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Measurement of the molecular dipole moment and the hyperfine and �-doublet splittings
of the B 3�1 state of thallium fluoride
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We report high-precision measurements on the thallium fluoride J̃ = 1 hyperfine manifold of the B 3�1

(v = 0) state. This state is of special interest because it is central to an optical cycling scheme that is envisioned
to play an important role in enhancing the sensitivity of the CeNTREX nuclear Schiff-moment experiment
presently under construction. The measurements are made by monitoring the fluorescence induced by narrow-
band laser excitation of a cryogenic molecular beam. We use a multipass arrangement of the laser beam to
enhance fluorescence. When viewed with a camera, we can spatially resolve images from adjacent passes that
approach the molecules from opposing directions. These images yield a sensitive visual method to identify the
central frequency of a transition. Coupling these line-center determinations with frequency calibration from an
acousto-optic modulator has allowed a more precise determination of the J̃ = 1 manifold of hyperfine level
splittings. We observe Stark shifts of the J̃ = 1 levels and infer a permanent electric dipole moment of 2.28(7) D
and �-doublet splittings for the F1

′ = 1/2 and F1
′ = 3/2 manifolds of 14.4(9) and 17.4(11) MHz, respectively.

DOI: 10.1103/PhysRevA.102.052802

I. INTRODUCTION

The thallium fluoride (TlF) X 1�+ state has been previ-
ously used to make precision tests of parity- and time-reversal
symmetry violations [1–3]. The high mass of Tl and the
high polarizability of the molecule make TlF ideal for mea-
suring the Schiff moment of the Tl nucleus [4]. The TlF
B 3�1(ve = 0) ← X 1�+(vg = 0) transition has been pro-
posed [5] as a candidate for optical cycling and laser cooling;
such techniques could be effective for enhancing the sensi-
tivity of symmetry violation measurements [6–8]. Here, vg

and ve are the ground- and excited-state vibrational quantum
number. Laser cooling and cycling as a means to enhance
symmetry violation measurements has been proposed in other
diatomic molecules such as BaF [9], RaF [10], and YbF
[11,12] as well as polyatomic molecules like BaOH and
YbOH [13,14].

The TlF B 3�1 state has resolved hyperfine (HF) structure.
The HF interaction produces mixing of states with different
rotational quantum numbers, J. This mixing can spoil the
usual rotational selection rules and lead to branching to ad-
ditional ground rotational levels, thus compromising optical
cycling. Therefore, in order to achieve optical cycling, it is
critical to understand the rotational and HF structure of the
excited states and their effects on rotational branching.
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In earlier work, the X-state HF and rotational energies
were determined by high-resolution microwave spectroscopy
[15] and the rovibrational energies of the B 3�1 state were
determined by low-resolution spectroscopy with a pulsed UV
laser [16]. Recently, high-resolution laser spectroscopy of
the B 3�1(ve = 0) ← X 1�+(vg = 0) transition resolved the
excited-state HF structure and inferred the parameters describ-
ing the HF interaction of the B state [17,18]. The Hamiltonian
parameters that describe the B state are derived from the data
of Ref. [17] using the effective Hamiltonian of Ref. [18].
The prior analysis of Ref. [17] incorrectly accounted for
lambda-doubling effects, so the Hamiltonian and parameters
of Ref. [18] should be taken to supersede the prior result.
In this work we describe experiments which measure the
permanent electric dipole moment (EDM) and the �-doublet
splitting of the B 3�1 state. We also describe a technique for
measuring HF splittings that has yielded more precise values
for some of the critical hyperfine intervals.

II. APPARATUS

The apparatus consists of a cryogenic buffer gas beam
source which produces a collimated molecular beam. This
molecular beam is crossed with resonant laser light and
fluorescence is observed perpendicular to these intersecting
beams. We detect this fluorescence with either a camera or a
phototube.

