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The aim of the Cold Molecule Nuclear Time-Reversal Experiment (CeNTREX) is to search for a time-reversal
symmetry violation in the thallium nucleus by measuring the Schiff moment of 205Tl in the polar molecule
thallium fluoride (TlF). CeNTREX uses a cryogenic beam of TlF with a rotational temperature of 6.3(2) K. This
results in a population spread over dozens of rotational and hyperfine sublevels of TlF, although only a single
level is useful for the Schiff-moment measurement. Here, we present a protocol for cooling the rotational and
hyperfine degrees of freedom in the CeNTREX beam, transferring the majority of the Boltzmann distribution
into a single rotational and hyperfine sublevel by using a single ultraviolet laser and a pair of microwave beams.
We achieve a factor of 20.1(4) gain in the population of the J = 0, F = 0 hyperfine sublevel of the TlF ground
state.
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I. INTRODUCTION

The Cold Molecule Nuclear Time-Reversal Experiment
(CeNTREX) aims to achieve a significant increase in sen-
sitivity over the best present upper bounds on the strength
of certain hadronic time-reversal- (T ) violating fundamen-
tal interactions such as the proton’s electric dipole moment
and the CP-violating parameter of quantum chromodynamics
θQCD. The overall approach of CeNTREX and the details
of its measurement strategy are described in [1]. CeNTREX
seeks to determine the Schiff moment of the 205Tl nucleus
by performing magnetic resonance measurements on the nu-
cleus within an electrically polarized thallium monofluoride
(TlF) molecule. The strongly polarized electron shells in the
molecule interact strongly with the Schiff moment, providing
shifts of the magnetic resonance frequency orders of magni-
tude larger than in experiments using atoms for the same size
of Schiff moment [2].

CeNTREX makes use of a cryogenic buffer-gas-cooled
molecular beam source [1,3] to create a beam of TlF. This
source delivers a beam with high intensity (for good statistics),
low mean velocity (to enable long interaction time and good
energy resolution), low velocity dispersion (to enable efficient
electrostatic focusing [4]), and low rotational temperature (to
reduce the spread of population over many internal states).
The CeNTREX source uses a neon buffer gas at a temperature
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of 19 K. Compared to colder sources using a helium buffer
gas, this allows operation at higher repetition rates and gives
steadier flux of very heavy species [5] such as TlF.

After some cooling during the free expansion of the neon
gas as it exits the source, the TlF has a rotational tem-
perature Trot = 6.3(2) K [1]. At this temperature nearly all
molecules are assumed to be in the vibronic ground state.
Only ∼5% of the TlF molecules are in the lowest rotational
level J = 0 (where J is the rotational quantum number), and
only 1/4 of these are in the absolute hyperfine-rotational
ground state J = 0, F = 0 [where F is the total hyperfine
angular momentum including rotation and the nuclear spins
of 205Tl (I1 = 1/2) and 19F (I2 = 1/2)]. Only this single sub-
level is used for the Schiff-moment measurement protocol in
CeNTREX [1].

Here, we describe a method to dramatically increase the
population of this level and hence to improve the statisti-
cal sensitivity of the experiment. We refer to our method
as rotational-hyperfine cooling of the TlF molecules. While
rotational cooling was previously performed on molecules and
molecular ions [6,7], it has not been used for a hyperfine struc-
ture or a closed-shell molecule before. Using a combination of
laser optical pumping and microwave-driven rotational-state
transfer, we drive most of the population from all hyperfine
sublevels of the three lowest excited rotational levels (J =
1, 2, and 3) into the J = 0 manifold of states, preferentially
into the F = 0 sublevel. In the Boltzmann distribution at
Trot = 6.3(2) K, approximately 56% of the population is in the
lowest four rotational states, i.e., J = 0–3. If the entire popu-
lation in the J = 0, 1, 2, and 3 rotational ground states were
transferred to the |J = 0, F = 0〉 state, a maximum gain of
≈45 in its population could be achieved. Although our method
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FIG. 1. Rotational cooling scheme. (a) The thick solid arrow denotes a UV laser driving the P2 F1 transition; bent arrows represent
microwaves, and wavy arrows indicate spontaneous emission with branching fractions as indicated. The odd-parity J̃ ′ = 1− excited state can
decay only to states with J = 0+, 2+. Percentages under the ground-state kets are the thermal population at temperature Trot = 6.3 K, prior
to rotational cooling. (b) Hyperfine structure relevant to optical pumping. Decays back to J = 2+ are not shown. While the P2 F1 transition
does not excite |J = 2+, F = 3〉, this level can be coupled to the system by microwave-induced transfer to the |J = 3−, F = 2, 3〉 levels and
subsequent stimulated emission to |J = 2+, F = 1, 2〉. Reproduced from [1].

incorporates a simplification that reduces the maximum po-
tential gain to ≈29, this enhancement in signal size for the
205Tl Schiff-moment measurement is crucial for CeNTREX
to attain its projected sensitivity [1].

In what follows, we explain the principle of our method for
rotational-hyperfine cooling of TlF and present experimental
results of its implementation.

