = 0,±1, and ∆mF = 0,±1, thus
resulting in only six distinct frequencies for resonant transitions connecting the J = 1 to J = 2 rotational manifold in the
absence of an external magnetic field. For example, the transitions with the highest and lowest frequencies are labelled (a) and
(b), respectively, here and also in Figure 3. In the presence of an external electric field, states of opposite parities mix. The
red arrows on the right panel labeled (L) and (U) correspond to the stretched-to-stretched transitions used to determine the
Stark shift in our microwave spectroscopy. The Stark shift depends on mF and dmf . The eEDM-sensitive states used for the
eEDM measurement are the upper (red) and lower (blue) doublets. To reduce clutter in the diagrams, the states drawn do not
reflect the true nature of the states in three aspects: (i) the states are drawn with an artificially large A|| in comparison to
ωef for well separated hyperfine levels in the diagram; (ii) the Stark shifts in the diagram are portrayed proportionally smaller
than those in the actual experiment, where Stark shifts are large enough to allow some states in the lower hyperfine level to be
more energetic than the upper; and (iii) F is no longer a good quantum number in the presence of a strong external electric
field, except for the most stretched Zeeman states in each rotational manifold. Hence, in the presence of an external electric
field, the only selection rule remaining on the J = 1 to J = 2 transition is ∆mF = 0,±1.

which depend on mF and dmf (molecular frame elec-
tric dipole moment). To enhance signal-to-noise ratio
for the extraction of dmf , we prepare all the ions into
X 3∆1(v = 0, J = 1, F = 3/2,mF = −3/2) with state
preparation sequence up to panel (c) in Figure 1. This al-
lows us to suppress all lines coming from the mF = ±1/2
states to obtain a much cleaner spectrum to extract dmf .
We search for the lines corresponding to the (L) and (U)
transitions shown in Figure 2. The spectroscopy of these
two lines are shown in Figure 4. These two lines were
used for the measurement of dmf because of their strong
intensities. The (L) and (U) lines will be used to per-
form doublet depletion [preparation step (d) of Figure 1]
in subsequent sections.

C. Ramsey spectroscopy within the J = 1
eEDM-sensitive state; Magnetic g-factor

The last spectroscopic constant that we determine is
the magnetic g-factor for X 3∆1. We use a rotating elec-
tric field to polarize our molecular ions without eject-
ing them from our ion trap. The rotation micromotion
traced out by the ions couples to the applied quadrupole
magnetic field gradient to give an averaged net non-zero
magnetic field along the instantaneous quantization axis
in the frame of the ions, thus resulting in Zeeman shifts
of the molecular states. Details of the underlying mech-
anism can be found in Section 4.11 of Ref. 21.

The rotation frequency is fast compared to trap secular
frequencies, but slow compared to typical energy differ-
ences between quantum states within the molecular ions.
As the ions follow the rotation of the field adiabatically,
there is a non-inertial-frame term in the Hamiltonian in
the frame of the rotating ions. This non-inertial-frame
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FIG. 3. Microwave scan at zero net external electric
field. The blue peaks and yellow markers correspond to the
actual measurement and simulated position of the peaks, re-
spectively. The unexpected peak at 29.11 GHz is most likely
due to a spike in the experimental noise. Error bars from the
simulation are propagated from the values shown in Table I.
The uncertainty of the Th+ numbers in our data is typically
around 5 ions. The lines labelled (a) and (b) are the corre-
sponding transitions labelled in Figure 2.
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FIG. 4. Microwave transitions between the X 3∆1(v =
0, J = 1,mF = −3/2) and J = 2 states at an applied elec-
tric field strength of 24 V/cm. The top two plots show
the transition lines corresponding to (U) and (L) of Figure
2. Error bars show the estimated 1σ error in the signal. The
bottom plot shows a simulation of the microwave spectrum
across a wider frequency range. The intensities are evaluated
from Clebsch-Gordan coefficients. In the limit of dmfE � ωef ,
where E is the applied electric field, the splitting between (U)
and (L) is given by dmfE/3. At E = 24 V/cm, dmfE is roughly
8 times larger than ωef .

term introduces rotational coupling between states of
∆mF = ±1, and couples the mF = ±3/2 states through
a third order process. Restricting ourselves to the Hilbert
space involving only the mF = ±3/2 states, the good
eigenstates of the system are |mF = +3/2〉 ± |mF =
−3/2〉 at zero external magnetic field, and approaches
|mF = ±3/2〉 asymptotically as the external magnetic
field strength increases. Thus, as the strength of the

applied magnetic field is swept, the energy difference be-
tween the mF = ±3/2 states traces out a hyperbola like
that shown in Figure 5, where the vertical offset is due
to the avoided crossing introduced by the rotational cou-
pling.