A. Vacuum apparatus

In detail, we use a cryogenic buffer gas beam source sim-
ilar to that of Ref. [19] and described further in Ref. [17].
A solid target of TlF is made by melting TlF powder in
a copper crucible. The filled crucible is fixed to a copper
cell which is mounted to a two-stage pulse tube refrigerator
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FIG. 1. Schematic of the interaction region. Each pass of the
laser (±y direction) is perpendicular to the propagation direction
of the molecular beam (+x direction). Laser-induced fluorescence
is observed in the same direction as the imposed electric field (+z
direction). The figure is not to scale.

(CryoMech, PT415) [20]. The target is held at ∼4 K and
TlF molecules are produced by laser ablation of the target
by intense 1064-nm light from a Nd:YAG (yttrium aluminum
garnet) laser (Big Sky Laser Technologies, Ultra GRM). The
Nd:YAG laser produces 10-ns, 30-mJ pulses with a 1.4-Hz
repetition rate that is synchronized with the pulse tube cooling
cycle. A flow of cryogenic helium buffer gas thermalizes
the ablated molecules and then extracts the molecules from
the cell, directing the molecular beam though a 6.35 mm
hole to a ∼10−7 Torr science chamber where experiments are
performed.

Inside the science chamber is a 1.98 mm by 6.35 mm
horizontally oriented collimating slit. This collimating slit is
30 cm from the molecular source and is 6.35 cm away from
the center of the interaction region. Centered above and below
this interaction region are a pair of 7.62-cm-diameter circular
parallel-plate electrodes (Fig. 1). The polished electrodes are
separated by 3.175 cm and are used to produce a uniform
electric field, ranging from 0–300 V/cm. Each electrode is
6.35 mm thick. Five hundred and eighty-three 1.32-mm-
diameter holes are machined into the upper electrode plate to
allow detection of laser-induced fluorescence from the inter-
action region. This hole pattern (70% normal incidence trans-
mission) spans a centered circular region with a diameter of
3.81 cm. This circular region is recessed such that the holes
have a depth of 1.52 mm. This recess, which faces away from
the interaction region, serves to reduce the depth of the holes
for easier fabrication and does not significantly change the
homogeneity of the field or the distance between electrodes.
Both the collimating plate and the electrodes are made of
brass and coated with 15 ± 3 μm of gold. This prevents
oxidization which could leave nonconducting patches where
stray charge might accumulate and compromise the electric-
field uniformity. The nearest equipotential surface to the

interaction region, besides the electrodes, is the fixture hold-
ing the collimating slit which is 5.5 cm away.

B. Excitation light

The B(ve = 0) ← X (vg = 0) transition occurs at
271.7 nm. A narrow, tunable, 1087-nm fiber laser (Keopsys,
CYFL-KILO) is frequency doubled twice using commercial
Toptica bow-tie cavities. This system produces ∼20 mW
of 271.7-nm cw light. The infrared fiber-laser frequency
is locked to a scanning Fabry-Pérot cavity by monitoring
its transmission. The length of the cavity is maintained
by simultaneously monitoring the transmission of a
frequency-stabilized helium-neon laser (Laboratory for
Science, model 210).

The laser light intersects the collimated molecular beam
perpendicular to the direction of molecular motion (Fig. 1).
Specifically, two antireflection-coated quartz right-angle
prisms are aligned so that the laser light bounces through the
interaction region between 5 and 11 times [21]. This “multi-
pass configuration” is used to maximize the time over which
each TlF molecule interacts with the light. The laser has a
1/e2 radius of 0.6 mm and the multipass extends 18 mm along
the molecular-beam path. The width of the molecular beam
at the interaction region is about 7 mm. Careful alignment
of the multipass results in beams which are all parallel (or
antiparallel) to one another and perpendicular to the molecular
beam, thus minimizing the Doppler broadening of the molec-
ular transition.

C. Fluorescence detection and techniques

Molecules excited by the incident laser light decay back
to the ground state with a characteristic lifetime of 99(9) ns
[5]. Some of the resulting laser-induced fluorescence passes
through holes in the upper electrode plate, through a vacuum
window, and into imaging optics. The imaging optics consists
of a quartz collection and collimating lens, a narrow-band
interference filter, and a quartz focusing lens which directs
the light to a detector. The fluorescence is detected by ei-
ther a photomultiplier tube, PMT (Hamamatsu, R928) or a
UV-sensitive camera (Princeton Instruments, PiMax 2). The
PMT has superior signal to noise, while the camera allows
for spatial resolution and imaging of the individual multipass
beams.