II. PRINCIPLE OF THE METHOD

To explain our method, we first review relevant aspects
of the structure of TlF (see, e.g., [1] for more details).
Throughout, unless otherwise noted, we discuss only states
with vibrational quantum number v = 0. The ground state
X 1�+ has a rotational constant B = 6.66733 GHz and nom-
inal rotational energies EJ = BJ (J + 1). The 205Tl and 19F
nuclear spins give rise to a hyperfine substructure in the ro-
tational states. The lowest rotational state, |J = 0〉, splits into
two levels, with F = 0 and F = 1. All higher rotational states
split into four hyperfine states, separated over two F1 = J + I1
hyperfine manifolds, with F1 = J − I1 taking F = J − 1 and
J and F1 = J + I1 taking F = J and J + 1. Hyperfine split-
tings in the low-J levels of interest here are always less than
600 kHz. In the J = 0 state, F = 1 is split from F = 0 by
only 13 kHz. Transitions between states with �J = ±1 can
be coupled with microwave electromagnetic fields.

The dissipation required for our rotational-hyperfine cool-
ing scheme comes from spontaneous emission in an optical
transition. We perform optical pumping by exciting a transi-
tion from the ground state to the B 3�1 excited state, using
a laser at 271.75 nm. The B 3�1 state has a natural width
�B = 2π × 1.6 MHz, so the ground-state hyperfine structure
is completely unresolved in the optical transition. However,
the B 3�1 state has very large hyperfine splittings, so the laser
addresses a single hyperfine level in the excited state. Each
such state can be described in terms of quantum numbers
J ′, F ′

1 = J ′ + I1, F ′ = F ′
1 + I2, and parity P′. However, the

hyperfine interaction in the excited state is so strong that states
with quantum numbers J ′ and F ′

1 can be strongly mixed; we

indicate the approximate nature of these quantum numbers
by labeling them J̃ ′ and F̃ ′

1 . Branching fractions for decays
of these excited-state hyperfine-rotational levels are compiled
in Ref. [8], calculated analytically from angular momentum
couplings.

Rotational-hyperfine cooling is accomplished with a single
optical pumping laser and two microwave driving fields. The
J = 2 ground state is coupled with the laser to the |J̃ ′P =
1−, F̃1 = 3/2, F̃ = 1〉 excited state, as shown in Fig. 1(a).
We refer to this P-branch transition (with J̃ ′ = J − 1) as the
P2 F1 transition. Roughly half the decays from J̃ ′ = 1 end
up in the J = 0 ground state, and nearly all of the remainder
return to J = 2; the only loss is from branching to other vi-
brational states, which amounts to �1% [9–11]. Simultaneous
with the laser excitation, resonant microwaves couple the J =
1 ↔ 2 and J = 2 ↔ 3 transitions. Repeated excitation-decay
cycles accumulate population from J = 1, 2, 3 into the J = 0
state.

In the decay of |J̃ ′P = 1−, F̃ ′
1 = 3/2, F̃ ′ = 1〉 into

|J = 0〉, branching fractions dictate that nearly 70% of
the time the |J = 0, F = 0〉 sublevel is populated. We
rely only on this effect to enhance the population of the
F = 0 level relative to F = 1, as shown in Fig. 1(b).
(Note that in thermal equilibrium, the F = 1 level has 3
times the population of F = 0.) With this scheme and the
known rotational temperature, a maximum gain of 29.4(3)
in the |J = 0, F = 0〉 population can be expected for a
full depletion of the J = 1, 2, and 3 rotational ground
states.

The particular hyperfine structure of TlF adds substan-
tial complexity to the hyperfine-rotational cooling process.
Exciting a single excited-state hyperfine level with the laser
while also coupling many unresolved hyperfine states in the
ground state rotational manifold leads to a low excitation and
pumping rate due to the formation of long-lived coherent dark
states [12]. In our scheme, we work to rapidly destabilize
the dark states by switching polarizations of both micro-
wave excitation fields [13,14] and by ensuring that no two
of the three excitation fields (two microwave plus one laser)
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FIG. 2. Schematic overview of the rotational cooling (RC) gain
measurement. Two circular apertures with an 8-mm diameter con-
strict the transverse velocity and spread of the molecular beam.
A 271.75-nm laser at the P(2) F̃ ′

1 = 3/2 F ′ = 1 transition is phase
modulated and passed 13 times through the rotational cooling region,
where it intersects with two focused Gaussian microwave beams. See
the inset for a frontal view of the intersecting beams. The populations
are read out with laser-induced fluorescence (LIF) captured in a
photomultiplier tube (PMT) from a single phase-modulated laser
beam at 271.75 nm. A photodiode (RC PD) monitors the transmitted
RC light after the multipass.

are either parallel or perpendicular to each other. The photon-
scattering rate on the laser-driven transition �sc is bounded
by �sc � �Bne/(ng + ne) [15], where ne = 3 is the number of
excited-state sublevels and ng = 60 is the number of simul-
taneously coupled ground-state sublevels. This reduction in
the scattering rate means that substantial interaction time is
needed to achieve efficient optical pumping. To accomplish
this while maintaining sufficient laser intensity to maximize
the excited-state population, we send multiple passes of the
laser beam through the molecular beam.

In CeNTREX, following the rotational-hyperfine cooling
region, an electrostatic quadrupole lens is used to collimate
the molecular beam. The lens accepts transverse velocities
|v⊥| < vmax

⊥ = 2 m/s. Hence, a key requirement for the
rotational-hyperfine cooling is that it be effective over this
full range of transverse velocities. This corresponds to a range
of Doppler shifts ±δmax

D that is much larger than the natural
width of the transition: δmax

D ≈ 4.7 �B. Therefore, substantial
spectral broadening of the optical pumping light is necessary.