Following the procedure reported in Ref. 34, we map
out the the energy differences between the mF = ±3/2
states for both the upper and lower doublets by perform-
ing Ramsey spectroscopy on X 3∆1, which is prepared
with sequence up to panel (d) in Figure 1. We repeat the
experiment at various applied magnetic field strengths.
The data and fits are shown in Figure 5.
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FIG. 5. Energy differences between the mF = ±3/2
states; measurement of the magnetic g-factors. The
fits are performed with our model which takes into account
the avoided crossing introduced by going into the rotating
frame of the molecules. The energy difference at the avoided
crossing is fixed by our ab initio calculations. The only fit
parameters are the asymptotic gradients (corresponding to
3gF=3/2µB/h) and the horizontal offset due to ambient fields.
The error bars are 1σ error estimates extracted from a non-
linear fit to each Ramsey fringe.

Since we operate at dmfE ∼ A||, the lower doublet is
energetically closer to more mF = ±1/2 states than the
upper doublet. Thus, the lower doublet has a stronger
rotational coupling than the upper doublet, resulting in
a much larger avoided crossing seen in the plot for the
lower doublet than the upper doublet in Figure 5.

D. Theoretical Calculations of Spectroscopic
Constants

We perform numerical differentiation of coupled-
cluster singles and doubles augmented with a non-
iterative triples correction [CCSD(T)] [35] energies to
obtain dmf , A||, and G||. G|| is the response of the elec-
tronic energy to magnetic field, as defined in Refs. 19
and 36. These calculations treat relativistic effects us-
ing an exact two-component (X2C) [37, 38] Hamiltonian
with atomic mean-field spin-orbit (AMF) integrals [39].
We use the CFOUR program package [40, 41] for all the
electronic structure calculations presented here. We fol-
low the recipe in Ref. 39 for the X2CAMF calculations
of dmf and A||, while we use a unitary transformation
scheme [42] for the calculation of G||. Details of the G||
calculation will be reported in a separate publication.
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Calculations of dmf and A|| use uncontracted ANO-RCC
basis sets [43, 44]. We use correlation-consistent polar-
ized core-valence triple- and quadruple-zeta basis sets
in the uncontracted form [45] to compute G||, and we
perform basis-set extrapolation to estimate the basis-set-
limit value for this property. All CCSD(T) calculations
freeze sixty-four core electrons and virtual orbitals higher
than 100 hartree.

Our X2CAMF-CCSD(T) values for dmf and A|| (Table
I) are in fair agreement with the corresponding experi-
mental values. Our computed dmf is also in good agree-
ment with calculations from previous work [18, 19]. Our
X2CAMF-CCSD(T)/ANO-RCC-unc value of 6.66 D/Å
for the dipole derivative, d(dmf)/dr, predicts a decay life-
time of around 180 ms for the first excited vibronic state,
which agrees well with our measurement (Figure 8). Our
computed G|| (Table I) is in reasonable agreement with
previous work [19] and our measured value. It might be
of interest to compute the rotational g-factor of ThF+,
because the rotational g-factor has been shown to con-
tribute to about 6% of the total g-factor of a similar
molecular species in Ref. 46.

E. Summary of Results & Remarks

Table I shows the measured and calculated spectro-
scopic structural constants for X 3∆1.

Parameters Exp. Theory Previous work

A||/2π (MHz) −20.1(1) −21.5 -
ωef/2π (MHz) 5.29(5) - 5.21(4) [26]
dmf (D) 3.37(9) 3.46 4.03 [18], 3.46 [19]
|gF=3/2| 0.0149(3) See main text. -
|δgF=3/2| 0.0003(3) - -

TABLE I. Measured spectroscopic structural constants
for X 3∆1. A||, ωef , dmf , gF=3/2, and δgF=3/2 are the 19F
magnetic hyperfine coupling constant, Ω-doubling splitting
constant, molecular frame electric dipole moment of ThF+,
the average value of the magnetic g-factors of the F = 3/2
hyperfine level in X 3∆1 for the upper and lower doublets, and
the difference in magnetic g-factors between the upper and
lower doublets, respectively. Theoretical calculations from
this work (details in Section II D) and previous work are also
shown here for comparison. A|| and ωef have units of rad/s
and for convenience we divide by 2π and present our results
in millions of cycles per second.