The ablated TlF molecules reach the multipass region
∼10 ms after the Nd:YAG fires. When using the PMT, flu-
orescence signals are recorded for 50 ms immediately after
this firing. We report in this work the integrated fluorescence
signals collected for 20 ms, beginning 10 ms after the firing of
the Nd:YAG, this integrated signal containing most of the flu-
orescence signal. Typically, we record this PMT fluorescence
signal as a function of the laser frequency to trace out spec-
troscopic peaks of the relevant transitions. When using the
UV-sensitive camera, we image the interaction region over a
similar 20-ms exposure time, and subtract an image with equal
exposure in the absence of molecules. We combine multiple
background-subtracted images to reach the desired signal size
for a given experimental configuration. These images have
been empirically corrected to account for the spatially varying

052802-2



MEASUREMENT OF THE MOLECULAR DIPOLE MOMENT … PHYSICAL REVIEW A 102, 052802 (2020)

detection efficiency of our collection optics. A biquadratic
function maximized at the image center is used to describe
the monotonic drop in detection efficiency along the long di-
mension (x direction) of the images. The detection efficiency
varies by <40% over the region where the molecular fluo-
rescence is seen, with the majority of this variation occurring
near the edges of the images. The imaging techniques of this
work rely primarily on comparing the spatial location of the
fluorescence from various laser passes. As such, these detec-
tion efficiency-driven corrections to the fluorescence intensity
have only a peripheral effect on the conclusions drawn from
the images.

While the natural decay rate of the B state is � = 1 ×
107 s−1, polarization and hyperfine dark states of the X (J = 1)
ground state dramatically reduce the photon cycling rates
compared with those of a two-level system [6]. Because the
ground-state hyperfine structure of TlF is unresolved, when
one excites to a single fully resolved upper-state hyperfine
level, the exciting laser couples to at most a single co-
herent superposition of the ground-state hyperfine manifold
for each total angular momentum projection mF . We refer
to this superposition as the “hyperfine bright state,” while
the other orthogonal linear superpositions are the “hyperfine
dark states.” Typically, these hyperfine dark states evolve into
bright states at a rate determined by the ground-state hyperfine
splitting. This rate is of order ∼2π×10 kHz to 2π×100 kHz
for TlF, much smaller than the natural decay rate of the B state.

We increase the rate of cycling out of these dark states
by rapidly switching the exciting laser’s polarization with an
electro-optical modulator [22] and by resonantly driving the
microwave transition between the J = 0 and J = 1 rotational
ground states [6]. The laser and microwave polarizations are
switched rapidly (typically ∼1 MHz) and are modulated 90°
out of phase with one another. For transitions which are highly
closed (to unwanted electronic, vibrational, and rotational de-
cay paths), using these techniques drastically increases the
number of photons scattered per molecule and increase our
signal-to-noise ratio. Even in the absence of a closed transi-
tion, population transfer from the X (J = 0) ground state due
to resonantly tuned microwaves can increase fluorescence and
similarly improve signal to noise. The Stark shifts associated
with the microwaves have been theoretically estimated and
they are found to be negligible at our level of accuracy. Em-
pirically, the microwaves do not induce an observable shift in
the fluorescence line centers.

III. THEORY

State notation

Fluorine has only one isotope, 19F, and although thallium
has two commonly occurring isotopes, 203Tl and 205Tl, this
work investigates only the latter. The theoretical description
of the B state of TlF is detailed in Refs. [17] and [18]. We
describe it briefly here. The state is described by the Hund’s
case (c) basis and the coupling scheme:

F1 = J + I1, (1)

F = F1 + I2. (2)