III. EXPERIMENTAL SETUP

A. Overview

A schematic of the setup is shown in Fig. 2. The TlF cryo-
genic beam, traveling horizontally with mean forward velocity
v̄ f = 184 m/s, enters a chamber where the rotational cooling
takes place, at a distance of approximately 40 cm from the
beam source and 60 cm from the cell exit. Here, the molecular

beam is crossed simultaneously by a multipass laser beam and
two focused, free-space microwave beams, which all serve to
perform the rotational-hyperfine cooling. These beams are all
nominally orthogonal to the molecules’ trajectories and at 33◦
angles with respect to each other; they are shaped to cover the
entire vertical transverse extent of the collimated molecular
beam, which is a circle 8 mm in diameter.

The polarization of each microwave beam and the laser
beam can be alternated between two orthogonal linear direc-
tions. Polarization switching makes it possible to address all
hyperfine-Zeeman sublevels in the rotational-state manifolds.
If the switching is sufficiently rapid (at angular frequency
ω such that ω � 
μ or �B, where 
μ is the maximum Rabi
frequency of the driven microwave transitions), it can also
disrupt the formation of dark states [12] that could otherwise
slow the optical pumping rate.

After this interaction region, the molecules travel down-
stream ∼40 cm to a detection region. Here, a probe laser,
again propagating orthogonal to the molecular trajectories, is
tuned to excite molecules in selected sublevels (see below).
A photomultiplier, placed orthogonally to both the molecule
and probe laser beams, detects the laser-induced B − X
fluorescence.

B. Rotational cooling laser

The P(2) F̃ ′
1 = 3/2 F ′ = 1 optical transition [9,10] is at a

wavelength of 271.75 nm. The ultraviolet (UV) laser light is
generated from frequency-quadrupled 1087-nm light, using
two successive second-harmonic-generation (SHG) stages. A
fiber seed laser is fiber amplified to 1.5 W. Resonant-cavity
SHG generates 700 mW of 543.5-nm light, which is fiber
coupled and subsequently frequency doubled with another
resonant-cavity SHG setup to produce ∼90 mW of 271.75-nm
light. The resulting UV laser beam is then electro-optically
phase modulated at angular frequency ω = �B, with mod-
ulation parameter β = 3.8, to generate a spectral pattern
containing substantial power in the carrier and all sidebands
up to the fifth order; this covers the entire range of Doppler
broadening up to ±δmax

D . An additional electro-optical modu-
lator was used to rapidly switch the laser polarization for some
measurements.

A pair of cylindrical lenses vertically expands the UV laser
beam to a 1/e2 diameter of 1 cm, while its horizontal diameter
is 2 mm. Two identical right-angle prisms, placed horizontally
on either side of the molecular beam at the same height,
are oriented with their

√
2 -inch-long hypotenuses parallel

to the molecular-beam forward velocity. Their positions are
offset along the direction of the molecular beam by 8 mm,
so that a beam input on the uncovered edge of one prism
makes 13 passes through the molecular beam before exiting
the open edge of the other prism. This multipass geometry of
the laser beam extends the interaction time with the molecules
to ∼210 µs while maintaining a high intensity as needed for
efficient optical pumping. Losses in the optical path cause
the intensity of the laser to decrease by a factor of ∼8 from
the first to the last pass. The peak intensities of the multipass
beam are approximately 1000 mW/cm2 for the first pass and
140 mW/cm2 for the last pass.
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FIG. 3. Schematic overview of the frequency-doubled or -
quadrupled microwave-generation system. Identical Gaussian focus-
ing horn (GFH) lens antennas capture and terminate the microwave
beams after they traverse the interaction region to minimize reflec-
tions. The linear polarization of the microwave beams is alternated
with a single-pole double-throw (SPDT) switch that directs the input
microwaves through one of two circuit branches; each branch is
amplified, then fed to one of the two orthogonally polarized inputs
of an orthomode transducer (OMT) whose circular-waveguide output
feeds the transmitting GFH antenna.

C. Microwave generation and delivery

The rotational ground states, separated by several tens
of gigahertz, are coupled via microwave electric fields.
The J = 1 ↔ J = 2 transition has a resonant frequency of
26.6 GHz, and the J = 2 ↔ J = 3 transition is at 40.0 GHz.
A schematic of the microwave systems is given in Fig. 3. A
source signal 13.3 (10.0) GHz from a synthesizer is frequency
doubled (quadrupled) to produce 26.6 (40.0) GHz. These
microwaves are amplified, then delivered to the interaction
region using cylindrically symmetric spot-focusing lens an-
tennas, fed via circular waveguides. They provide free-space
microwave beams, focused to −3 dB diameters at the position
of the molecules, corresponding to a transit time broadening
of approximately 3.2 kHz, given a forward velocity v̄ f =
184 m/s. The microwaves enter and exit the vacuum chamber
via fused silica windows. The maximum intensity at the
molecules’ position is ∼68 mW/cm2, corresponding to Rabi
rate 
 ≈ 2π × 3 MHz. The polarization of the microwave
beams is rapidly switched between two orthogonal linear
polarizations as shown in Fig. 3 at a frequency of 1 MHz.