Our spectroscopy is not sensitive to the sign of the
magnetic g-factor shown in Table I. Neglecting the ro-
tational contribution to the g-factor, and converting
|gF=3/2| into G||, we get −0.042(2) if gF=3/2 > 0 and
0.048(2) otherwise. The latter is not far away from the
theoretical predictions of G|| = 0.034 [19] and 0.035 cal-
culated in this work. We do not have a systematic esti-
mate for the error in the theoretical value of G||, therefore
there remains some ambiguity in sign of the g-factor.

The spectroscopic constants measured in ThF+ are
similar to those in HfF+ [34]. This means that we will
be operating in a familiar experimental parameter space.
Therefore, the eEDM experimental complexity will not
increase with the planned molecule upgrade from HfF+

to ThF+.

III. BLACKBODY RADIATION EXCITATION
AND T1 RELAXATION TIME

X 3∆1 has been shown to be the ground state of ThF+

[26]. Hence the coherence time of X 3∆1 is not sub-
jected to spontaneous decay. However, stray photons,
e.g. blackbody radiation, can excite ThF+ from X 3∆1,
and they subsequently either decay into other long-lived
states where they no longer contribute to the measure-
ment statistics, or back into X 3∆1 with corresponding
delayed decay in coherent spectroscopy contrast.

An energy level diagram of the lowest few vibronic
states in ThF+ is shown in Figure 6. At room tem-
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FIG. 6. Energy level diagram of the lowest few vi-
bronic states in ThF+. The transition between X 3∆1 and
a 1Σ+ is forbidden by selection rules. A zoomed-in view of the
rotational states within the ground vibronic state is shown in
the dashed box. 1 cm−1 ≈ 30 GHz.

perature, the energy of a blackbody radiation photon at
peak intensity is on the order of the vibrational spac-
ing in X 3∆1. The dominant blackbody radiation ex-
citation channel from X 3∆1(v = 0, J = 1) is through
X 3∆1(v = 1), because (i) the lowest vibrational states
are highly harmonic such that only ∆v = ±1 transitions
are allowed, (ii) rotational spacing is too small for ap-
preciable transition rates between rotational states, and
(iii) selection rules forbid transitions between X 3∆1 and
a1Σ+.

The blackbody radiation excitation rate from
X 3∆1(v = 0) through X 3∆1(v = 1) is related to the
spontaneous decay lifetime of the v = 1 states. This
relation comes through the transition dipole moment be-
tween the v = 0 and v = 1 states. Hence, a measurement
of the lifetime of the v = 1 state will allow us to predict
the blackbody radiation excitation rate from X 3∆1.

To measure the spontaneous decay lifetime of the v = 1
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state, we first prepare all our ions in the ground vibronic
state X 3∆1(v = 0) selectively with resonance-enhanced–
multi-photon ionization [27], and optically excite all our
ions to the Ω = 0− excited state [26], allowing for the ions
to decay back into the X 3∆1(v > 0) states, as illustrated
in Figure 7(a). We note that the branching ratio from the

X 3∆1
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v = 0

v = 1

v = 2
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Ω = 0−(v = 0)
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0.74
0.22

0.033

(a) (b)

FIG. 7. State preparation for measurement of excited
state lifetime. (a) For measurement of X 3∆1(v = 1) state
lifetime. (b) For measurement of a 1Σ+(v = 0) state lifetime.
Solid line indicates laser used for optical pumping. Dotted
lines indicate spontaneous emission. Numbers attached to
dotted lines indicate Franck-Condon factors determined from
our previous spectroscopy work [26].

Ω = 0− state to the X 3∆1 manifold is very close to unity.
Off-diagonal Franck-Condon factors allow the v ≥ 1 man-
ifolds to be populated through optical pumping. The
whole optical pumping process takes about 100 ms. We
then allow the ions to decay from the excited vibrational
states to lower ones, and read out the population in each
vibrational state with resonance-enhanced–multi-photon
dissociation [27, 33] much like how we have described in
Section II A. We dissociate through the R(1) line for both
the v = 0 and v = 1 manifolds. Our result is shown in
Figure 8.

To extract the spontaneous decay lifetime of the v = 1
state from Figure 8, we employ the following model:

1. We allow for non-zero initial population in the v =
1 and v = 2 states. The v = 1 and v = 2 states are
populated by decay from the Ω = 0−(v′ = 0) state,
and the Franck-Condon factors are such that we
may approximate the initial populations of v ≥ 3
as zero.

2. The decay rates from each vibrational manifold are
governed by their respective Einstein’s A coeffi-
cients. We also assume that only ∆v = ±1 transi-
tions are allowed.