Here the thallium nuclear spin is I1 = 1/2, the fluorine
nuclear spin is I2 = 1/2, and the total angular momentum of
the molecules less nuclear spin is J. The HF states associated
with quantum number J are then F1 = J ± 1/2 and F = J-1,
J, and J + 1. The basis kets for states of parity P = ±1 are

|c〉 = |J,�, I1, F1, I2, F, mF , P〉, (3)

where � is the projection of J on the internuclear axis and mF

is the projection of F along z in the laboratory frame. Follow-
ing the convention of Herzberg [23], we refer to states with
P = (−1)J as e-parity and P = (−1)J+1 as f -parity states.
Here the rotational quantum number J describes states in the
above basis. In order to account for HF interactions mixing
neighboring rotational levels in the excited B state, we la-
bel B-state energy eigenstates with the approximate quantum
number J̃ . We denote ground X-state energy eigenstates with
Jg. Excited-state quantum numbers are primed to distinguish
them from ground-state quantum numbers.

IV. METHODS AND RESULTS

A. AOM coincidence measurements

Spectroscopy of the B state from Ref. [17] determined
many line positions by referencing the tunable laser to a
frequency-stabilized HeNe laser via a scanning Fabry-Pérot
cavity transfer lock. There, the largest HF splittings in the
J̃ = 1 manifold were limited to an accuracy of ∼20 MHz,
primarily due to nonlinearity in the cavity scan. We use
the same system in this work. Furthermore, we have found
that the roughly 10-MHz long-term drift in the reference
HeNe laser limits our ability to compare line positions over
timescales greater than about an hour. Here, we use the
technique of acousto-optic modulator (AOM) coincident res-
onance outlined below to determine line splittings more
accurately. This method references the measured line splitting
to a high-stability rf source used to drive an AOM, avoiding
the predominant systematic uncertainties associated with the
cavity transfer lock. Additionally, we use spatial fluorescence
information from our camera to tune the laser to resonance
with the zero transverse velocity class of the molecular beam.
With this technique, we measured five J̃ = 1 splittings with
2-MHz precision. The electrodes were removed from the
vacuum chamber for the AOM coincident resonance mea-
surements in order to provide unobstructed imaging with the
camera.

The AOM coincident resonance technique relies on the
geometric properties of the laser multipass, which cause each
subsequent laser pass to propagate in the opposite direction.
Ultimately, this results in counterpropagating neighboring
passes as shown in Fig. 2. This, coupled with the molecular
beam’s transverse expansion, results in different molecular
velocity classes fluorescing at different points along the multi-
pass. Specifically, when the laser’s frequency is below (above)
resonance, the molecules traveling toward (away from) the
laser beam are on resonance and get preferentially excited.
Because our camera and collection optics allow us to spatially
resolve each multipass beam, we can see this effect and use
it as a pictorial resonance condition. This yields substantially
better resolution than is possible from our Doppler-broadened
laser-induced fluorescence spectra. Background-subtracted

052802-3



N. B. CLAYBURN et al. PHYSICAL REVIEW A 102, 052802 (2020)

FIG. 2. Schematic of the multipass viewed from above with the
passes numbered. From this vantage point, consider laser-induced
molecular fluorescence by a red detuned laser. For odd-numbered
passes, in which the laser beam propagates in the +y direction,
molecules with a -y-direction velocity component will preferentially
fluoresce. Such molecules are concentrated near the bottom due
to the molecular beam’s transverse expansion. For even-numbered
passes, traveling in the −y direction, molecules near the top will
preferentially fluoresce [see Fig. 3(c)].

images averaged over multiple shots from this process are
shown in Fig. 3.

Consider, for example, the determination of the splitting
between the Q1, F1

′ = 1/2, F ′ = 0,1 transitions using this
AOM-based technique. When a laser passes through an AOM
under the Bragg condition two beams are output, a zeroth-
order beam at the same frequency as the input beam, and a
first-order beam which has been shifted in frequency. This
frequency shift is determined precisely by the rf signal applied
to the AOM. In this experiment these zeroth- and first-order
beams are retroreflected (passed again) through the AOM
resulting in overlapping zeroth- and second-order (shifted by
twice the rf frequency) beams. Moreover, these beams can
be selectively blocked leaving a resulting laser beam which

is predominately of a single order. With this configuration in
place, we direct only the unshifted zeroth-order retroreflected
beam to the vacuum chamber where it excites the F1