D. Detection laser

Like the P(2) F̃ ′
1 = 3/2 F ′ = 1 rotational cooling tran-

sition, the R(0) F̃ ′
1 = 1/2 F ′ = 1 and R(0) F̃ ′

1 = 3/2 F ′ =
2 detection transitions are also at a wavelength of 271.75 nm
(see below for more details). The UV laser is generated equiv-
alently to the rotational cooling laser (Sec. III B), producing
35 mW, and expanded to a 1/e2 diameter of 6.5 mm, which
results in a peak intensity of 240 mW/ cm2. Similar to the
rotational cooling laser, this uV laser beam is electro-optically
phase modulated with an Electro-Optic Modulator (EOM) at
angular frequency ω = ∼�B, with modulation parameter β =
3.8, to cover the Doppler broadening. For R(0) F̃ ′

1 = 1/2 F ′ =
1, an additional EOM was used to modulate the polarization at
angular frequency ω = ∼�B to destabilize dark states. The ad-
dition of polarization modulation alters the phase-modulation
spectrum. A small frequency difference � f between the
phase- and polarization-modulation signals causes the side-
band amplitudes to vary in time, asymmetrically between
orthogonal polarizations, with a characteristic timescale of
1/� f . Here, � f = 65 kHz, and molecules traversing the laser
beam experience approximately two complete cycles of this

FIG. 4. Detection transitions used to calculate the gain. The
R(0) F̃ ′

1 = 3/2 F ′ = 2 transition (blue solid lines) has no dark states
and easily saturates. The R(0) F̃ ′

1 = 1/2 F ′ = 1 transition (orange
dashed lines) has dark states causing an imbalance in the relative
number of photons coming from the F = 0 and F = 1 ground state
levels.

polarization-dependent sideband variation. See Appendix E
for further details.

E. Gain measurement schemes

The figure of merit for the rotational-hyperfine cooling is
the gain in population of the |J = 0, F = 0〉 state. It is difficult
to directly probe the population of this state. The optical
transition linewidth is much larger than the hyperfine splitting
in the ground state, and there is no optical transition where
selection rules ensure excitation of only the |J = 0, F = 0〉
state; hence, every probe of the J = 0 state inevitably also
addresses the |J = 0, F = 1〉 state.

To extract information about the population gain in the
|J = 0, F = 0〉 state, we use several schemes. These schemes
are, in principle, equivalent but are sensitive to different sys-
tematic errors and hence provide a useful cross-check of
the indirect probes. These schemes use two optical probe
transitions, which we denote as R(0) F̃ ′

1 = 3/2 F ′ = 2 and
R(0) F̃ ′

1 = 1/2 F ′ = 1, as shown in Fig. 4, to determine pop-
ulation in various sublevels of the J = 0 state. The R(0) F̃ ′

1 =
3/2 F ′ = 2 transition excites molecules only from the F = 1
hyperfine level of the J = 0+ ground state to the excited state
with J ′ = 1−, F1′ = 3/2, and F ′ = 2. All Zeeman sublevels
(mF = 0,±1) are excited with any polarization of light. We
refer to the fluorescence signal when probing on this transition
as S1. The R(0) F̃ ′

1 = 1/2 F ′ = 1 transition excites from the
unresolved F = 0 and F = 1 hyperfine levels of the J = 0+
ground state to the excited state with J̃ ′ = 1−, ˜F1′ = 1/2,
and F ′ = 1. With the probe light rapidly modulated between
orthogonal linear polarizations, this transition can excite the
population from all Zeeman sublevels of both the F = 0 and
F = 1 levels. We refer to the fluorescence signal when prob-
ing on this transition as S0+1.

With these signals, we use the following schemes to deduce
the gain in the |J = 0, F = 1〉 state population.

Scheme 1 is the R(0) F̃ ′
1 = 3/2 F ′ = 2 branching-fraction

method. Here, we use S1 to detect the total population in the
|J = 0, F = 1〉 level, with rotational cooling on (Son

1 ) and off
(Soff

1 ). Then the gain in the population of the |J = 0, F = 1〉
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level G1 is

G1 ≡ Son
1

Soff
1

. (1)

If the initial population in the |J = 0, F = 1〉 level is ρ1, the
change in its population due to rotational cooling �ρ1 is

�ρ1 = (G1 − 1)ρ1 = 3(G1 − 1)ρ0, (2)

where we use the fact that the initial (thermal) population
in the |J = 0, F = 0〉 level ρ0 is 1/3 of ρ1. The change in
population of the |J = 0, F = 0〉 level �ρ0 is given by

�ρ0 = b fF=0

b fF=1
�ρ1, (3)

where b fF=0 (b fF=1) is the branching fraction for decay from
the J ′ = 1−, F1′ = 3/2, F ′ = 1 excited state of the rotational
cooling transition into the J = 0 F = 0 (F = 1) level.

Finally, the gain in population of the |J = 0, F = 0〉 level
G0 is then given by

G(1)
0 = �ρ0

ρ0
+ 1 = 3

b fF=0

b fF=1
(G1 − 1) + 1, (4)

where the superscript refers to the number of the scheme.
Scheme 2 is the R(0) F̃ ′

1 = 1/2 F ′ = 1 branching-fraction
method. Using analogous logic, we find

G(2)
0 =

(4G0+1 − 3) b fF=0

b fF=1
+ 1

1 + b fF=0

b fF=1

, (5)

where, as before,

G0+1 ≡ Son
0+1

Soff
0+1

. (6)

Further details are provided in Appendix A.
Scheme 3 is the differential method. This method uses

information from both probe transitions without any need for
knowledge of the branching fractions. Here,

G(3)
0 = 4G0+1 − 3G1. (7)

Additional details are given in Appendix A.
From both simulations and measurements, we have found

that, for the available laser power and interaction time, the
R(0) F̃ ′

1 = 1/2 F ′ = 1 transition does not result in the max-
imum possible number of photons scattered per molecule.
We attribute this fact to the existence of dark states in this
transition, despite our effort to destabilize these states by rapid
polarization switching [12]. This results in small discrepan-
cies between the actual gain and the gain determined with
schemes that use the R(0) F̃ ′

1 = 1/2 F ′ = 1 probe transition,
i.e., our schemes 2 and 3. By contrast, the R(0) F̃ ′

1 = 3/2 F ′ =
2 transition has no dark states; as such, our scheme 1 provides
a more reliable measure of the gain from rotational-hyperfine
cooling. The discrepancies in schemes 2 and 3 vary with the
relative excitation efficiency for the J = 0, F = 1 level (ε1)
versus that for the J = 0, F = 0 level (ε0): The larger the
difference is, the larger the apparent gain determined using
schemes 2 and 3 is. Figure 5 displays this behavior. Additional
details are provided in Appendix B.