3. Fit parameters include (i) absolute scaling to ac-
count for different detection efficiencies for the v =
0 and v = 1 manifolds; (ii) number of background
ions; (iii) ratio of initial populations in the v = 1
and v = 2 manifolds; and (iv) d(dmf)/dr, with this
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FIG. 8. Vibrational population decay from v = 1 to
v = 0 of the ground electronic state in ThF+. All the
population was pumped from the ground vibrational manifold
into the excited vibrational manifold through the Ω = 0−

state [26]. Population in each vibrational manifold is read
out with photodissociation. The observed vibrational decay
lifetime agrees with our model, which is used to predict the
blackbody radiation excitation lifetime from X 3∆1. The to-
tal dissociated Th+ numbers do not appear to be conserved in
these two plots because the dissociation efficiencies for these
two vibrational manifolds are not the same.

being held the same across the fits for v = 0 and
v = 1.

Note that we can group (i) the effect of imperfect optical
pumping from the v = 0 manifold, which results in an
initial non-zero population in the v = 0 manifold, and
(ii) background ions detected for the v = 0 manifold to-
gether into a single v = 0 “background ion” fit parameter
in the fitting model. With the above model, we obtain
d(dmf)/dr = 7(2) D/Å, in good agreement with our cal-
culated value from Section II D. This value corresponds
to spontaneous decay lifetimes of 0.16(11) s and 0.08(6) s
for v = 1→ v = 0 and v = 2→ v = 1, respectively.

Using the value of the molecular dipole, we predict
the effective lifetime (T1 relaxation time) of X 3∆1 to be
about 3 s at room temperature (300 K), which is limited
by blackbody radiation excitation from X 3∆1 to the first
excited vibronic state X 3∆1(v = 1).

We can suppress blackbody radiation excitation from
X 3∆1(v = 0) by introducing cryogenics to lower the tem-
perature of the setup. The effective lifetime of X 3∆1(v =
0) increases drastically with a decrease in temperature
(Table II), and we anticipate establishing a blackbody
environment at 180 K, which will be a workable balance
between technical convenience and sufficiently long inter-
rogation times.

We calculate blackbody radiation excitation across ro-
tational levels to occur at a time scale of 103 seconds
and above, even at 300 K. Since we plan to measure the
eEDM with an interrogation time of about 20 s, which is
only about 10 times longer than our current experiment
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77 K 120 K 150 K 180 K 200 K 300 K

To X 3∆1(v = 1) 32000 400 84 29 17 3.5
To a 1Σ+ 2200 270 130 80 64 33

Combined 2100 160 51 21 13 3.2

TABLE II. Prediction of blackbody radiation excita-
tion lifetime (in seconds) out of the v = 0 vibrational
level in X 3∆1, in a radiative environment of the indi-
cated temperature.

using HfF+, the effects of rotational blackbody radiation
excitation are small and shall be neglected for the rest of
the discussion.

Usual selection rules forbid transition between X 3∆1

and a 1Σ+, but our molecular ion falls under Hund’s case
(c), so these states contain slight admixtures of states of
other character. Hence, a transition between X 3∆1 and
a 1Σ+ is not entirely forbidden. By using an Ω = 0+

state [26] that couples both to X 3∆1 and a 1Σ+ for op-
tical pumping, we populate the a 1Σ+(v = 0) manifold
through a process similar to the experiment for measur-
ing the X 3∆1(v = 1) spontaneous decay lifetime [refer to
Figure 7(b)]. We observe the spontaneous decay lifetime
from a 1Σ+(v = 0) back to X 3∆1(v = 0) to be about 6 s,
which is about 40 times longer than from X 3∆1(v = 1).
We calculate blackbody radiation excitation from X 3∆1

to a 1Σ+ to be in excess of 30 seconds (Table II).
The net effect of blackbody radiation excitations to

a 1Σ+ and X 3∆1(v = 1) at 180 K gives an expected

lifetime of X 3∆1 to be about 20 s.

IV. CONCLUSION & OUTLOOK

We perform spectroscopy on X 3∆1 to extract its spec-
troscopic constants. We also measure the state lifetime
of the first excited vibrational state and show that it
is consistent with our ab initio calculations. Given this
assurance, we predict that an eEDM experiment with
ThF+ in a 180 K environment is sufficient to achieve a
20 s coherence time, a ten-times improvement over our
ongoing eEDM experiment with HfF+.

The stage is set for performing an eEDM measurement
with ThF+. We expect a significant improvement in sta-
tistical sensitivity in the measurement over the HfF+ sys-
tem. Ongoing work includes testing out the modest cryo-
genic system at 180 K to suppress blackbody radiation,
and multiplexing the experiment with a conveyor belt of
ion traps to increase count rates.
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