′ = 1/2,
F ′ = 0 transition. The UV laser frequency is adjusted while
monitoring the camera images until the pictorial resonance
condition is achieved, signaling that the unshifted laser fre-
quency is centered on that transition. The zeroth-order beam
is then blocked and the second-order retroreflected beam
is directed to the vacuum chamber. The AOM modulation
frequency is then adjusted such that the second-order beam
achieves the pictorial resonance condition for the F1

′ = 1/2,
F ′ = 1 transition. Double the AOM modulation frequency
then gives the precise splitting between the two resonance
lines. We confirm the laser has not drifted over the course of
the measurement by again checking for pictorial resonance
with the unshifted zeroth-order beam.

We measure five splittings in total with this method. We
investigate four pairs of neighboring hyperfine levels by excit-
ing either a pair of R0 or a pair of Q1 transitions. Specifically,
we precisely measure the J̃ = 1 hyperfine splittings between
the F ′ = F1

′ + 1/2 and F ′ = F1
′ − 1/2 states for both F1

′ =
1/2 and F1

′ = 3/2; the R0 transition gives information on
the P = −1 manifold, and the Q1 transition on the P = +1
manifold. In the language of Ref. [17], these correspond to
the “a separation” and “c separation” of the e and f levels
of J̃ = 1, respectively. The fifth splitting is investigated by
exciting the nearly degenerate R0, F1

′ = 3/2, F ′ = 1 and Q1,
F1

′ = 3/2, F ′ = 1 transitions and adding to that measured fre-
quency difference the rotational ground-state splitting (known
to sub-MHz precision [15]). Our measured splittings agree
with earlier results and are on average a factor of 4 more
precise than those derived from the coefficients reported in
Ref. [18] with uncertainties given by Ref. [24] (Table I).
This recent analysis of Ref. [18] finds the HF splittings of
f -parity/e-parity manifolds to be nearly identical, and so too
do our AOM coincidence measurements.

B. Stark shift measurements

Our AOM coincident resonance measurements leave only
two small unknown splittings labeled ω1 and ω2 for the J̃ = 1

FIG. 3. Three fluorescence images of Q1, F1
′ = 1/2, F ′ = 1 transition excited by frequency-shifted laser light from the AOM. The AOM

modulation frequency was varied between images in order to achieve the pictorial resonance condition. The molecular beam enters the
multipass on the left side of the image moving in the +x direction. With a total viewing area of ∼18 mm by ∼7 mm, each unit along the
x- and y-axes corresponds to one camera pixel. Values above each frame specify how many MHz away from resonance each image was taken.
Only when the fluorescence of all five passes occurs at the same location along the vertical axis, middle panel, is the laser frequency centered
on the resonance. The natural linewidth of the transition is 1.6 MHz.
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TABLE I. Measured splittings using AOM coincidence resonance and dc Stark shift techniques. Uncertainties associated with Ref. [18]
results have been obtained from Ref. [24].

Label Splitting Ref. [18] (MHz) This Work (MHz)

a+ J̃ = 1+, F1
′ = 1/2 563(10) 560(2)

a− J̃ = 1−, F1
′ = 1/2 563(10) 562(2)

c+ J̃ = 1+, F1
′ = 3/2 317(6) 315(2)

c− J̃ = 1−, F1
′ = 3/2 316(6) 315(2)

z b− + ω2 + c+ or b+ − ω1 + c+ 501(7)+13 334.7 498(2)+13334.7
b+ 13 536(7) 13 532(3)
b− 13 502(7) 13 500(3)
ω1 16.1(8) 14.4(9)
ω2 17.7(13) 17.4(11)

level of TlF (Fig. 4). These are referred to as �-doublet
splittings for Hund’s case (c) molecules and arise from pertur-
bative coupling between electronic states [25]. In this section,
we determine these splittings, as well as the excited B state
EDM μE , via Stark shift spectroscopy and compare them to
the results following from the data of Ref. [17], when correctly
analyzed (Ref. [18]).