FIG. 5. Dependence of the apparent gain found using the dif-
ferential method [scheme 3, Eq. (7)] and the R(0) F̃ ′

1 = 1/2 F ′ = 1
branching method [scheme 2, Eq. (5)] on the ratio of detection
efficiencies for the J = 0, F = 1 state, ε1, and for the J = 0, F = 0
state, ε0. The F = 0, mF = 0 level makes, on average, a smaller
contribution to the dark states under different polarizations than the
F = 1 manifold, resulting in ε1

ε0
< 1.

IV. RESULTS

Our primary results are shown in Fig. 6. Given the draw-
backs of employing the R(0) F̃ ′

1 = 1/2 F ′ = 1 transition in
detecting the rotational cooling gain, as demonstrated in
Sec. III E, we use only scheme 1 [based on the branching
fractions of the R(0) F̃ ′

1 = 3/2 F ′ = 2 transition] for our quan-
titative conclusions [Eq. (4)].

Figure 6 shows the measured gain as a function of laser de-
tuning for the three different methods. Over the central region

FIG. 6. Gain in the J = 0, F = 0 population plotted against the
detuning from the central P(2) F̃ ′

1 = 3/2 F ′ = 1 line, with a gain of
20.1(4) for the R(0) F̃ ′

1 = 3/2 F ′ = 2 branching method (scheme 1),
a gain of 22.1(4) for the R(0) F̃ ′

1 = 1/2 F ′ = 1 branching method
(scheme 2), and a gain of 22.9(6) for the differential method (scheme
3). The gains are calculated by averaging over the gray-shaded area,
which corresponds to a ±2- m/s detuning—the same transverse-
velocity acceptance range as the electrostatic lens. Both the detection
and the rotational cooling laser are phase modulated for these
measurements.

022803-5



OLIVIER GRASDIJK et al. PHYSICAL REVIEW A 112, 022803 (2025)

of transverse velocities, with |v⊥| < vmax
⊥ ± 2 m/s, the gain is

independent of v⊥, with an average value of G(1)
0 = 20.1(4).

The method in scheme 2 [Eq. (5)] resulted in a measured
gain of G(2)

0 = 22.1(4), and the method in scheme 3 [Eq. (7)]
resulted in a measured gain of G(3)

0 = 22.9(6). As expected,
due to the dark states, this gain differs from the gain of scheme
1 (G(1)

0 ), and the discrepancy is larger for scheme 3.
We also monitored the depletion of the various levels

excited in the rotational cooling process and calculated the
expected gain based on the degree of depletion. The re-
sults (depletion of 85%, 79%, and 81%, respectively, for the
J = 1, 2, and 3 states) corresponded to an expected gain of
G0 ≈ 24, broadly consistent with the result of scheme 1. How-
ever, we found evidence that the population of the initially
depleted states was modified by the presence of scattered
microwaves in the region between the rotational cooling laser
beams and the detection laser beam. Hence, we use this
information only for qualitative confirmation of our results.
Appendix C contains further details.

V. CONCLUSION

We demonstrated a rotational cooling gain of G0 = 20.1(4)
in the population of the |J = 0, F = 0〉 state of TlF molecules,
sufficient for achieving the projected statistical sensitivity of
CeNTREX [1].

From simulations, we expect that increasing the power
of the rotational cooling laser to above ∼500 mW should
result in full depletion of the J = 1, 2, and 3 states over the
relevant velocity range, resulting in a gain of more than 25.
We are currently implementing a new laser system capable
of achieving this power. Another factor of ∼1.5 improvement
in the gain could be obtained by adding a second cooling
laser to pump out the |J = 0, F = 1〉 hyperfine manifold via
the R(0) F̃ ′

1 = 3/2 F ′ = 2 transition. This transition has no
dark states and could be saturated with modest laser power.
Together, these improvements could lead to a total gain of
nearly 40 and a corresponding statistical improvement in the
CeNTREX measurement of the 205Tl nuclear Schiff moment.
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APPENDIX A: DETECTION GAIN

Throughout this Appendix the following notational con-
ventions are used: ρ0 (ρ1) denotes the population in the F = 0
(F = 1) hyperfine manifold, ρRC

0 (ρRC
1 ) is this population after

rotational cooling, nγ ,0 (nγ ,1) denotes the number of photons
scattered for F = 0 (F = 1), and G0 (G1) is the population
gain in the F = 0 hyperfine manifold. The signal for a transi-
tion is denoted by S, where a superscript RC indicates a signal
after rotational cooling.

The R(0) F̃ ′
1 = 3/2 F ′ = 2 transition addresses only the

F = 1 hyperfine level in the J = 0 rotational manifold, and
the signal is described as

SR0F2 = S1 = ρ1nγ ,1. (A1)

The R(0) F̃ ′
1 = 1/2 F ′ = 1 transition addresses the F = 0

and F = 1 hyperfine levels in the J = 0 rotational manifold,
and the signal is denoted by

SR0F1 = S0+1 = ρ0nγ ,0 + ρ1nγ ,1, (A2)

where, under the assumption of optical cycling to completion,
it can be written as

S0+1 = (ρ0 + ρ1)nγ . (A3)

Further calculations assume that when the population is
thermally distributed, it is evenly spread over the hyperfine
sublevels of a single rotational manifold; hence, ρ1 = 3ρ0.