TlF is highly polarizable in the 3�1 state due to the nearly
degenerate �-doublet levels of opposite parity. Electric fields
of E ∼ 100 V/cm can fully polarize molecules in this state.
Spectra were obtained for four lines while varying an external
electric field from 0–300 V/cm:

[Jg = 0+〉 → [
J̃ = 1−, F ′ = 1

2 , F ′ = 1
〉
, (4)

[Jg = 0+〉 → [
J̃ = 1−, F ′ = 3

2 , F ′ = 1
〉
, (5)

[Jg = 1−〉 → [
J̃ = 1+, F ′ = 1

2 , F ′ = 1
〉
, (6)

[Jg = 1−〉 → [
J̃ = 1+, F ′ = 3

2 , F ′ = 1
〉
. (7)

For these measurements, the laser polarization was modu-
lated at 1 MHz between being perpendicular to and parallel
to the electric field. For a given electric field, spectra were

FIG. 4. Labeling scheme for the energy splittings in the J̃ =
1 level of TlF. The solid (dashed) lines correspond to f -parity
(e-parity) levels. The hyperfine structure in the ground state is com-
pletely unresolved and known to be �1 MHz, so lines to all the
depicted states of a given parity effectively originate from one com-
mon ground-state rotational level.

acquired by scanning the laser’s frequency in 2-MHz in-
crements and recording fluorescence signals (Fig. 5). The
recorded peaks’ line centers were determined by fitting
Lorentzian functions to them. Other spectral line functions
were considered, but empirically Lorentzians gave the best
fits. The level structure of the J̃ = 1, F1

′ = 1/2, F ′ = 1 state
in a strong electric field is shown in Fig. 6(a); the peak lo-
cations which vary with electric field, seen in Fig. 5, are a
consequence of this structure. Figure 6(b) shows theoretical
curves, obtained as described below, which give the relative
frequency of these states as a function of electric field for
the parameter values of this work. Figure 5 and Fig. 6 share
the same color scheme for easy identification of peaks, and to
make clear the naming conventions of these peaks.

Because the Doppler width and the �-doublet splitting are
both of order 10 MHz, in the weak-field limit, the �-doublet
splitting is not fully resolved. This leads to some ambiguity
in fitting the spectra at low fields. Due to this ambiguity, the
widths of the various peaks were equated in the fits. This was
sufficient to constrain the spectra and resulted in convergent
fits like those of Fig. 5. Furthermore, peaks separated by less
than 1 full width at half maximum have not been considered in
this analysis due to the ambiguity associated with overlapping
peaks.

An electric field in the z direction, �ELab, mixes together the
opposite parity states with the same total angular momentum
projection mF

′. In the strong-field limit, �, not P, is a good
quantum number. To compensate for potential long-term drifts
of our scanning Fabry-Pérot cavity, we take the difference
frequency between the mF

′ × � = ±1 and the mF
′ × � = 0

line centers for each electric-field value. A spectrum for a
single electric field takes typically only a few minutes to
collect. For a given F1

′ value these differences, for both R0 and
Q1, are plotted against electric field (Fig. 7). The measured
Stark-shifted energies for J̃ = 1 are then determined by the
differences in fit mF

′ × � = ±1 and the mF
′ × � = 0 line

centers and the observed field-free splittings listed in Table I,
with μE , ω1, and ω2 as free parameters. Note the diverging
lines of Fig. 7 are not symmetric about zero because the mF

′ ×
� = 0 line centers are shifted significantly at high fields due
to mixing with the F1

′ = 1/2, F ′ = 0 level as well (see Fig. 6).
To theoretically describe our Stark-shifted spectra, we

begin by calculating the field-free eigenenergies and eigen-
states in the basis of Eq. (3) using the rotation and hyperfine
interaction from Ref. [17], updated to include the small
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FIG. 5. Peaks of the Q1, F1
′ = 1/2, F ′ = 1 transition at various electric fields (denoted in the top right corner). The mF

′ = |1| states of
opposite parity are mixed by the electric field. The frequency of the positive mF

′ × � (long dashes) and negative mF
′ × � (short dashes)

states decrease and increase, respectively, with electric field. Because we take the difference frequency between the mF
′ × � = ±1 and the

mF
′ × � = 0 line centers to generate the data points of Fig. 7(a), for a given electric field, the mF

′ = 0+ level (solid) corresponds to the
zero ordinate value of Fig. 7(a). The upper mF

′ = 0− level is not seen as it remains parity forbidden. A similar procedure using the relevant
transitions generates the data points of the other transitions of Fig. 7.

FIG. 6. (a) Level structure of the J̃ = 1, F1
′ = 1/2, F ′ = 1 state in a strong electric field. The mF

′ = |1| states of opposite parity are mixed
by the electric field. (b) Theoretical curves showing the relative frequencies of the J̃ = 1, F1

′ = 1/2, F ′ = 1 states as a function of electric
field assuming the splitting between nearest opposite-parity sublevels and dipole moment of this work. The frequency of the positive and
negative mF

′ × � states decrease and increase, respectively, with electric field (see Fig. 5). Note also that the mF
′ = 0+ and mF

′ = 0− states’
frequencies increase slightly with increasing electric field due to mixing with the F1

′ = 1/2, F ′ = 0 level.
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FIG. 7. Experimentally measured differences between the positive mF
′ × � peaks or negative mF

′ × � peaks and mF
′ × � = 0 peaks for

different transitions. Curves are error bands determined by varying the � splittings and EDM values within their respective 1-sigma confidence
intervals. Error bars on individual points are indicated.

lambda-doubling contribution to the effective Tl nuclear
spin-rotation parameter [26] as explicated in Ref. [18]. To fit
our Stark shift measurements, we include the Stark Hamilto-
nian, H(t ) = −T 1(E ) · T 1(μe), from Eq. 6.318 of Ref. [25].
This has matrix elements between states with nuclear spin
decoupled, given by Eq. 6.320 in Ref. [25]:

〈J,�, mj |E · d|J ′,�′, mj
′〉

= −Ed (−1)2J−mj−�

(
J 1 J ′

� 0 �′

)(
J 1 J ′

−mj 0 mj
′

)
,

(8)

with d equal to the excited B-state molecule-frame dipole mo-
ment, μE , as a free parameter. For each applied electric field,
we construct the B-state Hamiltonian in the [J, F1, F, P, mF 〉
basis including J̃ = 1−3 to account for the mixing of rota-
tional levels by the applied field and hyperfine interaction.

The ground-state Stark shifts can be determined by diag-
onalizing the X-state Hamiltonian given in Ref. [1]. For the
largest external fields used, the ground-state Stark shift is
less than 10 MHz for the Jg = 0, 1 states. Because we take
the difference between mF

′ × � = ±1 and the mF
′ × � = 0

line centers an average change in the ground-state energy
has no effect on our analysis. Differential contributions from
ground-state Stark splittings associated with state selection in
the excitation process are mitigated by the modulation of the

excitation polarization and are expected to be negligible at our
current level of sensitivity.

The uncertainty in each mF
′ × � difference frequency

is found by adding in quadrature the spectroscopic fit un-
certainties of the relevant line centers. From finite-element
simulations of our electric-field plates, we find the average
electric field over the interaction region to be lower than
predicted by an infinite capacitor model by 1.5%. The field is
uniform to 94.7% over this region and the applied voltage is
controlled with a precision of a few mV. We estimate the total
instrumental uncertainty in the applied electric field to be 2%.

We determine the free parameters ω1, ω2, and μE by
minimizing the root-mean-square difference between the
measured and calculated energy splittings (Table II). Data
and fitted curves are presented in Fig 7. We obtain ω1 =
14.4(8) MHz, ω2 = 17.4(10) MHz, and the μE = 2.28(3) D,

TABLE II. Stark measurement parameters with assigned statisti-
cal and systematic uncertainties (see text).

Parameter Units Value δ δE δC δTotal

ω1 MHz 14.4 0.8 0.1 0.4 0.9
ω2 MHz 17.4 1.0 0.1 0.4 1.1
μE D 2.28 0.03 0.05 0.04 0.07
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where the number in parentheses is the 1 standard deviation
confidence interval, δ, for three fit parameters. The rms error
was 1.6 MHz, with 141 degrees of freedom.