With the known branching fractions for the P(2) F̃ ′
1 =

3/2 F ′ = 1 transition to each of the F = 0 and F = 1 hy-
perfine manifolds, the individual transitions can be used to
calculate G0. Starting with R(0) F̃ ′

1 = 3/2 F ′ = 2,

�ρ1 = ρRC
1 − ρ1 = ρ1(G1 − 1), (A4)

�ρ0 = b fF=0

b fF=1
�ρ1. (A5)

Using 3ρ0 = ρ1, the increase in population to ρ0 is given by

�ρ0 = 3
b fF=0

b fF=1
ρ0(G1 − 1). (A6)

Finally, the gain in F = 0 is then given by

G(1)
0 = ρRC

0

ρ0
= 3

b fF=0

b fF=1
(G1 − 1) + 1, (A7)

where the superscript refers to the number of the scheme. This
is the same result as in Eq. (4).

For R(0) F̃ ′
1 = 1/2 F ′ = 1 the gain G0 can also be calcu-

lated with the branching fractions. First we invert Eq. (A7) to
get

G1 = G0 − 1

3 brF=0
brF=1

+ 1. (A8)

Substituting this into Eq. (A12) below, we obtain

G(2)
0 =

(4G0+1 − 3) b fF=0

b fF=1
+ 1

1 + b fF=0

b fF=1

. (A9)
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The differential method of calculating the gain uses both
transitions. The gain in signal size for each transition can be
written as

G1 = Son
1

Soff
1

= ρRC
1

3ρ0
, (A10)

G0+1 = Son
0+1

Soff
0+1

= ρRC
0 + ρRC

1

4ρ0
. (A11)

The gain in F = 0 is then given by

G(3)
0 = 4G0+1 − 3G1. (A12)

APPENDIX B: APPARENT GAIN INCREASE

Under incomplete optical cycling of the R(0) F̃ ′
1 =

1/2 F ′ = 1 detection transition, a larger apparent gain is mea-
sured. This stems from the imbalance between the detection
efficiency of the F = 1 levels and the F = 0 level of the J = 0
ground-state manifold. The R(0) F̃ ′

1 = 1/2 F ′ = 1 transition
has four ground-state levels and three excited-state levels,
meaning there is always a single dark state, for any polariza-
tion. The F = 0, mF = 0 level on average makes a smaller
contribution to the dark states under different polarizations
than the F = 1 manifold. Due to the increase in population
after RC, which predominantly pumps into F = 0, a larger
fraction of the detected photons per molecule comes from
F = 0 with rotational cooling than without it. The detection
methods employing R(0) F̃ ′

1 = 1/2 F ′ = 1 all rely on the ratio
between the signal with and without RC (Son

0+1/Soff
0+1), and this

results in a larger ratio than would be expected based on true
population increases.

For a given gain g = ρRC
0
ρ0

, b f1/0 = b fF=1

b fF=0
, and detection ef-

ficiencies ε0 and ε1 for F = 0 and F = 1, respectively, the
signal ratio for R(0) F̃ ′

1 = 1/2 F ′ = 1 can be described by

Son
0+1

Soff
0+1

= gε0 + [3 + (g − 1)b f1/0]ε1

ε0 + 3ε1
, (B1)

and the signal ratio for R(0) F̃ ′
1 = 3/2 F ′ = 2 can be described

by

Son
1

Soff
1

= (g − 1)br1/0 + 3

3
. (B2)

Equation (7) for calculating the gain from a differential mea-
surement can then be rewritten as

G(3)
0 = [3 + b f1/0(g − 1)] ε1

ε0
+ 4g − 3 + b f1/0(1 − g)

1 + 3 ε1
ε0

,

(B3)

FIG. 7. Depletion for the R(1) F̃ ′
1 = 5/2 F ′ = 3, R(2) F̃ ′

1 =
7/2 F ′ = 4, and R(3) F̃ ′

1 = 9/2 F ′ = 5 transitions, plotted against
detuning from the central P(2) F̃ ′

1 = 3/2 F ′ = 1 line. Observed
depletions are 0.85(2), 0.79(2), and 0.81(2) for R(1), R(2), and
R(3), respectively. For Trot = 6.3(2) K this corresponds to a gain
of 24.1(11) in J = 0, F = 0. The gains are calculated by averag-
ing over the gray-shaded area, which corresponds to a ±2- m/s
detuning—the same transverse-velocity acceptance range as the elec-
trostatic lens. Both the detection and the rotational cooling lasers are
phase modulated for these measurements.

and Eq. (5) for calculating the gain from R(0) F̃ ′
1 = 1/2 F ′ = 1

with the branching fractions can be rewritten as

G(2)
0 = [4b f1/0(g − 1) + 12] ε1

ε0

(b f1/0 + 1)
(
1 + 3 ε1

ε0

)

+ (b f1/0 − 3)
(
1 + 3 ε1

ε0

) + 4g

(b f1/0 + 1)
(
1 + 3 ε1

ε0

) . (B4)

The F = 0, mF = 0 level makes, on average, a smaller
contribution to the dark states under different polarizations
than the F = 1 manifold, such that ε1

ε0
< 1, resulting in an

increase in the measured gain for both Eqs. (B3) and (B4).