The systematic uncertainty has two major contributions,
the uncertainty in the electric field and the uncertainty in the
calibration of the Fabry-Pérot cavity used to determine the
laser frequency. The systematic uncertainty associated with
the electric field, δE, is determined by assuming that a 2% in-
strumental uncertainty in the electric field corresponds to a 2%
systematic uncertainty in μE . We use this assumption, coupled
with the covariance between μE and ω1,2 (as determined by
the fits), to relate the electric-field instrumental uncertainty to
a systematic uncertainty associated with the ω1,2 parameter
measurements (Table II).

The nonlinear response of our Fabry-Pérot cavity has been
investigated and modeled using repeated Fabry-Pérot cavity
scans of our lasers and assuming the cavity has a fixed free
spectral range. A conservative estimate of the systematic un-
certainty associated with the cavity correction, δC, has been
determined and is recorded in Table II. Combining all of
the contributing uncertainties in quadrature yields δTotal, and
a final result: ω1 = 14.4(9) MHz, ω2 = 17.4(11) MHz, and
μE = 2.28(7) D.

V. CONCLUSIONS

We have observed the spatially resolved images of molec-
ular fluorescence produced from the multiple passage of a
narrow-band laser beam through an orthogonal cryogenic
molecular beam of TlF. From these images, and using an
acoustic optic modulator for frequency calibration, we have
determined several TlF B-state hyperfine splittings with un-
certainties that are on average a factor of 4 smaller than those
previously reported in Ref. [18]. Combining these refined
splittings with Stark shift measurements we have determined
the molecule-frame dipole moment μE , as well as the �-
doublet splittings, ω1 and ω2, between the opposite parity J̃ =
1, F1

′ = 1/2, 3/2 levels, respectively. Our �-doublet results
are in reasonably good agreement with the values reported
in Ref. [18] and we find the same energy ordering. We are
unaware of any previous measurements of μE for the TlF B
state. Furthermore, these results by direct measurement agree
with the energy ordering of f -parity and e-parity states in
J̃ = 1 determined by the analysis of Ref. [18].

The hyperfine mixing of excited-state rotational levels is an
important consideration for optical cycling and laser-cooling
applications in TlF as it can lead to excess rotational branch-
ing compared to a nuclear-spin zero system [5,17]. Because
the magnetic hyperfine interaction due to the Tl nuclear spin in
the TlF B state [h1(Tl) = 28 789 MHz] is similar in magnitude
to the rotational interaction (B = 6688 MHz), states are
strongly mixed when they have the same values of F1

′ and P,
and J̃ differing by 1. This mixing is notably absent in in J̃ = 1,
F1

′ = 1/2 as there is no other F1
′ = 1/2 level. It is critical to

include the Tl magnetic hyperfine interaction to accurately
predict the Stark-shifted spectra, as it is stronger than the
Stark interaction even for the largest fields we applied. The
fact that the combined Stark spectra for the J̃ = 1, F1

′ = 1/2,
F ′ = 1 level (no Tl magnetic hyperfine mixing) and in J̃ = 1,
F1

′ = 3/2, F ′ = 1 (strong Tl magnetic hyperfine mixing with
J̃ = 2) can be described by the same μE with 3% fractional
statistical uncertainty strongly validates the assigned
hyperfine parameters and their predicted state mixing [17,18].

Overall, we have achieved a more complete understanding
of the hyperfine interactions which significantly mix neigh-
boring rotational levels and thus allow additional rotational
branching from the B 3�1 state. Parity mixing from stray
or residual electric fields induces further rotational branch-
ing which is only strictly parity forbidden in zero field. Our
experimentally determined values of ω1, ω2, and μE can set
quantitative limits on the magnitude of electric fields per-
missible in order to scatter a desired number of photons in
optical cycling applications. The TlF molecule remains an
interesting candidate for symmetry-violation measurements,
and potentially laser cooling and trapping.
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