APPENDIX C: GAIN FROM MEASURED DEPLETION
OF ROTATIONAL STATES

Monitoring the extent to which the population of the rota-
tional levels J = 1, 2, 3 is depleted in the rotational cooling
process provides an independent scheme for determining the
rotational cooling gain G0. The depletions are determined by
measuring the R(1) F̃ ′

1 = 5/2 F ′ = 3, R(2) F̃ ′
1 = 7/2 F ′ = 4,

and R(3) F̃ ′
1 = 9/2 F ′ = 5 transitions while toggling the RC

on and off. Below, di corresponds to the ratio between the R(i)
transition with RC on and off.

This method requires independent knowledge of the rota-
tional temperature T . We find

G(4)
0 = 1 + b fF=0

b fF=0 + b fF=1

d1ρ1,T + d2ρ2,T + d3ρ3,T

ρ0,T
, (C1)

where ρi,T and di are the thermal population and depletion
factor of J = i, respectively.

Figure 7 shows the measured depletions, corresponding
to a loss of population by factors of 0.85(2), 0.79(2), and
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0.81(2) for R(1), R(2), and R(3), respectively. This would cor-
respond to a total expected gain of G0 = 24.1(1.1), assuming
Trot = 6.3(2) K and equal levels of depletion over all hyperfine
states in a rotational manifold. As mentioned in the main text,
we suspect that the modest discrepancy with the result from
our primary measurement method arises because, during these
measurements, microwaves leaked into the detection chamber
and affected the measured depletion ratios.

APPENDIX D: BRANCHING-FRACTION CALCULATION

The branching fractions for decays from different hyper-
fine levels of the B 3�1 state must be known in order to
compute the rotational cooling efficiency. These branching
fractions are relevant for both scheme 1 and scheme 2. The
calculation is nontrivial due to the exceptionally large mag-
netic hyperfine splitting in the B 3�1 state, which leads to
significant mixing between states of different J [9]. To com-
pute the branching fractions, we proceed as follows.

(1) Diagonalize the B 3�1 Hamiltonian to obtain the
excited-state eigenstates, which are superpositions of basis
states with different J and F1 but share the same total angular
momentum F .

(2) Compute the electric dipole matrix elements between
X 1�+ and B 3�1 basis states with definite J .

(3) Use the mixing coefficients and these matrix elements
to determine the branching fractions for decay from each
B 3�1 eigenstate.

The electric dipole matrix elements between B 3�1 and
X 1�+ states are given by

M = 〈X 1�+,
, I1, I2, J, F1, F, mF |d (1)
p

|B 3�1,

′, I ′

1, I ′
2, J ′, F ′

1 , F ′, m′
F 〉, (D1)

where d (1)
p is the spherical component p of the electric dipole

operator in the laboratory frame. Applying the Wigner-Eckart
theorem to factor out the angular dependence yields

M = 〈F ′
1 , m′

F ; 1, q|F, mF 〉Mr, (D2)

where

Mr = 〈X,
, I1, I2, J, F1, F ||d (1)||B,
′, I ′
1, I ′

2, J ′, F ′
1 , F ′〉.

(D3)

Since the electric dipole operator does not act on nuclear
spin degrees of freedom, we apply the spectator theorem to
decouple F , F1, and I2, followed by F1, J , and I1. Transforming
to the molecule-fixed frame gives

Mr = 〈X||d (1)||B〉(−1)F ′
1+F1+F ′+I1+I2−


× [(2J + 1)(2J ′ + 1)(2F + 1)

× (2F ′ + 1)(2F1 + 1)(2F ′
1 + 1)]1/2

×
{

F ′
1 F ′ I2

F F1 1

}{
J ′ F ′

1 I1

F1 J 1

}

×
1∑

q=−1

(
J 1 J ′

−
 q 
′

)
. (D4)

This expression suffices for our purposes, as the reduced ma-
trix element 〈X||d (1)||B〉 is common to all decays of interest.

The branching fraction between an initial state |i〉 and a
final state | f 〉 is given by

b fi→ f = �i→ f

�tot
, (D5)

where �i→ f is the decay rate from |i〉 to | f 〉 and �tot =∑
f ′ �i→ f ′ is the total decay rate summed over all final

states [8]. For an initial state with total angular momentum
F ′, the decay rate from |i〉 to | f 〉 is given by

�i→ f = 3ω3
0

3h̄c3

|〈i||d|| f 〉|2
2F ′ + 1

, (D6)

assuming an electric dipole transition. Here, ω0 is taken to
be approximately constant across all transitions since they
all couple to the vibrational ground state at a frequency near
1100 THz, with rotational splittings of only several tens of
gigahertz.

Although the excited-state eigenstates are mixtures of com-
ponents with different J and F1, they possess well-defined
total angular momentum F . As a result, differences in decay
rates stem solely from variations in the reduced matrix ele-
ments. Thus, we may write

�tot =
∑

f ′
�i→ f ′ = 4ω3

0

3h̄c3(2F ′ + 1)

∑
f ′

|〈i|d| f ′〉|2, (D7)

and the rotational branching fractions are given by

b fi→ f = |〈i||d|| f 〉|2∑
f ′ |〈i||d|| f ′〉|2 . (D8)

The initial states are mixtures and take the form |i〉 =∑
j c j |i j〉, leading to reduced matrix elements

〈i||d|| f 〉 =
∑

j

c j〈i j ||d|| f 〉. (D9)

Inserting this into the expression for the branching fraction
yields

b fi→ f =
∣∣∑

j c j〈i j ||d|| f 〉∣∣2

∑
f ′

∣∣∑
j c j〈i j ||d|| f ′〉∣∣2 , (D10)

or, in terms of Mr ,

b fi→ f =
∣∣∑

j c jMr (i j → f )
∣∣2

∑
f ′

∣∣∑
j c jMr (i j → f ′)

∣∣2 . (D11)

These branching fractions are then evaluated for the eigen-
states of the Hamiltonian obtained from [10] (see Table I).

APPENDIX E: PHASE MODULATION FOLLOWED
BY POLARIZATION MODULATION

To destabilize dark states in the R(0) F̃ ′
1 = 1/2 F ′ = 1 tran-

sition, the detection laser, which is initially linearly polarized,
is simultaneously modulated in both phase and polarization
for certain measurements. A phase-modulating EOM is fol-
lowed by a quarter-wave plate, which converts the light to
circular polarization before it enters a polarization-modulating
EOM. Although the two modulators are driven at nearly the
same frequency, we assume identical modulation frequencies
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TABLE I. Branching fractions from the B 3�1 state into ground rotational levels with specified J in the X 1�+ state, computed using
the eigenstates of the Hamiltonian from [10]. For each B 3�1 parity, the corresponding branching fractions are presented in the same row in
alternating columns. The parity of the ground state follows P = (−1)J . The values reported here differ significantly from those in [9]; however,
after corresponding with the authors of that study, we believe the values presented here are correct.

b fJ̃→J=J̃−2 b fJ̃→J=J̃−1 b fJ̃→J=J̃ b fJ̃→J=J̃+1 b fJ̃→J=J̃+2

|J̃ = 1, F̃1 = 1/2, F = 0〉 0.6667 1.0000 0.3333

|J̃ = 1, F̃1 = 1/2, F = 1〉 0.6665 0.9999 0.3335 0.0001
|J̃ = 1, F̃1 = 3/2, F = 1〉 0.4841 0.8907 0.5159 0.1093
|J̃ = 2, F̃1 = 3/2, F = 1〉 0.1827 0.7095 0.8173 0.2905

|J̃ = 1, F̃1 = 3/2, F = 2〉 0.4797 0.8880 0.5203 0.1120
|J̃ = 2, F̃1 = 3/2, F = 2〉 0.1869 0.7119 0.8130 0.2881 0.00005
|J̃ = 2, F̃1 = 5/2, F = 2〉 0.00007 0.5250 0.9465 0.4750 0.0534
|J̃ = 3, F̃1 = 5/2, F = 2〉 0.0751 0.6249 0.9249 0.3751

|J̃ = 2, F̃1 = 5/2, F = 3〉 0.5235 0.9456 0.4765 0.0544
|J̃ = 3, F̃1 = 5/2, F = 3〉 0.0764 0.6258 0.9235 0.3742 0.00003
|J̃ = 3, F̃1 = 7/2, F = 3〉 0.00004 0.5308 0.9685 0.4692 0.0314
|J̃ = 4, F̃1 = 7/2, F = 3〉 0.0407 0.5870 0.9593 0.4130

for analytical purposes, with a slowly varying phase offset
between them:

E (t ) = e−i(β sin[
t+ϕ(t )]+ γ

2 sin(
t ))

2

[
e iγ sin(
t ) + i

− e iγ sin(
t ) + i

]
, (E1)

where β is the phase-modulation depth, γ is the polarization-
modulation depth, and ϕ(t ) is the time-varying phase offset,
defined as �
t .

By applying the Jacobi-Anger expansion, the sideband
structure can be expressed as

Ex/y(t ) = 1

2

∑
k

C(x/y)
k (β, γ , t )e−ik
t , (E2)

where the sideband amplitudes C(x/y)
k (β, γ , t ) are given by

C(x)
k (β, γ , t ) =

∑
m

Jm(β ) e−imϕ(t )

×
[
Jm−k

(γ

2

)
+ i Jk−m

(γ

2

)]
, (E3a)

FIG. 8. Sideband intensities |C (x)
k |2 for a phase-modulation EOM

followed by a polarization-modulation EOM, both driven at the same
frequency, with modulation depths β = 3.8 and γ = π/2. Curves
are shown for several constant phase offsets between the phase- and
polarization-modulation signals. Gaussian envelopes are included
only for illustrative purposes.

C(y)
k (β, γ , t ) =

∑
m

Jm(β ) e−imϕ(t )

×
[
−Jm−k

(γ

2

)
+ i Jk−m

(γ

2

)]
. (E3b)

A constant phase offset leads to an asymmetry in the side-
band amplitudes between x and y polarization components, as
illustrated in Fig. 8 for several representative values of ϕ in
C(x)

k . The corresponding C(y)
k sidebands differ from C(x)

k by a
relative π phase shift in the phase modulation and are mirror
symmetric about k = 0.

When the phase offset varies in time as ϕ(t ) = �
t ,
the sideband amplitudes oscillate between the configurations
shown in Fig. 8, with a characteristic timescale given by
2π/�
, as illustrated in Fig. 9 for C(x)

k (3.8, π/2, t ). Again,
the corresponding C(y)

k sidebands differ from C(x)
k by a relative

π phase shift in the phase modulation and are mirror symmet-
ric about k = 0.

FIG. 9. Time-varying sideband intensities |C (x)
k (β, γ , t )|2 for

a phase-modulation EOM followed by a polarization-modulation
EOM, both driven at the same frequency, with a time-dependent
phase offset �
t between them. The modulation depths are β = 3.8
and γ = π/2, respectively.
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